Fast Methods for Mixed-Integer
PDE-Constrained Optimization

Dissertation
zur Erlangung des akademischen Grades

doctor rerum naturalium
(Dr. rer. nat.)

von Mirko Hahn, M. Sc.

geb.am  30.10.1990 in Koln

genehmigt durch die Fakultat fiir Mathematik
der Otto-von-Guericke-Universitiat Magdeburg

Gutachter: Dr. rer. nat. Sebastian Sager

Dr. rer. nat. Michael Ulbrich

eingereicht am: 17. Februar 2025

Verteidigung am: 24. September 2025






Abstract

Mixed-integer optimization is often counted among the more difficult subfields
of mathematical optimization. This is because integers cannot be changed in
arbitrarily small steps, which makes most kinds of derivative-based iterative
optimization methods ineffective. Exact solution methods for problems with
integers are often enumerative in nature. In the worst case, they enumerate all
feasible values of the integer variables.

This generally requires an exponential amount of resources. In many cases,
this makes the problem intractable. Intuitively, problems with an infinite number
of integer-valued variables, e.g., an integer-valued function, should also be in-
tractable. Such problems occur, for instance, in the fields of mixed-integer optimal
control (MIOC) and mixed-integer PDE-constrained optimization (MIPDECO).
Both of these fields deal with solutions of differential equations, which reside
in infinite-dimensional vector spaces and can depend on infinite-dimensional
integer-valued functions as parameters.

We argue that, in the case of binary-valued functions, these problems are not
intractable. They are more tractable than even regular mixed-integer problems.
We develop a theoretical framework within which the space of binary-valued
measurable functions can be treated almost as if it was a vector space. This
framework then enables us to transfer well-known nonlinear optimization (NLP)
methods to this space.

We use this framework to transfer a subset of basic NLP theory to our setting.
Based on this, we transfer two well-known NLP algorithms, the steepest descent
method and the quadratic penalty method, to our setting.

We lay some groundwork for future expansion on these and other existing
solution methods for MIOC and MIPDECO problems. We propose an adaptive
variant of the well-known sum-up rounding (SUR) method and a step finding
method for problems with special ordered set constraints of type 1 (SOS1).

To demonstrate the viability of our transferred NLP methods, we solve two
basic test problems and compare the result to existing solutions from literature.
Finally, we propose some avenues of future expansion upon our theoretical
foundation.



Zusammenfassung

Die gemischt-ganzzahlige Optimierung wird oft den schwierigeren Teilgebieten
der mathematischen Optimierung zugeordnet. Grund dafiir ist, dass Ganzzahlen
nicht in beliebig kleinen Schritten angepasst werden konnen, was die meisten ab-
leitungsbasierten schrittweisen Optimierungsverfahren ineffektiv macht. Exakte
Losungsverfahren fiir ganzzahlige Probleme sind oft enumerativ. Im schlimmsten
Fall zahlen sie alle zuldssigen Belegungen der ganzzahligen Variablen auf.

Allgemein erfordert dies eine exponentielle Menge an Resourcen. Das macht
Probleme in vielen Fillen praktisch unlésbar. Intuitiv sollten Probleme mit einer
unendlichen Anzahl von ganzzahligen Variablen, beispielsweise in Form einer
ganzzahligen Funktion, ebenfalls unlosbar sein. Solche Probleme treten bei-
spielsweise in den Feldern der gemischt-ganzzahligen Optimalsteuerung (MIOC)
und der gemischt-ganzzahligen PDE-beschrinkten Optimierung (MIPDECO)
auf. Diese beiden Felder befassen sich mit Lésungen von Differenzialgleichun-
gen, die Elemente von unendlichdimensionalen Vektorrdumen sind und von
unendlichdimensionalen ganzzahligen Parameterfunktionen abhingen kénnen.

Wir argumentieren, dass diese Probleme im Fall bindrwertiger Funktionen
nicht unlésbar sind. Sie sind sogar besser losbar, als gewohnliche gemischt-
ganzzahlige Optimierungsprobleme. Wir entwickeln einen theoretischen Rahmen,
in dem der Raum der bindrwertigen Funktionen fast so behandelt werden kann,
als wire er ein Vektorraum. Dieser Rahmen erlaubt es uns, bekannte Methoden
aus der nichtlinearen Optimierung (NLP) in diesen Raum zu tibertragen.

Wir benutzen diesen Rahmen, um eine Untermenge der grundlegenden NLP-
Theorie in unser Setting zu tibertragen. Darauf aufbauend iibertragen wir zwei
bekannte NLP-Algorithmen, die Methode des steilsten Abstiegs und die quadra-
tische Penalty-Methode, in unser Setting.

Wir leisten einige Vorarbeiten fiir zukiinftige Erweiterungen dieser und an-
derer Losungsmethoden fiir MIOC- und MIPDECO-Probleme. Wir schlagen eine
adaptive Variante der bekannten Sum-Up Rounding (SUR) Methode und eine
Schrittbestimmungsmethode fiir Optimierungsprobleme mit Special Ordered Set
Nebenbedingungen von Typ 1 (SOS1) vor.

Um die Realisierbarkeit unserer iibertragenen NLP-Methoden zu zeigen,
l6sen wir zwei einfache Testprobleme an und vergleichen die Ergebnisse mit exis-
tierenden Losungen aus der Literatur. Zuletzt schlagen wir einige Moglichkeiten
vor, wie das theoretische Fundament, das wir gelegt haben, in Zukunft erweitert
werden konnte.
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Chapter 1

Introduction and Background

Although many of its algorithmic approaches trace back to older solution methods
for systems of equations and inequalities, algorithmic optimization as its own
subdiscipline of mathematics is relatively young, having only truly come into its
own around the middle of the twentieth century with the development of the first
algorithms capable of solving larger linear optimization problems for logistical
planning.

Since then, the field has advanced by leaps and bounds to the point where
a full survey would take a prohibitively long time. Today, algorithms capable
of solving quadratic problems, general nonlinear problems, problems with un-
certainties, and problems with non-convex objectives and constraints are widely
available. In terms of scale, nonlinear optimization problems with billions of
variables are regularly solved for the purposes of machine learning, and entire
computer networks are dedicated to the joint solution of optimization problems
with special distributed optimization algorithms (see, e.g., [Gor+22; Yan+19]).

Under the large umbrella of solvable problem classes, we find two that are
of particular interest to us: infinite-dimensional problems and integer problems.
The difficulty in integer optimization is that, because integer values are discrete
from one another, gradual improvement is not generally a suitable method
for integer optimization. Instead, integer problems often have to be solved
with enumerative methods. In the worst case, the amount of computational
resources required to solve integer and mixed-integer optimization problems is
exponential in the size of the problem. Therefore, even small problems can be
very difficult to solve. This was theoretically substantiated by the discovery that
linear optimization with binary variables is NP-hard [Coo71};[Kar72].

The difficulty of infinite-dimensional optimization arises from the fact that,
there is no such thing as a “small” infinite-dimensional problem. Every infinite-
dimensional optimization problem is nominally infinitely large. In practice,
all infinite-dimensional problems are, at some point, approximated with finite-
dimensional approximations. However, these approximations tend to be of rela-
tively high dimension. Therefore, if a subset of the optimization variables has
to assume integer values, the approximation problem becomes intractable very
quickly.

Infinite-dimensional problems with binary- or integer-valued variables are,
however, of great practical relevance. They occur frequently when discrete de-



1. BACKGROUND

cisions are optimized that differ based on spatial or temporal location. For
instance, they can be found in optimal control of switched systems under ordi-
nary differential equations (ODEs) or differential algebraic equations (DAEs),
and the design of physical structures well-suited for certain applications under
partial differential equations (PDEs) [BS04; NS13]. Again, applications in which
such problems occur are too numerous to meaningfully survey here. Infinite-
dimensional integer-valued optimization problems can, for instance, be found in
the optimization gear and propulsion choices in motor vehicles [Kir+10j [Rob+21],
traffic light patterns [Sor16; Bet+21; Le+22], optimized medical treatment (as in-
dicated, e.g., in [Jos+20; |Geb+23])), as well as the optimal design of various kinds
of structures, such as truss structures [BS04], fluid vessels and aerodynamic
structures [MPO04]], and electromagnetic scatterers [LMW21], among many other
applications.

To avoid the computational workloads required to solve integer optimization
problems and mitigate them where they are unavoidable, a variety of mitiga-
tion techniques have been created. In order to understand these methods, we
first have to recognize that most integer optimization problems can fundamen-
tally be thought of as being binary-valued problems. This is because any finite
set of discrete choices can be encoded by the same number of binary indicator
variables, linked by a constraint of mutual exclusion (sometimes known as a
“special ordered set of type 1”7 or “SOS1” constraint). In optimal control, this
transformation is commonplace and is sometimes referred to as “partial outer
convexification.” We will therefore treat optimization with binary variables as
equivalent to optimization with arbitrary integer variables. The advantage of spa-
tially or temporally distributed binary variables as opposed to integer variables
is that they can be interpreted as indicators of sets. Partial outer convexification
can be problematic if the number of choices per point is very high. However, we
will not consider problems with many pointwise binary choices here.

From this analogy between distributed binary variables and sets arises the
first category of solution approaches that we want to mention here: shape and
switching time optimization (see, e.g., [LT03;|ZA15] for introductions and surveys).
Both approaches can be seen as analogous to one another except that one stems
from the application domain of optimal design while the other stems from optimal
control. Shape optimization replaces the binary indicator variable of a set with
continuous parameters describing the shape of its boundary. Because these
parameters are continuous, the combinatorial explosion associated with integer
optimization can be avoided completely. However, the parameterization of the set
boundary is generally only possible under additional assumptions on the shape
of that boundary.

On its own, the shape optimization approach makes it relatively difficult to
change the topology of an object. It can be difficult to split sets into multiple
components, merge separate components, or introduce holes into the interior
of a set. In the field of optimal design, topology optimization (see, e.g., [BS04;
NS13]) has been developed as a way to address this flaw. Topology optimization
works with a so-called “topological derivative” that predicts the change of an
objective with respect to the introduction of infinitesimal holes in the interior of
a set. The topological derivative can be used in a variety of ways. For instance, it
can be used to heuristically introduce holes in a structure [EKS94], or it can be
used as part of a level set method [Dij+13;/AA06]. There have been attempts to
unify shape and topological derivatives into a single construct (see, e.g., [Ams11;

2
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Céa+00]). We do not know of a direct analogue to topology optimization in the
field of optimal control.

Level set methods in the sense of [Dij+13] deserve mention in and of them-
selves. They are not necessarily an optimization method of their own, but rather
a way to parameterize sets. At the foundation of level set methods lies the
recognition that sets can be derived from functions by taking the sublevel set
with respect to a fixed level. The optimization variables are then the parameters
describing that function. Level set methods usually prescribe a function space
with desirable properties as part of the modelling process. The derivatives in
level set optimization are closely related to topological derivatives.

All of the methods described thus far can be thought of as so-called “optimize-
then-discretize” methods. They are originally conceived as methods to solve
infinite-dimensional optimization problems whose behavior is then approximated
with finite-dimensional operations to obtain a practically implementable algo-
rithm. An alternative approach is to first discretize the infinite-dimensional
optimization problem and then solve the resulting large-scale integer optimiza-
tion problem with more conventional finite-dimensional optimization methods.
This is a relatively popular approach because it does not require the develop-
ment of alternative optimization methods. Instead, well-established methods
from finite-dimensional optimization can be brought to bear. The issue with this
approach is that it produces discretized problems with a very large number of
integer variables. Therefore, it can easily suffer from combinatorial explosion.

One approach to mitigating the computational workload of the discretize-then-
optimize approach are so-called relaxation methods (see, e.g., [Sag06; Sag+06;
SJK11;[HS13]). In the context of mixed-integer optimal control, a “relaxation
method,” is an approximate solution method in which the discretized problem is
first solved with relaxed integrality constraints. In a second step, the behavior
observed in the relaxed solution is then approximated with an integer solution.
In contrast to the original problem, the approximation problem generally has
a much simpler, more easily standardized structure that allows for optimized
solution algorithms. The methods to accomplish the second step range from spe-
cialized “rounding” algorithms such as sum-up rounding (SUR) [[Sag06, Sec. 5.1]
and next-forced rounding (NFR) [Jun14, Sec. 4.4.2] to full Branch and Bound
solvers [Bir+20]] that are highly optimized for the specific problem type.

1.1 MOTIVATION

At its outset, the research effort underlying this thesis was intended to find
rounding schemes suitable for PDE-constrained optimization problems. Orig-
inally, rounding schemes such as SUR and NFR were developed for optimal
control problems and presume the existence of a single time axis along which
the effects of control perturbations travel in only one direction. We note that
the transfer of rounding schemes to fairly general PDE-constrained settings has
since been independently accomplished by the work of Paul Manns and Christian
Kirches [MK20].

The main subject of this thesis derives instead from a different line of think-
ing. Quality guarantees for relaxation methods are often derived from a priori
estimates of the approximation error. These estimates often substantially over-
estimate the actual error and therefore demand an impractically high degree of
uniform mesh refinement. If we solve the approximation problem on a coarser

3
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Figure 1.1: Different ways of “scaling” a binary-valued function.

mesh, then we risk obtaining a solution of unacceptably low quality. This is
particularly relevant in PDE-constrained settings because higher spatial dimen-
sions lead to a much quicker escalation in the problem dimension with increased
spatial resolution.

In existing relaxation methods, it is generally implied that a sub-par solution
would be discarded and a better solution would be found by re-solving the approx-
imation problem on a finer control grid. However, one might ask whether we can
improve on a sub-par solution rather than discarding it entirely. Naturally, once
we have designed a procedure capable of improving an existing binary-valued
solution, it is a small additional step to apply this procedure iteratively to create
an entire optimization algorithm.

To improve an existing solution, we would have to be able to predict how
certain adjustments to an existing solution would change the objective function
value. In derivative-based optimization, such predictions are generally made
using truncations of the Taylor sequence and are only valid over small distances.
As we have indicated earlier, this is problematic in the context of integer opti-
mization because switching between integer values requires jumps of a certain
minimal length.

The foundation of our approach is remarkably simple. In vector space opti-
mization, steps are shortened by scaling them. If we think of a binary variable,
this means that we would scale the value of the variable. For binary-valued vari-
ables, this would almost inevitably violate the integrality constraint. However,
because we work with binary variables that exist on arbitrarily refinable grids,
we have the option of shortening steps by restricting them to smaller subsets
of the overall step. We can think of this as “scaling in measure” as opposed to
“scaling in value” because we are reducing the measure of the indicated set rather
than reducing the pointwise value of the function. The difference between the
two modes of scaling is illustrated in [Figure 1.1

Our objective is to describe a space in which iterative improvement based
on derivatives is possible without ever violating integrality constraints. We
then want to transport, as proof of concept, some gradient-based optimization
methods to this space. We ultimately find that metric spaces of measurable sets
are suitable spaces for this purpose. The type of optimization problem under

4
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discussion in this thesis is therefore roughly

inf F(U)
u (1.1)
st.Ue%,

where U € X is a measurable set from a suitable measure space (X, Z, ), F: Z — R
is a meaningfully differentiable functional, and % < X is a family of measurable
sets described by a suitable set of constraints.

In iterative optimization, step size and step size control are important to
ensure global convergence. We measure step size by the measure of the symmetric
difference between two sets. Therefore, we cannot distinguish between sets that
only differ by a nullset. To account for this, we operate in the space of residual
classes with respect to “being equal up to a nullset.” We refer to this as a
“similarity space” and to the individual residual classes as “similarity classes.”

Working in a metric space is difficult because metric spaces lack much of
the structure that is usually used to perform optimization. However, we will
demonstrate that suitable similarity spaces retain much of that structure and can
therefore still be treated with the same methods as conventional optimization.

1.2 RELATION TO OTHER WORK

This work enters into a rich tapestry of pre-existing work originating from various
fields. In this section, we explain how our work relates to other pre-existing work.

Relaxation Methods

As we have stated, this work starts with the question whether we could iteratively
improve upon the output of a relaxation method. However, our approach does
not have much in common with relaxation methods. Most relaxation methods
follow a discretize-then-optimize approach, whereas we follow an optimize-then-
discretize approach. In principle, it is possible to design infinite-dimensional
relaxation methods. In we briefly discuss how a mesh-free
rounding problem could be solved. However, this is not central to this thesis and
we do not implement any of the methods described in that section.

There is extensive work proving convergence of relaxation methods for various
types of ODEs and PDEs. For instance, [Sag06; |SJK11] provide convergence
proofs for ODEs, [HS13|] proves convergence for semilinear parabolic PDEs,
IMK20] first transfers the concept to elliptic PDEs with spatially distributed
controls. Studies of convergence behavior and approximation rates are made,
for instance, in [KMU21]. Some of the theory underlying these results has
successfully been applied to create convergence proofs for algorithms similar to
those presented here [Man+23|.

The algorithms that we put forward in suggest that our theo-
retical framework could be applied to the field of relaxation methods. However, it
is difficult to tell whether this would substantially advance the field.

Shape Optimization

Shape optimization and switching time optimization are more similar to our
approach because they do not presume a specific mesh. However, they sometimes

5
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assume fixed dimensionality of their boundary parameterization. They also often
make additional assumptions about the smoothness of the boundary.

We diverge from shape and switching time optimization in that we do not
assume fixed topology. However, as we will see, our derivatives switch signs at
the boundary of control sets, which means that there is almost always a way to
improve the objective by locally shifting the set boundary. In this way, shape
optimization could be used as an optimization method within our framework. In
this thesis, however, we do not constrain our improvement steps in this way.

There is an alternative approach in switching time optimization that is
sometimes known as “method of competing Hamiltonians” [BL85;/Jun14; Boc+17].
In we discuss how to calculate derivatives in ODE-constrained
optimization problems. There, we see that our derivatives are the same as
those used by the method of competing Hamiltonians. This means that our
methods could be seen as a generalization of that method in the context of
ODE-constrained optimal control.

Topology Optimization

Out of the established optimization methods mentioned thus far, topology op-
timization is by far the closest to our methodology. Topological derivatives are
derivatives with respect to perturbations that introduce small “holes” in a domain
(see, e.g., INS13, Sec. 1.1]). While the definition of the topological derivative is
almost always stated in a manner that is dependent on the shape of those holes,
the Lebesgue differentiation theorem makes it quite plausible that the derivative
that we use is a topological derivative. In our case, the derivative must always
be independent of the shape of the hole.

There have been a variety of efforts to unify the concepts of shape and
topological derivative (see, e.g., [INS13]), which may be related to the observation
that our derivative can be used to discern favorable deformations in a set’s
boundary. The optimization methods used in the field of topology optimization
appear to be less direct transfers of conventional optimization methods, and
more focused on heuristics, fixed point iterations, and level set methods [EKS94;
Céa+00;/AA06].

The most notable parallel between our work and the field of topology opti-
mization is found in its earliest stages. In [[CGM74], the authors attempt to
derive an optimization method for binary-valued functions from the gradient
descent method. This is almost exactly what our unconstrained optimization
algorithm achieves. However, this method does not appear to ever have found
widespread adoption in the field. We suspect that this is because the authors do
not use a globalization scheme, but rather explicitly calculate step sizes, which
presupposes an unrealistic amount of prior knowledge about the objective func-
tion. Our methods are stated as trust region methods and can therefore discover
appropriate step sizes dynamically. This greatly simplifies their implementation.
It is possible that, because [CGM74] was written in 1974 and therefore predates
the first use of the term “trust region”, which is sometimes ascribed to [Sor82],
the authors were not familiar with the trust region method at the time.

One distinction that is certain is that [CGM74] does not have the same
theoretical foundation that we have in the theory of measure space geodesics.
This foundation makes it possible to transfer almost arbitrary optimization

6
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methods to the measure space setting with very little method-specific theoretical
work.

1.3 CONTRIBUTIONS TO PRIOR WORK

Some early results of the research underlying this thesis were published in
[HLS22[l. This notably includes some of the conceptual framework of differen-
tiable set functionals (Section 2.4), methods to calculate derivatives for ODE-
and PDE-constrained problems (Sections 2.4.2|to[2.4.4), an early variant of the
unconstrained descent framework that does not incorporate any
form of error control, and steepest descent step finding (Section 3.1.4).

The paper is joint work with Sven Leyffer and Sebastian Sager. The initial
suggestion of researching trust region methods for binary optimization was made
by Sven Leyffer, while the development of a theoretical foundation for them, the
construction of concrete algorithms, their theoretical analysis, and their imple-
mentation was performed by the author of this thesis. Sven Leyffer also strongly
advocated the use of a simplified geodesic-free suboptimality estimator. Aside
from this, the paper was written by this thesis’ author with only occasional input
from Sven Leyffer. Sebastian Sager contributed via advice, funding, supervision,
and proof-reading of the final manuscript.

This thesis substantially expands on the work presented in [HLS22|]. The pa-
per does not include theoretical arguments that require measure space geodesics.
The theory of measure space geodesics that we discuss in[Section 2.3|is a later
development. All algorithms presented in this thesis account for errors in func-
tional and gradient evaluation. We also allow for multivariate problems through
“layering” (see[Section 2.1.3), while the paper is limited to univariate problems.

For specific problem types, a convergence proof for the binary trust region
steepest descent method was performed in [Man+23||. This argument is primarily
attributable to Paul Manns. Therefore, we do not discuss it further in this thesis.
The thesis’ author’s contribution to this paper is limited to the theoretical foun-
dation and implementation of the binary trust region steepest descent method
itself.

A related strand of research has spun off from the starting point of binary
trust region steepest descent method in [Sha+20;|[LM22]. This is mostly focused
on the use of trust region methods without mesh refinement as a heuristic and the
imposition of complex constraints on the finite-dimensional trust region subprob-
lem. Although the author has had some involvement in [Sha+20], this is entirely
outside of the scope of this thesis because it violates the thesis’ fundamental
maxim of avoiding fixed discretization wherever possible.

1.4 OUTLINE AND CONTRIBUTION

The goal of this thesis is to transfer well-known iterative optimization schemes to
the setting of binary-valued optimal control. We limit ourselves to binary-valued
variables because we want to exploit the correspondence between binary-valued
functions and sets. Partial outer convexification guarantees that this does not
substantially restrict the range of applications for our algorithms. Finally, we do
not investigate real “mixed-integer” problems in the sense that we do not include
any continuous variables in our theory. However, because our methods are so
similar to conventional NLP methods, it is not difficult to conceive of “hybrid”
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methods that combine one of our set-valued optimization algorithms with its
corresponding conventional NLP solver to solve true mixed-integer problems. In
this sense, we consider the theory in this thesis an essential prerequisite for fast
mixed-integer solvers for ODE- and PDE-constrained problems.

We develop all of our theory in what we refer to as “similarity spaces.” Sim-
ilarity spaces are residual spaces obtained by equating measurable sets when
they are equal “up to a nullset.” These spaces are quite unfamiliar as a setting for
optimization because they are not vector spaces. Rather, we will see that, under
the right circumstances, they are geodesic metric spaces with a commutative
group structure whose metric is invariant under translation. This combination
of properties means that we can work with these spaces almost as if they were
actual normed vector spaces. We can transfer much of vector space optimization
theory into these spaces in some form.

Of course, working on the basis of conceptual analogy can be quite treacherous
and we must take great care to ensure that all of our theoretical arguments
rest on a robust foundation. Accordingly, which is dedicated to
investigating the theoretical properties of similarity spaces and developing an
extensive toolkit for theoretical arguments about similarity spaces, is quite long.
We start with simple foundations in and quickly expand into the
extensive theory of measure space geodesics, which we develop in[Section 2.3 In
and we briefly deal with the concepts of differentiability and
convexity. The entirety of occupies a large fraction of this thesis and
can be seen as one of its primary contributions. Although the fact that geodesics
exist in measure spaces is sometimes alluded to in literature, the author is not
aware of any discussion of their properties that would remotely approach the
scope of|

In[Chapter 3] we turn our attention to the primary goal of the thesis: trans-
ferring NLP solution algorithms to similarity spaces. is largely an
extension of the work presented in [HLS22|, though [Sections 3.1.1] and [3.1.2]
substantially expand upon prior work with their discussion of error control and
working with error-prone evaluation methods. In we discuss con-
strained optimization methods. This is an entirely new contribution of this thesis.
In we use the theory of measure space geodesics to develop an
analogue of the Karush-Kuhn-Tucker theorem for optimization in similarity
spaces. We then proceed to develop a quadratic penalty method based on the
unconstrained trust region loop from [Section 3.1} In[Section 3.2.2] we propose a
different kind of constraint that is based on boolean set operations. We develop
a step-finding method for a hypothetical optimization algorithm that works on
set variables whose values form a partition of the ground set. In[Sections 3.2.2.2]
and [3.2.2.3] we propose adaptive variants of the sum-up rounding method that
could be used in conjunction with measure space geodesics to create relaxation
methods that do not require a fixed control mesh.

The optimization algorithms that we develop in are the second
major contribution of this thesis. We provide a reusable implementation of
them in the PYCOIMSET Python package, whose public release accompanies the
submission of this thesis. PYCOIMSET is a central part of the work underlying
this thesis. The package’s state at the time of submission has been archived for
purposes of scientific record-keeping [Hah25a;|Hah25b].

In we apply PYCOIMSET to two test problems to demonstrate
the practical applicability of the algorithms proposed in the previous chapter.

8
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presents an unconstrained instance of the Lotka-Volterra fishing
problem, which was already used as an example in [HLS22]. We dedicate some
time to developing an error control method capable of estimating the errors
relevant to the trust region steepest descent method and briefly discuss the
results. In|Section 4.2 we solve a PDE-constrained topology optimization problem
with a scalar inequality constraint. We apply both unconstrained and constrained
optimization to it and briefly discuss the results.

In[Chapter 5 we discuss the strengths and weaknesses of our approach, enu-
merate some starting points for future research, and give some closing remarks.

This thesis includes several appendices. and[B.T]all lay out
partial theoretical frameworks and arguments, or subroutines of hypothetical
algorithms. These fragments are left from unsuccessful attempts to extend the
theory developed in the main body of the thesis. At some point, these attempts
were abandoned, but the given fragments are sufficiently well-developed and
interesting that they should not be discarded thoughtlessly. These appendices
are intended to assist future researchers who might attempt to complete these
extensions. briefly describes the interface and a few of the core
architectural choices underlying PYCOIMSET.

1.5 NOTATION AND TERMINOLOGY

We adopt the standard symbols N, Z, , and R for natural numbers, integers,
rational numbers, and real numbers, respectively. We do not consider 0 to be a
natural number. We use Ny := NU {0} to signify the set of all natural numbers
and zero. We use the following shorthands for index sets:

[n]={ieN|i<n} VneZ,
[nlo={ieNgli<n} VneZ.

For subsets of these number classes that satisfy a certain predicate, we use a
shorthand notation in which the restricting predicate is given as a subscript. For
instance, we write

Rsp:={xeR|x =0}.

Starting in [Chapter 2] we rely heavily on residual classes and quotient spaces.
Let X be a set and let ~ be an equivalence relation on X. Then we define

[x]. = {yEX\x~y} VxeX,
X/~ = {[x]- |x € X}.

We refer to [x]. as the residual class or equivalence class of x with respect to ~
and to X/~ as the quotient space of X with respect to ~. We generally use the
symbol ~ for equivalence relations and <, <, >, or > for order relations. We
attach indices to these symbols to distinguish between different relations of the
same kind.

In[Chapter 2] we take care to distinguish between measurable sets and their
corresponding equivalence classes, to which we refer as “similarity classes.” This
is to ensure that our theoretical foundation does not rest on a confusion of terms.
However, we show that, both can mostly be used interchangeably. Therefore, in
later chapters, we are less stringent with this distinction. As a general rule, if
an argument involves any “set” that is only well-defined up to a nullset, then

9
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all involved objects should be assumed to also be similarity classes rather than
concrete sets.

We sometimes speak of the value f(x) of a measurable function f in a point x.
It is somewhat philosophically disputable whether this is appropriate. In most
cases, the functions of which we speak in this thesis are only well-defined up
to differences on nullsets. Therefore, they technically do not have well-defined
pointwise values. Instead, we would have to make all arguments based solely
on the similarity classes of the function’s sublevel sets, which are always well-
defined objects for measurable functions. We do not do so as a concession to
comprehensibility and reader comfort. The inclined reader may verify that all
arguments that we make using pointwise function values could be made equally
well using only the similarity classes of sublevel sets.

The letter A is conventionally assigned to the Lebesgue measure, but may
clash with conventional notations for Lagrange parameters. We use %(X) to sig-
nify the Borel-o-algebra on X, which is the o algebra generated by all relatively
open subsets of X. £(X) signifies the Lebesgue-o-algebra on X. We note that
in some contexts, we also use Z(V, W) to signify the set of all bounded linear
mappings from a vector space V to a vector space W.

We regularly work with L? spaces, which are normed vector spaces of func-
tions whose p-th power is a Lebesgue-integrable function. Because we work with
Lebesgue-integrable functions on fairly arbitrary measure spaces, we annotate
these spaces with the applicable o-algebra and measure: LP(Z, u). Here, we omit
the universal set X because it is implicitly given as the union over all sets in
2. To conserve space, we sometimes also use the shorthand Lﬁ(Z) =LP(Z, ).
In more classical ODE or PDE application contexts, we sometimes omit the
o-algebra in favor of simply stating the functions domain. In these cases, use
of a Lebesgue-o-algebra is implied. For integrable functions that do not map to
R, we add an additional argument to the end of the argument list to specify the
function’s codomain.

In we introduce the “locally inverted difference variation” (LIDV,
see [Definition 2.4.3), which is a modified distance measurement between signed
measures. For signed measures ¢,% and a measurable set A, the A-inverted
difference variation between ¢ and v is written as

@ow.

Although it is written as a difference, the LIDV is best thought of as the absolute
value of a difference. In contrast to most differences, it is commutative. We note
that, despite our use of the term “distance measurement”, the LIDV only acts as
a metric under very specific circumstances. These circumstances will be present
in most contexts in which we use it.

Starting in we define and describe algorithms. Some of these
algorithms have subroutines. We distinguish between two types of subroutines:
functions and procedures. The main distinction between the two is that functions
always return the same output for a given input, whereas procedures may depend
on cached states from prior invocations or random variables and may therefore
return different outputs on different invocations with the same inputs. We
make this distinction primarily to avoid introducing an excessive amount of
opaque state variables, while still allowing for some of the peculiarities of highly
optimized implementations.

10



Chapter 2

Theoretical Foundation

Before we formulate concrete optimization algorithms, we first have to under-
stand how to work within our search space. Our goal is to transfer iterative
optimization schemes such as gradient descent to spaces of measurable sets.
As we have already indicated, spaces of measurable sets are not vector spaces.
Therefore, it is not immediately obvious how to move from one solution to the
next.

In this chapter, our goal is to understand the structure of that space and
how to move from one iterate to the next within it. This presupposes some prior
knowledge about measure theory.

2.1 MEASURE SPACES AND INTEGRALS

A general introduction to measure theory is far beyond the scope of this thesis.
We refer to comprehensive textbooks such as [Bog07;|Coh13; Kub15;|Shil8] for
an introduction. We primarily draw upon [Bog07] because it is exceptionally
exhaustive.

At the foundation of most measure theory is the o-algebra. A o-algebra is a
family of sets that is closed under complementation and countable union, and
contains the empty set @. Because g-algebras are closed under complementation,
they also always contain the universal set, which is the complement of @. For us,
closedness under countable union is the most significant property of a o-algebra
because it allows for a set to be composed of infinitesimally fine parts. In our
setting, where optimization steps are essentially sets, this allows for steps to be
divisible into smaller sub-steps, which allows for steps to be shortened.

Definition 2.1.1 (Measurable Spaces).
Let X be a set, and let = < 2% be a subset of the power set of X such that

(1) pez;
2) Alervaex (closed under complementation);
3) U‘i’zlAi €3 V(A;)ien € ZN (closed under countable union).

Then we refer to X as a o-algebra and to (X, X) as a measurable space. <

11
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We note that closedness under complementation and countable union also
implies closedness under countable intersection.

The intersection of g-algebras is always a o-algebra. This holds for arbitrary
infinite intersections. For a given universal set X and a family of subsets & < 2%,
the intersection of all o-algebras containing % is the smallest o-algebra con-
taining &. We refer to this as the o-algebra generated by the generator & and
write:

aF)= [ ZI.
2 o-algebra
Fcz
In topological spaces, the g-algebra generated by all open sets has a special role
and we refer to it as the Borel-o-algebra AB(X).

Given a subset Y € X, and a o-algebra X over X, we can derive a g-algebra
over Y by taking the intersections of all sets in X with Y. If Y is in X, then
the result is a sub-o-algebra of X. If X is a topological space, then 28(Y) is the
o-algebra formed by intersecting all sets in (X) with Y. This is an important
convention on our part. In this case, 4(Y) is the o-algebra generated by the
relatively open sets as opposed to the open sets. This means that we implicitly
switch to the relative topology. Whenever we speak of a Borel-o-algebra on a
subset of our current universal set X, we assume this switch. Otherwise, we will
make an explicit note of a change in topology.

We can extend the Borel-o-algebra on R by allowing +oco as set elements.
Effectively, this yields a o-algebra containing the same sets as 4(R) as well as
all of their unions with subsets of {+co}. We refer to this o-algebra as B(R).

We refer to a o-algebra as countably generated if it has a countable generator.
The Borel-o-algebra on R” is countably generated.

2.1.1 Measures

In measurable spaces, there are special maps known as measures. There are
several varieties of measures. However, they all have in common that they are
additive over disjoint unions, including over countable unions. There are some
sources (see, e.g., [Bog07]) that additionally distinguish between finitely additive
measures and countably additive measures, but for our purposes, all measures
are countably additive.

Definition 2.1.2 (Measure).
Let (X, X) be a measurable space. A mapping u: X — R>o U {oo} is called a
(positive) measure if

(1) w(@)=0;

(2) ,U(UleAi) =272, i(A;) for all sequences (A;);en in X such that A;nA;j=9
for all 7,7 e N with i # j.

In this case (X, Z, p) is referred to as a measure space. If y does not assume
the value oo, then p and (X, X, u) are both referred to as finite. If there exists a
sequence (A;);en in Z such that

(1) u(A;)<oo, and
(2) X :U(L')Z]_Ai’

12
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then p and (X, Z, p) are referred to as o-finite. <

We note that countable additivity is also sometimes referred to as o-additivity.
Because they are additive on arbitrarily small countable partitions of sets, mea-
sures behave a bit like linear maps in vector spaces. If we add two disjoint sets
together, then their measures add. If we “scale” a set by choosing a smaller sub-
set, then the measure of the original set is split into the measure of the “scaled”
set and the measure of its complement. Measures are useful as substitutes for
norms. However, we can make them more similar to linear maps by allowing
negative values.

Definition 2.1.3 (Signed Measure).
Let (X, Z) be a measurable space. A mapping ¢: £ — RU {00} is called a signed
measure if

(1) o(®)=0;

2 p(U2; 4i) = X2, (A, for all sequences (A;);en in T such that A; A = @
for all i,j e N with i #j.

If ¢ does not assume the value +oo, then ¢ is referred to as finite. <

It is evident due to additivity that a well-defined signed measure can never
assume both co and —oco as a value at the same time. Signed measures are a
generalization of positive measures. Similarly, finite signed measures can be
generalized to measures that assume vector values. Such measures are not
commonly discussed in measure theoretical literature. Therefore, we refer to the
following definition from [Hof71].

Definition 2.1.4 (Vector Measures).
Let (X, Z) be a measurable space, and let E be a locally convex Hausdorff space.
A mapping v: £ — E is called a vector measure or E-measure if

(1) ¢(8) =0g;

(2) (p(U‘i’ilAi) =272, ¢(A;) for all sequences (A;);en in Z such that A;NA; =@
for all i,j e N with i # j. <

While [Definition 2.1.4]is stated in terms of locally convex topological vector
spaces, most sources assume a Banach space (see, e.g., [BS20; |(Coh13]) when

introducing vector-valued integrals.

Sets of measure zero are known as nullsets with an annotation indicating
with respect to which measure they are nullsets if necessary. If we treat measures
like norms, then nullsets have norm zero. Therefore, we have to treat all nullsets
as if they were the empty set. When we deal with multiple measures at the
same time, they have to roughly agree on which sets are nullsets. The relevant
property here is “absolute continuity.” In order to introduce this property, we first
have to learn about the Hahn-Jordan decomposition and total variation. The
following steps are taken from [BS20, Sec. 2.6].

Theorem 2.1.5 (Hahn Decomposition [BS20]).
Let ¢ be a signed measure on a measurable space (X, Z). Then there exists X~ € X
such that with Xt =X \X"~, we have

PANX)<0and p(ANXT)=20 VAcZ. g
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The Hahn decomposition is a partition of the universal set into subsets X *
and X~ such that ¢ is non-negative on X* and non-positive on X . The Jordan
decomposition is a corresponding decomposition of the signed measure itself.

Corollary 2.1.6 (Jordan Decomposition [BS20]).
Let ¢, X~, and X satisfy Let

e A =pAnX ) and o (A):=—p(AnX") VAeZX.
Then ¢* and ¢~ are positive measures and ¢ = @™ —¢~. <

The Hahn decomposition is a decomposition of sets, while the Jordan decom-
position is a decomposition of measures. They are strictly speaking different
decompositions. However, because they are so closely related, they are sometimes
collectively referred to as the Hahn-Jordan decomposition or the Jordan-Hahn
decomposition.

Definition 2.1.7 (Total Variation [BS20]).
The measures @' and ¢~ constructed in are called the positive
and negative parts of ¢, respectively. The measure

lpl:=¢" +¢~

is called the fotal variation of ¢. The quantity |||l := |@|(X) is called the variation
or variation norm of the signed measure ¢. If ||¢|| < co, then we refer to ¢ as a
signed measure of bounded variation. <

The term “variation norm” is not misleading in this case. The set of all signed
measures of bounded variation over a given measurable space (X, X) is indeed a
normed real vector space. It is, in fact, a Banach space.

It can be shown that

p*(A) =sup{u(B)|B< A, Bex},
p (A) =sup{-u(B)|B< A, Bex},

(0]
|ul(A) = sup{ Z |,u(Al-)| |(Ai)i€;\| e =N pairwise disjoint partition ofA}
i=1

for all A € Z. This definition can be expanded to vector measures.

Definition 2.1.8 (Total Variation of Vector Measures [Hof71]).

Let (X, X) be a measurable space, let E be a locally convex topological vector
space, let ¢: E — R be a seminorm on E, and let v: £ — E be a vector measure on
2. Then the measure |v|, with

o0
[vIg(A) = sup{z q(v(A) |(Ai),-€N e =N pairwise disjoint partition ofA}
i=1

for all A € X is called the g-variation of v. If E is a normed vector space and q is
the primary norm in E, then we refer to |v|, as the total variation of v and write
[v] = |vlq. In this case, we refer to | v| := [v|(X) as the variation or variation norm
of v. <
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For signed measures, we can think of nullsets as falling into two categories:
some nullsets consist of parts with strictly positive and strictly negative measure
such that the measures of both parts cancel each other out, while other nullsets
only have subsets of measure zero. If two signed measures agree on which
sets fall into the latter category, then we call them “equivalent” or “absolutely
continuous” with respect to one another.

Definition 2.1.9 (Absolute Continuity [BS20]).
Let p and v be two signed measures on a shared measurable space (X, X). We
call v absolutely continuous with respect to p if

[V[(A)=0 VAeZXZ:|ul(A)=0.
In this case, we write v < p. If v < pand p < v, then we call y and v equivalent.<1

We note that this definition also translates to vector measures. Including
this in complicates the definition because formulating the same
definition for vector measures is not strictly a generalization. After all, non-finite
signed measures are nominally not vector measures.

One important attribute of measure space is “atomicity.” A measure is said to
be “atomic” if there are atoms. An atom is a set of strictly positive measure which
cannot be split into disjoint pieces of strictly positive measure, thus making its
measure indivisible.

Definition 2.1.10 (Atoms and Atomlessness).
Let (X, X, u) be a measure space. A set A € X is called a p-atom if u(A) >0 and
for all B € X with B< A, we either have u(B) =0 or u(B) = u(A).

The measure p is called atomless if there are no y-atoms. In this case, we also
refer to the measure space as atomless. <

Atomlessness is central to our entire endeavor, because it allows us to cut
sets into chunks of arbitrary size, which is the process with which we replace
scaling. We particularly emphasize the role of [Bog07, Thm. 1.12.9] and [Bog07,
Cor. 1.12.10] for our work.

2.1.2 Lebesgue Integrals and Density Functions

Measures are fundamental to the definition of the Lebesgue integral. A full
introduction to the Lebesgue integral is significantly beyond the scope of this
thesis, so we will only cite a few important definitions and theorems here. For
complete introductions, we refer to [Bog07; BS20;|Coh13]. The first important
definition is that of a “measurable function.”

Definition 2.1.11 (Measurable Functions).
Let (X, Zx) and (Y, Xy) be measurable spaces. A function f: X — Y is called
2 x-Zy-measurable if

f Y A)eZxy VAely.

If Zy is a Borel-o-algebra on Y, then we refer to f as being Zx-measurable,
because this is the convention in most sources on Lebesgue integrals. In cases
where it is clear what Xx is, we simply call f measurable.

If both Zx and Xy are either Borel- or Lebesgue-o-algebras, then we use sim-
plified expression such as Lebesgue-Borel-measurable, Borel-Borel-measurable,
Lebesgue-measurable, or Borel-measurable. <
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For Zx-Xy-measurable functions f, the o-algebra generated by f is the o-
algebra generated by the preimages of members of Xy, which is equal to the
family of preimages:

o(f)=a({f 1A)|Aezy})={fA)|Aezy}.

It can be shown that the Borel-o-algebra on R” is the o-algebra generated
by all Cartesian products of n intervals. The Lebesgue-o-algebra £(R") is an
extension of B(R™). It can be shown that there is exactly one positive measure
that assigns each Cartesian product of intervals the product of the length of those
intervals as a measure. This measure is referred to as the Lebesgue measure A.
The Lebesgue-o-algebra £(R") is obtained by adding all sets to B(R") that lie
strictly between two Borel sets whose difference has Lebesgue measure zero.

For our purposes, Borel-measurable functions are of particular interest be-
cause they can be chained without losing measurability. Furthermore, the dis-
tinction between Lebesgue- and Borel-measurable sets becomes irrelevant once
one ignores nullsets, because every Lebesgue-measurable set is infinitesimally
close to a Borel set.

As opposed to dividing the domain into infinitesimal pieces, as it is done to
approximate the Riemann integral, the Lebesgue integral divides the codomain.
The codomain is generally a subset of R and is divided into intervals. We then
add up the product between the upper and lower bounds of the interval and the
measure of the interval’s preimage to obtain upper and lower approximations for
the integral. The advantage of this approach is that it is agnostic with respect
to the domain and only operates on the codomain, which means that many
properties of the Lebesgue integral and measurable functions can be proven
irrespective of what domain a function is defined on.

Lebesgue-integrable functions are grouped into L? spaces. We write

1
LP(Z, p) = {f: X - [R’f Z-Borel-measurable, ||f|Lr := (f |fI1P dp)p < oo}
X

for a measure space (X, X, yu), where X is implicitly given by the biggest set
contained in X, and 1 < p < co. For p = 0o, the space L? is given by

L®E, p)={f: X — R|f Z-Borel-measurable, ||f |z~ :=ess sup|f| < oco}.

xeX

Generally speaking, the L? spaces are not contained within each other unless
(X, Z, ) is a finite measure space, in which case L?(X, u) < L9(Z, u) for p = q.
All L? spaces are Banach spaces, but L2 is especially important, because it is
also a Hilbert space with the inner product

{f, &re :=f fgdu.
X

Note that we only consider real vector spaces here.

There exists a variety of useful theoretical results about L? spaces, such
as the Holder and Minkowski inequalities, the monotone convergence theorem,
Fatou’s lemma, the dominated convergence theorem, Vitali’s theorem, and many
more. We will not discuss these here, though we will cite them if necessary. We
refer to [Bog07] as a source for these theorems unless otherwise noted.

16



2.1. Measure Spaces And Integrals

We will not discuss weakly differentiable function here. Their use is important
in the theory of partial differential equations. However, they are otherwise
irrelevant to our work. Above all, they have no particular bearing on the theory
of optimization in measure spaces.

Of particular interest within the context of this discussion are integrable
functions whose integral corresponds to certain signed measures. Let (X, 2, p)
be a measure space and let f € LY(Z, y). Then it can be shown that ¢: = — R
with

(p(U):zf fdu VYUEeX
U

is a finite signed measure over (X, X). The characterization of this situation is
generally referred to as the Radon-Nikodym theorem.

Theorem 2.1.12 (Radon-Nikodym [Bog07, Thm. 3.2.2]).
Let (X, X) be a measurable space, and let ¢ and v be finite signed measures over
(X, X). Then we have v < ¢ if and only if there exists f € L\(Z, ¢) such that

v({U) = [U fde. <

We note that this variant of the Radon-Nikodym theorem also applies when
both measures are signed. However, we are mostly interested in the case in which
¢ is a non-negative measure. The function f whose existence is established by
the Radon-Nikodym theorem is often referred to as the “density function” or
“Radon-Nikodym derivative” of v with respect to ¢. Indeed, Radon-Nikodym
derivatives will play a large role in bringing our derivatives into a form that we
can use in an algorithmic context.

As a final introductory note on measurable functions, we cite a property
that is not widely discussed in fields adjacent to PDE-constrained optimization,
but has an interesting application with respect to measure space geodesics (see
[Section 2.3.4): the Doob-Dynkin property [Bog07, vol. 2, p. 51]. The Doob-
Dynkin property is an interesting example of a property that only depends on
the codomain of the function. The nature of the domain is entirely irrelevant.

Definition 2.1.13 (Doob-Dynkin Property [Bog07]).

A measurable space (X, Xx) is said to have the Doob-Dynkin property if for
every pair of measurable spaces (E, Xg) and (F, Xf), every Xg-Zr-measurable
function f :=E — F, and every Zg-Xx-measurable g with o(g) < a(f), there
exists a Zp-Zx-measurable function A: F — X such that g=hof. <

What the Doob-Dynkin property essentially means is that if we have two
measurable functions f and g such that g generates a smaller o-algebra than f
and the codomain of g has the Doob-Dynkin property, then we can construct a
measurable function - such that g =hof. As is noted in [Bog07], (R, 8(R)) has
the Doob-Dynkin property.

2.1.3 “Layering” and Multivariate Problems

At first glance, on page|5|does not appear to account for problems with
multiple set-valued variables. However, we can show that multivariate problems

are a special case of univariate problems. It is well-known that measure spaces
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2. THEORETICAL FOUNDATION

1 /
Figure 2.1: Illustration of “layering” with the vertical axis as “index dimension.”

can be combined into product spaces by forming Cartesian products of measurable
sets and extending the product measure from a measure that assigns products of
measures to rectangles.

The process required to generalize from univariate to multivariate problems
is slightly different. We will refer to this process as “layering.” Let subsequently
((X iy 2, :“i))ie[n] be a tuple of measure spaces with n € N. The idea of layering
is to introduce an index dimension in which the n universal sets X; are layered,
one over the other, as depicted in[Figure 2.1] In this section, we will show that
the result can very easily be made into a measure space of its own.

Remark 2.1.14.

Layering is proposed in 2141-214N, 214Xh-214Xk] under the name
“direct sum.” The author of this thesis is not aware of any other sources that use
this term. Layered measure spaces substantially simplify this thesis by obviating
the need for a separate discussion of multivariate problems. In conjunction with
the fact that does not provide proofs for many of the claims made, this
justifies a more in-depth discussion of the concept. We prefer the term “layering”
over “direct sum” to stress that the process of forming a layered measure space
is distinct from forming a direct sum in the algebraic sense, though is
correct in pointing out that the intent behind both is analogous. <

First, we define the layered universal set
n n
x:= (< X:) elnlx (U Xi).
i=1 i=1
and the layered o-algebra
T={UeX|{fxe X;|(, veU}ex; Vieml).
—U;

18



2.1. Measure Spaces And Integrals

In this definition, we refer to U; as the i-th layer of U. Finally, with the definition
of the i-th layer, it is relatively simple to define a measure on (X, X). We define
t: 2 —RsoU{oo} as

pw) =Y wiU;) vYUEeX.

n
i=1

Of course, we still have to prove that X is a o-algebra and that u is a measure.
Definition 2.1.15 (Layered Measure Spaces).

Let n €N, and let (X;, Z;, u;) be measure spaces for i € [n]. Then we refer to the
tuple (X, Z, p) where u is a mapping p: X — Rxo U {oo} such that

N

X = (it x X3),
i=1

12

Z::{UQX|Ui€Zi Vie[n]},

u) = Z wi(U;) VU €eZ,
i=1
and
Ui:z{xeXii(i, x)eU} VUE€eZ, i€ln]

as the layered measure space or simply the layering of (X;, Z;, 1)) iefn]- For each
U € X and i € [n], we refer to U; as the i-th layer of U. Similarly, we refer to

2, ={U;|UeZ} Vieln]
as the i-th layer of Z. <

We stress that layered measure spaces are not a special case of product
measure spaces. In a product space, each layer of X would have to be the same.
However, the layers of a layered space can be different spaces that draw from
different universal set and use different measures.

What we are doing here is easier to understand if we think of subsets of the
layered set X as relations between indices in [n] and points in their respective
X;. The i-th layer of a set is the set of all points that “relate” to the index i. The
layered o-algebra X consists of relations U where the sets relating to the indices
i are in their respective o-algebras X;. In many ways, this behaves like a tuple of
measurable sets. However, this construct allows us to treat the entire tuple as
one measurable set, which means that we do not need to develop any separate
theory for tuples of measurable sets in order to solve multivariate problems.

In addition to the fact that the layered space is actually a measure space, we
also have to show that the process of layering does not break desirable properties
of the layer algebras X;. As a prerequisite, we note that it is evident that for any
layered set

U=} =xU;)

LC s

14

with U; € Z; for all i € [n], the i-th layer of U is exactly U;. This is very straight-
forward and simplifies a lot of the remaining proofs.
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2. THEORETICAL FOUNDATION

Theorem 2.1.16 (Layered Measure Spaces).
Let neN, let ((Xi, 2, 'ui))ie[n] be a tuple of measure spaces, and let (X, Z, u)

refer to the layering of ((X iy Zi, pi)) Then (X, Z, ) is a measure space. <

i€[n]

PROOF. PART 1 (2 IS A 0-ALGEBRA). We have
n
=it xp)ex
i=1
For every U € X, there exist U; € X; for i € [n] such that

U= Lnj({i} xU;).

We find that
Ut = (CJ({z} x U ))C
= rf]({z} < U;)C
= r’jl(({l} X UC) LZJI({_]} x X ; ))
J#i
= g(({l} x UC) J@({i} xX,-))
J#i

({l} x Uc)

I
™ ‘ﬁcg

m

Let (U;);en be a tuple in X. For each i e N and j € [n], let U; ; € Z; be such that

Cs

Ui=UJ(xUi;) VieN.

1

J

Then we have

U (U} < Ui)

Cs
&
I
N
C:

N
Il
—
~
Il
—
.
Il
—

[
Cs
s

({J}XULJ)

~.
1l
—
~.
Il
—

1
Cs

o )

\W—d
€Zj

~.
I
[

ez,

Thus, X contains @ and is closed under complementation and countable union.
is therefore a o-algebra.
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2.1. Measure Spaces And Integrals

PART 2 (p IS A MEASURE). It is evident that u is non-negative. We have

n n

w@)= ) wi( @i )=) pi(3)=0.

LH2)= 1
i-th layer

Let (U;);en be a sequence in X such that U;nU; = @ for i # j. For i e N and j € [n],
let U; j € Z; be such that

U; = U ({]} X Ui,j) VieN.
j=1

Then we have

N
1l
[
~
Il
-
~
Il
—

iy
Cs
&
Il
Me
=
(@
S

n o0
=) > ujUij)
j=1i=1

I
18
M=
=
g

~
]

—
~
Il

—

Il
18
=
&

~
Il
—

Here, exchanging the finite sum and the series is valid because all measures
involved are non-negative and therefore, convergence (which is implied by bound-
edness) of the series in one arrangement implies convergence of the series in the
other arrangement. O

Having proven that layered measure spaces are measure spaces, we turn our
attention to the preservation of properties of the layer g-algebras. The properties
of measure spaces that we will primarily be interested in are atomlessness, finite-
ness, o-finiteness, and being countably generated. For each of these properties,
we can show that it can be transferred from the individual layers to the layered
space in the sense that the layered space has the property if and only if all layers
individually have it.

Theorem 2.1.17 (Property Inheritance for Layered Measure Spaces).
Let neN, let ((X,-, Zi, ”i))ie[n] be a tuple of measure spaces, and let (X, Z, p)
refer to the layering of ((X i Zi, ,ul-)) ieln] Then the following statements hold:

1. (X, %, p) is atomless if and only if (X;, X;, u;i) is atomless for all i € [n];
2. (X, Z, w is finite if and only if (X;, Z;, u;) is finite for all i € [n];
3. (X, Z, w)is o-finite if and only if (X;, Z;, ui) is o-finite for all i € [n];

4. (X, Z, ) is countably generated if and only if (X;, Z;, W;) is countably
generated for all i € [n]. <
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2. THEORETICAL FOUNDATION

PROOF. PART 1 (ATOMLESSNESS). First, we consider a case where the lay-
ered space (X, Z, u) is not atomless. Let U € X be a y-atom. By definition, we
have u(U) > 0, which implies that U has at least one layer of strictly positive
measure. Let i € [n] be such that the i-th layer U; has strictly positive measure
u;(U;) > 0. Our claim is that U; is a y;-atom.

Let V; € Z; such that V; c U;. If 0 < u(V;) < u(U;), then we could define a

layered set
n

V={xVi))ullJ (it xUj)e=.
j=1
J#i
V would evidently satisfy V < U because V; € U;. Furthermore, we would have
u(V)=p;(V;) >0 and

p(V) = (Vi) + Y iUy < Y ui(U;.

J=1 J=1
J#i
However, this is impossible because U is a p-atom. This demonstrates by con-
tradiction that such a subset V; cannot exist and that, U; must therefore be a
u;i-atom. Thus, if (X, Z, u) is not atomless, then there exists at least one layer i
such that (X;, Z;, y;) is also not atomless.
Next, we discuss the case in which at least one layer is not atomless. Let
i € [n] be such that (X;, Z;, y;) is not atomless. Let U; € Z; be a y;-atom. Our
claim is that U = {i} x U; is a y-atom.
Let V € X be such that V € U. Because each layer of V is a subset of the
corresponding layer of U, we have V; = ¢ for j #i and V; S U;. Because U; is a
ui-atom, we have

pV)= pi(Vy) €{0, uiUy} =40, wU)}.
——
€{0, u; (U}
This proves that U is a y-atom and demonstrates that (X, X, p) is also not

atomless.

PART 2 (FINITENESS). First, we consider the case where u(X) < oco. For every
i € [n], we have

1:(X;) = p({i} x X;) < w(X) < o0,
which shows that (X;, Z;, y;) is finite. Conversely, if y;(X;) < oo for all i € [n],
then

pX) =) ui(X;)<oo,
i=1

which demonstrates that (X, Z, p) is finite.

PART 3 (0-FINITENESS). First, we consider the case where (X, Z, p) is o-finite.
Let (U;);en be a sequence such that p(U;) < oo and

[e.°]
x=Ju.
i=1
Let j €[n]. We know that X; is the j-th layer of X. We have

[e¢] [e ]
ij(i:UlU,-)j:i:UlUi,j
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2.1. Measure Spaces And Integrals

where U, ; is the j-th layer of U;, and
wiU; ) =p({(j} xU; ;) < pU;) <oo VieN.

This demonstrates that (X, X;, u;) is o-finite. Conversely, let (X;, X;, u;) be
o-finite for all j € [n]. For every j € [n], let (U} ;);en be a sequence in Z; such that
u;j(Uj ;) <ooforall i e N and

For every i € N, we define
n

Vi = U ({_]} X U],l)

J=1
We have N
wVi) = Z ,UJ‘(UJ',L') <oo VieN
jE1N——
<00
and

n

Vi= _LZJI({J'}X _LnJUj,i)= U xX;)=X.

i=1 j=1

LCs

-
1l

Therefore, (X, X, p) is also o-finite.

PART 4 (COUNTABLE GENERATION “<=7”). For i € [n], let (U; j)jen € Z’i\' be
a countable generator of ;. We show that

wu ={{i}x U, j|ielnl, jeN}u{li} x X;|ie[nl}
is a generator of Z. It is evident that

_ X _ ifk<n,
S - 1M |52

n Uk—n-LuJ,[k]—l ifk>n

n

n

is an enumeration of % . This sequence first iterates through the sets {i} x X;
for i € [n] in ascending order. It then iterates through all {i} x U; ; for i € [n] and
J €N in order of ascending j and, in an inner loop, ascending i.

For all i € [n] and j €N, we have U; ; € Z; and therefore {i} x U; ; € . We also
have X; € 2; and therefore {i} x X; € . This means that % < ¥ and therefore
g(U)c k.

To prove the converse inclusion, it is sufficient to show that for each i € [n],
the family

3, ={UeX;|li}xUea()}

is equal to XZ;. The inclusion X € 0(%) then follows because o(%) is closed under
finite union.

We have Z; € Z; by definition. We also have X; € 3; and U ij € Z; by definition
of % . Because (U, ;)jen is a generator of X;, this means that if Siisa o-algebra,
then ii =2;.

We trivially have {i} x @ = @ € 0(%) and therefore @ € S,. Let U € £;. Because
g(%) is a o-algebra and therefore closed under set differences, we have

iy x UL = (i x X;)\ ({i} x U) € o)
—_—— ——

€o(%) €a(%)
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2. THEORETICAL FOUNDATION

which implies that UCe 3;. Finally, given a sequence (Vi)jen € i’iN, we have
[e.0]

{i} x (U VJ-) -
i=1

J

(@

(G} x V) € o)
jElN———
€a(%)

and therefore U;’;IVJ- € 3,. We have thus demonstrated that £; is a o-algebra

with respect to the universal set X;. Because 3, contains U, jfor jeN, 3, is at
least as large as X;. However, we have X; € %; by definition. Therefore, we have
X; =2Z,; for all i € [n]. According to the definition of Z;, this means that

{i}xUeo() Vielnl, UeZ;.

Because 0(%) is closed under finite union, we have
n
U x Vi) eo(%) V(Vy)ieny: Vi€ Z; Vieln]
i=1

and therefore £ < g(%). In conjunction with the prior inclusion, this yields the
overall equality
o(U)=2

and therefore demonstrates that % is a generator of X and that X is countably
generated.

PART 5 (COUNTABLE GENERATION “ = ”). The converse implication is eas-
ier to show. Let (Uj)jen € >N be a generator of X. For given i € [n], we define

U; ={Uj;|jeN}

where Uj ; is the i-th layer of U; for all j € N. The family %; is evidently countable.
Our claim is that 0(%;) = Z;.
We first note that by definition of the layered o-algebra, we have U;; € Z; for
all j € N, which implies o(%;) € Z;.
We prove the converse inclusion by contradiction. Let us assume that
o(%;)# Z;. We define
3 = o(U).

Under this assumption, there would exist V € Z; \ 3;. We could then define a
smaller layered o-algebra

S= {kL;jl({k} x Ug) ( UieXi, U,eZy fork # i}.

The family > would also be a o-algebra according toTheorem 2.1.16| However, it
would not contain the set

n

(GYx V)u | (1) x X3),
b

e

which is contained in X. Therefore, = would be a strictly smaller o-algebra than
2. Because X; = 0(%;), we would have U;; € Z; for all j € N. For the remaining
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2.1. Measure Spaces And Integrals

layers k # i, we have U , € 2, for all j € N because U € Z. By definition of ¥, this
would mean that
UjeX VjeN.

However, because 2 is a o-algebra, if it contained all U; for j €N, that would
mean that the o-algebra generated by (U;) jen would be a subset of >. It would
therefore be a strict subset of X, which would contradict our assumption that
(Uj)jen is a generator of Z.

The contradiction shows that the assumption that Z; # £; must be wrong.
Therefore, we have X; = 3;. By definition of ¥;, this means that %; is a generator
of X; and that Z; is therefore countably generated. O

This demonstrates that the application of layering does not interfere with
the relevant properties of the o-algebras under discussion in this thesis. Next,
we turn our attention to measurable functions on layered spaces. As we would
expect, these functions can also be considered as if they were tuples of measurable
functions.

Definition 2.1.18 (Layers of Functions).
Let n €N, let X; be a set for each i € [n], let Y be a set, let

n
x:= (i x,)
i=1
and let f: X — Y. For each i € [n], we refer to f;: X; — Y with
fix):=f@,x) VxeX;
as the i-th layer of f. <

Theorem 2.1.19 (Measurability of Layered Functions).

Let neN, let (X;, X;) be a measurable space for each i € [n], let X and X refer
to the layerings of (X;)iern] and (Z;);e[n], respectively, let (Y,3) be a measurable
space, and let f: X — Y. Then f is Z-X-measurable if and only if its i-th layer f;
is 3;->-measurable for every i € [n]. <

PROOF. Let first f be Z-3-measurable. By definition, that means that
fiB)ex VBe:.
Let i € [n] be fixed. For every B € 2, we have
fiB)={xeX;|fl,x)eB}={xeX;|G,x)e f 1B} = (f'(B)), e 2.

Now, we consider the case where f; is 3,;->-measurable for every i € [n]. For every
Be X, we have

B ={G, x) e X|f(i,x)eB}

= U({i} x {x(—:Xi|f(i,x)€B})

~
-

Il
Cs

({i} X {xEXi|fi(x)€B})

-
S |l
—

(i} < £;71(B))
=1 €X;

-
Il

m
™
O
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2. THEORETICAL FOUNDATION

Due to the additivity of the Lebesgue integral, integrals of layered functions
are simply sums of component integrals.

Theorem 2.1.20 (Integrals of Layered Functions).

Let neN, let ((Xi, i, /J’i))ie[n] be a tuple of measure spaces, let (X, Z, u) refer
to the layering of (Xi, Zi, i));c(np and let f: X — R be measurable. Then f is
integrable if and only if all of its layers are integrable. In this case, the integral
satisfies

| fau= Z [ fid.

<

PROOF. This mostly follows from the additivity of the Lebesgue integral. As we
had previously shown, f is measurable if and only if all f; are measurable. We

have
n
Aau=Y [ if1
.[X H lzzl {i}xX; H
n
= |f:ldp;
g ¥, fildpi

which proves that f is integrable if and only if all f; are integrable. We can
do this because the Lebesgue integral is always well defined for measurable
non-negative functions. Once integrability is established, we can make the same
reformulation for the signed functions:

ffu fdu

{i}xX;

=iZ Xifidﬂi- O

Due to the existence of layering and the ease with which the relevant prop-
erties and integrals can be transferred from the layers to the layered space, we
will ignore multivariate problems for most of the remainder of this thesis and
consider them a special case of univariate problems unless explicitly otherwise
noted.

2.2 METRIC SPACES OF MEASURABLE SETS

In this section, we explore the metric structure of measure spaces. Metric
spaces are spaces in which there is a meaningful concept of “distance.” Much
of general nonlinear optimization relies on the use of model functions which
locally approximate the behavior of nonlinear functions. The metric structure is
necessary to quantify the “locality” of such models.

We allow for metric spaces in which points can be infinitely far apart. This is
somewhat unusual. Some theoretical works about metric spaces only deal with
real-valued metrics. There do, however, exist some works, such as [BBIO1f], that
do allow for infinite distances.

We will see that in many cases, finiteness is not necessary for our theory. We
therefore do not assume it unless doing so is theoretically necessary. This could
aid in future applications of measure space geodesics outside of this thesis.
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2.2. Metric Spaces Of Measurable Sets

Definition 2.2.1 (Metric Space).
A metric space is a tuple (X, d) of a set X and a map d: X x X — Ru {oo} such
that

(1) d(x,y)=0Vx,ye X with d(x,y) =0 if and only if x = y,
(2) d(x,y)=d(y,x) Vx,ye X,
3) d(x,2)<d(x,y)+d(y,z) Vx,y,z€e X.

If d satisfies [Properties 2.2.1 (1) to[2.2.1 (3)] then d is called a metric on X. A set
X such that there exists a metric d: X x X — R, then X is called metrizable. <

The concept of a local model may also be valid in a more general topological
space. However, metrics quantify “distance” and allow model error to be bounded
by a function of distance. Having metric structure is therefore likely close to
being the minimal assumption necessary for the search space of an optimization
method that uses local approximations.

It is sometimes valid to relax the conditions of’ by allowing
d(x,y) =0 for x # y in|Property 2.2.1 (1), In this case, (X, d) is a pseudometric
space. Without modification, measure spaces only have a pseudometric structure.

Definition 2.2.2 (Pseudometric Space).
A pseudometric space is a tuple (X, d) of aset X and amap d: X x X — RU {oo}
such that

(1) d(x,x)=0VYxeX,
(2) d(x,y)=d(y,x) Vx,y€ X,
3) dx,2)<d(x,y)+d(y,z) Vx,y,z€ X.
If d satisfies|[Properties 2.2.2 (1)|to[2.2.2 (3)] then d is called a pseudometric. <

The non-negativity of d is not directly stated in|Definition 2.2.2| It is, however,
implied by [Properties 2.2.2 (1)|to0[2.2.2 (3), because we have

B22®]1 R22@11 P22 )
d(x,y) = é(d(x,y)+d(y,x)) > éd(x,x) = 0 VxyeX.

2.2.1 Symmetric Difference

Intuitively, a meaningful concept of the distance between two sets A,B should
measure the “difference” between both sets. However, the regular set difference
is not sufficient for this purpose. The set difference A \ B only includes those
points in A that are not contained within B. Therefore, u(A \ B) measures the
points that have to be added to B to obtain A. It completely ignores points that
have to be subtracted from B.

The difference between two sets is better captured by the “symmetric differ-
ence” which is defined as the disjoint union between the points that have to be
added and the points that have to be subtracted.

Definition 2.2.3 (Symmetric Difference).
Let A,B be sets. The symmetric difference of A and B is given by

AAB=(A\B)U(B\A). <
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The union in [Definition 2.2.3|is disjoint, which means that the measure of
A AB is the sum of the measures of A\B and B\ A. Working with the symmetric

difference is relatively simple because measure spaces have the underlying
algebraic structure of a commutative ring in which the symmetric difference
acts as an addition and the intersection acts as a multiplication. We briefly
recapitulate the most significant properties of the symmetric difference because
they are significant for the remainder of our discussion.

Lemma 2.2.4 (Properties of the Symmetric Difference).
Let A,B,C be sets. We have

AAB=(AUuB)\(AnB), 2.1)
AAp=A, (2.2)
ANA =g, (2.3)
AAB=BAA, (2.4)
ANBAC)=(AnB)A(ANC), (2.5)
(AAB)AC=AABACQC). (2.6)
<

PROOF. [Equation (2.1) follows from
AAB=(A\B)U(B\A)
=(A\(AnB))u(B\(ANnB))
=(AUB)\(ANnB).

This makes the remaining claims much easier to prove. We have
AAP=(AUP)\(ANP)=A\p=A,

which proves Similarly, we have
AANA=(AUA\NANA)=A\NA=9,

which proves[Equation (2.3)] [Equation (2.4)|follows from the commutativity of
set union and intersection. The distributivity stated in follows
from the distributivity of intersections over unions, intersections, and differences
because

ANBAC)=AN(BUC\(BNC))
=(AnBUO)\(ANBNO))
=((AnB)U(ANC)\ ((ANB)N(ANC))
=(AnB)A(ANC).
In order to prove we transform both of its sides to a common

expression. For the left hand side, we have

(AAB)AC=((AAB)UC)\((AAB)NC
=(AUBUC)\ ((AnB)\C)\
=(AUBUC)\((ANB)\C)\((AAB)NnC)
=(AUBUC)\(ANBnCH\ (AnB nC)ualnBNO))
=((AuBuC)NALUB U\ UANBE O\ ACNBNO)
=@AuBuO)n@AtuBtuc)naluBuchnuBtuch).

(AAB)NC)

—~ o —— —
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For the right hand side, we find

AABAC)=(BAC)AA
=Bucua)nBuctuaynBtucuabn@Buctual
—(AuBUC) Nl uBtuC)nUluBUCYH N UBCUCY)

which proves [Eiquation (2.6 (Il

By combining these properties with commonly known properties of the inter-
section operator, the ring structure of measurable spaces becomes apparent.

Lemma 2.2.5 (Ring Structure of Measurable Spaces).

Let (X, X) be a measurable space. Then the tuple (£, A, N) is a commutative ring.
Specifically, (Z, A)is an Abelian group with the neutral element @ in which the
inverse element for A € X is A itself, and (£, N) is a commutative monoid with
neutral element X. <

PROOF. [Lemma 2.2.4|shows that (£, A) is an Abelian group with neutral ele-
ment @. Since A € X forall A€ Z, (Z, N) is a commutative monoid with neutral
element X. Distributivity is also shown in|[Lemma 2.2.4 O

Using the Abelian group structure of (£, A), we can define the distance
between two sets and show that it is a pseudometric.

Lemma 2.2.6 (Pseudometric on Measure Spaces).
Let (X, X, p) be a measure space. The map d;;: £ x Z — Rxq U {oo} with

du(A,B):= (A AB) VA,BeX 2.7
is a pseudometric. <

PROOF. For all A,B,C € Z, we have

du(A,A)=wAAA)
= (@)
:0’

du(A,B)= (A AB)
=uBAA)
=du(B,A),

du(A,C)= (A AC)
=wWAABABAC)
= u((AAB)A(BACQ))
<u((AAB)UBACQ))
swWAAB)+wBAC)
= dy(A,B)+d,(B,0). m
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2.2.2 Similarity Spaces

A pseudometric space can be turned into a full metric space by treating elements
that have zero distance from one another as the same elements. On a technical
level, this means that we consider the set of residual classes with respect to an
equivalence relation that relates elements that have zero distance with each
other. We refer to this as “being similar to one another.” Due to the way in which
we define distance, this means that we treat sets that differ by a nullset as if
they were the same.

In the theory of Lebesgue integration and measure theory more generally,
this kind of “equality up to a nullset” is used commonly. It makes a lot of sense
in the context of derivative-based optimization because continuous mappings
cannot assign different values to points that have zero distance. Tying distance
to measure, however, does limits the scope of our theory. If we treat sets as
equal if their difference does not have strictly positive measure, then we cannot
model any problem in which nullsets have an impact on the objective function
or constraints. For instance, this becomes an issue in the case of total variation
bounds, because they limit the surface area or circumference of a set rather than
its volume.

Definition 2.2.7 (Set Similarity).
Let (X, Z, u) be a measure space. We refer to the relation ~,< X x Z with

A~,B <= d,(A,B)=0 VA,BeX
as p-similarity. If A ~, B, then A and B are called u-similar. <

Next, we show that p-similarity is an equivalence relation. Following, e.g.,
[Gor16, Sec. 5.2], this implies that the equivalence class [@]., is an ideal in Z.
This then implies that the operators A and N are well-defined operators on the
quotient space ¥~, and give it an analogous ring structure.

Lemma 2.2.8 (Set Similarity as Equivalence Relation).
Let (X, Z, p) be a measure space. Then the u-similarity relation ~,S X x X is an
equivalence relation. <

PROOF. This follows directly from the fact that d,, is a pseudometric, which we
had proven in[Lemma 2.2.6] Reflexivity follows from [Property 2.2.2 (1)} symmetry
follows from [Property 2.2.2 (2)] and transitivity follows from [Property 2.2.2 (3)]
and the fact that d, is non-negative. O

Theorem 2.2.9 (Properties of the Quotient Space).
Let (X, Z, u) be a measure space, and let A,B € 2. We have

WA = wA) VA'e[Al.,, (2.8)
A'AB'~,AAB  VA'e[Al.,,B'€[Bl., (2.9)
A'nB'~,AnB  VA'€[Al.,B'€[Bl., (2.10)
A'UB'~,AUB  VA'€[Al.,B'€[Bl., 2.11)
A'\B'~,A\B  VA'c[Al.,,B'€[Bl.,, 2.12)

A ~, AC VA'€[Al,. (2.13)
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2.2. Metric Spaces Of Measurable Sets

Therefore, A, N, U, \, -G, and p are well-defined as maps on ¥~, and (¥~,, A, N)is
a commutative ring with additive neutral [@]-, and multiplicative neutral [X]- ,
wherein every [Al., € ¥~, is its own additive inverse. <

PROOF. PART 1 (EQUATIONS (2.8)|T0[(2.10)). Let A,A'eZand A~,A'. We
have

wA) = p(AAAAAN) < w(A)+ WA AA") = u(A).
CAUAAA") =0
By swapping the roles of A and A’, we have u(A) < u(A') and thus w(A') = u(A),
which proves|Equation (2.8), Let further B,B’ € X with B ~, B'. We have
p((A'ABYA(AAB) =pu((AAA)YABAB)) < (AAA")+u(BAB')=0.
S(AAAUBAB')

Because the measure of (A’ A B') A (A A B) is always non-negative, we have

A’ AB' ~, A AB, which proves Similarly, we have
p((A'nB"YAANB)) =p(((A'nB)\(AnB))u((AnB)\(A'nB"))

(A'nBYnANBC)U((AnB)n(A nB"Y))

((

(

@A nBY A uBY) u(@AnBINAN uBY)
(A'nB'\NA)UA'NB'\B)U(AnB\A)U(ANB\B)
CANA gB"r\B QAYA’ SB\B'’
<pu((A'NA)UANAN) +u((B'\B)U(B\B")

=wA' AA)+uB' AB)
=0+0,

which proves [Equation (2.10

PART 2 (EQUATIONS (2.11)[T0|(2.13)). We first note that for all A € X, we
have AL =X\ A. Since AcX forall A e 2, this implies Ab=XxAA. Therefore,
if A,A’ e Z with A ~, A’, we have

u
U
U

AP =xrABDxnA=4"

which proves|Equation (2.13)l Set subtraction can be expressed as an intersection
with a complement. Let A,A’,B,B' € X be such that A ~, A" and B ~, B". Then

we have
AN\B'=A'nB"¢~,AnB = A\B,
BC
e

which proves [Equation (2.12), Finally, let A,A’,B,B’' € £ with A ~, A" and

B ~, B'. We have
A'UB' = (AN BB (AL ABEC = AuB,
which proves

PART 3 (RING STRUCTURE). Because the operations A and N function in ex-
actly the same manner in the space of residual classes, we can prove the ring

structure by the same arguments as we used in the proof of| O
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quation (2.8)|shows that u is well-defined when applied to residual classes

[A].,. Similarly, the remaining equations in allow us to use the

common set operations on such residual classes as if they were sets. By combining

Equations (2.8)]and [(2.9)] we see that d;: ¥~, x ¥~, — R>q U {co} with
du([A]NP,[B]NH) =d(A,B)=i(AAB) VA,BeZ

is well-defined. By definition of ~,, we have d,([Al.,,[B].,) = 0 if and only if
[A]N” = [B]N” for all A,B € X. This ensures that (¥~,, d,) is a metric space.

Theorem 2.2.10 (Metric on Measure Spaces).
Let (X, Z, p) be a measure space. The map d: ¥~, x H~, — Rxo U {oo} with

d#([A]Nﬂ,[B]NH) = u(A AB) VA,BeX
is a metric. <

PROOF. According to[Equations (2.8) and [(2.9)] d, is well-defined. For the re-
maining properties, we refer to the same theorem. Let subsequently A,B,C € ¥/~,
and let A€ A, BeB, and C € C be representatives of A, B, and C, respectively.
The estimate d,(A,B) = 0 follows because u is a measure. If A = B, then we have
A € B and therefore

du(A,B) =uArB)E WA rK) =0,

Conversely, if d,(A,B) = 0, then we have

WA AB)=d,(A,B)=0
and therefore A ~ " B. This implies

A=[A]., =[B]., =B.
Symmetry and triangle inequality follow from We have

d(A,B)= (AAB)=pu(BAA)=d,(B,A)

and

du(A,C)= w(AAC)< (AAB)+u(BAC)=d,(A,B)+d,(B,C). O

The space (¥/~,, d,) is therefore a metric space. We will subsequently refer to
this space as the similarity space of (X, X, p).

Definition 2.2.11 (Similarity Spaces).

Let (X, Z, p) be a measure space. We refer to the metric space (¥~,, d,) as
the similarity space of (X, X, p) or the y-similarity space of Z. For each A€ Z,
we refer to the residual class [A]-, as the p-similarity class of A. We omit the
measure or measure space from these designations when it is clear from the
context which measure space is used. <

Because the difference between representatives of a similarity class is always
a nullset, the integral of a function over different representatives of the same
residual class is always the same.
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2.2. Metric Spaces Of Measurable Sets

Proposition 2.2.12 (Integrals over Similarity Classes).
Let (X, Z, p) be a measure space, let A,B € Z with A ~, B, and let the function
f: X — RU{+oo} be measurable. Then we have

wadu: fB|f|du.

If [41f1dp < oo, then we also have
d :f du.
| rau=| rau y

PROOF. If A ~, B, then we have W(A\B) = u(B\ A) =0 because ANBSAAB
and B\ A ¢ A AB. It therefore follows that

[iriau= [ ir1au= [ iriau- [ ir1au=0-o0=o.

Similarly, we have

fAfd“_fod”:fA\de“_fB\Afd“:O_O:O

if the integrals exist. O

[Proposition 2.2.12] shows that we can use similarity classes as domains of
integration without fear of ambiguity. To evaluate an integral over a similarity
class, we can simply calculate the integral over any representative of that class.
The last well-definedness result that we will discuss in this section concerns
the well-definedness of measures other than pu, signed measures, and vector
measures on similarity spaces.

Proposition 2.2.13 (Measures on Similarity Spaces).

Let (X, Z, u) be a measure space; let v: X — X be either a measure (X = RxqU{oo}),
a signed measure (X =RU{+o0}), or a vector measure (X is a Banach space); and
let v < . Then we have

v(A)=v(B) VA,BeZX:A~,B. <

PROOF. Let A,B € X be such that A ~, B. By definition, we have (A AB)=0.
If v is a positive measure, then v <« u implies v(AAB) =0, i.e., A ~, B. According

to this implies v(A) = v(B).

If v is a signed or vector measure, then v < u means that |v| <« y where |v|
is the variation of v. Thus, we have |v|(A A B) = 0. We can then partition A AB
into A\ B and B\ A and obtain

[V(A\B)|| +||[v(B\A)| = IvI(AAB)=0
which implies v(A\ B) = v(B\ A) = 0. By using the additivity of v, we obtain

v(A)=v(ANB)+v(A\B)=v(AnB)=v(AnB)+Vv(B\ A)=v(B). O
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This means that we can apply positive, signed, and vector measures to p-
equivalence classes as if they were sets as long as those measures are absolutely
continuous with respect to y. For finite measures, this is already implied by the
Radon-Nikodym theorem and [Proposition 2.2.12] However, it is important to
note that these maps are well-defined as maps on ¥-~, even if the density function
does not exist because they are not finite.

Up to this point, there is still one gap in our effort to show that set oper-
ations are well-defined on similarity classes. only proves the
well-definedness of finite unions and intersections. However, we are interested in
countable unions and intersections as well because they are useful to find limits
in measure spaces.

Lemma 2.2.14 (Countable Set Operations in Similarity Spaces).
Let (X, Z, u) be a measure space, and let A;,B; € X with A; ~, B; for all i € N.
Then we have

o0 o0
M A;~.[Bi, (2.14)
i=1 i=1
(e 0] (o]
Uai~, UB.. (2.15)
i=1 i=1 4
PROOF. We have
(FA) [5)-Filan s
i=1 i=1 i=1 j=1
c ﬂ(A, \Bi)
-
c[(A; AB)),

which implies that
[e.¢] oo
() ([ =0

By exchanging the roles of (4;); and (B;);, we obtain
[e.e] [e.e]
u((NEN (DA =0
i= i=

By combining these results, we find that

oo o0 oo o0

()4 (A <#(Fad (1) ({5 (o) -o.

i=1 i=1 i=1 i=1

which proves [Equation (2.14)] [Equation (2.15)| follows from [Equations (2.13)|
and [(2.14)|because

o0 oo C o0 C o
i:LJlAi:(i:IAiC) ~y (gBE) =iZUIB,-. .
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2.2. Metric Spaces Of Measurable Sets

2.2.3 Essential Subsets and Disjointness

Next, we broaden the definition of “subset” to include essential subsets or sets
that are subsets except for a nullset.

Definition 2.2.15 (Essential Subset).
Let (X, Z, ) be a measure space. The p-essential subset relation <, ¥~, x ¥/~
is given by

Ac,B:—= u(A\B)=0 VA,BeY-,.

If A <, B, then we refer to A as a p-essential subset or simply an essential subset
of B. <

We could also define the u-essential subset relation on sets rather than on
similarity classes. However, we will only apply it in the context of similarity
classes. Regardless, the u-essential subset relation is very strongly linked to the
conventional subset relation in the sense that an essential subset relationship
can also be thought of as a conventional subset relationship between suitably
chosen representatives of the similarity classes.

Lemma 2.2.16 (Existence Of Proper Subset Representatives).
Let (X, Z, ) be a measure space, and let A,B € ¥/~,.. Then we have

Ac,B = (3A€A, BeB: AcB).

More specifically, if A <, B, then we have

AnBeA VAcA,BeB, (2.16)
AUBeB VAcA,BeB. (2.17)
<

PROQF. E‘irst, we consider the case in which there exist A € A and B € B such
that A € B. In this case, we have

A\B) = w(A\B) = u(¢) = 0
and therefore A <, B. Next, we address the converse case. Let A,B € %~, be
such that A <, 2. Due to the reflexivity of equivalence relations, all elements
of a quotient space are non-empty. We therefore have A # @ and B # @. If we

take any two representatives A € A and B € B, then we could choose suitable
representatives by setting either

A=AcA, B-auB%0p
or
A=anB%24, B:=BeB.

Either choice would guarantee that A < B. It is therefore sufficient to prove
[Equations (2.16){and [(2.17)| To this end, let A € A and B € B be representives of

35



2. THEORETICAL FOUNDATION

their respective similarity classes. We have

~ ~ ~ ’_~:’(l%~ ~ o~ o~
p((AnB)AA) = u((AnB)\A)+u(A\(AnB))
=u(A\(ANnB))
= wA\B)
= u(A\B)
=0,

which proves|Equation (2.16)] We also have

=0
e~ e T
p((AuB)AB) =u((AuB)\B)+ u(B\(AUB))
= wA\B)
=0,
which proves This proves both [Equations (2.16)|and [(2.17)] This
then establishes the converse implication as we had discussed before. O

The representatives satisfying the true subset relation are not unique. Be-
cause they are constructed from arbitrary representatives of the similarity classes,
we are free to add or subtract nullsets that do not interfere with the subset re-
lation. The important aspect of is that whenever we encounter
p-essential subsets, we can choose representatives that are true subsets or super-
sets of one another. This complements[Theorem 2.2.9]and [Lemma 2.2.14] Taken
together, these results allow us to almost freely switch between similarity classes
and specifically chosen representatives in our proofs, depending on whichever is
more suitable for our purposes at the time.

We primarily want to use[Equations (2.16)|and [(2.17)|inductively on sequences
of essentially increasing or essentially decreasing similarity classes. Because o-
algebras are closed with respect to countable union and intersection, we can find
limit sets of increasing or decreasing set sequences. The two equations allow us
to transfer this type of limit process to similarity spaces.

Normally, even if a given sequence of similarity classes is, for instance, es-
sentially increasing, not every sequence of representatives of those classes is
truly increasing. Therefore, not every sequence of representatives has a limit set.
By using[Lemma 2.2.16] we can turn an arbitrary sequence of representatives
into an increasing one and therefore find a limit set whose similarity class then
becomes the limit of the original sequence of similarity classes.

Lemma 2.2.17 (Existence of Monotonic Representative Sequences).
Let (X, Z, p) be a measure space. Let (A;);en S Z/~, be a sequence of similarity
classes, and let Zi €A;forall i eN.

If A; < Ajyq for all i €N, then there exists a sequence (gi)ieN such that
AjeA;, Aj2A;, and A;cA; 1 forall ieN.

If A; 2, Ajy1 for all i €N, then there exists a sequence (Avi)ieN such that
AiEAi, EigKi, and Ai2gi+1 for all i eN. <
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2.2. Metric Spaces Of Measurable Sets

PROOF. This follows by complete induction from [Equations (2.16)| and [(2.17)|
The proofs of both statements are very similar. They only differ in the equation
used. We therefore limit ourselves to proving the case where A; <, A;.1 for all
i € N. In this case, we use|Equation (2.17)

We define A; := A;. This satisfies A SA; and A; € [Zi]w =A;. LetieN
such that Ki € A; is defined. According to , Because A; ;1S A;
and A; .1 € A1, we can define

Aj1=Ap UA; ez [Zi+1]~u =Aj1.

This choice guarantees that Ai+1 €A, Ai c Ai+1, and Zi+1 c Ki+1. By complete
induction, these conditions hold for all i € N.
The case where A; 2, A;;1 for all i € N follows by an analogous argument

using [E.quation (2.16 U

By combining with the well-definedness of countable union
and intersection in similarity spaces we find that every sequence of essentially
increasing or essentially decreasing similarity classes approaches a unique limit
class which contains the limit sets of all sequences of representatives. This
result is of major significance for the coming steps. In we use the
convergence of monotonic sequences in conjunction with continuity for a variety
of well-definedness arguments.

Finally, we introduce the concept of essential disjointness, which generalizes
the concept of disjointness. This is fairly straightforward.

Definition 2.2.18 (Essential Disjointness).
Let (X,X,u) be a measure space. Two similarity classes A,B € ¥-~, are called
u-essentially disjoint if and only if

(A NB)=0. <

Any sequence of pairwise essentially disjoint similarity classes has a pairwise
disjoint sequence of representatives. This allows us to transfer the o-additivity
of measures from sets to similarity classes.

Lemma 2.2.19 (Existence of Disjoint Representative Sequences).
Let (X, Z, p) be a measure space. A sequence (A;)ien S ¥~y is pairwise essentially
disjoint if and only if there exists a sequence (A;)ien S 2 of pairwise disjoint
measurable sets such that Ai €A;forall ieN.

Specifically, let (A;)ien S ¥~, be a sequence of pairwise p-essentially disjoint
si~milarity classes, and let (Zi)ieN < X with Zi € A; for all i e N. Then the sequence
(A})jen with

SUN A
A=A\ UAj VieN
j=1

satisfies
A;cA; VieN, (2.18)
AjeA; VieN, (2.19)
AinAj=¢ Vi, jeN:i#]. (2.20)
<
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2. THEORETICAL FOUNDATION

PROOF. First, we address the case in which there exists a pairwise disjoint
sequence (A;)ieny €2 with A; € A; for all i e N. For all i,j e N with i # j, we have

WA;NAj) =wA;nAj=pu@)=0

which means that A; and A; are essentially disjoint.

To prove the converse implication, we note again that every similarity class
contains at least one set. Therefore, every sequence (A;);cn of similarity classes
has at least one sequence (Zi)ieN of representatives. It is therefore sufficient to
prove the more specific statement about the construction of (A $)ien from (Zi)ieN.

Equation (2.18)| follows directly from the definition of A;. Let i € N. Because

A; € A;, we have

WA; AA) = u(A; \A))
1

and therefore [A;]- u = [4;]- . =Ai. By applying this result to all i €N, we obtain
quation (2.19)| Let i,7 € N with i # j. Without loss of generality, let i < j. We

have

O A g1
AiﬂAjZ(Ai\UAk)ﬂ(Aj\UAk)=®.
k=1 k=1

~~

EXJ' Zi

This proves [Equation (2.20 O

219

e

2.2.4 Measurable Functions

Most of the measurable functions that we work with are only well-defined up
to differences on nullsets. This is usually acceptable because it does not affect
integrals and ensures similarity between level sets. We state this explicitly here
so that we can reference this elementary result later.

Theorem 2.2.20 (Essential Equality Of Measurable Functions).
Let (X, Z, p) be a measure space, and let f,g: X — RU {+oo} be measurable
functions. The following statements are equivalent:

(1) {f st} ~u{g <t} forall t e RU{xo0};
@) fL(B)~,g X(B) for all Be BR);

(3) there exists a p-nullset N € Z such that flx\n = glx\N- <
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2.2. Metric Spaces Of Measurable Sets

PROOF. PART 1 =[(2)). This part of the proof is based on the good-set
principle. Let
F={BeB®|f1(B)~, g (B)}.

The premise for this part of the proofis that & contains all extended intervals
[—oo, t] for t € RU {+o0}. By showing that & is a o-algebra we can show that &
contains the o-algebra generated by those extended intervals, which is B(R).

In particular, we know that & includes [—oco, co] = RU {+o0}, which is the
complement of @. We therefore do not need to prove that % contains ¢. It is
sufficient to show that & is closed under complementation and countable union,

which is straightforward because both operations commute with the preimage.
For all B € &, we have

£ B% = £7((RU (xo0)) \ B)
= RuU{xoo})\ F7HB)
~u & "RU{xoo)\ g 1(B)
- g 'BY).

For (B;)ien € FV, we have

f‘l@lBi) = gf‘l(Bn ~u Qg-l(Bi) =g

@

B;).

i=1

Therefore, we have both BCe Z and U2, Bi € #. Thus, & is a o-algebra.
Because {—oo} = [-0c0, —o0] € &, (—00, t] =[-00, t]\[—00, —oc0] € F for all

teR, and

[e.9]

{oo} = [—o0, o]\ | J[-o00, il€ &F,

i=1
the o-algebra generated by the intervals (—oo, ¢] for ¢t € R, {—o0o}, and {oc} is a
subset of &. That o-algebra is Z(R).

PART 2 (@) =[B)). Let f~1(B) ~, g 1(B) for all B € B(R). Let

Ny := (£ (foo}) A g1 ({ooh)) U (f " ({—00h) & g ({—o00})),
Ny = {x e X |If(x) <oo, [g(x)| <00, f(x)# glx)}.

For any x € X with f(x) # g(x) and |f(x)| = co or |g(x)| = co, we have either
f(x) = 0o and g(x) # oo, g(x) = 0o and f(x) # oo, f(x) = —0co0 and g(x) # —oo, or
g(x) = —oo and f(x) # —oo. In every one of these cases, we have x € N1. Since
{oo} € B(R) and {—oo} € @([R?), Nj is a p-nullset. For No, we can now restrict
ourselves to

Y = {xEXl |f(x)| < oo, |gx)] <oo} €.

On Y, we can safely examine the difference between f and g, which is a measur-
able function f —g: Y — R. This was previously problematic because differences
between infinities are not always well-define. Evidently, we have

Ny ={xeY|f(x)-g(x) # 0}

and

o 1
Ny = U{|fly—g|Y > 5}
i=1
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We now perform a proof by contradiction. If u(INg) > 0 held, then there would

exist iO € N such that
1% |’|Y—g|Y > — >0
2i0 ’

N

=Z
The newly defined set Z Y is measurable and is chosen such that f and g differ
by at least %0 everywhere on Z. Due to our initial assumption, we would have
wZz)>0.
We now partition the set Y into “level slices” with respect to the value of f:

J o J+l .
9io+1’ 2i0+1)) VieZ

Lj= (fly)_l(

Here the thickness of the slice is very significant. By making each slice half as
thick as the minimal difference between f and g, we guarantee that the values
of f and g must lie in different slices in every point in Z. Furthermore, because
the L; form a partition of Y and Z €Y, u(Z) > 0 would imply that there exists
Jo € Z such that u(L;, nZ) > 0.

Next, we partition the set L ;, N Z into two measurable subsets according to
the sign of f — g:

Li=Lj,nZ)n{f -g>0}
=(Lj,nZ)N{f > g},
L_=LjynZ)n{f-g<0}
=L ,nZ)n{f < g}
Here, we can ignore {f = g} because Z is chosen such that f # g everywhere on
Z. Because of this, L, and L_ partition L;, nZ, and p(L j, N Z) > 0 would imply

that u(L1) >0 or u(L_) > 0. These two cases are analogous to one another and
we discuss them separately.

Case 1 (u(Ly) >0). Forall xe L., we have

1 jo+l 2 jo-1
glx) < f(x)— %i0 < 9io+tl  9igtl  9ig+l’

This means that

Jo Jo Jo Jo | _.
L, g{g< 2i0+1}\{f< 2i0+1}g{g< giorT }A{f< giorT }._.M+.

We would therefore have u(M.) > 0, which would contradict our initial assump-
tion because M, is the symmetric difference between the preimages of the ex-
tended interval [—oo, 2{0‘11) under f and g, respectively. However, because that
extended interval is in 9(R), the premise of this part of the proof implies that
those preimages are similar. <

Case 2 (u(L;) =0). In this case, we would have pu(L_) > 0. For x € L_, we have

1 Jjo+?
2i0 - 2i0+1’

gx) > f(x)+
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which means that

el B el it o

2i0+1 - 2i()+1 - 2i0+1 - 2i0+1
from which we could then infer that u(M_) > 0. This would contradict the

premise of this part of the proof because M_ is the symmetric difference between
preimages of an extended interval under f and g. <

In either case, we obtain a contradiction, which proves that the initial as-
sumption of our contradiction argument, namely that u(Ng) > 0, must be false.
We therefore have u(N1) = u(lN2) = 0, which implies

udf # g)) = (N1 UNg) < u(N1) + p(N2) = 0,
and therefore f = g almost everywhere. The nullset on which they differ is
N :=NjUNo.

PART 3 ((8) =[(M). Let N € T be a nullset such that f(x) = g(x) for all
x € X\ N. Let further ¢ € RU{zo0}. For all x € {f < ¢} A{g <t} we have either
f(x)<tand g(x)>t, or g(x) <t and f(x) > t. In either case, we have f(x) # g(x)
and therefore x € N. It follows that

p{f sttA{g=8)) <p(N)=0
e —

cN
and therefore {f <t} ~, {g <t}. O
Equality f = g pointwise almost everywhere implies equality of integrals, i.e.,
flfldu:f lgldy VBEeZ, (2.21)
B B
ffduz[gdu VBEZ:fIfIdu<oo. (2.22)
B B B

quation (2.21)[implies that f and g are integrable over the same sets. This will
be relevant when we discuss pushforward and pullback functions in[Section 2.3.3

2.3 MEASURE SPACE GEODESICS

In contrast to vector spaces, similarity spaces and other metric spaces do not
have a concept of “direction.” If we have a step that seems suitable to improve
the objective, we cannot increase or decrease it in order to obtain more or less
of the desirable effect. This is because metric spaces generally do not allow for
scaling. This is a problem for optimization methods that work with local model
functions such as linearizations.

The algorithms that we develop later on were originally conceived as trust
region methods (see [HLS22]). Much of the following section is inspired by
frequent questions as to whether or not these algorithms can be written as line
search algorithms. The answer to those questions is decidedly “yes,” but has to
be preceded by an answer to the more fundamental question of what a “line” is
in a space that does not allow for scaling.

Although there is no general equivalent to scaling a step up, i.e., making it
longer, we can restore the ability to scale a step down by using a construct known
as a “geodesic.” A geodesic is, by definition, a path that realizes the distance
between any two points in its parameter interval.
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Definition 2.3.1 (Geodesic).
Let (X, d) be a metric space, let I R be an interval. A geodesicisamapy: I —X
such that there exists a constant C =0 with

d(y(s),y®)=C-ls—t|  Vs,tel. (2.23)

A geodesic is called minimizing if and only if [Equation (2.23)|is satisfied with
C = 1. We refer to suitable constants C as geodesic constants of y, and to I as the

parameter interval of y. <

The existence of geodesics with C =0, I = @, or I = {¢} for a single e R is a
set of pernicious edge cases that can make discussing measure space geodesics
very tedious. To avoid this pitfall, we state most of the results in this section
for minimizing geodesics y: I — X for non-empty I < R, which excludes the
first two edge cases. Because geodesics for which C # 0 can always be affinely
reparameterized such that C = 1, this is not a significant restriction. We refer to
on page for a detailed proof.

It is evident that, due to the triangle inequality, geodesics are always shortest
continuous paths between any two points along their length. The shortest path
between two points is not unique. As we will show in on page (117}
there are usually infinitely many ways to rearrange a geodesic. Accordingly,
there are usually infinitely many geodesics connecting two points.

The primary goal of this section is on page|150} which provides
a strong criterion for measure spaces which are geodesic and therefore suitable
for our algorithms. Along the way, we develop a theoretical toolkit that simplifies
working with measure space geodesics. Much of this theory was originally
developed in an unsuccessful attempt to prove [Hypothesis 2.5.7] on page [208
Some of it also finds application in We present all of it in hopes that
interested readers may find future use in it.

This section begins with in which we establish basic properties
of geodesics in similarity spaces. We discuss these properties prior to proving the
existence of these geodesics because their discussion simplifies later discussions
of geodesic construction and handling.

In[Section 2.3.2] we describe two types of geodesic interpolation: dense and
sparse. Both allow us to define a geodesic by specifying its value at a countable
set of support points rather than for every real parameter value. This can be
useful if the values need to be modified using an iterative procedure prior to
being used as support points. In dense interpolation, we demand that the set of
all support points is dense in the parameter interval. Sparse interpolation adds
the ability to “fill in” gaps between the support points.

In[Section 2.3.3] we show that every geodesic in a similarity space corresponds
to a measurable function whose sublevel sets encode the geodesic. We refer to
these functions as geodesic level set functions or “GLSFs.” GLSF's allow us to ex-
amine the variation of a geodesic over an arbitrary Borel set of parameters rather
than just an interval. This lays the theoretical groundwork for “rearranging”
geodesics. GLSF's also allow us to introduce pullback and pushforward functions
which allow us to examine functions “along” geodesics.

In we discuss several ways to modify and combine existing
geodesics to obtain new ones. This is useful in some construction methods and is
used later to prove the existence of geodesics.
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1/\
3 4 5 N
4
1
-1
(a) Expanding concentric circle (b) Ascending X coordinate

Figure 2.2: Tllustration of two geodesics connecting the empty set with the unit
circle. Depicted are states at five equidistant parameter points. Due to the
geodesic property the change in volume is the same in each segment.

In[Section 2.3.5 we describe the construction of special types of geodesics in
similarity spaces. These construction methods are mostly simple extensions of
our prior work.

With construction and modification methods, we prove necessary and suffi-
cient conditions for a geodesic structure in measure spaces in

2.3.1 Properties

The step between two similarity classes is best expressed by their symmetric
difference. To get from similarity class A € ¥~, to B € ¥~,, we must remove
AN\B from A and then add B\ A to the result. This is the same as forming the
symmetric difference between A and the step A A B.

There is no unique way to perform “half of” this step. In order to do so, we
must first fix an order in which the changes are to be performed. Once such an
order is fixed, we could perform the first half of the ordered changes. A measure
space geodesic encodes such an order. [Figure 2.2|demonstrates how even a simple
step like that from @ to the unit ball in R? can be broken down into multiple
different orders.

The first of these geodesics, depicted in [Figure 2.2a] builds the unit ball up as
a sequence of expanding concentric balls around the origin:

Y1) =B 7 0)] . Vtel

where I :=[0, 7] is the parameter interval and A is the Lebesgue measure. The
radius of the ball is precisely such that

2 2
A(Yl(tz)Ah(tl))=/1(Y1(t2))—/1(}’1(t1))=7T-(\/g) —ﬂ'(\/g) =ta—1t1

for 0 < t; < to <. Because the rate of volume is constant, the increase in radius
naturally becomes slower over time.

The second geodesic, depicted in includes points in order of

ascending X coordinate. The measure of the intermediate sets is that of a circular
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Figure 2.3: Illustration of the parameterization of the geodesic in on
the previous page. The area of the shaded circular section is a bijective function
of 0 € [0, n]. By forming the inverse, we express 0 as a function of the area. As
6 — 7, the shaded section covers the entire circle.

segment, which is most easily calculated using angles. For a given angle 6 € [0, r],
the symmetric circular section depicted in covers the unit circle for
6 — 0o. We have to parameterize this symmetric circular section by area. The
area of one half is calculated by subtracting a right triangle from a circular sector:

1 1
AB)=2- (5 -0 —sinf-cos| = 6 —sin(20) = 3 (20 —sin(20))

The function A : [0, 7] — [0, 7]is strictly monotonic and therefore bijective. Using
the inverse of A, we can write

ya(®):= [BiON{(x, y)]x<-cosAle)}| Vel

u

We then have
Myza(t2) Aya(tD) = Aya(t2)) — A(y2(t1) = AGA™ t2) - AA™H(t1) =t — 1.

We can see that both y; and y9 are geodesics connecting the same two sets. We
stress that neither of these geodesics is “canonically correct” or “better” than the
other. There is no inherent hierarchy of preference in geodesics. Therein lies the
primary challenge of working with geodesics: finding the best geodesic for your
purposes is not always straightforward.

2.3.1.1 MONOTONICITY AND TOTAL VARIATION

While geodesics can arrange changes in an almost arbitrary order, one thing is
strictly forbidden: once a change is made, it cannot be undone. This is implied by
the geodesic condition. For instance, if a geodesic were to make a change and then
immediately undo it, the combined parameter interval would be twice as long
while there would be no net change associated with it. We can also express this as
a monotonicity condition of the following form: The set of changes associated with
a growing sub-interval of a geodesic’s parameter interval is always increasing.
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Lemma 2.3.2 (Monotonicity of Measure Space Geodesics).
Let (X, Z, u) be a measure space, let I <R be an interval, and let y: I —%~, be a
geodesic. For a,b,c,d € I with a <b <c¢ <d, we have

y(d) Ay(e) Spy(a) Ay(d). 4

PROOF. Leta,b,c,del witha<b<c=<d, and let C =0 be a geodesic constant
associated with y. Let further

D := (y(b) Ay(c)) A (y(a) Ay(d)).
The measure p is monotonic and subadditive in the sense that
wA) < u(B) VA,Be¥-~,: Ag, B,
HAUB) < wWA)+u(B) VA,Be¥~,.

Because the symmetric difference is a subset of the union of two sets, this allows
us to make the following estimate:

D) = 1 (y@) DY) U (y(®) A ()
< u(y(@) Ay(@) + p(y(d) Ay(e)
=C-(d-a+c-0b).

The symmetric difference can be written as a disjoint union of set differences.
Due to the additivity of u, this yields

D)= 4 (1@ 7@\ ()2 70) 0 (1) 5 1) (1@ A7)

= 1{(r@) Ay@)\ (y(®) 27(©) ) + 4 (1B A V) (Y@ AY()).
Therefore we have

1((r® Ay(©)\ (y(@) Ay(d))) = wD) - p((y(@) Ayd)) \ (y(b) Ay(c)))
< D) - p(y(@) Ay(d)) + u(y®d) Ay(e)
=uD)-C-(d-a)+C-(c-b)
<C-(d-a+c-b)-C-(d—a+c-b)
=0

which proves that y(b) A y(c) €, y(a) Ay(d). (]

This monotonicity has far-reaching impact on the theory of measure space
geodesics. First of all, we can use it to show that changes corresponding to
disjoint parameter intervals of the same geodesic must be essentially disjoint.
This is the “changes cannot be undone” result that we had mentioned earlier.
Because every set is its own inverse with respect to the symmetric difference,
making the same change twice is the same as undoing the change.

Lemma 2.3.3 (Essentially Disjointness of Geodesic Variation).
Let (X, Z, u) be a measure space, let I <R be an interval, and let y: I — ¥~, be a
geodesic. Let further a,b,c,d € I with a <b <c <d. Then we have

u((r@ 2 y®) n (r©) A y(d)) =0.
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In other words, the changes corresponding to the parameter intervals [a, b] and
[c, d] are essentially disjoint. <

PROOF. Let C =0 be a geodesic constant of y. Let a,b,c,d €I witha<b=<c<d.
We first address the case where b = ¢c. We have

C-(d-a) = p(ya) Ay(d))
= (@) 2 y(®) A (y(®) AY())
N~

=y(c)
< p((rt@ 2y®) U (r(©) A YD)
= p(r(@ Ay®) +p(y(e) Ay(d)

)

—C(b-a)  =CAd—-c)=C{d—b)
- 4((r@ 2 y®) 0 (ye) A (@)
=C(d-a)- (@ Ay®) n (r©) Ay@)).

Because d —a = 0 and because p is a non-negative measure, this implies

u((r(@ 2 y®) 0 (re) Ap)) =o.

Next, we address the case in which b < ¢. According to|[Lemma 2.3.2] we have
Y(e) Ay(d) =, y(b) Ay(d). We can invoke the first case to show that

u((r@ 27®) n (10 A y()) = (@) A¥®) 1 (1(B) A ¥ )| = 0.

This implies that
1((y(@) Ay(d)) N (y(c) Ay(d))) = 0. O

So far, we have not specified what type of interval the parameter interval
I should be. From a theoretical standpoint, it would be desirable to have a
closed parameter interval. It is evident that the geodesic property implies that
geodesics are continuous. We could therefore consider continuations of geodesics
to the boundaries of their parameter intervals without running into any issues.
However, this would preclude the consideration of geodesics with unbounded
parameter intervals.

It turns out that measure space geodesics have an odd property: they can
have continuous continuations to infinity. This oddity arises from the properties
of g-algebras and is therefore not transferrable to other kinds of metric spaces.
To investigate this property, we first have to investigate “variation.”

For closed intervals [a, b] € I, we have a clear concept of the variation of
7, i.e., the totality of changes made by vy, over the interval [a, b]. For open
and unbounded intervals, we can find the variation by exploiting the fact that
the variation over an increasing sequence of closed intervals is also increasing
according to Increasing sequences of similarity classes have a
well-defined limit in their countable union.

We can use this to derive a similarity class that encompasses the totality of
changes made by a geodesic over its entire parameter interval. In essence, this
is the total “step” made by the geodesic. We refer to this similarity class as the
geodesic’s total variation.
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Definition 2.3.4 (Total Variation Of Geodesics).
Let (X, Z, p) be a measure space, let I R be an interval, and let y: I — ¥~, be a
geodesic. The total variation of v is a similarity class TV(y) € ¥~, such that

Y AY®) S, V() Vs,tel, (2.24)
TV() <, V YV €5~y: Y(s) AY(£) S, V Us,te L. (2.25)

In other words, TV(y) is the smallest similarity class that contains all symmetric
differences between similarity classes that occur along the geodesic y. <

For simplicity, we will refer to a similarity class that satisfies [Eiquation (2.24
as “encompassing” of the total variation because it encompasses all variations of

a geodesic over sub-intervals of its parameter interval. We also refer to classes

that satisfy [Equation (2.25) as “bounding” for the total variation because they
have to be contained within all encompassing classes.

Proposition 2.3.5 (Existence and Uniqueness of the Total Variation).
Let (X, X, p) be a measure space, let I <R be an interval, and let y: I¥~, be a
geodesic. Then there exists a unique similarity class TV(y) € ¥/~ that satisfies

Let (s;)ien € IN and (¢;)ien € IN such that s; — infI and t; — supl for i — co.
Then we have -

V() = U (y(si) Ay(:)). (2.26)

i=1 g

PROOF. PART 1 (UNIQUENESS). Let U,V € ¥~ satisfy be similarity classes

that qualify as total variations of y according to[Definition 2.3.4] This means that,
let both U and V are both encompassing and bounding. Because encompassing

classes have to encompass all bounding classes, we have bothU <,V and V ¢, U.
It follows that U =V because

wUAV)=uw(U\NV)+u(V\U)=0.
N——
=0 =0
PART 2 (EXISTENCE AND EQUATION (2.26)). We first address the edge case
in which I = @. In this case, there exist no s,¢ € I and every similarity class is

encompassing. This includes [¢]-,, which does not have any essential subsets
except for itself. Therefore, [#]., is minimally encompassing and we have

TV(y) =[2l-~,.

For non-trivial geodesics, we calculate the total variation by using[Equation (2.26
Let (sj)ien and (¢;);en be sequences in I such that s; — inf] and ¢; — sup! for
i — oco. We write

V= U (y(si) Ay(t)) € Y~y
i=1

Let U € ¥~, be any encompassing similarity class. Because V is a union of
variations over closed intervals, we have

V= soar)) <, U.
T
S
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Because this holds for all encompassing classes U, it follows that V is bounding
for the total variation.

To prove that V is also encompassing, let g,r € I act as the bounds of an
interval [q, r]. Without loss of generality, let ¢ <r. Let € > 0 be a constant
that can be arbitrarily close to 0, and let C = 0 denote a geodesic constant of y.
Because g =infI and s; — infI for i — oo, there exists i1 € N such that

€
2(C+1)

S$;i<=q+

Similarly, because r < sup! and ¢; — sup! for i — oo, there exists ig € N such that

£

Lizr-oc+ D

Vi=io.

We have to allow for an additional margin to account for the possibility that
g =infl or r =supl. In that case, the sequences can approach q or r, respectively,
without ever passing it. Let i3 := max{i1, i2}. We find that

(o]

(r@ AyM)\V = (y(@) Ay())\ U (v(si) Ay(ty)
=1

Su (V@AY \ (Y(siy) Ay(tsy)).

By using the monotonicity of y, we can infer that

V(@ Ay(siy)) if g <siy,
A \V|=
H((Y(q) )/(r)) ) {0 if ¢ >s;,
ubrp aym) ifeg =,
0 ifti3 >r
=C-max{0, s;; —q}+C -max{0, r—¢;,}
€
¢ s+
<Ee.

Because this holds for all € > 0, we obtain

u((r@aym)\v) =0

and therefore y(q) Ay(r) <, V. The fact that this holds for all ¢,r € I means that
V is encompassing. ]

[Proposition 2.3.5| shows an inherent limitation of geodesics. Because the
parameter space of a geodesic is a real interval, it can always be expressed as
a countable union of closed intervals. The total variation of a geodesic must
therefore be a countable union of variations over closed intervals. All variations
of y over bounded closed sub-intervals of I have finite measure, which means that
the total variation of a geodesic is always o-finite. This is an early indicator of
in which we will show that o-finiteness is necessary for a measure
space to be geodesic.
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2.3.1.2 TRANSLATION AND LIMIT POINTS

In school settings, vectors are often described as “arrows,” that have a specific
length and direction, but no specific origin point. Instead, they can freely be
shifted around and affixed to an arbitrary origin point. In this section, we show
that measure space geodesics behave similarly with the symmetric difference as
an analogous operation to vector addition.

This analogy justifies thinking of measure space geodesics as directions rather
than just paths. This also makes them an excellent theoretical substitute for
vectors.

Lemma 2.3.6 (Translation of Geodesics).
Let (X, Z, ) be measure spaces for i € [n], let I R be an interval, let y: I — ¥/~,
be a geodesic, and let A € ¥/~,. Then the map y AA: I — ¥~, with

(YyAA))=y@#)AA Vitel

is a geodesic. If C = 0 is a geodesic constant of y, then C is also a geodesic constant
of y AA. <

PROOF. Let s,te€I. We have
(YAABS)AYAA) D) =y(S)AAAYR)AA =Y(s) Ay(D).
Therefore, if C = 0 is a geodesic constant of y, then we have
p((y AAXS) ALy AAXD)) = pu(y(s) Ay() =C-|s—tl.
This shows that y A A is a geodesic with geodesic constant C. ([l

The fact that we can translate a geodesic may not appear profound at first, but
it is not self-evident. Metric spaces do not generally have an addition operation.
Therefore, there are no a priori prescriptions dictating that the distance between
two points has to remain the same if both are shifted in the same way. The
reason why a translated measure space geodesic is still a geodesic is because the
underlying metric d,, is translation invariant. In a metric space with a group
structure in which the metric is not invariant under translation, it is generally
not possible to consider geodesics as directions independent of their concrete
location in space.

Because variation is defined by the differences between points on a geodesic,
translation has no impact on variation. If we think of the total variation as a set
of changes that is applied to the origin point to arrive at the destination point,
then geodesics impose an order in which these changes are applied. The following
lemma shows that the total variation does not change. However, the proof, much
like that of is based on the fact that it is evident that variations on
closed sub-intervals are unaffected by translation.

Lemma 2.3.7 (Translation Invariance of the Total Variation).
Let (X, %, ) be a measure space, let I SR be an interval, let y: I — %/~,, and let
A €Y~,. Then we have

TV(y AA)=TV(y). 4
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PROOF. Once more, we have to treat the case in which I = ¢ differently. If
I=¢, we have TV(y AA) =[@¢]., =TV(y). If I # @, then there exist sequences
(s1)ien € IN and (¢;);en € IN such that s; — infI and ¢; — sup for i — co. We then
have

I
Csi(Cs iz

TV(y AA) ((yAA)(s )A(y AAXE))

(y(s )AAAAAY(L))

U s ax)

1l
gz
I

O

By translating a geodesic, we do not change variation. However, we do change
the “origin point” to which the changes are applied. The concept of an origin point
seems intuitive for a geodesic whose parameter interval includes its infimum.
For bounded intervals that do not include their infimum, we could conceive of
a continuity-based argument to extend the geodesic to the infimum. However,
the intuitive concept of an origin point breaks down when we remember that in
infinite measure spaces, geodesics can have unbounded parameter intervals.

Here, we come to one of the most interesting theoretical peculiarities about
measure space geodesics: every measure space geodesic connects two well-defined
end points, regardless of whether it is infinitely long or not. The term “end point”
is somewhat inappropriate here because an infinitely long geodesic does, by
definition, not have “ends.” We address this linguistic pitfall by referring to these
points as “limit points” instead. Specifically, we call the left limit point “origin
point” and the right one “destination point.”

Definition 2.3.8 (Limit Points Of Geodesics).

Let (X, Z, p) be a measure space, let I SR be an interval, and let y: I — ¥~, be a
geodesic. We refer to a similarity class A € ¥/~, as the origin point or origin of y if
and only if

YSYAAS, YR)AA Vs,tel:s<t, (2.27)

i

(Y(s )AA)=[g]., V(siienSIV: s; == infI. (2.28)

L8

~.

Similarly, we refer to a similarity class B € ¥~, as the destination point or
destination of y if and only if

y&)AB2,y(t)AB Vs, tel:s<t, (2.29)
oo

ﬂ(y(t )AB)=[2]-, Vtien I t; =2 supl. (2.30)

~.

Collectively, we refer to the origin and destination points of a geodesic as its limit
points. <

The choice of the term “limit point” is not arbitrary. Limit points are indeed
limits of sequences of similarity classes. The geodesic property is of significant
importance to the construction of limit points. We have already vaguely hinted
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at “continuity arguments” to continue geodesics to the extremes of their param-
eter intervals. For points on the boundary of the parameter interval that are
not included within the interval, such arguments require completeness. For
continuations to infinity, however, this is not sufficient and we have to use the
monotonicity of geodesics to argue further.

If we take any fixed point ¢¢ € I and we select an increasing subsequence of
(t;)ien such that to <¢; for all i € N, then the sequence (y(to) Ay(¢;)),y is also
u-essentially increasing. Being an essentially increasing sequence of similarity
classes, shows that this sequence has a well-defined limit in the
countable union

U ay@)
i=1

which is in ¥~, according to|Lemma 2.2.14] If ¢; — sup[ for i — oo, then we can

then interpret
[e.9]
B, =vy(to) AU (r(to) Ay(E:)
i=1
as the destination point of y. An origin point may similarly be derived by choosing
a decreasing sequence (s;);eny € I that approaches to the infimum of I.

This is, intuitively, why origin and destination points exist and we will argue
this more formally in [Propositions 2.3.11|and [2.3.12] However, we must also bear
in mind that our construction method, as stated, depends on the starting point ¢
as well as the approximating sequences (s;);en and (¢;);en, respectively. We will
have to show that the choice of these parameters does not affect the constructed
result.

Before we do this, we briefly highlight a different aspect of this construction
method. When we say “(sj)ien approaches infl,” then this intuitively evokes
the image of a sequence that converges to a finite number. There is, however,
no aspect of the construction described above that requires the infimum to be
finite. The construction method works equally well if the infimum is —oco and
s; — —oo for i — oco. We will also see that this does not affect well-definedness.
This enables us to state most of our theory of measure space geodesics without
having to presume finiteness of the underlying measure space.

We now rigorously prove the well-definedness of geodesic limit points. For
our later work, it is convenient to begin with the origin point and derive the
destination point from the origin point and the total variation. We begin by
defining the canonical form of a geodesic, which is a translated form of a geodesic
where the origin point is normalized to [#]-,.

Definition 2.3.9 (Canonical Form of a Geodesic).
Let (X, %, p) be a measure space, and let I <R be an interval. We say that a
geodesic y: I — ¥/~ is in canonical form if and only if we have

y(s) S y(®) Vs, tel:s<t, (2.31)
y(@#) <, TV(y) Vtel. (2.32)
If y is in canonical form, we refer to y as a canonical geodesic. <

Careful comparison between [Definitions 2.3.8|and [2.3.9| quickly indicates that
a canonical geodesic is a geodesic whose origin point is [¢]-,. A semi-explicit
formula for the canonical form of a geodesic can be given by using the total
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variation of a restriction of the geodesic y. Essentially, the canonical form of a
geodesic is the geodesic formed by the totality of all changes performed up to a
certain parameter point.

Theorem 2.3.10 (Canonical Form of a Geodesic).
Let (X, Z, u) be a measure space, let I <R be an interval, and let y: I — ¥~, be a
geodesic. Then the geodesic y: I — X~, with

Y(@&) :=TV(¥l1n(-00, 1)
is in canonical form and satisfies
Y(S)AY(@)=y(s)Ay(t) Vs,tel. (2.33)
We refer to y as the canonical form of y. <

PROOF. PART 1 (EQUATION (2.33); ¥ IS A GEODESIC). If I = @, then every
map 7: I — ¥~, is a geodesic and Equation (2.33) is trivially always satisfied.
If I # @, then let s,t € I. Without loss of generality, we assume that s <¢. Let
further (s;);en € IN with s; < s for all i € N and s; — inf[ for i — co. According to
[Proposition 2.3.5|and [Lemma 2.3.3] we have

Y(&) = TV 1r(=c0, 1)

= Uy Aay®)
~ N /
2,Y(s)Ay(s)

~
—

3

((r ay®) & (v A 7(s)

N
I
—

LC8

((Y(s)Ay(t)) U (y(si)Ay(s)))

-
1l

=y ay@®)u J(y(si) Ay(s)
i=1

[ S —
=TV(¥lin(-c0, sP=T(s)
= (y() Ay(®) AY(s).

By forming the symmetric difference with y(s), we obtain Equation (2.33). For
the distance between two points along the canonical form, this implies that

U ATD) = py(&) AYD) = C-ls 1
for every geodesic constant C = 0 of y. This demonstrates that y is also a geodesic.

PART 2 (y IS IN CANONICAL FORM). Let s,z € I. Without loss of generality
let s < ¢. Let further (s;);eny € IN with s; < s for all i €N and s; — infT for i — co.
Then we have

HO) = TV 1000, ) = U (150 270) = U (Fs0) AF®) <, TV,
i-1 i=1

The monotonicity of measure space geodesics implies that

(e 9] o0

()= (y(si) Ay(s) =p U (y(si) Ay @) = 7).
=1 ~——— i=1
Suy(s)Ay(@)

Together, both of these equations show that y is in canonical form. O
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The well-definedness of the canonical form of y is a direct consequence of the
well-definedness of the total variation. From now on, we adopt the universal
notation y for the canonical form of a geodesic .

The fact that y(s) A y(¢) = y(s) Ay(¢) holds for all s,t € I suggests that y is a
translation of y. This is easy to show and implies the uniqueness of the canonical
form. For non-empty parameter intervals I < R, the similarity class by which y
must be translated to obtain y is uniquely defined and is the sole origin point of
Y.

Proposition 2.3.11 (Existence and Uniqueness of Origin Points).
Let (X, Z, ) be a measure space, let I <R, and let y: I — ¥/~, be a geodesic. Let
further A € ¥~,. The following three statements are equivalent:

(1) A is an origin point of y;
2) yAA=Y;
(3) y A A is canonical.
There always exists at least one origin point of y. If I # @, then y has exactly one
origin point Ay € ¥~,. This origin point satisfies
Ay =y(t) ATV(Yl1n(=00, t51) Vo €.

The canonical form y is the only canonical geodesic that is a translation of y. <

PROOF. PART 1 =[(2)). Let A € ¥~, be an origin point of y. we have to
show that y(#) A A = y(t) = TV(Yl1n(-co, 1) for all £ € I. For I = @, this is trivially
true. For I # @, let t € I. Because ¢ € I, there exists (s;)jen € I with s; < ¢ for

all i e N and s; — infI for i — co. Because A is an origin point, [Definition 2.3.8
dictates that

¥(#) =TV(Yl1n(~c0, 1)
(o)

= Uy ay®)
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= U(rwaa)\ (ysn a4))
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= (2 AN (rs)24)
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2384,
=y(t)AA.

This holds for all ¢ € I. Therefore, we have y AA =7.

PART 2 () =[@)). Let A be such that y A A = . [Theorem 2.3.10|shows that
7 is canonical. Therefore, y A A is canonical.

PART 3 (B) =[(@). Let A € ¥~, be such that y A A is canonical. According to
Definition 2.3.9) we have

YO AAS, YR)AA Vs, tel:s<t,
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2. THEORETICAL FOUNDATION

which means that A satisfies[Equation (2.27) Let (s;);en € IN be a sequence with
s; —inf1 for i — oco. If such a sequence exists, then we may assume its existence
to imply I # @. There then similarly exists a sequence (¢;);en € IN with ¢; = s; for
all i e N and ¢; — supl for i — co. Because t; = s; for all i € N, [Equation (2.27)
implies
(Y&DAA) A (y(s) AA) = (y(t) AA)\ (y(si) AA) VieN.
N ——r
Qy}’(ti)AA

Because y A A is canonical, [Definition 2.3.9|implies
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7
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We see that the intersection on the left hand side is an essential subset of a
similarity class from which it is simultaneously essentially disjoint. This is only
possible if

38

(YsDAA) =[],
11—
S TV(yAA)

which is exactly [Eiquation (2.28)

PART 4 (UNIQUENESS OF y). If y A A is canonical, then A is an origin point
of y and therefore y A A = y. Therefore, y is the only translation of y that is
canonical.

i

PART 5 (EXISTENCE AND UNIQUENESS OF A). We first consider the edge
case where I = @. Due to the fact that both [Equations (2.27)| and [(2.28)] are
trivially true for all A € ¥/~,, every such A is an origin point. Specifically, [#]-, is
an appropriate choice of origin point. Uniqueness is not guaranteed in this case.

Next, we consider the case in which I # @. Because 7 is the only translation
of y that is canonical, an origin point A € ¥~, must satisfy

=y AY(@E) =yE) ATV(YlIn(-00, 1) VEEL
As there exists at least one to € I, we define
Ay =1v(to) Ay(to)
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2.3. Measure Space Geodesics

for an arbitrary to € I. Let ¢ € I be given and let (s;);eny S IN be a sequence with
s; <minft, to} for all i e N and s; — inf[ for i — co. Due to the monotonicity of
measure space geodesics, we have

[p]- if ¢ = ¢,
(1) Ay(to)) N (y(to) Ay(sy)) = ;
(&) Ay(t0)) N (y(t0) Ay(sy)) {me(to) iFrety
for all i e N. We note that this case distinction is independent of ;. The symmetric
difference between these similarity classes is therefore either always a disjoint
union or always a set difference, both of which distribute over unions. We can
then make the following reformulation:

YO A A, = (y() Ay(to)) AY(to)

= (Y& Ay@e) A U (ro) Ayisy))
i=1

Il
(@

(o 2 1(t0) A (yt0) A y(50)

-
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(Y@ A y(sy)
=1

(

-
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Having proven that yAA, =y and that A, is an origin point, we still need to show
that Ay is unique. If B € ¥/~ is another origin point of y, then yAB=7y=yAA,.
With the same ¢ € I as before, we have

Y(¢0) AB =7(to) = y(t0) A Ay.
By subtracting y(¢¢) from both sides, we obtain

B=y(to) Ay(to) AA, =A,. 0

We do not need to replicate the effort of [Proposition 2.3.11|for destination
points. As one would expect, if the origin point A, is where the geodesic y “starts”
and TV(y) comprises exactly all changes made by y over its parameter interval,
then the destination point of y should be By := Ay ATV(y). This simplifies
existence and uniqueness proofs for the destination point significantly.

Proposition 2.3.12 (Existence and Uniqueness of Destination Points).
Let (X, Z, u) be a measure space, let I <R be an interval, let y: I — ¥~, be a
geodesic, and let B € X/~,,. We have

B is a destination point of y <= B ATV(y) is an origin point of y

Every geodesic has a destination point. If I # @, then the destination point By of y
is unique. <

PROOF. PART 1 (REFORMULATION OF TV(y)). Let (sj)ien€ 1 N be a decreas-
ing sequence such that s; — infI for i — oo, let (¢;)jen € 1 N be an increasing
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2. THEORETICAL FOUNDATION

sequence such that s; <t; for all i e N and ¢; — sup! for i — oo, and let A € ¥/~,
be an origin point of y. Then we can rewrite TV(y) as follows

C8

TV(y) = (Y(Si)AY(ti))

~.
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-(0 (e 2 4))\ (ﬂ (rs0 2 A)).

i=1 i=1

—

The validity of the last reformulation in this chain is best shown by mutual
essential inclusion, which can be shown by showing true inclusion with an appro-
priately chosen set of class representatives. Let S; € y(s;) AA and T; e y(¢;) A A
for i € N be chosen such that S;.1 €S; €T; € T;+1 holds for all i e N. We have

e}
xe|JTi\S;) = @igeN: xeTiy Ax¢S;,)
i=1

[e9] oo
= xeJTinxe[)Si
i=1 i=1

— X € (QTL') \(ﬁ Sio)-

i=1

This establishes a subset relationship

fj(Ti \S;)c (QTL') \ (ﬁsio)

i=1

that implies an essential subset relationship between the respective similarity

classes in accordance with [Lemma 2.2.16}

G (e 2 AN\ (50 2 A)) < (Q(Y(ti)AA)) \ (é(y(si)AA)).

i=1 i=

Conversely, for all x € (U2, T;) \ (N3, S;), there exists i1 € N with x € T;, and
ig € N with x ¢ S;,. Let ip := max{iq, i2}. Because of the monotonicity of the
sequences (s;);en and (£;);en, and because of the monotonicity of geodesics, we
have

xe T, \Slz_ LO_U(T \S;).
?f g =1

0

We therefore have (U, T;) \ (N2, Si) cUX,(T;\ S;), which implies

(fj(y(ti)AA)) \ (ﬁ(y(si)AA)) <, fj((y(ti)AA) \ (y(si)AA)).

=1 i=1 i=1

7
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2.3. Measure Space Geodesics

By combining both essential inclusions, we have equality of the similarity classes:

i=1

U(renaa)\ (rsnaa)) = (U s AN (N (s 4 4)).
i=1 i=1
We have thus shown that

™V = (U e 2 )\ (N (r6s: 24)) = U (e A A).
=1 i=1 i=1
=g,

~

We can make a similar reformulation of TV(y) with respect to a destination point.
Let B € ¥/~, be a destination point of y. Then we have

[e e}

V() = U((Y(Si)AB)A (y(ti)AB))
i=1 ——
g;L'Y(Si)AB
- U((y(si)AB) \ (y(ti)AB))
= (_U(}f(s;‘)AB)) \ (n(y(ti)AB))
i=1 i=1
=lgl.,,
=UJ(y(si)AB).
i=1

PART 2 (). Let A := BATV(y) € ¥~, be an origin point of y. Let s,t €1
with s <¢. As always, if such s,¢ exist at all, then I # @. There then exists an
increasing sequence (¢;);en € IN with ¢; = ¢ for all i € N and ¢; — sup[ for i — oco.

According to we have
YO AB =y(t) AA ATV(Y)
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2. THEORETICAL FOUNDATION

=y(s)AB

which proves [Equation (2.29)] To prove [Equation (2.30)| let (¢;)ien € IN be a

sequence with ¢#; — supI for i — co. Because we consider an intersection over
all i € N, we may assume without loss of generality that (¢;);cy is increasing.
According to[Part 1} we have

o0

V() = J(rt) AA).

We have
N (@) AB) = (yt) AAATV(Y))
i=1 i=1
=N renaan U (repaa))
z:1 ~———

SUU (e paay’

- é((ﬁj (repaA)\ (y(t,-)AA))
_ ﬁ((g(y(tj)AA)) n (y(ti)AA)B)
:JQ( (tJ)AA)mié(y(ti)AA)C
:Jf_'j (y(t) AA) N (g(y(mAA))c
= [0]-

=

which proves|Equation (2.30

PART 3 (= ). Once more, let A :== B ATV(y). The arguments for this are very
similar to those given in[Part 2land we abbreviate them here. For s,¢ € I withs <¢,
we can select (s;);en decreasing with s; — infl and s; < s for i € N. The premise
is that B is a destination point. Therefore, s; <s implies y(s) AB <, y(s;)AB and
we have
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2.3. Measure Space Geodesics

which proves [Equation (2.27)| To prove [Equation (2.28), we may assume without
loss of generality that (s;);eny With s; — inf1 is decreasing. We then find that

Nrsoaa)=N(rsoaBaU(ys)pAaB))
i=1 =1 j=1
U, (r(s)AB)

= ﬁ((fj(Y(Sj)AB)) n (Y(Si)AB)C)

i=1\"j=1
00 o] C
= U(rspaB)n((rsnAB))
Jj=1 i=1
=[g]-

PART 4 (EXISTENCE AND UNIQUENESS). [Proposition 2.3.11| shows that ev-
ery geodesic has an origin point. For every origin point A of y, A ATV(y) is a
destination point of y. Therefore, every geodesic has a destination point.

If B and B’ are destination points of y, then B ATV(y) and B’ ATV(y) are
origin points of y. According to[Proposition 2.3.11}] the origin point of y is unique
if I # @. Therefore, I # @ implies

B ATV(y)=B' ATV(y).

By forming the symmetric difference with TV(y), we obtain B = B/, proving that
the destination point is unique if I # @. a

An interesting corollary of [Propositions 2.3.11|and [2.3.12]is that a geodesic is
canonical if and only if its origin point is [#]., and that if this is the case, then
its destination point is equal to its total variation.

Corollary 2.3.13 (Strong Characterization of Canonical Geodesics).
Let (X, Z, u) be a measure space, let I <R be an interval, and let y: I — ¥~, be a
geodesic. The following statements are equivalent:

(1) vy is canonical,
(2) [®]-, is an origin point of y,
(3) TV(y) is a destination point of . <

PROOF. PART 1 —[(2)). According to[Proposition 2.3.11} y =y A[g]-, is
canonical if and only if [#]-, is an origin point of y.

PART 2 ((2)] <=[B)). According to[Proposition 2.3.12] []., is an origin point
of y if and only if TV(y) =[8]., ATV(y) is a destination point of y. |

We stress once more that[Propositions 2.3.11]and [2.3.12do not assume that
the parameter interval I is bounded in either direction. Limit points remain
well-defined for unbounded parameter intervals. In a technical sense, it could
therefore be said that there exist geodesics that “connect” points that are infinitely
far apart.

The existence and properties of limit points guarantee that we can continu-
ously extend any geodesic to the boundaries of its parameter interval. Although
we can technically even do this if the bounds are —co or oo, extending geodesics
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2. THEORETICAL FOUNDATION

to infinities leads to some theoretical complications and edge cases. We there-
fore restrict ourselves to the closure of the parameter interval within the real
numbers.

Theorem 2.3.14 (Continuous Extension of Geodesics).

Let (X, Z, p) be a measure space, let I <R be an interval, let y: I — ¥~,, let
1_4}, € ¥/~ be an origin point of y, let By € ¥/~ be a destination poinzof Y, and let
I C R be the closure of I within the real numbers. Then the map y: I — ¥~, with

A, ift=infl
Y(t):={B, ift=supl vtel
y(@) if infl <t <supl

is the unique geodesic on I that satisfies Y@t)=vy@) forall tel IfC=0isa
geodesic constant of y, then C is also a geodesic constant of y. <

PROOF. PART 1 (y(#) =y(¢) VteI). Forinfl <¢ <supl, this is true by defini-
tion. If ¢ € I is such that ¢ =infI or ¢ = supl. Then we can use the monotonic
sequence (t;);en € IN with ¢; :=¢ for all i € N to approximate .
then states that the symmetric difference between y(¢;) and the origin or destina-
tion point contracts to [(D]N” ast; —t,ie.,

ﬁ (rt)AAy) =[2]., ift=infl,

~
1l
-

(y@&)ABy) = [¢]., ift=supl.

L8

-
I

In either case, all elements in intersection on the left hand side are equal to
Y(#) A A, or y(¢) A By, respectively, which means that

y(to) AAy =[], ift=infl,
y(to) ABy=[@l., ift=supl.

This proves that we have y(¢) = y(¢), even if t € I simultaneously satisfies £y = inf]
or to =supl.

PART 2 (y IS A GEODESIC). Let C =0 be a geodesic constant of y. For s,t €1,
we know that ¥(s) = y(s) and ¥(¢) = y(¢). Therefore, we have

p(y(s) AY(®)) = u(y(s) Ay(®) = C-1s ~ 2.

For cases where either s and ¢ are in I \ I, we have to make an approximation
argument. We first note that, because the closure I explicitly does not contain
infinities, this case can only occur if I # @.

We assume without loss of generality that s < ¢. Because of this, we can find
sequences (s;);en € IN and (¢;);en € IN such that s <s; <¢; < ¢ forall i €N, (s;)ien
is decreasing with s; — s for i — 0o, and (¢;);en is increasing with ¢; — . We now
find that

Y($) AY(@) = (Y(s) AY(s:)) A (¥(s:) AY(E:)) A (¥(E:) AY(D))
= (Y(s) Ay(si)) A (y(si) Ay(E:)) A (y(E:) AY(@)).
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2.3. Measure Space Geodesics

Now, we have to make a minor case distinction. If s € I, then y(s) = y(s) and
therefore y(s) Ay(s;) = y(s) Ay(s;). In this case, we have y(s) Ay(s;) <, Y(s) Ay(t;)
because of the monotonicity of measure space geodesics. If s ¢ I, then s =inf]
and y(s) = Ay is an origin point of y. In this case[Equation (2.27) guarantees that
Y(s) Ay(s;) <, ¥(s) Ay(¢;). By an analogous argument using [Equation (2.29)[, we
show that y(¢;) Ay(t) <, y(s;) AY¥(¢). Because the symmetric difference with a
subset is a set difference, we find that

y(si) Ay(t) = (Y(s) Ay()) \ (Y(s) Ay(si)),

y(si) Ay(t) = (y(s) AY@®)) \ (v(£:) A¥(@®)),
and that, therefore, y(s;) Ay(¢;) is essentially disjoint from both ¥(s) A y(s;) and
v(t;) Ay(¢). We can then rewrite the measure of y(s) Ay(¢) as a disjoint union:

¥(s) AY(E) = (Y(s) Ay(s) A (y(si) Ay(t)) A (y(t) AY(D))
= (1) YD) U (A0 A (D) A (yit) AT))
<y (Ys) Ay(E)) U ((s) Ay(s)) U (y(t:) AY(D)).

Because of the continuity of the absolute value, it is evident that

L) AT®) = p(y(s) Ay(t) = C-ls; — t;] =2 C s — 1.

and therefore
p(r(s)AY@®) =C-|s—tl.

Further, for each i e N, we have
1) AY@®) = p(y(s) Ay() + u(¥(s) Ay(s) +ulyE:) A¥®),

where the latter two summands converge to zero because of either the geodesic
property or[Equations (2.28)]and [(2.30)] depending on whether or not se I or t€ I.
In either case, we obtain

u(¥(s) AT(®) = lim p(y(si) AY(E)) = im C-lsi —ti] = C-Is 1.

This shows that _
p(Y(s)A¥@) =C-Is—tl Vs,tel,

i.e., that ¥ is a geodesic. We note that, if s = —co or ¢ = co, then the last step
in this line of reasoning breaks down because the measures of y(s;) A¥(s) and
v(t;) Ay (), respectively, do not converge to zero for i — co.

PART 3 (UNIQUENESS). Let y': I — ¥~, be a geodesic with y'(¢) = y(¢) for all
tel. Let C =0 be a geodesic constant of y and let C'=0bea geodesic constant of
Y'. Because I is the closure of I in the real numbers, for all £ € I, we can find a

sequence (£;);en € IN such that ¢; 7%, 4 We then find that for all i € N,
py' @ AY@) < ply' @ AY'(#:)) + ply' () A¥(@))
=C'- |t =t + ply(ty) AY(t)
=(C+C"-|t—¢

17 0.

This implies y'(¢) = ¥(t). Therefore, ¥ is the only geodesic defined on I for which
Y(t)=7y(t) for all te 1. O
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2. THEORETICAL FOUNDATION

This greatly simplifies the proof of some theorems because we no longer have
to account for all constellations of intervals. If a parameter interval’s infimum
or supremum are finite, then we can simply assume them to be included in the
parameter interval. Conversely, we may assume that if a parameter interval is
open in one direction, then it is also unbounded in that same direction.

2.3.2 Geodesic Interpolation

Simply enumerating the properties of geodesics is of limited use if we do not have
any concrete geodesics to work with. In this section, we lay the foundation of a set
of methods that can be used to construct geodesics. The most straightforward way
to construct a geodesic is to specify its output explicitly and verify the geodesic
property by hand. This is prohibitively complex in many cases.

As we have established in the previous section, geodesics are continuous
and monotonic, and allow for the determination of limits from either side by
countable union of the variation. We can therefore use limits to “fill in” more
sparsely specified geodesics.

We proceed in two steps. First, we interpolate a geodesic that is “densely
specified” in the sense that its values are explicitly given on a dense subset of
the parameter interval. This case is relatively straightforward. In the second
step, we make use of atomlessness to fill in gaps of non-zero width in a “sparsely
specified” geodesic. This second interpolation result makes use of the first by first
“densifying” the set of support points and then invoking the dense interpolation
result derived in the first step.

2.3.2.1 GEODESIC SUPPORT TUPLES

Before we begin, we define the format in which support points are given to our
interpolation theorems. We call this format a geodesic support tuple.

Definition 2.3.15 (Geodesic Support Tuple).

Let (X, Z, p) be a measure space, let I R be an interval, let T' < I be a finite or
countably infinite set, and let B: T' — ¥/~ be such that there exists a constant
C =0 with

conv(T) < I < conv(T); (2.34)
,u(B(s)AB(t)) =C-|s—t| Vs,teT. (2.35)

Then we refer to (I, T, B) as a geodesic support tuple in (X, X, p). We refer
to the elements of T' as the support points of the tuple and to the elements of
{B@®) | t€ T} as the support values of the tuple. We call a geodesic support tuple
dense if T is dense in 1. <

In principle, a support tuple is quite simple: we have a countable set of
support points, each of which is associated with a corresponding similarity class.

As was the case with geodesics themselves, [Equation (2.35)|implies a kind of
monotonicity.

Lemma 2.3.16 (Monotonicity of Geodesic Support Tuples).
Let (I, T, B) be a geodesic support tuple in a measure space (X, X, u), and let
r,s,teT withr<s<t. Then

(B(r) AB(s))n (B(s) AB(®)) =[8]~,. <
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2.3. Measure Space Geodesics

PROOF. We prove this by contradiction. According to|[Definition 2.3.15| there
exists a constant C = 0 such that u(B(s) AB(#)) =C-|s—t| for all s,t € T. If we
were to assume that

u((Br) AB6) n (Bs) ABW®)) >
then we would have

w(B(r) AB(t)) = ((B(r)AB(s)) A (B(s)AB(t)))

=#((
<u((B) AB) U (B(s) AB®))

< u(B(r) AB(s)) + u(B(s) AB(t))
=C-|lr—s|+C-|s—t|

(B(r) AB(s)) U (B(s)AB(t))) - p((B(r)AB(s)) N (B(s)AB(t)))

=C-(s—r+t-s)
=C-(t—r)
=C-|r—t|.

However, this would contradict [Equation (2.35)l Thus, our initial assumption
that B(r) A B(s) and B(s) A B(t) are not essentially disjoint must be false. (I

We note that this lemma implies that the symmetric difference
(B(r) AB(s)) A (B(s) AB(1))
is an essentially disjoint union, which means that

B(r) AB(s) <, B(r) AB(®),
B(s) AB(t) <, B(r) AB(%).

It is to be expected that geodesic support tuples share this property of the
geodesics that they approximate. For us, the monotonicity of geodesic support
tuples provides a convenient way to avoid superfluous case distinctions. By
approximating parameters in I with monotonic sequences and considering sym-
metric differences with respect to the first support value, we will see that the
approximating sequence of similarity classes is always essentially increasing,
irrespective of the monotonicity of B or the direction from which we approximate.

2.3.2.2 DENSE INTERPOLATION

If a support tuple (I, T, B) is dense, then the process of finding the value
associated with a parameter ¢ € I \ T is straightforward. We just have to find
the limit of the support values associated with the approximating sequence. The
main challenge lies in proving that the result of this process does not depend on
the choice of approximating sequence and that the geodesic property holds. For
this, we first prove that the support tuple can be extended to any accumulation
point of the support points in a well-defined manner.

Lemma 2.3.17 (Interpolation at Accumulation Points).

Let (I, T, B) be a geodesic support tuple in a measure space (X, Z, ), and let
t* € I be an accumulation point of T. Then there exists a unique similarity class
B* € ¥~, such that

i—00

B(t;) — B”
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holds for every sequence (t;)ien € TN with t; — t* for i — co. The tuple (I, T', B)
with T":=Tu{t*}Yand B': T' — ¥~, with

Bl(0) {B(t) iftel,
B*  ift=t¢t*

is also a geodesic support tuple. If C = 0 is a constant for which (I, T, B) satisfies

quation (2.35)| then (I, T', B') satisfies|Equation (2.35)|with the same constant. <

PROOF. PART 1 (FINDING B*). Let ¢t* € I be an accumulation point of T'. By
definition, there exists a sequence (¢;);en € T such that ¢; — ¢* for i — co. We
can now partition N into

N<o:={ieN|t; <t*},
s:={ieN|t; >t"}.

This is evidently a partition of N. Because the union of N< and N is infinite, at
least one of the two parts is infinite. By restricting (¢;);en to the subsequence
associated with that part, we may assume without loss of generality that either
t;<t*VieNort; >t" VieN. Selecting a subsequence does not change the fact
that t; — ¢* for i — co.

If ¢; <¢* VieN, then ¢t; — ¢* implies that we can select a monotonically
increasing subsequence of (¢;);en. If ¢; > ¢* Vi €N, then we can select a monotoni-
cally decreasing subsequence. Without loss of generality, let (¢;);en be monotonic.
Again, this does not affect convergence.

We now have a monotonic approximating sequence for ¢* in T'. Because the
sequence is monotonic, implies that the sequence (D;);en € (F~,)V
with

D; =B(;)AB(t1) VieN

is monotonically increasing. Let
oo
D* = U Di,
i=1
B*:=B(t1)AD".

For the subsequent parts of this proof, let (¢;);cny denote the specific monotonic
approximating sequence of ¢* in T' that was used to construct B*.

PART 2 (EXTENDED SUPPORT TUPLE). In this part of the proof, we show that
(I, T', B') is a geodesic support tuple. One of the premises of this lemma is that
t* € I. Therefore, adding t* to T does not change the fact that 7'c I. In other
words, we have T’ < I. Because I is an interval, I is convex and therefore, we

have
conv(T) < 1.

Because T < T, we have conv(T) < conv(T”) and

I < conv(T) < conv(T").

Together, these subset relationships prove that (I, 7', B’) satisfies
tion (2.34)l We therefore only need to prove [Equation (2.35) More precisely, we

need to prove that
u(B*AB(s))=C-|t*—s| VseT
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where C =0 is a constant for which (I, 7", B’) satisfies[Equation (2.35)

First, we note that, because (D;);cy is an essentially increasing sequence of
similarity classes, we have

u(B* 2B) =u(UDi)
i=1

= lim w(D;)
I—00

= lim u(B(¢;) A B(#1))
1—00

=lim C-|¢t; — t1]
1—00

=C-|t" —t1l.

Let se T. We have ¢; € T for all i € N. This implies that
w(B(t1) AB(s)) =C-|t1—sl.

We now make a case distinction based on the order relationship between s, #1,
and t*.

Case 1 (s = t*). In this case, ¢; lies between s and ¢ for all ; € N. [Lemma 2.3.16]

then demonstrates that we have
D; =B(t;) AB(t1) <, B(s)AB(¢1) VieN.

This implies D* <, B(s) A B(t1) and therefore

u(B* AB(s) = u((B* AB(t1) A (B(s) AB(t0))
= u((B* AB(D)\ (B(s) AB(tD))

= u(B* AB(t1)) — u(B(s) AB(t1))

=C-t" —t1]-C-|s—t1]

=0

=C-|t" —s|. <

Case 2 (t; <s <t*). In this case, because t; — t* > s, there exists ig € N with

t;, = s.|Lemma 2.3.16|shows that
B(s) AB(t1) €4 B(t;,) AB(t1)=D;, <y D* =B* AB(t1),

which implies that

u(B* AB(s))

u((B* AB(t1) A (Bs) AB(t)

u((B* AB@D)\ (B(s) AB(tD))

= u(B* AB(t1)) — u(B(s) AB(t1))

=C-|t" —t1]1-C-|s—t1]

=C-(t*"-t1)-C-(s—t1)

=C-(t*-s)

=C-|t" -s|. <
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Case 3 (s<t; <t"). Because s <ty <t; for all i e N. [Lemma 2.3.16|states that
D; = B(t;) A B(t1) and B(s) A B(¢1) are essentially disjoint for all i € N. This
implies that

(B* AB(t1))n(B(s) AB(t1)) =[],

We therefore have

w(B* AB(s))

u((B* AB(t) A (Bs) AB(t)

(B* 2Btn) U (Bs) AB(t))

(B* AB(t1)) + u(B(s) A B(ty))

=C-|t* —t11+C-|s—t1]

=C-(t*—t1)+C-(t1—5)

=C-(t" —s)

=C-|t* -s|. <

T T

Case4 (s<t* <ty). For all i € N, we have s < t* < t; < t;. According to
Lemma 2.3.16, we have

D;=B(t;) AB(t1) <, B(s)AB(t1) VieN

and therefore D* = B* AB(t1) £, B(s) A B(t1). Therefore, we obtain

w(B* AB(s))

u((B* aB@) A (Bs) A B(t1)

(Bs)2Be)\ (B” 2 B(ty))

(B(s) AB(t1)) - u(B* AB(t1))
=C-ls—t1|-C-|t" —t1]

=C-(t1—-8)-C-(t1-t")

=C-(t"-s)

=C-|t* -s|. <

T T

Case 5 (t* <s <t;). Thisis analogous to ¢; <s <t*. We have B(s)AB(t1) S, Do
and therefore

w(B* AB(s)) = u(B* AB(t1)) — u(B(s) AB(t1))
=C-|t" —t1|-C-|s—t1]
=C-(t1-t")-C-(t1-5)
=C-(s—t*)
=C-|t* -s]|. <

Case 6 (t* <ty <s). This case is symmetric to s <t; <t*. We have
(B* AB(t1))n (B(s) AB(t1)) =[],
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It then follows that

u(B* AB(s)) = u(B* AB(t1)) + u(B(s) AB(t1))
=C-|t" —t1|+C-|s—t1]
=C-(t1—-t*)+C-(s—t7)
=C-(s—t%)
=C-|t" —s|. <

Case 7 (t1 <t* <s). This case is symmetric to s <t* < ¢;. We have
B* AB(t1) €, B(s) AB(t1).
We then obtain the equality
p(B* AB(s)) = u(B(s) AB(t1)) — u(B* AB(¢1))
=C-ls—t1|-C-|t* —t1]
=C-(s—t1)-C-(t" ~t1)
=C-(s—t%)
=C-|t" —s|. <

With this, we have proven that
u(B* AB(s))=C-|t*—s| VseT.

This specifically implies that B* = B(¢*) if t* € T, thereby guaranteeing that B’ is
well defined. In conjunction with the evident facts that

uB'E)AB' (")) =wB* AB*)=0=C-|t* —t*|

and that
,u(B(s)AB(t)) =C-|s—t| Vs,teT,

this shows that (I, T', B’) satisfies|[Equation (2.35)| with constant C. Together
with [Equation (2.34), which we had proven earlier, this proves that (I, T/, B’) is

a geodesic support tuple.

PART 3 (WELL-DEFINEDNESS AND UNIQUENESS). Let (s;);en € TN be a se-
quence with s; — ¢* for i — co. We have

u(B* AB(s;))=C-|t* —s;| VieN.
Because s; — t* for i — oo, this means that
u(B* AB(s)) == 0,

which means that B(s;) — B* for i — co. This shows that B* does not depend on
the choice of the approximating sequence (£;);en-

Uniqueness of B* is quite trivial to prove. Let B’ € ¥~, and (s;);en € TN be
such that

s; 2 ¢* B(s;) == B,
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Then we have )
u(B' AB(s;)) == 0.

However, as we had previously demonstrated, s; — ¢t* for i — oo implies
u(B* AB(s)) == 0.
Together, this implies that
W(B* AB'y< u(B* AB(s)) +u(B' AB(s) =20
and therefore B* =B'. O

[Cemma 2.3.17)is not a dense interpolation theorem. The lemma only allows us
to add points to the support tuple one by one. The result could never be defined on
an uncountable parameter set. However, the dense interpolation theorem itself
is a simple corollary of this lemma. The main advantage of breaking the primary
effort behind the dense interpolation theorem off into a separate lemma is that,
by doing it this way, we are able to reuse the lemma for sparse interpolation later.

Theorem 2.3.18 (Geodesic Interpolation With Dense Support).
Let (I, T, B) be a dense geodesic support tuple in a measure space (X, Z, u). Then
there exists a unique geodesic y: I — ¥/~, such that

() =B() VteT.

If C = 0 is a constant for which (I, T, B) satisfies|Equation (2.35)] Then C is a

geodesic constant of y. <

PROOF. PART 1 (CONSTRUCTION OF y). Let ¢t €. Because T'is densein I, ¢

is an accumulation point of 7. According to|Lemma 2.3.17} there exists a unique
similarity class B*(¢) € ¥~, such that

B(s;) =2 B*(1)
for all sequences (s;);cny € TV. We define y: I — ¥~ , by
y(@#):=B*(t) Viel.

Let C =0 be a constant for which (I, T, B) satisfies|[Equation (2.35), Let s,t €.
By applying|Lemma 2.3.17|twice, we can show that (I, 7", B") with T' := T'U{s, ¢}

and

B(q) ifqeT,
B'(q):=|{B*(s) ifq=s, VgeT’
B*(t) ifq=t

is a well-defined geodesic support tuple that satisfies [Equation (2.35) with con-
stant C. This implies that

u(y(s) Ay@®) = u(B*(s) AB*(t)) =C-|s—t|.

Because this holds for every valid choice of C, s, and ¢, and because at least one
valid choice for C exists according to[Definition 2.3.15| y is a geodesic and C is a
geodesic constant of y.
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PART 2 (REALIZATION OF SUPPORT). Let ¢ € T. We can approximate ¢ with
a constant approximating sequence (¢;)jen € TN with ¢; := ¢ for all i € N. Then we
have A

B(t;)) == B*(t) = y(t).

Because B(t;) = B(t) is constant, this is only possible if
¥(2) = B(#).

PART 3 (UNIQUENESS). Finally, let y': I — ¥~, be another geodesic with
geodesic constant C’ = 0 such that

Y'(#)=B(t) VteT.

Let t € I. Because T is dense in I, there exists a sequence (¢;);en € TN with ¢; — ¢
for i — oco. For all i € N, we have

iy 87'®) = p((ro Aye)) A (Y0 8 ¥i2)))
= u((ro ayen) A (Y © 8y @)
< u((r® AyE)) U (Y O Y @)

< p(y® Aay@)) +uly' @) Ay (@)
(C+CN-|t—t).

The fact that |t —¢;| — 0 for i — co implies that y(¢) = y/(¢). O

2.3.2.3 SPARSE INTERPOLATION

Sparse interpolation is a more involved procedure than dense interpolation. As
the name suggests, sparse interpolation deals with geodesic support tuples that
are not dense. Sparse support tuples can have arbitrarily large gaps in their
support. While dense interpolation could arguably be referred to as “interpolation
in name only” because the geodesic is already fully defined by the support tuple,
sparse interpolation has to genuinely fill in gaps by interpolating between anchor
points on either side of a gap.

Although sparse interpolation is distinct from dense interpolation, the latter
is invoked as the final step of the former. The final geodesic is obtained by
interpolating a dense support tuple which is derived from the sparse support
tuple through a process that we refer to as “support densification.”

Our chosen method of support densification is not quite what one might
expect. Intuitively, one might think that we only need to fill in actual gaps
in the support tuple. However, from a theoretical standpoint, it is much more
convenient to define an entirely new set of supports that is dense on its own and
consistent with the given sparse support. We can then form the union of both
support tuples and use it for dense interpolation.

Of course, the way in which we fill in a gap is arbitrary. Therefore, we cannot
reasonably expect the result of sparse interpolation to be unique. Before we
begin, we first clearly define the anchor points that we will use for interpolation.
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Definition 2.3.19 (Interpolation Anchors).
Let (I, T, B) be a geodesic support tuple in a measure space (X, X, u). Let
t € conv(T) and let

T, T):=sup{se T|s<t},
T, T)=infls€ T|s > t}.

Let B(t,T,B) € ¥~, be such that

B(t;) == B(.,T,B)
for all sequences (t;);eny € T with ¢; — T'(t, T) for i — co. Let B(¢,T,B) € ¥~, be
such that )

B(t;) == B(t,T,B)
for all sequences (¢;)jen € TN with ¢; — T(t,T) for i — co. Then we refer to
(T, T), B(t,T,B)) and (T(¢,T), B(t,T,B)) as the left and right interpolation
anchor for tin (I, T, B), respectively. <

[Definition 2.3.19 relies heavily on [Lemma 2.3.17] For ¢ € conv(T'), the sets

{seT|s<t}and {s € T'|s =t} are non-empty subsets of T that are bounded above
or below, respectively, by t. Therefore, T'(¢, T) and T'(¢, T) are finite accumulation
points of subsets of T'. This makes them accumulation points of T as well. This, in
turn, guarantees the existence and uniqueness of B(¢,T',B) and B(¢, T, B), which
means that the interpolation anchors are well-defined.

Next, we formulate a lemma that demonstrates that, if the underlying mea-
sure space is atomless, then the support tuple can be extended to include a
support value for any parameter within conv(7"). This lemma forms the core of
support densification.

Lemma 2.3.20 (Single-Point Support Fill-In).

Let (I, T, B) be a geodesic support tuple in an atomless measure space (X, Z, ).
Let t* € conv(T). Then there exists a similarity class B* € ¥/~ such that the tuple
(I, T', BYwith T :=Tu{t*}and B': T' — ¥/~ such that

Blt)= {B(t) iftel,
B*  ift=t*

vee T’

is a geodesic support tuple. If C = 0 is a constant for which (I, T, B) satisfies

quation (2.35), then (I, T', B’) satisfies |[Equation (2.35)|with the same constant
C.

<

PROOF. PART 1 (ANCHORING). Let C =0 be a constant for which (I, T, B)

satisfies [Eiquation (2.35)] We begin by finding the interpolation anchors from
which we will determine B*. Because t* € conv(T'), we know that

To:={teT|t=<t"},
Ts:={teT|t=t*}

are both non-empty. Because T'< is non-empty and bounded above by ¢*, the left
interpolation anchor’s parameter satisfies

—co< T(t*,T)<t".
——
=supT<
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Similarly, the right interpolation anchor’s parameter satisfies
t* <T@t*,T)<oo
—_———
=infTs

because T'> is non-empty. According to|[Lemma 2.3.17| the respective similarity
classes B(t*,T,B) and B(t*,T,B) are uniquely defined and satisfy
i—00

B(t;) == B(*,T,B),

i—00

B(t;) == B(+*,T,B)

for all sequences (¢;)ieny € TN with ¢t; — T'(¢*,T) for i — oo or ¢; — T'(t*,T) for

i — 0o, respectively. By applying [Lemma 2.3.17|twice, we can show that (I, T', B)

with

T:=Tu{T¢*,T), Tt*,T)},

B(t) ifteT,

B(t):=|{ Bt*,T,B) ift=T@*T),| vteT

B(t*,T,B) ift=T@*T)
is a geodesic support tuple that satisfies [Equation (2.35)| with constant C.
PART 2 (INTERPOLATION). For brevity, let

t<=T@"T), ts:=T4,T).

Because —oco < t< < t* <t- <00, we can write t* as a convex combination of ¢
and ¢. Let g €[0, 1] be such that

t'=te+q-(ts—t<).
The symmetric difference between B(t<) and B(¢>) satisfies
p(B(t<)AB(ts) =C-lt<—ts|=C-(ts —t).
=D

Because (X, Z, p) is atomless, we can choose an essential subset D* <, D such
that u(D*)=C-q-(t> —t<) < u(D) (see, e.g., [Bog07, Cor. 1.12.10] in conjunction
with |[Lemma 2.2.16). We then define

B* :=B(t-)AD*.

PART 3 (SUPPORT TUPLE PROPERTIES). We define 7" := T U {¢t*}. Because
t* € conv(T'), we evidently have conv(T"') = conv(T'). This implies

conv(T") = conv(T") € I < conv(T) = conv(T")

because (I, T, B) satisfies [Equation (2.34)] We therefore only need to verify
distances to prove that (I, 7', B') with

B(t) ifteT,
B*  ift=¢t

B'(t):= { Ve T

satisfies [Definition 2.3.15 Let s € T. We have to make a case distinction.
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Case 1 (s <t*). By definition of ¢<, we have s < ¢t=. Because (I, T, B) is
a geodesic support tuple that satisfies [Equation (2.35)] with constant C,

implies that
Dn(B(s) AB(ts)) = (B(t=) AB(t=)) n (B(s) AB(t2)) =[],

and we have the geodesic property
W(B(s)AB(ts)) = u(B(s) AB(t)) =C-ls—t<| =C-(t< —s).

Because D* is an essential subset of D, D* and B(s) A B(t<) are essentially
disjoint. Therefore, we have

u(B($) AB") = p((B(s) A B(t2) A (Blt<) ABY))

,u(B(s)AB(t< AD*)
p(B(s)AB(t< uD*)

,u(B(s)AB(t< )+[J(D*)
C-(t<—8)+C-q-(ts—t<)

C (t<+q (t>—t<) 3)

=C-(t*-5s)

=C-|s—t"]. <

Case 2 (s > t*). By definition of ¢~, we have s = #>. Similarly to the previous

case,|[Lemma 2.3.16|implies
Dn(B(s)AB(t2) =1pl-,
and we have the geodesic property

(B AB(t:)=Cls—ts] = C-(s— 1),
p(D) =C-lt<—t=|=C-(t= ~ t2).

The fractional step ~D* is an essential subset of D and therefore essentially
disjoint from B(s) A B(t>). Therefore, we have

u(B$)AB*) = u((B(s) A B(t2) A (Blt) AB(t2)) A (B(t) A B))

(
(Bs)2B(¢t) aD AD)
((B&)2B(t=)uD\D*)

(B(s) AB(t>)) + u(D) - w(D*)
=C-(s—t)+C-(ts—t<)—C-q-(t>—t<)

=C-(s—t>+(1-9q)-(¢t>—12))

=C-(s—t<—q-(t=—1t2))

=C-(s—t")

=C-|s—t"|. <

U
U
U
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In either case, we have
u(BG)AB*)=C-|s—t*| VseT.

This proves that B’ is well-defined if t* € T'. Along with the trivial cases s,t€ T
and s =t =t*, this proves that

w(B'(s)AB'())=C-|s—t| Vs,teT'

Therefore, (I, T', B') is a geodesic support tuple that satisfies [Equation (2.35)
with constant C. O

Lemma 2.3.20[ allows us to add a single interpolated support point to a
support tuple. We can iteratively apply the lemma to add any finite number of
interpolated support points. However, in order to make a sparse support tuple
dense, we need to add a countably infinite set of interpolated support points.
The following lemma proves that we can take the limit of an infinite number of
single-point interpolations.

Lemma 2.3.21 (Limit Support Tuples).
Let (X, X, u) be a measure space, let I SR be an interval, let (T;);en € [2I)N be
a sequence of finite or countable subsets of I, and let (B;)ien be a sequence of
mappings B;: T; — ¥~, such that

(1) TicTis1forall i eN;

2) BHllTi =B; for all i eN;

(3) (I, T;, B;)is a geodesic support tuple for each i € N.
Then the tuple (I, Too, Boo) with

N

T = T;

1

1

and Boo: Too — H~, with

Bt ifteT
Bo(t):= 4 D10 iteTy, _ Vie Ty
B 1(#) ifteT; 1 \T;forieN

is a geodesic support tuple that satisfies
B(t)=B;(t) VieN, teT;.

If C = 0 is a constant for which all (I, T;, B;) satisfy Then
(I, T, Bxo) satisfies with the same constant C. <

PROOF. Because T, is a countable union of finite or countably infinite sets, it is
itself finite or countably infinite. For every ¢ € T, there must exist at least one
i € N such that t € T;. Furthermore, because (T';);en is monotonically increasing,
there exists at most one i €N for which € T; and i =1 or ¢ ¢ T;_1. This proves
that By, is well-defined.

We now prove that B, (¢) = B;(t) for all i e N. We do so by complete induction.
For i =1, we have By (t) = B;(¢) for all ¢ € T; by definition. For the induction step,
we work from the premise that i € N is such that

Boo(t)=Bj(t) Vj<i, teT;.
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For all £ € T;41\ T;, we have Boo(t) = B;+1(¢) by definition of By,. For t € T for
J <i+1, we have B (¢) = B(t) by our induction premise. We also have ¢ € T; and
therefore

B;+1(t) =B;(t) = Boo(?)
according to the induction premise and [Property 2.3.21 (2)} By complete induction,
this proves that

Bo(t)=B;(t) VieN, teT;.
Next, we prove that (I, T, Bs) is a geodesic support tuple. Because T'; < I for
all i €N, we have T, I and therefore

conv(T) < 1.

This follows from the fact that I is its own convex hull and that the convex-hull
operator is non-decreasing. We also know that T'», 2 T'; for all i € N, which implies
that

conv(T'w) 2 conv(T;) 21,

which follows from the fact that (I, T;, B;) is a geodesic support tuple for each
1eN.

The only thing that remains to be proven is Let C=0bea
constant such that all (I, T;, B;) satisfy[Equation (2.35)|with constant C. To show
that such a constant exists, we note that C is uniquely defined by the distance
between two support values associated with distinct parameters. Therefore,
unless T; is empty or a singleton, C is uniquely defined.

If T'; is empty or a singleton for every i € N, then any choice of C = 0 fits for
all i e N. Otherwise, there exists a minimal i € N such that #T';; > 1. For this io,
C is uniquely defined. For all subsequent i > ig, T; 2 T;, and

Bi(t)=Boo(t)=Bj,(t) VYteT;,

ensure that (I, T;, B;) must satisfy [Equation (2.35)| with the same unique con-
stant as (I, T;,, Bj,).

Let s,t € Too. There must exist i,j € N such that s € T; and ¢ € T';. Without
loss of generality, let i < j, which implies that T; = T';. We then find that

1(Boo(8) A Boo(t) = u(Bj(s) AB(1)) = C - |s — t|.

Because this holds for all s,z € T, (I, Tw, Bso) satisfies [Equation (2.35)| with
constant C. ]

With this result, the sparse interpolation theorem is relatively easy to prove:
we find a countable dense subset @ < I, extend the support tuple by its inter-
polation at each point in @, take the limit of that sequence of extensions, and
perform a dense interpolation of the resulting support tuple. In our case, the
dense set will be @ := Q nconv(7T"), which is a valid choice for any interval I that
has a non-empty interior.

Theorem 2.3.22 (Geodesic Interpolation With Sparse Support).
Let (I, T, B) be a geodesic support tuple in an atomless measure space (X, Z, ).
Then there exists a geodesic y: I — X/~, such that

y(#) =B(¢t) VteT.
If I, T, B) satisfies for a constant C = 0, then C is a geodesic

constant of y. <
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PROOF. PART 1 (EDGE CASES). We first deal with the edge cases in which
conv(T) is empty or a singleton. In these cases, we have conv(T) = T, which

means that T is dense in _
Iceconv(T)="T.

Therefore (I, T, B) is a dense geodesic support tuple and we can invoke
rem 2.3.18|directly. For all other cases, the interior of conv(7') is non-empty and
Qnconv(T) is dense in I < conv(T).

PART 2 (ITERATIVE EXTENSION). Let (q;)ien € QN be an enumeration of Q.
Let C = 0 be a constant for which (I, T', B) satisfies|[Equation (2.35)| Let T :=T

and B := B. We now iteratively construct sequences (7;);en and (B;);en for use
in|Lemma 2.3.21] We simultaneously prove by complete induction that (I, T';, B;)

is a geodesic support tuple that satisfies [Equation (2.35)|with constant C, and
that we have T; = T'; 11, Bi+1iT,‘ =B;, as well as

q;j€Ti1 VieN, j<i:q;€conv(T).

We first consider i = 1. According to the theorem’s premise (I, T';, B;) is a geodesic

support tuple. C is chosen such that (I, T;, B;) satisfies [Equation (2.35)| with

constant C.
For the construction and induction step, we work from the premise that i e N

is such that (I, T';, B;) is a geodesic support tuple that satisfies [Equation (2.35

with constant C as well as
q;€T; Vj<i:qjeconv(T).
We now make a case distinction.

Case 1 (q; ¢ conv(T)). In this case, we set T;.1 :=T; and B;.1 := B;. Evidently,
this satisfies T; < T';.1 and Bi+1|T_ =B;. The fact that (I, T;+1, B;+1) is a geodesic
support tuple that satisfies|[Equation (2.35)| with constant C as well as

qjeTHl Vj<i: qj€I
follow directly from the induction premise. <

Case 2 (q; € conv(T)). In this case,[Lemma 2.3.20|allows us to choose B} € ¥/~,
such that (I, T;;1, B;+1) with T;41 =T; U{q;} and Bj41: Ti+1 — ¥~ such that

B;(t) ifteT;,
Bi1(8) = i( ) l ! VteT;1
B; ift=gq;

is a well-defined geodesic support tuple that satisfies [Equation (2.35) with con-
stant C. We have T; € T;,1 and Bi+1iTi = B; by definition. For j <i+ 1 with
q;j € conv(T), q; € T;,1 follows from the induction premise, which states that
q;€T; =T;1. For j=i+1, we have q; € T;;1 by definition. <

By complete induction, this proves that ((I , T;, Bi))iel\l is a sequence of
geodesic support tuples that all satisfy [Equation (2.35)| with constant C that
satisfies the premises of[Lemma 2.3.21|as well as

q;eT; VieN, j<i:q;jeconv(T).
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PART 3 (DENSIFICATION AND INTERPOLATION). Because ((I, T;, B;)), is

a sequence of support tuples that satisfies the premises of[Lemma 2.3.21] we can
apply that lemma to show that (I, T, Bs,) With

N

Too=UT;

i=1

and By, : Too — T~, such that

B1(t) ifteTq,
B (1) = . . Vie T
B; 1(t) ifteT; 1 \T;forieN

is a well-defined geodesic support tuple that satisfies|[Kquation (2.35)|with con-
stant C. Because T1 = T and By = B, we have B,(t) = B(¢) for all ¢t € T. Fur-

thermore, because q; € T; € T, for all j € N with g € conv(T'), we know that
® =Qnconv(T) € T, which implies that T, is dense in conv(T) 2 I.

We can therefore invoke [Theorem 2.3.18|to obtain a geodesic y: I — ¥~, with

geodesic constant C such that
Y#)=Beo(t) Vi€ Te.
Because T € T, this implies that
Y(#)=Boo(t)=B1(#)=B(t) VteT.

We note that, although y is unique for a given dense support tuple (I, T, Boo),
there is flexibility in the fill-in process, which means that y is not unique as an
interpolator of (I, T', B). O

The sparse interpolation theorem is very powerful. It allows us to arrange
similarity classes along the parameter space according to their distance to one
another without any prior regard as to whether or not the result is dense. We will
use this in[Sections 2.3.4]and [2.3.5] to arrange similarity classes whose measures
are not known a priori. Another interesting application is in [Section 2.3.6]
where we will use it with just two distinct support points to construct a geodesic
connecting two arbitrary similarity classes with each other. In this case, the
sparse interpolation theorem essentially constructs the entire geodesic on its
own.

2.3.3 Geodesic Level Set Functions

So far, one of the most relevant properties of geodesics is their monotonicity.
Relative to its origin point, every geodesic is canonical and therefore monoton-
ically increasing. In this section, we demonstrate that, if we were to stack the
similarity classes of a canonical geodesic on top of one another along an additional
coordinate axis, then they form the epigraph of a measurable function. We refer
to this function as the “geodesic level set function” (GLSF) associated with the
geodesic. [Figure 2.4)on the next page illustrates this.

By showing this, we effectively establish an equivalence between a canonical
geodesic and the preimage map of a GLSF. This equivalence is very valuable
because it allows us to transfer some operations from measurable functions to
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Figure 2.4: Illustration of a geodesic level set function. The parameter interval
I is represented by a section of the Y axis. The sets of a canonical geodesic
y: I —%~, form the sublevel sets of the level set function. We have marked six
points on the boundary of the set to illustrate better how the growth rate of the
set diameter decays to ensure steady growth in area.

measure space geodesics. One notable such operation is composition. Because
the preimage map of a composed function & = f o g is the reversed composition
of the component preimage maps A~ = g7 1o f~1, the composition of two GLSF's
can effectively be read as the GLSF of a composed geodesic. We refer to this
operation as “rearrangement” because it effectively takes the changes made by
one geodesic and arranges them in an order prescribed by the other. We discuss
rearrangement later in this section.

As one might expect, not every measurable function encodes a geodesic. For
instance, a constant function would encode a path that is discontinuous and could
therefore not be a geodesic. The function whose sublevel sets form a geodesic
must conform to the defining characteristics of a geodesic. We refer to the class
of all measurable functions that satisfy these conditions as “geodesic level set
functions.” At first, this is regardless of whether these functions actually encode
geodesics, though we will later see that they always do.

Definition 2.3.23 (Geodesic Level Set Function).

Let (X, X, p) be a measure space, and let g: X — RU {oo} be a measurable
function. We refer to g as a geodesic level set function (GLSF) on (X, Z, p) if and
only if there exist an interval I R and a constant C = 0 such that g(X) < I u{oo}
and

g, 1)) =C-t-5)  Vstel:sst. (2.36)

We refer to C as a geodesic constant of g and to I as the parametric interval of g.
We denote the set of all geodesic level set functions on (X, X, p) by

Y(X,Z, 1)
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and the set of all geodesic level set functions on (X, X, y) with a given parametric

interval I <R by
YGX,Z,u, D). <

We note that we explicitly allow for GLSFs to map to co. This is so that there
is a value to which we can map points that are outside of the total variation of
the encoded geodesic. Mapping a point to co excludes it from all sublevel sets
and therefore makes it so that the point is never included.

Because [Equation (2.36)|is almost exactly the geodesic property, it is straight-
forward to show that for every GLSF, there exists a corresponding canonical

geodesic. It is substantially more complex to construct a GLSF from a geodesic.
This is because geodesics yield similarity classes from which we then have to
obtain suitable representatives.

Theorem 2.3.24 (Constructing Geodesics From GLSFs).
Let (X, X, u;) be a measure space, let I —R be an interval, and let g € 9(X,Z, u,I).
Then the map y: I — ¥~, with

y(t):=[{g= t}]N”
is a canonical geodesic with geodesic constant C and

TV(y) = [{g <ool] _ . <

PROOF. Because g is measurable and because {g <t} = g_l((—oo, t]) is the
preimage of an interval (which is Borel-measurable) for t € R, {g < ¢} is in X for
all e R. Let C =0 be a geodesic constant of g.

We first show that y is essentially increasing. Let s,t € I with s <¢. Then we
have

ys)=[{g=s}]_ <ullg=t}]. =y®
———— M I
clg=t}

which proves that y is essentially increasing.
Let s,t € I. Without loss of generality, let s <¢. We have

p(y(s) Ay(®) = p(y®\ y(s))
([{g<t}\{g<s}] )

(g7 (s, 21))

(¢72(s, ) - u(e 7215, 5))
C-(¢=5)-C-(s=3)

=|s—t| =0
=C-|s—t|

U
u
U

which proves that y is a geodesic with geodesic constant C. With this, we only
have to prove the claim about the total variation.

If I = @, then we have g(x) = oo for all x € I according to[Definition 2.3.23] In
this case, it follows that TV(y) = [@]-, = [{g < oo} . If I = @, then v is trivially
canonical. We therefore subsequently only discuss the case in which I # @.
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If I # @, then there exist sequences (s;);en € I with s; — infI for i — oo and
(¢;)ien € I with ¢; — sup[ for i — co. Without loss of generality, let s; < ¢; for all
i € N. According to|Proposition 2.3.5, we have

(o9}

TV(y) = [ (y(s:) Ay(¢:))
i=1

(s

[g_l((si, til)] .
— £
Sulg D1,

Sulg D],

=[{g <ooll-,.

1

This establishes that TV(y) <, [{g < o0}] -, On the other hand, we have

lg7 D], \TV) = g N U g7 (G50, 14))]
i=1

u

= [g_l(l\ Q(Si, ti])]

13

o

- [g_l(ﬁ(l\(si’ ti]))]

n
We now make a case distinction to find an upper bound on this similarity class.

Case 1 (infI = —o0, supI = c0). In this case, we have

o0

UG, t;1=R
i=1
and therefore

[gil(I)]Np \TV(y) = [gil(l\ Ui, ti])] =[]~
i=1 ~ <

Case 2 (infI > —oo, sup I = co). Because s; — infI for i — oo, we have
o0
(s;, t;]12(@(nfl, co0)
i=1
and therefore

[g7UD]. \TV(y) = [g_l(l\ U, t,-])] <, [¢ M @GnfIY)]_ .
[l e - u 4

Case 3 (infI = —oo, sup I < oo). Because ¢; — sup/! for i — oo, we have

1=

o0

Gsi, til=2(~o0, supl)
=1

and therefore

[¢7(D]_\TV() = [g_l (1 \ Ul(s,-, ti])] Sy lg  sup D] _ . <
= ~p
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Case 4 (infI > —oo, sup I < o0). Because s; — infl and ¢; — sup! for i — oo, we
have

o0
Ui, ti12GnfI, supl)
i=1

and therefore

[g_l(l)]Nu\TV(y)z[g_l(I\Ul(si, ti])] <, [e7 WinfI, supID)]_ . §
= ~p

In all four cases, we have

[g_l(I)]Np \TV(y) <, [ ({infl, supI})]_ = [g_l({infl})]N” u g (sup )]

~u ~u

The geodesic property for GLSFs implies that the measures of both components
of the union are nullsets, i.e.,

u(le7 D) \NTV) = o [g 7 tint Y] _ )+ (g tsup ] ) =0 +0 =0,

Therefore, we have
[gfl(I)] -~ <, TV(y).

In summary, we find that
TV(Y) = [g*l(I)]NH = [{g < oo}]Nu'

Bearing in mind that the codomain of g is I U{oco}, we can also conclude from this
that

¥t = g7} ((~o0, 11)|

"

= [g_l(lﬂ(—oo, t])]~

<ulg™D].,
=TV(y)

In

holds for all ¢ € I. In conjunction with the fact that y is p-essentially increasing,
this means that y is canonical. 0

The converse transformation, i.e., transforming a canonical geodesic into a
GLSF, is more complex. This is mainly because there is no straightforward way
to define an expression for the GLSF in the same way in which we could define
an explicit expression for the geodesic in Instead, we have to
construct the GLSF incrementally and apply a convergence theorem to prove the
existence of the limit.

Our construction bears some resemblance to the proof of the sparse interpola-
tion theorem (Theorem 2.3.22). In essence, we enumerate the rational numbers
and adjust the sublevel set for each rational level to match the geodesic up to a
nullset.

Instead of constructing the entire function at once, we construct the positive
and negative part of the GLSF separately. This allows us to construct both
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parts as pointwise suprema of monotonically increasing sequences, which are
themselves measurable functions (see, e.g., [Bog07, Thm. 2.1.5]). We can then
combine these functions into the final GLSF.

One important issue during this transition is that the geodesic only returns
similarity classes. However, we require concrete sets to construct our function.
These sets must be representatives of the respective similarity classes, but
they must also be chosen such that they are truly non-decreasing. As before,
can be used to ensure this.

Because we have to perform the construction of the GLSF in two separate
parts, it is convenient to first formulate a lemma that can be used to handle
either part in isolation. Because we enumerate only the rational numbers and
use limit arguments for the remainder of the real numbers, we must make a
continuity argument. However, semicontinuity is sufficient for our purposes. As
we will see later, requiring only semicontinuity instead of full continuity allows
us to reuse the lemma for the construction of other functions at a later point.

Definition 2.3.25 (Monotonic Upper Semicontinuity).
Let (X, X, p) be a measure space, let U € R, and let y: U — ¥~, be essentially
monotonically increasing. We call y upper semicontinuous in t € U if

y(@) = () r(#)
i=1

for all sequences (¢;);en € UN such that ¢; = ¢ for all i e N and ¢; — ¢ for i — co. <

[Definition 2.3.25|could be adapted to define lower semicontinuity by consider-
ing approximating sequences with ¢; < ¢ and exchanging the intersection with a
union. We could also extend the definition to monotonically decreasing mappings
Y by exchanging the union and intersection operators in the definition. In the
context of this thesis, these variants are irrelevant because we primarily intend
to work with canonical geodesics, which are monotonically increasing. It is rela-
tively easy to show that any monotonic mapping y that is continuous is also both
upper and lower semicontinuous.

Lemma 2.3.26 (Semicontinuity and Continuity).
Let (X, Z, u) be a measure space, let U <R, and let y: U — ¥~, be monotonically
increasing and continuous. Then y is upper semicontinuous. <

PROOF. Lett€ U and let (¢;);en € UN with ¢; = ¢ for all i e N and ¢; — ¢ for i — oo.
Because y is monotonically increasing, we have

n
izﬂly(ti) = y(g:l[lrgti) VneN.

Therefore, we can equivalently consider the sequence (Z;);en € U™ with

t; = min¢; VieN.
Jelil

This is a monotonically decreasing sequence. Accordingly, the corresponding
sequence (y(fi))ieN is also p-essentially monotonically decreasing. Because y is
monotonically increasing and #; > ¢ for all i € N, we have

y(®)suy(E;) VieN.
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Therefore, we have
(( M@\ y(n)
i=1

(A @\ v))
=t ess. decreasing

= lim u(yGE)\y(®)

p(y(t)A éy(?i)) =p
U

= lim u(y@E) Ay@)
=0

because vy is continuous. This shows that
o o~
y(@®) =) yE).
i=1

For the unmodified sequence, we have

Ny =N Nre)=NrE) =y
i=1 i=1

i=1j=1

because of the way in which we had constructed the sequence (£;);cn and because
of the monotonicity of y. O

With this, we can formulate the partial construction lemma for upper semicon-
tinuous mappings and be assured that it still remains applicable to continuous
essentially monotonically increasing maps such as canonical geodesics.

Lemma 2.3.27 (Partial GLSF Construction).
Let (X, Z, p) be a measure space, let y: R-o — %~, be essentially increasing
and upper semicontinuous, let By € ()/(0)) , and let By, € T with By S By
and [Beol~, Sy (Y(8))” for all t € Rso. Then there exists a measurable function
g: X — RxgU{oo} such that

(1) {g <tey(t) for all t € Rso;

(2) {g >0} Bo;

(3) Boo S{g =00} <

PROOF. Let Q. :={q € Q|q > 0} be the set of all strictly positive rational numbers.
All numbers q € Q4 satisfy 0 < g <oco. We also know that Q. is dense in [0, co).
Evidently Q, is infinite, but as a subset of Q, it is still countable. Let (¢;);en € QY
be an enumeration of Q.. To simplify notation for this proof, we define

@Jr = Q4+ U{0, oo},
Q+i=A{gqjlj=1} Vi €N,

Q4;:=04;U{0, oo} VieNy.

We define Q, = {0, oo} because it provides a convenient starting point for induc-
tive arguments.
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PART 1 (DEFINING (Bg)gcq,). We first complement By and B, with measur-
able sets B, for g € Q, such that

B, 2B, Vq,rE@Jr:qu,
B, € ()/(q))[J VgeQ,: qg<oo.
We construct these B, by iteration over the enumeration (q;);en. We simultane-
ously prove by complete induction that
B, 2B, VieNo, (¢, Qi q=r, (2.37)
By e (r(@)° VYgeQ,i:g<oo. (2.38)

As we have indicated, i = 0 provides a simple starting point for our inductive
argument. For i =0, ¢ =0 and r = co are the only two values in Q,; with ¢ #r
and q <r. In this case, B, 2 B, is part of the premises of the lemma. Similarly,
B € (y(0))” is a part of those premises.

We now come to the induction step. Let i € Ny be such that [Equations (2.37)|
andhold. Because Q. is a finite set, we can determine

qf,;=minlgeQ ;g =g},
97, =max{geQ,;lg<q;i1}

Let Eq .+; be an arbitrary representative of (y(ql-+1))c. We define

By, =B

qi+1 UBq;;l) mBq;l'

Because q;,; =qit1= q;rH, our induction premise states that

By, 2Bq,-
This means that, aside from By, ,, € By, which follows by construction, we also
have

B‘Ii+1
=Bg,,,NBq;,)U (B, NBg: )

i+1

Bq”l =( Uqu:rl)mqu_ﬂ

=Bg;,y NBg;, JUBgr |
OB+ .
9

Forre §+(i+1) with r<qji1,r#q;+1 implies r € 6_2+i and therefore r < q;,.1- We
can infer from the induction premise that

Bg;.1 €Bq;,, B

Conversely, for r € §+(i+1) with r > q;,+1 we have r e Qﬂ- and r = q;r+1. We can
then infer that

B, EBqu gBQiﬂ'
Together, these relations show that [Equation (2.37) holds up to i + 1. To show
that Bg,,, € (y(q,u,l)) , we have to make use of the monotonicity of y. First, we

note that ¢, ; € Q; with g;_ ; =¢,+1 <oo and therefore
SN
By € (r(g;s)
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according to our induction premise. We then have

[qu_u]w = (Y(qi_ﬂ))c 2 (Y(qi+1))c

+

because g, ; < ¢;+1 and because y is monotonically increasing. For ¢, ,, we have

to distinguish two cases.

Case 1 (q;r 1 <00). In this case, our induction premise states that
C
By € (r(ai1)
and the monotonicity of y in conjunction with q;.+1 < q2’+1 implies that

[qu++1]~;1 = (Y((Iitrl))c Sy (Y(Qi+1))c. 4

+
i+1

Case 2 (97, , =00). In this case,

C
[By: 1, =BL <4 (vgisn)"-
follows directly from the premises of the lemma. <
In either case, we have
B+ 1, <u(1(qisn)’ i By 1
gl A~ =p Yqi+1)) =plBqp, I~y
From this, we can infer that
[qu+l]~# = ([B‘Ii+1]~y U [quﬁl]w) n [B‘I;rl]’“u
C
= ((rt@i+0)° U [Byy 1, | N[Bg;, 1.,
N——
Sur(gir)E
C
= (y(gi+1)" N [Bg:, 1~
——
Q;A(Y(lliﬂ))c

= (Y(ql+1))[}7

which demonstrates that holds up to i + 1. By complete induction,
this proves that[Equations (2.37)|and (2.38)| hold for all i € N.

Let ¢,r € Q, be such that ¢ <r. Because Q, = U‘i’zoﬁﬂ- and because (@H-)ieN
is monotonically increasing, there exists ig € Ng such that ¢,r € @”0. Then,

B, 2 B, follows from [Equation (2.37)|for i = ig. Similarly, for q € Q, with g < oo,

there exists i € Ny such that g € Q +io and we obtain B, € (y(q)) by applying
quation (2.38)|for i = iy.

PART 2 (CONSTRUCTING g). We now have sets B, for all q € Q, that are
monotonically decreasing in q. With these sets, we construct a sequence (g;);en,
of measurable functions g;: X — Q,; that is pointwise monotonically increasing
and satisfies

{gi>0cBy VieNy, (2.39)
{gi=q}=B; VYieNy, geQ,;:q>0. (2.40)
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for all i € Ng. As before, we construct (g;);en, iteratively and prove the claim by
total induction. For all i e N, let

q; =min{ge€Q,;_ylqg=gqil,
q; =max{q € @Jr(i_l) lg <q;}

be the upper and lower proxima of ¢; in @+(i—1), respectively. We define the initial
function go: X — Q. = {0, oo} with

oo if x € Beo,
x) = VxeX.
g0l {o if x ¢ Boo

For all i e N, we define
8i=8i-1+(qi = q;) XBy\B +

Evidently, we have g; < g; and therefore g; — q; = 0, which guarantees that
(8:)ien, is pointwise monotonically increasing. We now prove the remaining
properties by complete induction.
We start our induction at i = 0. By definition, we have
{go >0} =By, S By.

There is only one ¢ € Q +0 With g > 0, namely g = co. Here, we find that

{g0=q}={go =00} =B =By.

This proves that[Equations (2.39)|and [(2.40)| hold for i = 0.

Next, we proceed with the induction step. Let i € Ny such that g;: X — @+i
satisfies [Equations (2.39)| and |(2.40), By definition, q;,; < ¢;+1 < ¢/,;. With
the monotonicity result from the previous part of the proof, this implies that
By: SBgi SBg;, and therefore

qu+1 \qu++1 Equ—H \Bql{rﬂ.
According to the induction premise, this means that

By \Bgr Sigizq;\giz q;r+1} ={g;;1=8i< q;r+1}'

qz+1

Because g, ; and q;jrl are defined as the largest number in @H- that is no greater

than g;,1 and the smallest number in @H- that is no less than g1, respectively,
there is no element of Q. ; that is strictly between q;, ; and g, ;. Because Q,; is
the codomain of g;, this implies that

By, \Bqlﬂl clgi=q;4)

85



2. THEORETICAL FOUNDATION

We therefore know that

8i+1(0) = gi(®) +(qi+1~q;11) XBy,, \B + l(x)
i+
_ gi(x) ifxqunl\Bq,—ﬁl’
gi(x)+CIi+1_qi—+1 ifxEqu\Bq;l

B {gi(x) ifxe_BqM\Bqu,
q;1+qi+1—q;,, ifx€Bg;,, \qu++1
_ gi(x) ifx€qu+l \qu++1,
qi+1 ifxEqu+l \qu++1.
This proves that g;.1(x) € @+(i+1) = @H U{g;j+1} for all x € X. Furthermore, be-
cause gj+1(x) = g;(x) for all x € X, we have
{giv1=ql=1gi=q}=By VqeQ,;:q<qis1.
For the support {g;+1 > 0}, we have

{gi+1>0}c{g; >0UBy,,, < Bo.
—— —
SBo cBy

For g € @+i with g > g;.1, we also have
{giv12q}=1{gi2q} =B,

because the value of g; is not changed to a value exceeding ¢;+1 anywhere. This
only leaves the set {gi+1 = ¢;+1} to be verified. Because the codomain of g;1 is
Q.+(+1), we have

(gi+v12qir1t ={gi+1 2 g} Ulgiv1 = qiv1).

Here, we have to make a minor case distinction. If ¢q;41 € @+i, ie., ifgjy1is a
repeat entry in (g;);en, then we have q; ; = qzr+1 =¢q;+1 and therefore g; = g;1,
which means that

8i+v1=2qi1}=1{8i2q; 1} =Bq;,, =Bq,.;-
Ifq;1 $@+i, then we have g; ; <q;+1< qzr+1 and therefore

{giv1=2qir1t =1giv1 29 1 Ulgiv1 = qis)
={gi=q/,}Ulgir1=qis1}
=Bg;,, U Bg;y \Bg;, )
= Bq:-;l UBg;,

cB
=B

qi+1

qi+l*

This proves that[Equations (2.39)|and [(2.40)| hold for i + 1. By complete induction,
this implies that the same equations hold for all i € Ny.
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The sequence (g;);en is a pointwise monotonically increasing sequence of
measurable functions. We define g: X — R>¢ U {00} to be

glx)=supg;(x) VxeX.
1eNp

The function g is a pointwise supremum of countably many measurable functions
and is therefore also measurable. For the support of g, we find that

o0
{g>0}=]J{g; >0} By,
—_——

i=0
<Bo

which proves [Property 2.3.27 (2)|

Due to the way in which the approximating functions g; are constructed, we
have B, = {g; = oo} for all i e N. Because g is the pointwise supremum over all
gi, we certainly have

{g=o00}2|J{gi =00} =B
=T

oo

which proves [Property 2.3.27 (3)|

PART 3 ({g<tley(¥) VEeRp). Let £ € R>9. Because g is the pointwise supre-
mum over all g;, we have g(x) > ¢ for any given x € X if and only if there exists
any i € Ng such that g;(x) > ¢, i.e.,

{g>tt=UJ{g: >t}
1=0

For each i € Ny, the codomain of g; is @ﬂ-. We can therefore write

{g>tt=Jlgi>tt={go=octulJ Ulgizgjt={go=0ctuly U lgi=q,}
i=0 i=1j=1 i=1 j=1
qj>t qj>t

For every j € N, we have {g; = q;} = B, for all i = j. Because i — g;(x) is also
monotonically increasing for all x € X, i — {g; = ¢} is also monotonically increas-
ing. The union of a set sequence that is monotonically increasing and assumes
a known constant after a given point is that same constant. We obtain the
simplified form

o i [eS)
{g>tt={go=00lulJ U lgizqj}={go=00tu | {gi = qi},

] et

' (}]j>t (;i>t

which gives us

{g>th={go=00tu |Jlgi=q:}

i=1
q;>t
(o0}
= By U B,.
B U1 g

i=
Equ VieN q;>t
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e U (rgn)"
g

We can select a sequence (g );eny € Q* such that g > ¢ for all i eN and ¢} — ¢ for
i — oo. Because 7y is essentially monotonically increasing and upper semicontinu-
ous, we obtain

Vv

i

t

0 C
N Y(Q)) .
q€Q+

g>t

N v@=rg)H)=y(limg) = y®.
q€Q- i=1 1o
q>t

Therefore, we have

0 C
e>ne( N ro) =0
qeQ+
g>t

This implies that
g=<ti=lg>0t ey,

which proves |[Property 2.3.27 (1) O

allows us to construct one half of the GLSF from a continuous
extension of the geodesic. The main challenge is then to combine the two halves
of the GLSF and properly confine the codomain so that the GLSF does not map
to any finite values outside of the parameter interval 1.

Theorem 2.3.28 (Constructing GLSFs from Geodesics).

Let (X, Z, p) be a measure space, let I <R be an interval, let y: I — %/~, be a
canonical geodesic with geodesic constant C = 0. Then there exists a unique GLSF
g€9X,Z,u,I) such that

[g= t]NH =y(t) Vtel.
The constant C is a geodesic constant of g. <

PROOF. PART 1 (EXTENDING y). The parameter set I is an interval and
therefore convex. We can decompose 1 C into

1%:={tel®|t>s vsel},

1%:={tel®|t<s vsel}.

In the edge case where I = @, we have E =1 =R Otherwise, we can guarantee
that I E and IC are disjoint. We now extend y to y: R — ¥~ as follows:

¥(®) iftel,
¥t =|{Ial., iftel® | vteRr.
TV(y) iftel®
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As TV(y) = [9]., for I = @, ¥ is still well-defined if I = @. Because y is canon-
ical, we have [@]., <, y(¢) <, TV(y) for all ¢ € I, which guarantees that ¥ is
monotonically increasing.

We can also verify that ¥ is still continuous. In the interiors of I, I E, and
I 9, this is evident. At the boundaries between those intervals, if they exist,
continuity follows from the fact that y is canonical and therefore has the origin

point [@]., and the destination point TV(y). As we have shown in|Lemma 2.3.26}

continuity and monotonicity imply upper semicontinuity.

PART 2 (PARTIAL CONSTRUCTION). Because vy is canonical, we always have
¥(0) £, TV(y), irrespective of which of the three branches of the definition of
t =0 falls into. Let Bo and B, be representatives of y(0) and TV(y), respectively,
such that By € Boo.

Using|Lemma 2.3.27| we construct a measurable function g*: X — Rxq U {oo}

such that

{g" >0} By,
{g+ 200}23007
{g" <tley(t) VteRso.

Similarly, we construct a measurable function g7 : X — R U {oo} such that

g~ >0)<Bt,
{g =o0c}29,
g <tie (7-0)° VieR,.

We note that ¢ — y(—t) is a monotonically decreasing continuous map, which
means that ¢ — (¥(-¢))” is monotonically increasing and continuous. This ensures

that we can apply|Lemma 2.3.27|to the construction of g~ as well.

PART 3 (COMBINATION). Because both g™ and g~ are non-negative functions,
their supports are {g* >0} = Bg and {g~ > 0} < BE. This guarantees that the
two supports are disjoint and that specifically, there exists no x € X such that
g1 (x) = co and g7 (x) = co. This means that we can subtract both functions to
obtain a well-defined measurable function g:= g" - g~ : X — RU{+oo}. This
function is generally not a GLSF yet, because it can map to —oco as well as
to values in R\ 1. We have to correct this by adjusting g on a subset of X.
Before we do so, we establish some basic properties of g. Because g™ and g~ are
non-negative functions with disjoint supports, we have

{§ =00} ={g" =00},

{g =—oot={g™ =00},
E<ti={g" <t} V=0,
{g<ti={g" =-t} Vt<O.

For ¢ € R>g, this already gives us {g < ¢} € ¥(¢). For t € R, this requires a little

bit of additional work. Let (¢;);en € RN be a sequence with ¢; > ¢ for all i e N and
t;i — t for i — co. Because ¢ < 0, we may assume without loss of generality that
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t; <0 for all i e N We then find that

g<tl={g" =-t}
={g" < —t}c
00 C
= (U{g7 = _tl})
i=1
=g = —tl}c
i=1
€7
i=1

Because 7 is essentially increasing and because ¢; converges to its infimum ¢, we
can exploit the continuity of ¥ to obtain

ufroal=ol.,)=u(fos (7))
2,7(@®)
= u( (Y0 7))
< limu () \FO)
= lim (7)) AT()

=0,

Therefore, we have
{g<tley(@®) Vi<O.

In summary, we have
{g<tley(®) VteR,

which implies {g <t} ey(¢) forall te 1.

PART 4 (ADJUSTING IMAGE). The function g: X — RU {+o0} constructed dur-
ing the previous part is measurable and satisfies

{g=<tley(t) VieR.

By adjusting g on part of X, we now create g: X — I U{oo} with the same property.
First, let ¢ € R and let (¢;);en € RN be a monotonically increasing sequence with
t; — t for i — co. We can once more exploit the continuity of ¥ to show that

= (G CEENEE)
=t ess. decreasing

= lllm p{g=t\{g <t}
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= lim p(y()\ ¥(t))
1—00 v
=H0)
= lim (70 AT()
1—00
=0.
This demonstrates that all exact level sets of g are nullsets. We treat the edge

case I = ¢ first. In this case, we can simply set g(x) = oo for all x € X and trivially
have g: X — I u{oo} with

{glx)<tley(t) Viel.

Outside of this edge case, we may assume that there exists ¢y € I. We can
therefore find a monotonically decreasing sequence (s;);en € I with s; — infI for
i — o0o. We have

N_=l{xeX|gw)<tViel}cig=infl)= (1@ =si e () y(s0).
i=1 i=1

According to the premises of the theorem, y is canonical and therefore has [g]-,
as an origin point. This means that

Nyso=(rs)Aalel.,) =12l
i=1 i=1

which means that N_ is a uy-nullset. Similarly, we can find a monotonically

increasing sequence (¢;);en € IN with ¢; — sup for i — co. We then define

0 ] C 00 C
N, ={reX|gw>tvtelie @>t1=(U@=u) «(Ure) .
i=1 i=1 i=1

Because v is canonical, TV(y) is a destination point of y. The fact that ¢; — sup’
for i — oo implies that

T™Vin A y@) =UJ(TViP\y@) = U(TV) Ay)) =[2]-,,
i=1 N~ =1 i=1
<, TV(Y)
and therefore that U2, y(¢;) = TV(y). We therefore have

N, e (Tvip)L.
We now define g: X — I U{oo} by

if N_uN.
g<x>:={°° HreN-UNe yrex.

gx) ifx¢ N_UN,

The codomain of g is I U {oo} because N_ U N, encompasses the entire preimage
of I under g. For all t € I, we have

[le=8]. =[lg=t\WN-UND]_
=[g=a] NIN-J N[N
F=yt)  =lgl., =TV
¥ \(TVp)°
~~
< TV(y)
Y(@).
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This proves that {g < ¢} € y(¢) for all £ € I. In either case, whether I = @ or I # @,
we have thus proven this property.

We now prove that g is a GLSF with geodesic constant C. Let s,¢ € I with
s <t. Let (s;)ien € RN be a sequence such that s; <s for all i e N and s; — s for
i — oo. Without loss of generality, let (s;);eny be monotonically increasing. We
have

g (s, ) =g (i, ) =N(lg =t \lg=s}).
=1 i=1

Here, ({g <s;}) ;eny 18 monotonically increasing because (s;);en is monotonically
increasing. Therefore, the sequence ({g <#}\{g<s i})i < 18 monotonically decreas-
ing and we have

u(e ™ (is, ) = infulle =8\ (g = 51) = lim (g =\ (g =5:)

At this point, we have to make a minor case distinction based on whether the
s; are in I or not. If s > infI, then s; — s implies that there exists iy € N with
s; €I for all i = ij. In this case, we may assume without loss of generality that
s; €I for all i e N. We also need to take into account that s; < s <t implies that
{g <s;} < {g <t}. We then have

plle<ti\lg<si}) =pu(lg <t} Alg<si}) = p(y®) Ay(si))) =C-|t—s;l
for all i € N, which implies that
ule (s, 1)) = lim (g <)\ {g < si}) = lim C-[t —s;| =C It ~sl.

In the edge case of s =infl, s; < s implies s; <r for all r € I for all i e N. This
then implies that {g < s;} = @ for all i € N because the codomain of g is I U {oo}.
In this case, we have to take into account that y is canonical and therefore has
[#]-, as an origin point. Because s € I, y assumes this value in s, i.e., we have
y(s) =[@]~,. This then gives us

ullg<ti\lg=si})=p(lg<ttAg)=u(y®) Algl.,) = u(y® Ay(s) =C-lt-sl,
which directly yields
u(g ™ (1s, ) = lim p(lg <O\ (g =s:3) = C-lt=sl.

In either case, we have

u(g’l([s, t])) =C-|t-s| Vs,tel,
which means that g is a GLSF with geodesic constant C.
PART 5 (UNIQUENESS). Let g’: X — I U{oo} be a GLSF such that

{g'<ttey(t) Vtel.

We prove the claim of uniqueness by contradiction. If we were to assume that
the set D := {g — g’ # 0} is a non-nullset, then we could partition the set D into
D, ={g—-g'>0and D_ :={g— g’ <0}. If w(D) > 0, then at least one of these
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parts would have strictly positive measure. Without loss of generality, we assume
that that part is D . The remaining case is analogous with the roles of g and g’
exchanged.

We would then have (D) > 0. Because

[e0) , 1
D+:U{g_g Z;}7
i=1
=D,
the o-additivity of u would imply that there exists at least one iy € N such that
w(D+;y) > 0. We note that, by definition, for all x€ D ;,, we would have

1
gx)=g'(x)+ —.
io

We could then further subdivide D.;, into bands of width % according to the
value of g. Let
J J+1 ,
D+i0,j Z=D+i0 ﬁ{_— <g=s —} VjeZ.
io io

We would then have
D.iy = D+ip,)
jez
which would imply that there exists at least one jo € Z such that u(D,;, ;,) > 0.
For all x€ D;, j,, we have

Jo
io
glx) < JO.+ 1,
io

glx)>

’

1
gx)<glx)- —
io

SJO_+1 _.i

120] Lo
_Jo
g

Let tg = {—g We would have

D.igjo €18’ stod\g sto} clg’ st} Alg sto),
which would then imply that
p(ig' <to} Alg<to})>0

and therefore {g’ < to} #u{g = to}. However, this would contradict our initial
assumption that

[t <to)]_, =7(t0) = [lg = to}] _ .

~u
In order to avert this contradiction, our initial assumption that p(D) > 0 must be
false, i.e., we must have g = g’ pointwise almost everywhere. O
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[Theorems 2.3.24] and [2.3.28| show that GLSFs and canonical geodesics can
be used interchangeably. This is useful because some operations are easier to
perform on GLSFs than they are on geodesics directly. Notably, this includes
rearrangement, which we will discuss in

Rearranging a geodesic is an operation that is easy to grasp on an intuitive
level. A geodesic transitions gradually from one set to another. In order to do
this gradually, the changes necessary to make the transition, which consists of
“flipping” the set membership of almost all points in the symmetric difference,
must be brought into an order where some changes are made early in the param-
eter interval while others are deferred until later. Intuitively, a rearrangement
takes the order encoded in one geodesic and shuffles the parameter interval such
that the changes are made at different points along the parameter interval.

Rearrangement is much harder to grasp in a rigorous theoretical sense. The
concept of changes made over a given parameter interval is quite intuitive: they
are given by the symmetric difference between the ends of the interval. However,
this only helps us if we want to rearrange a geodesic in blocks corresponding to
parameter intervals. GLSF's allow for a much broader concept of rearrangement.

Because GLSF are measurable functions, they assign a measurable preimage
not only to intervals, but to every Borel measurable set. Using GLSFs, we can
therefore define changesets associated with arbitrary Borel measurable subsets
of the parameter interval. In[Section 2.3.4] we will see that we can essentially
“compose” two geodesics by taking the preimages of sets produced by one geodesic
under a GLSF representing the other. The GLSF of the rearranged geodesic
is then simply the composition of the GLSF's of the two component geodesics.
For such a concatenation to yield another GLSF, we need to extend the geodesic
property encoded in[Equation (2.36)| from closed intervals to arbitrary Borel sets.

This extension is a three step process. In the first step, we use the fact
that half-open and open intervals can be approximated internally using closed
intervals. Having extended the property to all intervals, we can then be sure that
it extends to every intersection between the parameter interval I and another
interval. In the second step, we extend the property to all open and closed sets by
exploiting the fact that these can be rewritten as countable unions of intervals.
Finally, we use a well-known approximation theorem for Borel measurable sets
to extend the property to all Borel measurable subsets of I.

Lemma 2.3.29 (Geodesic Property on Intervals).
Let (X, X, p) be a measure space, let I <R be an interval, let g € 9(X,Z,u,I), and
let C =0 be a geodesic constant of g. Then for every interval J < I, we have

u(g (D) =C- M)
where A is the Lebesgue measure on R. <

PROOF. Let 5 :=infJ and t := supJ. We distinguish several cases based on
whether 5€ I and £ € I. We note that s < ¢ in all cases except when J = @.

Case 1 (J = ¢). In this case, we have g7 1(J) = g7 1(@) = @. Therefore, we have
u(g™UD) = w(@)=0=C-A@) = C-AJ). <

Case 2 (s€ J AteJ). In this case, J is a closed interval and we use the original
equation (g 1)) = u(g ([5, #)) =C-E-5)=C-A([5, ¢]) =C-MJ). N
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Case 3 S J At¢J). Because J # @, there is a monotonically increasing se-
quence (¢;);en € JN with ¢; — £ for i — co. We have

J =I5, ¢l

i=1

and therefore

g i N=Ueg (5, t:))
i=1

where both ([5, t;1),., and (g71([5, t;1)), are monotonically increasing set
sequences. This implies

ulg ) = lim p(g7X(5, 1)) = lim C (¢t -5) = C-G-9) = C-A(5, D) = C- AW,
1—00 1—00
This argument still holds if = co. <

Case 4 (J # @ As ¢ J). This case encompasses cases where ¢ € J, cases where
T ¢ J, cases where = oo, and cases where 5 = —oco. Let (s;)ien € JN be a monoton-
ically decreasing sequence with s; — s for i — co. We have

3

J=UJ (I nlsi, o)
=1

~
I

where J N[s;, 0o) is the sub-interval of J that encompasses all numbers greater
than or equal to s;. Because s; is monotonically decreasing, this is a monotonically

increasing set sequence and so is g_l(J N[s;, 00)). We can apply and
to show that

u(g 1) = lim u(g (I nls;, 00))

=C-lim(t-s;)
1—00

=C-(t-53)
=C-AMJ). ]

In the next step, we approximate general open sets in R with countable unions
of disjoint intervals. In one dimension, this is possible without incurring any
errors, including errors of nonzero measure. This is well-known. An equivalent
result can be found, e.g., in [Coh13|, Prop. C.4].

Lemma 2.3.30 (Interval Representation of Open Sets in R).
Let U =R be an open set. Then there are sequences (s;)ien € (RU {—oo})N and

(ti)ien € (R U {oo})N such that the open intervals (s;, t;) are pairwise disjoint and
satisfy

U=, to.
=1

1
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PROOF. For every ¢ € U, there exists a radius € > 0 such that B.(¢) < U. Because
Q is dense in R, we have Q N B.(¢) # @. This is significant because Q is countably
infinite. We use this fact to cover U with a countable family of open intervals. Let

sy :=inf{s € (-oo, tl|[s, 1cU}  VteQ,
us =supfuelt, 0o)|[¢, ul U} VteqQ.

For t € Q with ¢ ¢ U, these are infimum and supremum of two empty sets, which
means that s; =oco and u; = —co.

By definition, for every ¢ € Q, we have (s;, u;) CU. If there existed ¢ € Q such
that s; € U, then there would exist £ > 0 such that (s; —¢, s;] € U. This would
imply (s; — ¢, t] =(s; —¢€, s;]U(s, t]1 €U which would contradict the definition of
sz. Similarly, if u; € U, then [¢, u; +¢) € U for suitable € > 0 which would also
contradict the definition of u;. These contradictions show that s; ¢ U and u; ¢ U
for all t € Q.

Let t;1 e QnU, and tg € Q such that ¢ € (s¢;, us,). As we have previously
shown, this implies ¢3 € U and therefore s;, <t <u;,. If we had s, = ¢1, then we
would have

Sy €[t1, tal S (s¢y, us) €U,

which would contradict s;, ¢ U. Therefore, we must have s;, < ;. If we had
St < St,, then we would have s;, € [s¢,, t1]1 < U by definition of s;,, which would
also contradict sz, ¢ U. Therefore, we must have s;, < s;,.

We can make a similar argument on the other end of the interval. If u,, <tq,
then u;, €[t2, t1]1 < U, which would contradict u;, ¢ U. Therefore, we must have
Upy > t1. If uyy <uyy, then uy, €[t1, ug,] U by definition of u;,, which would
contradict u;, ¢ U. Therefore, we must have u, = uy,.

By aggregating these two estimates, we obtain

(St17 utl) = (stz’ utz)-

By exchanging the roles of ¢; and t2, we obtain the converse inclusion and
therefore
(Stl, utl) = (St2, utz).
This proves that the intervals (s;, u;) are always either disjoint or identical.
Ift1,t0 € QN U with
(s¢1, Ug )N (Sty, Uty # D,

then we can choose t3 € (s¢;, uz;)N(ss,, Ug,) and have
(Stla utl):(st37 ut3):(st27 utz)-

Let % :={(s¢, us) | t € Q). We have already shown that % is pairwise disjoint.
The family % is also at most as large as @, which is countably infinite. We can
therefore choose an enumeration (U;);en € %N of %. If % is finite, we can extend
an enumeration of % with instances of @, which is an interval. We then have

(o0}

Uvi= UL

i=1 Iew
Let t € U. Because U is open, there exists € > 0 such that B.(¢) < U, and because
Q is dense in R, there exists ¢’ € B.(t) N Q. The fact that B.(¢) €U with ¢' € B.(¢)
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means that B.(f) < (sy, uy), which means that there is an element of % that
contains ¢, i.e.,

te U I= U U;.
Iew  i=1
We therefore have

[e.°]
Uc UUi'
i=1

Conversely, let ¢t € U; for some i € N. Because ¢ € U;, we have U; # ¢ and therefore
U; € %, which implies that there exists ¢’ € Q such that

te (Stf, ut/)g U.

This implies

(@

U;cU.
1 O

~.
Il

We can use this fact to extend the geodesic property of GLSF's to the preimages
of both relatively open and relatively closed sets. In order to extend it to closed
sets, we exploit the fact that (R, B(R), /1) is o-finite, i.e., that R can be written as
a countable union of sets of finite measure.

Lemma 2.3.31 (Geodesic Property on Relatively Open or Closed Sets).
Let (X, Z, p) be a measure space, let I <R be an interval, let g€ 4(X,Z,u,I), and
let C =0 be a geodesic constant of g. For every set A € R that is either open or
closed, we have

plgAnD)=C-MAND. 4

PROOF. Case 1 (A is an open set). According to|Lemma 2.3.30} there exists
a sequence of pairwise disjoint open intervals (A;);en such that

(o0}
A=A
i=1
For every i e N, A; NI is also an interval. These restricted intervals are also

pairwise disjoint. Because disjointness is preserved by the preimage map, we can
use the o-additivity of y and A to show that

u(oo g7'AinD)
i=1

pg HAND)

p(g M A;nD)

Il
.MS

N
Il
-

I
P18

(C-MA;nD)

i
3

C-) MA;nI)
i=1

~
1l

[e ]

=C-1

—_—

U nD)

=C-MANI). <
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Case 2 (A is a closed set). If A is closed, then Al s open by definition. How-
ever, the formula u(Anrl) = u(l) - ,u(AC NI) only holds if I is of finite measure.
Therefore, we need to exploit the o-finiteness of R. Let (s;);en € ([R U {—oo})’\I and
(t)ien € (RU{o0})" be sequences such that

=G, ).
i=1

Let further
{0} if j=0,
I;=In{(-1,/] ifj>0, VjeZ.
[/, j+1) ifj<0
Evidently, each I; is the intersection of two intervals and therefore itself an
interval. Moreover, the I; are pairwise disjoint, each I has finite measure, and

we have
=1,
jez
We then have
g 'anD) =p(g (I AP nD)) =p(U g M1\ A% n1)))
jez
=Y ulg TN @A n1y))
Jjez
=% (g™ -ule A% n1y))
Jjez
= Z(u(g‘l(l 2) =Y (g (i, tanI )))
jez i=1
=¥ (c-aap-c- Z/l (si> tnI))
jez =1
=C-Y (MI)-MACn 1))
Jjez
=C-Y MANI))
jez
=C-MAND. <

The last step is to transfer the geodesic property from open and closed sets to
general Borel sets. This is possible because every Borel set can be approximated
from inside by closed sets and from outside by open sets. For finite sets, this is
somewhat technical to prove and we refer, for instance, to [Coh13| Prop. 1.4.1] for
more detail. For infinite sets, we need to do some additional work.

Lemma 2.3.32 (Approximation of Borel Sets).
Let B € B(R), let A be the Lebesgue measure on B(R), and let € > 0. Then there
exist an open set U, SR and a closed set F. R such that F. <B c U, and

AMUN\Fp)<e. <
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PROOF. PART 1 (A(B) <o0). We invoke [Coh13, Prop. 1.4.1] which states that

AB) =infi]A(U) |B< U, U <R open},
MB) =sup{MF)|F cB, F <R closed}.

This implies that there exist an open set U, €R with B < U, and A(U;) < A(B) + %
and a closed set F; € B with A(F,) = A(B)— % We then have F, < B c U, and

AMUN\F) = MU \B)+ AMB\F,)=AMU,) - AB)+AB)-MFe)<e.

=

nol;
i q

PART 2 (A(B) =00). For each i €N, let B; :=Bn(—i, i). Because B; has finite
measure, we can apply the first part of the proof to find an open set U; . and a
closed set F; . such that F; . < B; U, . and

MUse\Fi0) < .

Because U; . \B; CU; ; \ F; ¢, this implies A(U; . \ B;) < ;7. The set

21+1

[e.9]
=JUu
i=1
is a union of open sets and therefore itself open, and satisfies both

o0 o0
B=U B, < UUi’g:Ug

1215’; i=1
and
€ €
MU \B) = Z)L(ULE\B)< Z)L(ULE\B )< Z i 5

i=1 S—~S— =1
cU; ¢\B;

Sigilarly, we can construct an open set U, <R such that we have B c U, and
AU, \BC) < §. As the complement of an open superset of BC,

F.=U

£

is a closed subset of B. It satisfies

AB\F.) = ABnF% = AFE\BC) = AT \B%) < %
We therefore have F, € B c U, and
MU N\F,) = MU \B)+ AB\F,) <e. 0

This last approximation result allows us to transfer the geodesic property
to arbitrary Borel sets. Because this is the largest o-algebra such that the
preimages under a GLSF are guaranteed to be measurable, this result effectively
cannot be improved outside of special cases where the preimages of a larger
o-algebra are guaranteed to be measurable.
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Theorem 2.3.33 (Geodesic Property on General Borel Sets).
Let (X, X, u) be a measure space, let I <R be an interval, let g€ 9(X,Z,u,I), and
let C =0 be a geodesic constant of g. Then we have

u(g'(B))=C-AB) VBeBU). 4

PROOF. We first note that %8(I) = {B NI |B € %(R)}. It is therefore sufficient to
show that

ulelBnD)=C-MBnI) VBeRBR).

If B € B(R), then BN 1 € B(R) because I € B(R). According to [Lemma 2.3.32]
for every € > 0, there exist an open set U, SR and a closed set F; <R such that
F.cBNnIcU;and MU \F,)<e.

This notably implies that A(BNI)\ F;) < MU\ F,) < ¢ for all £ > 0. It also
implies that A(U.nD\BND) < A(U\BNI)) < MU\ F,) < ¢ for all € > 0.
Regardless of whether A(B N I) < co or not, we therefore have

pleg ' BnD) = u(g {(F))=C-MF)=C-(MBND—¢) Ve>0
and
ple ' BnD)<u(g M U.nD)=C- MU <C-(MBNI)+e) Ve>0.
We therefore have
ulg M BnD)e[C-AMBnD—-¢), C-(MBNID)+e)] VYe>0

which implies
ulg'BnD)=C-ABND).

We note that this argument holds for all cases with C =0 or A(BnNI)=c0 as
well. g

The transfer of the geodesic property to general Borel sets is significant
because it allows us to chain the geodesic properties of two GLSFs together to
show that the composition of two GLSF's is itself a GLSF.

Theorem 2.3.34 (Composition of GLSFs).
Let (X, Z, p) be a measure space, let I,J <R be intervals, let g€ 9(X,Z,u,I), and
let f €4(I1,B(I),A,J). Then the map f 0 g: X — J U {oo} with

flg) if g(x)<oo,

(f o g)x) = {Oo if £(x) = o0 VxeX

satisfies foge 9 (X, 2, u,J).
Let further Cr =20 and Cg = 0 be geodesic constants of f and g, respectively.
Then f © g satisfies

A(Foa)ls, 1) =CrCy-(t=5)  Vsted:sst. -
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PROOF. We first have to show that f © g is well defined. If g(x) < oo, then
g € 9(X,Z,u,I) implies g(x) € I. Therefore, f(g(x)) € J U{oo} is well-defined.
Next, we show that f © g is measurable. Let B < J U {oo} be Borel measurable.
We define

B’ =B\ {oo}.

We note that, due to the way that we define Borel measurable sets that contain
infinities, we have B’ € %(J). Because f is measurable, we have

B =B u {fl({oo}) if co € B,
?

ifoo¢ B
e{f~1B", F 1B U F ({ooh)}
—— ——
€eB(I) €B(I)

€ B().
We then exploit the measurability of g, which gives us

_ e “({oo}) ifoceB
1By = o (4B g7 ’
(fog) " B)y=g (f ))u{(25 FeoeB

elg ' (F'®), g (F ' ®) ug ™ (ioo))}
S —
eX.

This shows that the preimages of Borel-measurable sets under f ® g are measur-
able, i.e., that f © g is a measurable function.

Next, we show the geodesic property. Let Cr =0 and C; = 0 be geodesic
constants for f and g, respectively. For all s,¢ € J with s < ¢, we have shown that
f~Y(Is, t1) € BU). The geodesic property for f states that

A2, ) = Cp -9,

Because £~ 1([s, ¢]) € B(I), we have (f © g)"}([s, ¢]) = g7 1(f([s, t])) € £ and
MTheorem 2.3.33| states that

u((Foe) (s, 1)) = u(g_l(f’l([s, t]))) = Cg-A(f 7 (Is, 1)) = C/Cy (9.

Thus, f © g is measurable and satisfies the geodesic property with geodesic
constant CrCg > 0. We therefore have f 0 g € 9(X,Z, u,J). O

We use the symbol “©” instead of “o” because f © g is not a strict composition
of f and g. The function g can map some points to co and f(co) is not defined.
Therefore, we have to handle these points differently. Fortunately, the remedy
of mapping oo to itself results in fairly intuitive behavior if we think of the
composition in terms of the geodesics associated with the functions f, g, and fog.
Let those geodesics be ¢: J — BU)~,, y: [ —¥~,, and 0: J — ¥~,, respectively.

The points that g maps to oo form a representative of the complement of
TV(y). We can think of them as points whose set membership is unaffected by y.
If we think of the composition 6 as the geodesic that applies the set changes that
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Y associates with the Borel measurable parameter sets produced by the geodesic
¢, then it is evident that 6 can only ever affect points that are also affected by y.
It is therefore appropriate that points unaffected by v, i.e., those that are mapped
to co by g, would also be mapped to oo by f © g. Of course, it is not technically
correct to speak of the effect that a geodesic has on a single point. Geodesics do
not affect the set membership of nullsets in a well-defined way. However, it is
helpful to think of this issue in those terms.

As we have already hinted at, the GLSF f © g has an associated geodesic to
which we referred as 6. This geodesic is a composition of the geodesic ¢ and 7.
Through GLSFs, we can conceptualize the image of a general Borel set under y.
We can therefore reparameterize y with an arbitrary geodesic ¢ in its parameter
space. We introduce a general notation for this composition to simplify its use
later on.

Definition 2.3.35 (Composition of Geodesics).

Let (X,Z, u) be a measure space, let I,JJ <R be intervals, and let y: I — ¥/~, and
¢: J — 21)-~, be geodesics. Let further g € 9(X,Z,u,I) and f € ¥(I,%B),A,J)
such that

{g<ttey@® Viel,
{f <tre () Vted,

and let foge¥9(X,Z,u,J) be as defined in[Theorem 2.3.34] Then we refer to the
geodesic yo ¢p: J — ¥~, with

(yod)i) = [{f@gst}]w ted

as the composition of y and ¢ or the parameterization of y by ¢. <

We stress that for geodesics, the notation of the “©” operator is exactly re-
versed. This is because the composition of y and ¢ is more intuitively thought
of as a mapping ¢ — y((/)(t)). For GLSFs, this order of composition is reversed
because geodesics are essentially the preimage maps of GLSFs, which behave in
many ways like generalized inverse mappings.

[Theorem 2.3.34]and [Definition 2.3.35|are major theoretical achievements of
this chapter. We had initially conceptualized a geodesic as an order in which
changes to a set are performed. We had then formulated the intuition that there
should be many orders in which a given set of changes can be applied. The
composition of geodesics formalizes this intuition. [Theorem 2.3.34]shows that a
given geodesics can be reordered in at least as many ways as there are geodesics
connecting the empty set with its full parameter interval. In[Section 2.3.4] we
will see that this is an exact characterization and that every rearrangement of a
geodesic can be written in this way.

Composition is our first way to “modify” an existing geodesic. We will investi-
gate other ways to modify geodesics The ability to modify geodesics
is intriguing because it suggests that geodesics could be constructed by iterative
modification of a simple starting geodesic. We will address this possibility in
There, we will discuss the convergence issues that arise with such
construction methods.
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2.3.3.1 GENERATED SIMILARITY SPACE

Every canonical geodesic can be equivalently described by a GLSF, which is a
measurable function. For measurable functions, there exists the concept of a
generated or induced o-algebra, which is the smallest o-algebra that contains all
preimages of measurable sets. For a GLSF, where the preimages of Borel sets
reflect the changes made by a geodesic over that parameter set, that o-algebra
encompasses all changesets that we could achieve by some rearrangement of the
original geodesic.

Knowing the generated o-algebra of a GLSF is very valuable, because it
tells us what we can achieve by rearranging a geodesic. However, there is
a major problem when we apply information about the GLSF’s generated o-
algebra to the corresponding geodesic. Geodesics never distinguish between
sets that are equal up to a nullset, but a loss of nullsets can lead to a smaller
og-algebra. Notably, the Lebesgue and Borel o-algebras on R” are exactly equal
up to nullset differences, but are generally held to be distinct o-algebras. If we
completely disregard nullsets, then two GLSF's representing the same geodesic
could potentially generate different o-algebras.

In this section, we want to demonstrate that these differences on nullsets do
not affect the similarity space associated with a o-algebra generated by a GLSF.
If the similiarity space is stable with respect to such differences, then we can still
use it. Fortunately, we can show that two families of sets that are equal except
for differences on nullsets always generate o-algebras that are equal except for
nullset differences.

Lemma 2.3.36 (Similarity of Induced o-Algebras).
Let (X, Z, 1) be a measure space, and let &,%4 < X be such that

VFeZ 3IGe9: F~,G.

Then we have
VFeo(#F)IGeo(¥9): F ~,G. 4

PROOF. We prove the claim using the good set principle. The good set principle
is a well-known proof technique for claims about generated o-algebras: If a
o-algebra & contains &, then the fact that o(%) is the smallest o-algebra
containing % implies that o(%) € ..

In our case, that outer o-algebra . has the form

& ={F €a(F)|3G € 0(%): F ~, G}.

According to the premise of the lemma, for every F' € &, there exists G € ¢ with
F ~, G. Because F < 0(%) and ¥ < 0(%), this means that F < #. Because of
the good set principle, it is sufficient to show that . is a g-algebra. This then
implies that 0(&) < %, which implies the conclusion of the theorem.

Because (&) and 0(%) are o-algebras, they both contain @, which shows
that ¢ € #. Next, we show that .7 is closed under complementation. Let F € ..
Because 0(&) is a g-algebra, we have FCe o(Z). Because F € ¥, there exists
G € 0(¥) such that F' ~;, G. Because 0(¥) is a o-algebra, we have Gleo(¥). As
we had shown earlier when we proved that complementation is well-defined on
similarity spaces, F' ~, G implies F’ C. " G € 5(%) and therefore FC € .
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Let (F;);en € &N, By definition of ., there exist a sequence (G;);en € (U(%))N
such that F; ~, G; for all i e N. As we had shown earlier when we proved that
countable union is well-defined on similarity spaces, this implies that

Because
(o)

FiEO'(g), GG;‘EU(@),
1

i=1 i=
this implies that

(&9
UFiEy.
i=1

Overall, we find that .%# is a g-algebra with & < .#. Therefore, 0(%) < ./, which
means that
VFeo(F)IGeo(¥9): F~,G. O

As a corollary of [Lemma 2.3.36], we can show that the similarity spaces
associated with the o-algebras generated by two GLSF's representing the same

geodesic are equal.

Theorem 2.3.37 (Uniqueness of the Generated Similarity Space).
Let (X, Z, p) be a measure space, let I <R be an interval, let y: I — %/~, be a
canonical geodesic, and let f,g € 4(X,Z,u,I) be such that

{f <ttey@®) Vtel,
{g=stley@®) Viel.

Then we have o(f)/~, = 0(@)/~,. <

PROOF. As we had shown in[Theorem 2.3.28] f = g up to a nullset, which implies
that f~1({oo}) ~, g7 1({oo}). Let

F={{f <t} | teI} U{f  ({ooh)},

¢ ={{g=t}|tel}u{g  (ooh)}.
We recall that o(f) = (%) and o(g) = 0(¥4). Since f({oo}) ~u g 1({oco}) and

{f <tt~u{g=t}forall tel, we can apply|Lemma 2.3.36|to show that

VFeo(f)IGea(g): F ~,G,
VGeo(f)IFeo(g): F~,G.

This implies o(fY~, c 0(g)~, and o(g)~, c o(f}~,, respectively. O
This means that, given any geodesic v, the similarity space associated with
the generated o-algebra of a GLSF that represents y is the same, regardless

of which GLSF we choose. We refer to this similarity space as the generated
similarity space of the geodesic y.
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Definition 2.3.38 (Generated Similarity Space).
Let (X, Z, p) be a measure space, let I R be an interval, let y: I — ¥~, be a
geodesic, and let g € 9(X, X, u,I) be such that

{g<ttey@) Vtel,

then we refer to
o(y) =0y~

as the similarity space generated by 7. <

2.3.3.2 PUSHFORWARD AND PULLBACK

Our intention is to ultimately use geodesics as search directions in an iterative
optimization scheme. This means that we have to accumulate the effects of
derivatives along a geodesic. This is not necessarily a problem. Given a geodesic
y: I — ¥~, over a measure space (X, X, u) and a p-integrable function f: X — R,
the mapping

is a relatively benign mapping. It is evident that, because y is continuous and
because of the absolute continuity of the Lebesgue integral, the composition of
both is still continuous. The integral over f is therefore something that can be
considered “along a geodesic” with relative ease.

However, the composite mapping of a geodesic and an integral, although
continuous, is not always differentiable. This means that there is not necessarily
always a function g: I — R such that

f g(s)dszf fduy Viel.
INn(—oo, t] (t)

In other words, although we can always consider the integral of f along
a geodesic y, the function f itself cannot necessarily always be considered as
an integrable function along a geodesic. In this section, we investigate the
circumstances under which this is possible. Transforming a function defined on
a multi-dimensional domain into an equivalent function on a one-dimensional
domain brings with it many benefits, some of which we will discuss in later
sections.

We note that a geodesic can never resolve differences between individual
points. Therefore, the transition from multi-dimensional to one-dimensional
space should not be thought of as preserving the pointwise values. Instead, it
can be thought of more accurately in the spirit of the Lebesgue differentiation
theorem (see, e.g., [BC09, Thm. 8.2.4]), where a mean value over a sequence
of decreasing balls is used to approximate the function value at the point to
which they decrease. A decreasing sequence of parameter intervals passed
through a geodesic can similarly give us a sequence of decreasing encompassing
volumes such that the limit of the mean values over those volumes still accurately
represents the value at the point to which those volumes contract.

Conceptually, this is easier to understand if we introduce the concepts of push-
forward and pullback, both of which are well-established terms from measure
theory and analysis. The following definition is adapted from [Bog07, Sec. 3.6].
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Definition 2.3.39 (Pushforward Measure [Bog07, Sec. 3.6]).
Let (X, X, u) be a measure space, let (Y, II) be a measurable space, and let
f: X —Y be (Z, II) measurable. The measure f.(u): I[1 — Ry U {oo} with

(@) :=p(f'(P)) VPell

is known as the image of the measure p under the mapping f. We also refer to it
as the pushforward of 1 wherever the function f is evident. <

Because pushforward makes use of the preimage of the function f, it is evident
that this definition relates closely with GLSFs. Let I R be an interval and let
ge€9X,Z,u,I). Then we have seen in [Theorem 2.3.33|that the pushforward

measure of u satisfies
g«(u)(B)=C-MB) VB e B)

for an appropriately chosen constant C = 0. This is interesting if we take into
account the change of variables formula.

Lemma 2.3.40 (Change of Variables).

Let (X, Z, u) be a measure space, let (Y, I1) be a measurable space, let g: X =Y
be (Z, 1) measurable. Then a function f: Y — RU{+o0} is g.(w)-integrable if and
onlyif fog: X —RU({+oo} is p-integrable and we have

f fdg*(u)zf fogdy  VBell
B g7 1(B)

PROOF. See [Coh13, Prop. 2.6.8] or [Bog07, Thm. 3.6.1]. O

This suggests the concept of what we will refer to as a pullback function.
The word “pullback” here is meant to signify that the function transformation is
converse to the pushforward transformation of the measure. The pushforward
measure of i is a measure on the parameter space of the geodesic, whereas the
pullback transformation is a function in the underlying measure space (X, X, p).

We note that this is, at first glance, precisely inverse to what we would
expect pushforward and pullback to do. Intuitively, “pushing something forward”
through a geodesic should transform a mapping on its parameter space into a
mapping on the underlying measure space, while a pullback should work the
other way around. The reversal results from the fact that the terms are derived
from operations on the GLSF to which the geodesic is essentially the preimage
function. We choose this wording so that our terminology aligns more closely with
the traditional definition of “pushforward” measures (see, e.g., [Bog07, Sec. 3.6]),
which is stated with respect to measurable functions as opposed to geodesics.

Theorem 2.3.41 (Pullback Function).

Let (X, X, u) be a measure space, let I R be an interval, let g € 9(X,Z,u,I)
have a strictly positive geodesic constant C > 0. For every measurable function
f:I—-RU{xoo}, the map f®g: X — RU {+oo} with

0 if g(x) =00
= VxeX
Feek {%f(g(x)) ifg<oo
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is measurable with o(f ® g) < 0(g) and satisfies,
flfld/lzf |f®gldu VBeRBU), (2.41)
B g 1B
ffd/lzf (feog)du VBEQB(I):[IfId/l<oo. (2.42)
B g71B) B

We will subsequently refer to f ® g as the pullback function of f through g. <

PROOF. We begin by proving that f ® g is a measurable function. Let B € %(R).
Then the preimage (f ® g)~1(B) can be derived by well-known rules for composi-
tions and is given by

-1 if0eB
—1B =g 1(f1 -B g ({OO}) ' ,
(feg) "B =g '(f'(C ))U{Qj if0¢B.

We note that +oo are invariant under multiplication with strictly positive
real constants and Z(R) is closed under linear transformation. Therefore,
we have C-B € %(R). Measurability of / and g implies f~1(C-B) € #(I) and
g Yf"UC-B)) € = as well as g 1({oo}) € =. Overall, this implies (f ® g)(B) € X.
Because this holds for all B € B(R), f ® g is measurable. Furthermore, because
(f ® g)"1(B) is a union of preimages under g for every B € #(R), we have
o(fe®g)ca(g).

Having thus established that / ® g is measurable, we proceed to show [Equa]
[tions (2.41)|and [(2.42)] Let B € B(I). Because B < I, we know that g(x) < co for
all x € g~1(B), which implies that (f ® g)(x) = %f(g(x)) for all x € g_l(B). As we
had discussed previously, the fact that g is a GLSF ensures that g.(u)=C -1 on
%A(I). Therefore, we have

1
flfldit=—f|f|dg*(u).
B CJB

If [3|f1dA = oo, then [Lemma 2.3.40|implies that f o g is also not integrable on

g 1(B). We therefore have

1
[\ iregiau=z [ | iregidu=co= [ ifidn.
2 1(B) —~—~ Clg 1B B
=¢(fog)

If [31f1dA < oo, then [Lemma 2.3.40|implies
[, iresa lf fogld
gldp=— ogldu
2 1(B) Clg1m)

.
== Iflogd
C g_l(B)f gdu

1
= EfBlfldg*(,u)

- [ 1r1aa
B
which proves[Equation (2.41
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For [Equation (2.42), we assume that fBIf |dA < co. As shown, this implies

fg-l(B)I f ® gldu < oco. Thus, both integrals are well-defined and we have

1 1
f (f®g)dp:—f (fog)d,u:—ffdg*(u):ffd/l
g 1(B) CJg1m CJp B
which proves [
eorem 2.3.41| proves that we can pull an integrable function defined on

a geodesic’s parameter space through the geodesic to obtain a corresponding
integrable function in the measure space in which the geodesic is defined. We
note that this is possible for every geodesic. A logical next question to ask is
whether there is a converse operation where we take an integrable function in
the underlying measure space and “push it forward” through the geodesic to
obtain a corresponding function in the geodesic’s parameter space.

A pushforward operation is harder to define because it is generally not pos-
sible to write it down as a composition. This is due to the fact that geodesic
level set functions are not generally invertible. However, we can still perform
a pushforward if the geodesic is chosen such that it can resolve all details of
the integrable function to be pushed forward in the sense that it generates a
similarity space that is a superset of that generated by the function.

Theorem 2.3.42 (Pushforward Function).
Let (X, Z, 1) be a measure space, let I =R be an interval, let f: X — RU{+o0} be
a measurable function, and let g € 9(X,%,u,I) be such that

o(fY~, S 0@)~,,
fx)=0 for a.a. x € X with g(x) = oo,

and such that there exists a strictly positive geodesic constant C >0 of g. Then
there is a measurable function h: I — RU{+oo} such that

(heog)x)=C-f(x) fora.a xcX. (2.43)

The function h is unique up to differences on nullsets and satisfies
f Ihld)L:f Iflduy VBe%BU), (2.44)
B g~ 1(B)

fhd)tzf fdu VBegé(I):f Ifldu < oo. (2.45)
B g 1(B) g 1(B)

We write f ® g~1 := h and refer to h as the pushforward function of f through g.<

PROOF. Let subsequently C > 0 be a geodesic constant of the GLSF g. Due to
Theorem 2.3.33] we know that

u(g ') =C-AB) VBeBU).

Our goal is to use the partial construction lemma for GLSFs (see
to construct the function A. To that end, we first have to construct a suitable
essentially monotonic upper semicontinuous mapping y to generate the desired
non-strict sublevel sets for the positive and negative parts of A.
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PART 1 (CONSTRUCTION OF h FOR f =0). If C > 0, then we want to invoke
emma 2.3.27| First, we note the following well-known identity for the generated
og-algebra of the measurable functions f and g:

o(f)={f"1(B)|Be B®)},
o(g)=1{g"'(B)|Be B(D)}.
This identity stems from the fact that the right hand side is both the family that
induces the generated o-algebra and also a g-algebra itself. This means that it is
trivially the smallest g-algebra containing itself. The second identity of note is
that
BR)={AUB|A e ABR), Bc{+oco}},
B(I)={AUB|AeBI), Bc{+oo}}.
This means that we can always decompose sets in g(f) and o(g) the preimages of
a Borel set, {00}, and {—oo} under the respective function. For g, this is further
simplified by the fact that GLSFs never map to —oo and therefore g~1({—o0}) = @

With these identities in hand, let ¢ € R. Because o(f)~, < o(g)~, there exists
B; € B(I) such that

g7 By ~u [ ([-o0, t1) ={f < t}.

Because g is a GLSF with geodesic constant C > 0, we can show that the Borel
measurable part of B; is essentially unique. Let B; € Z8(I) be another set such
that

g By ~uif <t

We may assume without loss of generality that —oo is contained in neither B; nor
B; because g never maps to —oco. Let

B} = B; \ {oo}, B}, = B; \ {o0}.

Then we have

AMB, AB, )- LB, AB))

u(g  (BNBYUB\B)))

B\ 'B))u (g BY\g 1 (B))

-ulg
ol
u(g ' B\B)uUg (B \B))
(e
(s

-u(gX(B) & g7HBY).

QI*—*QI'—‘OI'—‘QI

We have

2 1(B)) =g }(B; \ {oo})
=g 1B\ g7 ({o0})
~uif <t}\ g ({oo})
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and similarly g’l(gg) ~u{f =8\ g 1({oo}). Therefore, we have
g (B ~ug (B,

which implies that

1 PSR |
MBLAB) == -ule B)Arg 1(B;))=6-0=0.

Thus, B} is A-essentially unique for all ¢ € R and the mapping y: R — #(Y~, with
y(t) = [B,é-t]le VteR
is well-defined. Let s, € R with s < ¢. We have

Ay \y(®) = MByc \ By

1 - / /
= 6 ( ‘B /C\Bt/C))
1
=5 Hle TBye)\g T Bye)
1
- u((1f =/CI\ g o) \ (If = t/C}\ g ({oo))
é W((f = SICINF < t/C)\ g (foo)))
< L -u({f = s/ICYN{f < ¢/CY)
c "\ ="
c{f<t/C}
= O’

which means that y(s) <) y(¢). Therefore, y 1s A-essentially monotonically in-
creasing. As a consequence, so is ¢ — (y(— t)) Let ¢ € R and let (¢;);en € RN
be a sequence such that ¢; = ¢ for all i e N and ¢; — ¢ for i — co. Because v is
A-essentially monotonically increasing, we have

( (t)Aﬂy(t )) = ([ﬁy(t ))\y(t))

1

AN o)

=1

38

(N =t/CNF <C\ g M (loo))

7
Il
—

38

IA

e < f< t,-/C})

7
Il
i

(< £ =inft; J/O})

{
gl
(
(

-u(ige < £ <ticy)

.Oer—ler—a Q|I—‘ QIF—‘

This demonstrates that y is upper semicontinuous in the sense of
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We now choose B € (7/(0))[J and B, := @ and invoke [Lemma 2.3.27|to obtain a

measurable function 4 : I — Rxq U {oo} such that

{h=ttey@®) Vt=0,
{h >0} < By.

Next, we show that (h ® g)(x) = f(x) almost everywhere. Let ¢ € R. We have

-1 if >0
{h®g5t}=g‘1({hsC-t})u{i ({oo}) ;ft:(),

ey(Ct)=IB}l-,,

-1 .
() 1 g ({oo}) ift=0,
~ <\
((f=th\g ({oo}))u{@ o

gu{f:()}
~u (If =81\ g X({oo)) U ({f <t} n g ({oo)))
~ulf =t

This shows that the non-strict sublevel sets for every level in R are similar
between f and h ® g. We can now make use of the fact that f(x) # (h ® g)(x)
implies that there exists ¢ € Q with f(x) <q <(h® g)(x) or (h® g)(x) < q < g(x).
Because Q is countable, we can estimate that

u({f;éh@g}):p(U(({qu}n{h®g>q})u((h®g5q}n{f>q}))

qeQ )
<Y u(if e thog=g))u(theg=a\if <q)))

qeQ

=Y u{fsgalheog=q)
q€eQ™ "

=0.

This proves that A ® g = f pointwise almost everywhere.

PART 2 (CONSTRUCTION FOR GENERAL f). Let N; € X be a p-nullset such
that

Fx)=0 Vxeg t({oo})\ Ny.

A suitable set N exists according to the premises of the theorem. Because f is
a measurable function, we can decompose f: X — RU {+o0} into two functions
f,f : X - RxsoU{oo} via

f* :=max{0, f}, f~ = —min{0, f}.
It is important to note that F* := suppf™ € o(f) and F~ := suppf~ € o(f) are
disjoint.
We invoke to construct measurable functions A*,h7: I — R> U {00}
such that there exist py-nullsets N2,N3 € £ with
(h*®g)x)=Ff"(x) Vxe X \ Ny,
(h"eg)x)=f (x) Vx € X\ N3.
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We now show that Ny := g~ Xsupph* nsupph~) € No UN3. Due to the fact that
supph* <1 and supph~ I, we certainly have g(x) < oo for all x € N4. This then
implies that

g’l(supphﬂ ={fxeX|ht(@x)>0={xecX|(h"®g)x)>0cF*UN,
and similarly
g (supph™)<F~ UNs.
We therefore have
Ny=g Y(supph™)ng L(supph)
c(F*UN3)N(F~ UN3)
=(F*NnF)UWNaNF)UWNN3NFT)UWNy N N3)
—— ~~
=9 cNoUN3
c NoUN3.

Thus, N4 is also a u-nullset. We now define N := NJUNgoUN3 and A : I — RU{+o0}
via

+ —h~ 1 + = - =
h(t)::{h (&)—h~(t) ifh*(#)=0o0r h (t)=0,

otherwise.

Let x e X\ N. If g(x) = 0o, then
(h®g)x)=0=f(x)

because x ¢ N1. If g(x) < oo, then g(x) ¢ supph™ Nsupph~ because Ny = Ny UN3
and x ¢ No U N3. Therefore, we have

1
(h®g)x)= Eh(g(x))

1
= (" (e -k~ (g(x)

=(h"®g)x)—(h~ ®g)(x)
=ff)-f (x)
= f(x).

This shows [Equation (2.43

PART 3 (h IS UNIQUE). Let A': I — RU{+oo} be measurable with A/ ® g = f
almost everywhere. If we were to assume that there was a non-nullset B € 28(I)
with A'(x) # h(x) for all x € B, then the fact that g is a GLSF would imply

g 1 B)=C-AB)>0.
Simultaneously, we would have g(x) < oo and
1 1
(h®g)x)= Eh(g(x)) # Eh'(g(x)) =(h'®g)(x)
for all x € g~1(B) which would contradict the fact that A’ ® g = f = h ® g almost

everywhere. The contradiction shows that A is unique up to differences on
nullsets.
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PART 4 ((2.43) = (2.44) A (2.45)). According to|[Theorem 2.3.41] we have

f|h|da=f |h®g|du=f fldu  VBeBU)
B g 1(B) g 1(B)

which shows |[Equation (2.44) For all B € 28(I) with fBIhI dA < oo, [Theorem 2.3.41
shows that
fhd/lzf (h®g)dp:f fdu.
B g 1(B) g 1(B)

Since fg—l(B)|f| dp = [3lh|dA for all B € 98(I), this proves [Equation (2.45) O

In we show that [Theorems 2.3.41] and [2.3.42| can be used to
show exactly when one geodesic can be made out of another through composition.
We close this section by showing that for truly integrable functions, pushforward
and pullback can be seen as inverse to one another.

Definition 2.3.43 (Pushforward And Pullback Operators).
Let (X, Z, pu) be a measure space, let I <R be an interval, and let g € 9(X, X, u,I)
have a strictly positive geodesic constant. Let

Fg:=L"(BUI),M),
Fo1={fe LYE,p) | oY~ co@)~,, f(x)=0 for a.a. x € X with g(x)=oo}.

Then we refer to the operator -® g: Fg — F -1 as the pullback operator through g
andto -®g 1: F4-1 — Fg as the pushforward operator through g. <

Theorem 2.3.44 (Relationship Between Pushforward And Pullback).
Let (X, Z, u) be a measure space, let I <R be an interval, and let g€ 9(X,Z,u,I)
have a strictly positive geodesic constant. Let Fg, Fy-1, -® g, and - ® g1 be defined

as in|Definition 2.3.43| Then -® g and - ® g1 are bounded linear operators whose

operator norms satisfy
T -1 _
Ireglew, r, =108 lew, 1, FH=1
Furthermore, they are inverse to one another. <

PROOF. Let subsequently C > 0 be a strictly positive geodesic constant of g.

PART 1 (-®g). Let a,B€R, let f,h € Fg. By definition of - ® g, we have

0 if g(x) = o0
h =
af=Fheg) { E(a- f(g@)+ Phig(x)) if glx) < oo

=a-(feg)x)+p-(h®g)x)

for all x € X.

To show that - ® g is bounded, we need only refer to[Equation (2.41)] For every
f €Fg, we have

f If ®g|dp=f|f|dit= ||f||L1([,p,3(1),,1)<00-
g1 I
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and therefore

”f®g”L1(z,ﬂ):f |f®g|dll=f |f®g|d,u+f If ®gldu= ||f||L1(33(1),,1)-
X g7l & 1({oo}) ~—~—

{e'9)

This implies that - ® g € Z(F,, Fg—l) with |- ®g||$(pg, F, = 1.

PART 2 (-® g 1). We use the uniqueness statement for the pushforward func-

tion that we had stated in[Theorem 2.3.42| Let f,h € Fg—l, and let a,f e R. Let
F=a-(feg)+p-(heg eF,.
According to the previous part of this proof, we have

Feg=a-(feg Heg)+p-(heog)eg)=af +ph.

Thus, F satisfies F = (af + Bh)® g~ ! and is pointwise unique almost everywhere.
To show that -® g1 is bounded, we once more use the equality of absolute

integrals stated in [liquation (2.44)| For every f € F,-1, we have
||f®g_1||Ll(g,3(1),/1)=f|f®g_1|d/1=f |f|dN5f Ifldp = ”f”Ll(Z,,u)
I g~ 1D X

with exact equality being realized for all f that assume the value 0 outside of
g7 1(I). Since the indicator function Xg-1(1) € Fg-1, we have

-1 _
I-®g ||$(Fg,1, =1

PART 3 (INVERSE RELATIONSHIP). As shown in[Theorem 2.3.42] we have
(feg Heg)x)=fx) foraa xeX

for all f € Fg1.
Let f€eFg. Then f®@ g€ Fg-1. Let h:= (f®g)®g 1. We have

flf—hldxlzf (f —h)®gldu
1 g )

=f (feg) - (hog)|du

g’l(l) ———
=feg

=0

which proves that f = A almost everywhere. ]

2.3.4 Modifying Geodesics
In this section, we discuss four ways of modifying existing geodesics. We discuss

modification before construction because some of these modifications are relevant

to the construction methods discussed in
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2.3.4.1 REARRANGEMENT

We have already briefly addressed the possibility of rearranging a canonical
geodesic in [Section 2.3.3] In|[Theorem 2.3.34] we have shown that canonical
geodesics can be composed with geodesics in their parameter space to produce
rearranged versions of themselves. We now answer the question whether any
given canonical geodesic can be rearranged into any other canonical geodesic.

It seems intuitively unlikely that there would be no limit whatsoever on
this type of rearrangement. If we imagine a geodesic in R? that produces only
similarity classes that are essentially symmetric with respect to the x; axis, for
instance, we would not expect there to be a rearrangement of that geodesic that
breaks that symmetry.

In this section, we give a formal proof of this intuition by using pushforward
functions and the concept of generated similarity spaces. Specifically, we show
that the act of rearranging a canonical geodesic can only restrict its generated
similarity space and can never expand it. However, we also show that this
is the only limitation on rearrangement. If the generated similarity space of
one geodesic is the same or smaller than another, then there always exists a
parameter geodesic with which that other geodesic can be composed to produce
it.

We prove this constructively. Let y: I — ¥~, and ¢: J — ¥~, be canonical
geodesics with o(¢) S o(y) and let g: X — I U{oo} and f: X — J U {oo} be their
respective GLSFs. We construct a GLSF for the parameter geodesic by modifying
the pushforward function p := f ® g~1. The modification is very simple. We
only need to redefine the value of p for points in which g(x) = co because the
pushforward function maps such points to 0, while a GLSF must map them to
oo. After this modification, p is a GLSF corresponding to a canonical geodesic
p:dJ — BUIY~, such that yo p = ¢.

For this type of construction to be possible, it is essential that the total
variation of ¢ not be larger than that of y, because no rearrangement of y can
ever affect sets of points not affected by v itself. It appears counterintuitive that
this would follow from o(¢p) < o(y). However, it is straightforward if we take into
account that every subset of the total variation can be subdivided into arbitrarily
small parts using the parameterization of the geodesic. If we take any Borel set
B € B(I) such that its preimage g~ '(B) under g has strictly positive measure,
then we can construct a Borel measurable subset of B whose preimage under %
has strictly smaller but positive measure. However, we cannot do this for TV(y)
because TV()/)C is entirely mapped to the value co. It is therefore either a nullset
or an atom.

Lemma 2.3.45 (Atomicity of (TV(y))C).

Let (X, Z, u) be a measure space, let I <R be an interval, and let g € 9(X, 2, u,I).
The generated o-algebra o(g) contains no non-empty true subsets of g~ 1({oo}). For
A€o(g)with w(A)>0, Aisa y-atom in o(g) if and only if A ~, g L({oo}). <

PROOF. Let C =0 be a geodesic constant of g.

PART 1 (@ IS THE ONLY TRUE SUBSET OF g 1({oo}) IN 0(g)). Since {co} is a
singleton, there exists no B < {oo} with B # @. This means that for all B € 28(I)
with B < {co}, we either have g71(B) = g 1({oo}) or g 1(B) = g7 1(¢) = . Since

o(g)=1{g X(B)| Be B(I),
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every A € o(g) has a corresponding B € A(I) such that A = g }(B). If A € o(g)
satisfies A < g7 1({oo}), then its corresponding set B satisfies B < {oo} which
implies either A = @ or A = g~ 1({oo}).

PART 2 (A ~, g 1(loo})) = A IS p-ATOM). Let A € o(g) satisfy u(A)>0. We
partition A into A1 := A\ g~ 1({oo}) and As := A N g~ 1({oo}). Because o(g) contains
no non-empty true subsets of g~1({oo}), we have A € {®, g7 1({oo})}.

By definition, A ~, g71({oo}) implies

(A1) = p(A\ g (foo)) < (A A g (foo})) =0
D

cAAg1({oo})

which implies p(A1) = 0. Because (A1) + u(Ag) = u(A) > 0, this implies u(Ag) >0
and therefore Ay = g~ 1({oo}).

Let B € 0(g) with B< A and u(B) > 0. We partition B into By := B\ g~ 1({oo})
and By =B ng‘l({oo}). B; € A; implies u(By) < u(A1) = 0 and thus w(B1) = 0.
This then implies By = g~ 1({oo}) and

((B) = p(B1) + p(Bz) = (g~ (fooh)) = u(A).

Because this holds for all subsets in o(g) that have non-zero measure, A is a
u-atom in o(g).

PART 3 (A 1S p-ATOM = A ~, g7 1({oo})). Let A € o(g) with p(A) > 0. We
partition A into A1 := A\ g~ 1({oo}) and Ag := A N g~ 1({oo}). Because o(g) contains
no non-empty true subsets of g~ 1({oo}), we have Ag € {®, g~ 1({co})}.

If w(A1) =0, then (A1 UAg) = u(A) > 0 implies pu(Ag) > 0 and thus Ag # @. In
this case, we have

A A g ({ooh) = p((A1UA) AAs) = (A1) =0
A
=A2

and therefore A ~, Ag = g 1({oo)).

If u(A1) > 0, then we find B € %(I) such that A; = g 1(B). We note that
0< (A1) = (g 1(B)) = C- A(B) implies C > 0. We also know that oo ¢ B because
Aq ﬂg_l({oo}) = ¢ by definition of A;. We now define the map ¢: R>o — R>o with

@(r) = A(B Nn(-r, r)) VreRsg.

Because A is continuous from both above and below, ¢ is continuous. It is evident
that ¢(0) = 0. If there existed no 1 > 0 with ¢(r1) > 0, then we would have

WA)=C-AB)=C- )L(U (Bn(~i, i)))) =C- lim (i) =0,
i=1 1=

which would contradict our prior assumption that p(A1) > 0. There must there-
fore exist r1 > 0 such that ¢(r1) > 0. If p(r1) < A(B), then we define rg :=rj. Oth-
erwise, the intermediate value theorem dictates that there must exist r9 € (0, r1)
such that ¢(rg) = @. Let

A= g Y (Bn(-rg, r2)).
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Since BN (-rg, rg) € B(I), we have A’ € o(g). We also have
A'=g \(Bn(-rg, 1)) cg {(B)=A1 S A.
However, by invoking the geodesic property, we have
WA =C-AUBN(-rg, r2))=C-p(rz) < C-AB) = u(A1) < w(A).

Thus, A is not a y-atom. Thus, if (A1) > 0, then A is not a py-atom. Conversely,
if A is a p-atom, then p(A1) =0, which then implies that A ~, g 1({oo)). O

This type of intermediate-value argument may have further application
beyond However, the result that g71({oo}) is always either an
atom or a nullset for every GLSF g is sufficient for our purposes. If f~1({oco})
was not an essential superset of g~1({oo}), then the set g~ ({oo}) \ £~ 1({oco}) would
have subsets of non-zero measure in o(f) that would not be similar to any set in
0(g). This would then imply o(¢) £ o(y).

Lemma 2.3.46 (Subset Relation of Total Variations).
Let (X, Z, u) be a measure space, let I,J <R be intervals, and let y: I — ¥~, and
¢: J — ¥~ be canonical geodesics. If a(¢p) < o(y), then TV(p) <, TV(y). <

PROOF. Let g€ 9(X,Z,u,I) and f € 9(X,Z, u,J) be GLSF's representing y and
¢, respectively. As we have previously argued, we have g~ 1({oo}) € TV(y)* and
f({oo}) € TV(®)C. If TV(¢) 2, TV(y), then

A = g 1 ({ooD) \ £ L({oo})
— N———
eTV(E  eTV(p)C

has strictly positive measure. For all x € A, we have g(x) =oco and f(x) € J. Be-
cause ((A) > 0 and A because is disjoint from £ ~1({oo}), guarantees
that A is not a y-atom in o(f). There therefore exists A’ € o(f) with A’ € A and
WA € (0, u(A)).

For all B e o(g) with B <, A € g 1(foo}) and u(B) > 0, dictates
that g71({oo}) € B because g~ 1({co}) has no non-empty true subsets in o(g). This
then implies u(B) = u(g~1({oo})) = u(A). Because u(A) > u(A’), this means that
B#, A

For all B € 0(g) with B ~, A’, we would have u(B) = u(A') >0 and B <, A,
because A’ € A. The fact that all such B satisfy B #, A’ implies that there exists
no B € o(g) with B ~, A'. Thus, we have o(¢) £ o(y). This indirectly proves that
if 0(¢) € o(y), then TV(p) <, TV(y). O

Having thus established that a subset relationship between generated simi-
larity spaces implies an essential subset relationship between total variations,
we can guarantee that the indicated modification of the pushforward function on
g 1({oo}) essentially only affects points where f(x) = co and therefore does not
destroy any information substantial to the geodesic. We can proceed with proving
the rearrangeability theorem.

Theorem 2.3.47 (Rearrangeability of Canonical Geodesics).

Let (X, 2, u) be a measure space, let I,J <R be intervals, let y: I — ¥~, and
¢: J — H~, be canonical geodesics. There is a canonical geodesic p: J — BU)~,
such that ¢ =y © p if and only if o(¢p) < a(y). <
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PROOF. PART 1 (= ). In this part, we assume that there exists a canonical

geodesic p: J — #U)~, such that ¢ =y p. By definition, there exist GLSF's

gevX,z,u,l), fe9X,2Z,u,J), and p e 9(I,9B(),A,J) representing v, ¢, and

p, respectively, and satisfying f = p © g where the “©” operator is defined in
By definition, we have o(¢) = 0(f¥~, and o(y) = 0(@Y~,. It is therefore sufficient

to show that for every B € (), there exists B’ € B(I) with g 1(B') ~, f~1(B).
Let B € %(J). We have

cl

—_— -1 i B
f_l(B)~M(p®g)‘1(B):g—l(p—l(B))U{g ({oo})) ifoco€B,

0] if oo ¢ B.

-G

Since p~1(B) € B(I), we have g‘l(p‘l(B)) € 0(g). In addition, we certainly have
g 1({oo}) € 0(g). Together, these imply

B ~uGeolg)={g ' (B"|B e BI)}.
This demonstrates that o(¢) < a(y).

PART 2 (<). In this part, we assume that o(¢) < o(y). Let f € ¥(X,Z,u,J)
and g € 9(X, 2, u,I) be GLSFs representing ¢ and y respectively.

We first address the edge cases in which g does not have a strictly positive
geodesic constant. The preimage of the associated canonical geodesic’s parameter
interval under any GLSF that has 0 as a geodesic constant must be a nullset.
Therefore, such GLSFs must map almost all points in X to co. Essentially, if g
does not have a strictly positive geodesic constant, then

V() =[], =[2]-,.

However, we have already established in that o(¢p) € o(y) implies
TV(¢) <, TV(y). It would therefore follow that TV(¢) =[@]-,,. Since both y and ¢
are canonical, we would have y(t) = ¢(u) =[@]., for all t€ I and u € J. We could
then simply choose p: J — #2U)~, with

p(u):=I[@l., VYued

which would satisfy ¢ = y©p. Having handled this edge case, we will subsequently
assume that g has a strictly positive geodesic constant Cg > 0.

According to o(¢) < o(y) implies TV(¢p) <, TV(y). Because
£~1(foo}) € TV(¢)® and g L(foo}) € TV()C, we have g~ 1({oo}) <,, £ ~1({oo}). There-

fore,
Noo =g oD \ £ L({oo})

is a p-nullset. Let /: X — RU{oo} with

flx):= {f(x) if g(x) <00 vxeX.

0 ifglx)=co

We note that because g’i({oo}) is measurable, the function f remains ‘measurable.
By definition, we have f(x) =0 for all x € X with g(x) = co. Let B € B(R). Since
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o(fY~, co@Y~,, there exists Y € 0(G) with Y ~, f~H(B). We define

F o Y\g l({oo}) if0¢B,
" |Yug (oo} if0O€B.

It is evident that Y € 0(g) in either case. We also have

Figy= | B)\g (leo)) if0¢B
fiB)ug oo} if0eB

~ Y.

Therefore, for every, B € B(R), there exists Y € o(g) such that ¥ ~ " f~L(B). This
means that o(fY~, colg)~,.

Because o(f)~, € o(g)~, and f(x) = 0 for all x € X with g(x) = co, we can invoke
[Theorem 2.3.42| to show that there exists an essentially unique measurable
pushforward function p:= f ® g~ 1: I — RU {+o0} with

(peg)x)= f(x) fora.a. xe X.
We now construct a GLSF from p. Let

N:= jo“*l((lRu {xoo}) \ ((CiJ) U {oo})).

g

In simple terms, N is the set of all points where C, - p is outside of J U {oo}, which
is the desired codomain of the GLSF p representing the parameter geodesic p.

Because (5 ® g)(x) = f(x) almost everywhere and f(x) = f(x) € J U {oo} outside
of g71({oo}), N’ := N\ g7 1({o0}) is a p-nullset. We define p: I — J U {oo} by

.5 if
p@):= Ce-P1) ?HN veel.
ifte N

Because N is a measurable set, p is a measurable function. We include the factor
Cg to compensate for the factor C—lg that is introduced in the definition of the

pullback function to ensure equality of integrals. To prove that p is a GLSF, let
B e %(J). We have

Here, we make use of the fact that N is disjoint from the preimage of - under

p. Because p~1(B) € B(I), we can apply the geodesic property of g to obtam
He (7 ®)) =Calp 7 B)

Simultaneously, we have

e )

= (p®g) 1(B)\ g ({oo})
~u F B\ g7 ({o0}).
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As we had noted, f~1(B) equals either f~1(B)\ g 1({oo}) or f~1(B) U g 1({oo})
depending on whether 0 € B or not. If we take into account
however, we know that g~ 1({oo}) © uf ~L({oo}). Since oo ¢ B, f~1(B) is p-essentially
disjoint from g~1({oo}) and we have

HpUB) ~u F B\ g ({oo}) ~u fHB).

Let Cr =0 be a geodesic constant of f. Due to the geodesic property of f, we have
Cr-AB) = p(f'B) = (g (p7'B)) = Cg-A(p™'(B)

and therefore A(p~}(B)) = g_; -A(B). Thus, p € 9(I,%(),A,J) and the geodesic

constant associated with p is %
Finally, we show that the composition GLSF p © g that we had defined in

satisfies p © g = f almost everywhere. According to[Theorem 2.2.20]
it is sufficient to show f~1(B) ~u(p ©g) 1(B) for all B€ #(R). Since f and po g
both map to J U {oo}, it is sufficient to do so for all B € 98(J) and B = {oo}. We have
already shown that

(o) 'B)=g  p™'B) ~, f\(B) VBeRBW).

For B = {oo}, we have

(pog) B =g p!

& (7 (1) v
gl(pl({oo})
=& (27" (1)

{oo}) {oo}

1)U g (foo))

1(~-1

ug
ug t W) Ug ({oo})
~ug (57 (to0}) ) L g™ ({o0).

{oo})

Because (p ® g)(x) = f(x) almost everywhere, f(x) = f(x) everywhere outside of
“L(foo}), f(x) # oo for all x € g71({oo}), and £ (x) = co for almost all x € g71({oo}),
we have

g™} (tooh) | Ug ™ ({o0}) = (F e ) ({00} g™ ({o0}) ~, £ ({oo}).

and thus (p © g)"*({oo}) ~, £ 1 ({oo}). [Theorem 2.2.20| then shows that po g = f

almost everywhere.

Let p: I — J u{oco} be the canonical geodesic associated with p. Then p © g is
the GLSF associated with the composite geodesic y © p. Since p © g = f pointwise
almost everywhere, we have

o0 =[{f<tt]_ =[lpog=tl] =(yop) Vied. 0

2.3.4.2 REPARAMETERIZATION AND JUNCTION

Some reparameterizations of geodesics are themselves geodesics. This is notably
the case for affine linear reparameterizations.
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Theorem 2.3.48 (Reparameterization Of Geodesics).
Let (X, Z, pu) be a measure space, let I,J < R be intervals, let y: I — %~, be a
geodesic, and let p: J — I be an affine linear map. Then yop:J — T~,is a
geodesic.

Let C =0 be a geodesic constant of y and let a,b € R be such that p(t)=a-t+b
forall teJ. Then C-lal is a geodesic constant associated with y o p. <

PROOF. Because p is affine linear, there exist a,b € R such that p(¢) =a-¢+b for
all teJ. Let C = 0 be a geodesic constant of y. We have

u(y(p(s)) A}f(p(t))) =C-|p(s)-p@®)|=C-|la-(s=8)|=C-lal-Is—¢] Vs,ted.
Therefore y o p is a geodesic with geodesic constant C - |al. O

It is important to note that|Theorem 2.3.48|is not limited to either canonical

geodesics or particular affine linear maps. The map need not be either surjective
or injective for the theorem to hold. Using non-surjective maps allows us to
restrict ourselves to certain subsections of the geodesic y. By contrast, violations
of injectivity only allow us to produce constant geodesics, which is unlikely to be
useful.

Reparameterizations are also the only universally applicable way of reversing
an infinitely long geodesic. This is generally not possible using only translation
and rearrangement. Imagine a canonical, non-constant geodesic y: [0, c0) — ¥/~,.
We can translate y by TV(y) to exchange its origin and destination points. How-
ever, this does not change the order in which changes are applied by y. In order
to rearrange y to apply changes in reverse order, we would have to start at the
beginning of the parameter interval with the changes previously applied at its
end. However, we cannot select changes that are applied at +oo. Even with
reparameterization, we are limited to mapping one infinity to another.

Having the flexibility to restrict and transform the parameter intervals of
geodesics allows us to join geodesics together. With the word junction, we will
generally refer to end-to-end junctions, although we note that through reparame-
terization, this result can be extended to allow for junctions at parameter values
other than 0 or concatenations. By continuously extending a geodesic to the
boundary of its parameter interval, we can also apply the junction theorem to
join geodesics on open ends of their parameter interval.

Theorem 2.3.49 (Junction of Geodesics).

Let (X, X, p) be a measure space, let I,J <R be intervals with supl =infJ =0
and0elInd, andlety: I — ¥~,and ¢: J — ¥~, be geodesics that share a geodesic
constant C = 0 such that TV(y) and TV(¢) are essentially disjoint. Let further
¥(0) = ¢(0). Then the map y|¢: IUJ U{0} with

t) ift<0
Glpp={7® T1=0 oy
@) ift>0
is a geodesic with geodesic constant C. <

PROOF. We note that because 0 = sup! and 0 =infJ, we have I nJ = {0} # @.
This implies that I UJ is an interval. Let s, € I UJ. Without loss of generality,
we have s<t. Ifs<0and ¢ <0, or if s >0 and ¢ > 0, then the geodesic property
simply follows from the geodesic property of y or ¢, respectively.
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We therefore only consider the case where s <0 and ¢ > 0. In this case, we
have

1(y(s) & ¢(@)

1(y(s) Ay(0) AY(0) A p(2))

1(y(s) Ay(0) A ¢p(0) A ¢(t))

= u(y(s) A¥(0)) + u(Pp(0) A p(2))

=2 p((y(s) A Y(0) N (H(0) A (1))

110X A Gy [9)(B)

<, TV() <, TV($)
=C-0-s+t-0)—-2-0
=C-(t—s)
=C-|s—t|. OJ

2.3.4.3 RESTRICTION IN IMAGE

In the previous section, we have shown that affine linear reparameterizations of
geodesics are themselves geodesics. Unsurprisingly, this includes any restriction
of a geodesic to a sub-interval of its original parameter interval. In this section,
we discuss a second, more obscure way of restricting a geodesics: restriction in
image.

On several occasions, we have described geodesics as a way to impose an
order on the changes necessary to gradually transform one set into another. The
basic idea of a restriction in image is to preserve the order of changes while only
considering changes to a specific subset of the universal set.

The best way of encoding the pure order of changes performed by a geodesic
is to consider its canonical form. Let (X, Z, u) be a measure space, let I <R be
an interval, let y: I — ¥~ be a geodesic, and let R € ¥/~,. Imagine that we want
to perform only the changes done by y in the same order but simultaneously
want to limit ourselves to only changes affecting essential subsets of R. The most
straightforward way to achieve this would be to use the map y': I — ¥/~, with

Y@ =y#&)nR  tel.

However, because the changes in R need not be equally distributed over the
parameter interval I, ¥’ is not always a geodesic. We can remedy this by choosing
a nonlinear reparameterization of y’ that passes more quickly over segments of
the parameter interval where less changes occur in R.

The first step in designing such a parameterization is to determine how
quickly the measure of the localized changes made by the geodesic rises. The
measure of this restricted changeset rises continuously and monotonically. We
refer to this measure as the localized measure of variation.

Lemma 2.3.50 (Localized Measure of Variation).
Let (X, X, u) be a measure space, let either I =[0, T for some T =0 or I =[0, o0),
let y: I —%/~, be a canonical geodesic, and let R € %/~,. Then puy,r: I — Rxo with

py,r@) :=p(y@®)nR)  Vtel

is uniformly Lipschitz-continuous and monotonically increasing. Accordingly,
Ky, RUI) € Rso with infu, g(I) = 0 € py gI). If I =10, T1] for some T = 0, then
wy,r(I) is a closed interval. <
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PROOF. We note that u, g(#) is evidently well-defined for all ¢ € I and satisfies
Uy,r() =0 for all ¢ € [a, b]. Because 0 € I and y is canonical, y(0) must be the
origin point of y which is [@].,. We therefore have

ty,r(0) = u(y(O)NR) = (@) =0

which proves infu, g(I) =0 € py, g(I).
To show that uy r(¢) is monotonically increasing, let s,z € I with s <. Because
Y is canonical, we have y(s) £, y(#) and therefore y(s)nR <, y(£)nR. It follows
that
ty,r(8)=p(y($)NR) s u(y(&)nR) = uyr(t) Vs,tel:s<t.

To show that uy g is uniformly Lipschitz-continuous, let C = 0 be a geodesic
constant for y. Let s,¢ € I. Without loss of generality, let s <¢. Because we
have already shown iy g to be monotonically increasing, we can then make the
reformulation

|1ty R(8) =y (D] = 1ty R (D) — iy R(S)
=u(y®nR) - u(y(s)nR)
——r
Suy(ONR

(r)nR)\ (v(s)nR))
(r)nR) A (ys)nR))
(y(t) Ay(s)) nR)

¥(&) Ay(s))
C-|s—tl.

Hl
Hl
Hl
u(

IA

If s > ¢, then we can exchange the roles of s and ¢ to arrive at the same result.

To show that J := ) r(I) SR> is an interval, we show that J is convex. Let
u,v € J. Without loss of generality, let u < v. By definition, there exist s,¢ € I such
that u = p, r(s) and v = puy g(f). Because p, r is monotonically increasing, we
have s <¢. Furthermore, the continuity of u, r allows us to use the intermediate
value theorem which states that

Yw € (u,v) It €(s,8): py r(T) =w
cI

This implies that w € J for all w € (u,v). Therefore, </ is convex.

Because piy, 1 is uniformly continuous, if I is compact, then ¢/ is also compact.
We have already proven that J is an interval. Therefore, J would be a closed
interval in this case. O

The localized measure of variation is continuous and monotonically increasing.
However, it is not straightforwardly invertible. This is because there may be
parts of the parameter interval where no changes of strictly positive measure
are made within the restriction set E. In these parts, 1, g would plateau and
there would be multiple parameter values with the same localized measure of
variation.

This does not present an issue because the set y(¢) N R remains essentially
unchanged over such segments of I. Therefore, it is irrelevant which point from
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the parameter segment we choose, since all of them yield the same similarity
class.

Theorem 2.3.51 (Restriction in Image).
Let (X, X, u) be a measure space, let either I =[0, T for T =0 or I =[0, o0), let
y: I —%~, be a canonical geodesic with geodesic constant C =0, and let R € ¥/~,.

Let 11y g be the localized measure of variation as defined in [Lemma 2.3.50} let

J =y r(I), and let Ty g : J — I be given by
Ty r(p):=inf{tel |y r@®)=p} Vped.
Then the map yllg: J — ¥~, with
Ylr(p):=y(yr(PINR Vped.
is a canonical geodesic with geodesic constant 1 and TV(yllgr) =TV(y)nR. <

PROOF. PART 1 (PROPERTIES OF 7, g). For each p € J = uy g(I), there ex-
ists ¢o € I such that uy g(f9) = p. Therefore, we have

Ty.rR(p)€linfl, tolcI Vped.

Because the infimum of a well-defined real set is well-defined, so is 7, g. Let
s,t€J with s <¢. We have py r(p) <s <t for all p <7y g(s). Therefore 7, r(¢) is
the infimum over a subset of the set that 7y g(s) is the infimum of. This implies
that 7, g(t) = 7 g(s).

PART 2 (y| g IS AN INCREASING GEODESIC). Let s,t € J. We assume without
loss of generality that s < ¢, which implies 7y gr(s) < 7y g (?).

Because g is continuous and monotonically increasing, we always find that
Ky,R(TyR(s)) =5 and u, r(7y r(t)) =t. We now exploit the fact that y is canonical
and 7, g(s) < 7y r(£) to obtain

YIr(S) =y(1y,r()) R S, y(Ty, M) NR = ylR(®).
N——
Suy(Ty,r()

The fact that y||g is p-essentially increasing allows us to make the reformulation
1rlir(s) AyIr®) = p(ylr@\ ylr(s))
= ,u(y[r%R(t)) N R) - ,u(y(T%R(s)) mR]
= iy R (Ty,R(1) — iy R (Ty.R ()
=t-s
=|s—t|.

Thus, the geodesic property holds with geodesic constant 1.

PART 3 (vl g IS CANONICAL). We show that the origin point of vl is [#]-,.
This is straightforward because infJ =0 € J. The origin point is therefore

YIR(0) =y (7yR(0))NR
- y(inf{t el | u(y®OnR) = 0}) NR

=y(inf[)NR
=y(0)NR
=[gl-,.
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Therefore, the origin point of y| g is [®]-~ i In conjunction with the fact that y|
is essentially monotonically increasing, this means that y| r is canonical.

PART 4 (TV(y|g) =TV(y) nR). By definition of J, we have uy () € J for all
tel. Let p:=puyg(t)eJ and s =7, g(p) € I. Because s is an infimum of a set
that includes ¢, we have s < ¢. The continuity of u, g further implies that

p(y()nR)=p =pu(y()nR).
Because v is canonical, we have y(s) <, y(¢) and therefore
u((rs)nR) A (YN R)) = p(y®NR) - p(y(s)nR) = p - p = 0.
This implies that for every ¢ € I, there exists p € J with

Yllr(P) =y(Ty,R(P) NR =y(t)NR.

Let (¢;)jen €1 with ¢; — sup! for i — co. Let (p;)ien € J be a sequence such that
Yllr(pi)=7y(;)NR for all i € N. Because vy is canonical, we have

TViNNR = J(yE)nR) = Jrlr(pi) <u TV(YIR).
i=1 i=1

Conversely, let (p;)ien € o With p; — sup for i — oo, then

™V IR = Urlre) = U (r(rz@0) nR) <, TVOINR.
i=1 i=1
Together, this shows that TV(ylg) =TV(y)nR. O

2.3.4.4 INTERLEAVING

The final type of geodesic modification that we will discuss here is interleaving.
In interleaving, we merge two geodesics into one that applies the changes from
both at the same time.

Definition 2.3.52 (Interleaving Geodesics).

Let (X, X, p) be a measure space, let I < R be an interval, let y: I — ¥-~, and
¢: I — %~, be canonical geodesics such that TV(y) and TV(¢) are essentially
disjoint. Then we refer to the map y || ¢: I — ¥~, with

(Y 1)) = y(&) U p(8) vtel
as the geodesic produced by interleaving y and ¢. <
It is fairly easy to prove that the geodesic produced by interleaving two
canonical geodesics with disjoint total variations is a geodesic.

Theorem 2.3.53 (Interleaving Geodesics).

Let (X, Z, p) be a measure space, let I <R be a geodesic, let y: I — ¥~, and
¢: I — T~, be canonical geodesics such that TV(y) and TV(¢) are essentially
disjoint. Let Cy =0 and Cy = 0 be geodesic constants of y and ¢, respectively.
Then the map vyl ¢: I — ¥~, produced by interleaving y and ¢ is a canonical
geodesic with geodesic constant Cy +Cy and

TV(y | ¢) = TV(y) U TV(¢). <
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PROOF. Because y and ¢ are canonical, we have y(¢) <, TV(y) and ¢(¢) <, TV(¢)
for all t € I. Since TV(y) and TV(¢) are essentially disjoint, this means that we
have y(s) N ¢(¢) = [Q)]N# for all s,# € I. From this, it follows that

(Y(s)up(s)) N (Y& U @) = (Y(s)Ny(®)) U (y(s) N (&) U (d(s) Ny (1)) U(p(s) N ()
~lgl-, “lgl-,
= (¥ ny®)u(Ps)n(®)

for all s,t € I. This is an essentially disjoint union because the total variations of
Y and ¢ are essentially disjoint. We use this to verify the geodesic property. Let
s,t € I. We have

w((r 19X A Gy 1l p)D) = u((r(s) U d(s)) A (r(£) U p(£))
u( YOUYO UGS UDO) ((rs) U i) n () ¢<t))))

,u( (r©UYOUEE UED)\ (1) Ny ®) U (P(s)N ¢(t>)))

,u( (Y& uy@®)\ (v(s) ny@®) \ (¢p(s)n (P(t)))
U ((gb(s) Up®)\ (p(s)Np(®)) \ (y(s)N Y(t))))

S u(((ﬂs) AYO)\ ()N (1))

<, TV(y) <uTV()
o[t 290\ ronyw)))
<, V() <, V()
= 1((r® AY) U (95) 2 9(0))
< TV(Y) <, TV(g)
= u(y(®) Ay@®) + p(pls) & ¢(1))
=(Cy+Cy)-Is—t.

Therefore y || ¢ is a geodesic with geodesic constant Cy + Cy.
For s,t € I with s <t, we have

(Y 1)) =y(s)up(s) S, y() U p(t) =, TV(Y) UTV(¢h)
=(ylp)®)

because y and ¢ are canonical. For y || ¢ to be canonical, we need only show that
TV(y | ¢) = TV(y)uTV(¢). For I = @, we have

TV(y ) =18, =TV(y) UTV($).

For I # ¢, we can construct a decreasing sequence (s;);jen € I with s; — infl and
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an increasing sequence (¢;);en € I with ¢; — sup. We then have

o0

TV 1) = U ((r 1 p)(si) Ay | p)(E:))

i=1

3

((rs avn) u(gsn 2 )

) I

_ (U (Y(Si)AY(ti))) U (g((P(Si)A(P(ti)))

i=1
=TV(y) uTV(¢). O

The preconditions for interleaving may seem restrictive at first. However,
they can be established with relative ease. If the parameter intervals of y and ¢
do not agree, we can perform reparameterization to bring them into agreement.
If one interval is finite and the other is not, interleaving can be applied on a
sub-interval.

Having thus brought the parameter intervals into agreement, the remaining
concern is what to do if TV(y) and TV(¢) are not essentially disjoint. In this case,
restriction in image restricts both geodesics to TV(y) A TV(¢). This effectively
omits all changes where y and ¢ would interfere with one another and would
make the total variations disjoint.

2.3.5 Special Geodesics

With [Theorem 2.3.22) we have a very general construction method for geodesics.
In this section, we apply the knowledge gathered thus far to define a few practi-

cally useful types of geodesics.

There are two main ways of constructing geodesics without directly defining
its value for each individual parameter. The first way is to construct a countable
family of sets to be used as support points for the geodesic. This allows us to
apply the sparse interpolation theorem.

The second method is to use the preimages of measurable sets under measur-
able functions to generate a geodesic. This is similar to the way that we derive
geodesics from GLSFs. However, we can also apply this method in cases where
the level set function does not satisfy a geodesic property.

2.3.5.1 MINIMAL MEAN GEODESICS

The minimal mean geodesic is a geodesic derived from a measurable function.
Let (X, Z, p) be the underlying measure space, and let f: X — RuU {+oo} be a
measurable function. A minimal mean geodesic corresponding to the function f
would be a geodesic ¢p: I — ¥/~ such that

f fdyu= min ffdp Vtel.
¥t AeX
H(A)=u(y(2)

For convenience, we select the interval I < R and geodesic y such that y is
minimizing (i.e., has geodesic constant 1) and the infimum of the interval I is 0.

Although we will argue this in greater detail, it is evident that we can obtain
a minimal mean geodesic from the sublevel sets of . This is similar to the way in
which we generate geodesics from GLSFs. However, we need to take into account
the fact that f is not a GLSF.
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Theorem 2.3.54 (Minimal Mean Geodesics).

Let (X, Z, ) be a finite measure space, let f: X — RU {+oo} be a measurable
function such that p({f = —oc}) =0, let I := [0, w(X)], and let y: I — J~, be a
canonical geodesic with TV(y) = [X]1., and geodesic constant Cy = 1. Let further
T = pu({f <oo}), let J := (0, T, and let

n*(t):=sup{neRr ( u(r=m)<t} veed.
Then the geodesic ¢: J — ¥~, with
o) :=[{f < n*(t)}]w U llp=n @ (t—pUf <n™(@)))) Vied

is canonical with TV(¢p) = {f <ooll~,, has geodesic constant Cy =1, and satisfies

f(b(t)fd,uszfdu Vted, A€~y wA) = ().

PROOF. PART 1 (¢ IS WELL-DEFINED). We first prove the well-definedness
of n*: J — RU{oo}. Let (1;);en € RN be a decreasing sequence with 7; — —oo for
i — co. Then the corresponding sequence ({f < ni})i en € =N of sublevel sets is
decreasing and we have

lim u({f <m:3) = p( (V{F <) = ltf = —ooh = 0.
1= i=1

From this, it follows that for every ¢ > 0, there exists n € R with u({f <n}) <¢. This
ensures that n*(¢) > —oo for all ¢t € J. Conversely, for every increasing sequence
(0;)ien € RN with 17; — oo for i — oo, the corresponding sequence of sublevel sets
({f =n:}),cn € ZV is increasing and satisfies

}irgou({f <ni}) = u@){f < Tli}) =p({f <oo}) =T.

Therefore, for every ¢ < T, there exists 7 € R such that u({f <n}) > ¢. This ensures
that n*(¢) e R for all t € (0, T').

As the supremum of a bounded non-empty set of real numbers, n*(¢) is well-
defined for every ¢ € (0, T']. Let t1,t9 € (0, T') with #1 <¢9. Then we have

n*(tl)zsup{n€R|ﬂ({f5n})Si;}

<t9
< sup{n € [Rz’p({f =n}) < tz}
=n"(t2)

because u({f <n}) < 3 for every n € R with u({f <n}) <1 and the supremum over
a superset is always greater than or equal to that of its subset. This shows that
1* is monotonically increasing.

We now show that ¢ is well-defined. Let ¢ € (0, T']. Since n*(¢) € Ru {oo},
{f <n*®)} and {f =n*(®)} are well-defined measurable sets. These sets are by
definition disjoint and form a partition of the set {f <n*(¢)}.
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If n*(¢) = oo, then we have ¢ = T' and therefore u({f <n*()}) = u({f <oo}) =T.
This implies that

¢t = [(f <ooh]_, Ullr=ea) () = [{f <ool] .
=lg]
e

We subsequently discuss the case in which n*(¢) < co.

Let (17;)ien € RN be an increasing sequence with n; <n*() for all i € N and
n; —n* () for i — oco. Let (n])ien € RN be a decreasing sequence with ni>n*()
for all i e N and 7 — n*(¢) for i — co. We have

ultr <n*}) =(Utr =np)

= lim p({f <n;})
lﬁOOﬁ,t_J

<t.

u({f < n*(t)}) = u(fj{f < n?})

= lim p({f =n;})
l—'OOT

=t.

The latter inequality ensures that

ul{r =n"®}) = u({f <n* @) - ul{r < ®}) = t-p({r < ®})

The restriction in image y|l(=y*(s) is @ minimizing canonical geodesic with total
variation TV(y)n [{f = n*(t)}]N” =[{f = n*(t)}]m' We note that u({f =n*()}) <oco
because u(X) < oo. This ensures that the parameter interval of y|l(r=;+ () is the
closed interval [0, u({f =7n*(#)})] and therefore contains ¢ — u({f <n*(®)}).

PART 2 (¢ IS A CANONICAL GEODESIC). We first show that ¢ is p-essentially
increasing. Let s,t € I with s <¢. Because " is increasing, we have n*(s) < n*(2).
If n*(s) <n*(¢), then we have
0= 4 <" ©H]_ 0Glgpon(s - (ir <n o))
1"

<u[{f =n"6)}]

<u |1 <n*®}]

S P(2).

T

~u
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If n*(s) =n*(¢), then we have
0 =[{r <1} 0ay=ron|s-ulir <n°}))
"
= [tF < @} 0@ lg-pion(sa(ir <n°o}))

S [{f < n*(t)}] _ U(Yll{f:n*(s);)(t—u({f < n*(t)}))
I
= ¢(@).
Next, we show that the measure of ¢(¢) is equal to ¢ for all ¢ € (0, T']. For all

t€(0, T], we have

ulo@) = {[{F <1} OG- (s-ulif <" o))

Sullf=n(OM-,,

= u([{f < "*(t)}]m) (g 1) — U <" (@)

~- =t—p{f <n* (O

=1t.
In conjunction with the fact that ¢ is p-essentially increasing, this means that
u(p(s) A () = u(gb(max{s, t}) \ ¢(minfs, t})) =max{s, t} —min{s, ¢} = |s —¢|

and that u(¢(¢)) — 0 for ¢ — 0. This implies that ¢ is a canonical geodesic and
that Cy =1 is a geodesic constant of ¢.

PART 3 (TV($) = [{f <ool]-,). For =0, [{f <oo}] _, = [X]-, \[{f =oo}]_ im-
plies
H(XN\{f =oo}) = p({f <ool) =T =0,

i.e., f = oo almost everywhere. Thus, we have
[{f <ool], =[], =TV($)

because ¢ has an empty parameter interval.

For T > 0, we use the fact that ¢ is canonical. This implies that TV(¢) is
the destination point of ¢, which is equal to ¢(T'). As we have shown before,
w(p(T)) = T. If n*(T) = oo, then [{f < n*(T)}]Nﬂ cu ¢(T) implies that we have

o) =[{f < oo}]w. If n*(T) < oo, then we have

TS, [{f < n*(T)}]~ < [1f <ool]_,
which implies that
(e A [if <ool] _ ) = p({f <o)~ u(@(T)) =T -T =0,

We can rewrite the measure of the set difference as a difference of measures
because p(X) < co. In either case, we have TV(¢p) = ¢(T) = [{f < OO}Lu-

130



2.3. Measure Space Geodesics

PART 4 (MINIMALITY OF INTEGRAL). Let ¢t € J. By definition, we have

[{f < n*(t)}] . L Pt <y [{f < n*(t)}]

~u

Let A € ¥~, with p(A) = u(¢(2)). We have
Ao s, [{Fzmw}]
~pu
po\A s, [{f<n®}]_.
~u

Therefore, we have

[ rau-|rau=[ ¢ au-[ f au
@(t) A GNA ~~ ANP(t) ~~~

<n*(t) =n*(t)

<" @) (@M \ A) - (AN 9(0)).

Since u(A) = u(p(#)), we have p(Pp(#)\ A) = u(A \ ¢(¢)) and therefore
du— f du<o0.
fqb(t) fdu A fdus= O

The way in which we construct a minimal mean geodesic in[Theorem 2.3.54]is
very complicated. It requires a prior geodesic y that is used to break ties between

points. We note that, if the measure space (X, X, u) is assumed to be both finite
and atomless, then this construction is much simpler because we can invoke the
sparse interpolation theorem (see Theorem 2.3.22). The complicated variant is
useful because it allows us to specify the tie breaking geodesic. However, it does
not generalize the theorem because the existence of a tie-breaking geodesic y
implies atomlessness.

The simplified construction method consists of determining the sublevel set
{f = q} for each q € Q and associating the similarity classes of those sublevel sets
with their respective measures in a support tuple. Because Q is countable, this
yields a support tuple suitable for use in the sparse interpolation theorem. We
can then use the theorem to quickly show the existence of ¢.

Fundamentally, this does not change the underlying construction process.
The sparse interpolation theorem implicitly constructs the relevant segments of
the restricted tie-breaking geodesic y| (s as part of its constructive proof. In
Section 2.3.6] we will show that the conjunction of finiteness and atomlessness
is precisely the condition under which a tie-breaking geodesic can always be
constructed. There, we will use the implicit tie-breaking capability of the sparse
interpolation theorem to construct geodesics connecting arbitrary similarity
classes by interpolating support tuples that do not include any information

besides origin and destination point (see|[Theorem 2.3.71).

2.3.5.2 CONSTANT MEAN GEODESICS

As we begin to move from pure geodesic theory to optimization theory, we rely
heavily on two analogies that hold in most circumstances:

* geodesics behave like affine linear paths; and
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* signed measures behave like linear forms.

In other words, whenever vector space optimization theory uses linear forms, e.g.,
for derivatives, we use signed measures. Whenever vector space optimization
theory would use a vector to represent, e.g., a descent direction, we would use a
canonical geodesic. In this way, we can transfer a lot of optimization theory from
vector spaces to measure spaces.

There is one notable breakdown in this analogy. Usually, we would expect the
composition of a linear form with an affine linear path to yield an affine linear
function. This is not the case with geodesics and signed measures.

Example 2.3.55 (Composing Geodesic and Signed Measure).
We consider the signed measure p: (1) — R with I :=[0, 1] and

,u(A)::f(x—l)dx VA e B1).
A 3

Let y: I — 2U)-~, with

Y@ =0, 1] . vtel
We recall that 1 denotes the Lebesgue measure. It is evident that y is a
geodesic and that y is a signed measure with y << A. The composition of both is

f =poy:[0, 1] — R, which is well-defined because the value of u is the same for
all representatives of a similarity class. We have

£ = u(l0, 1))

L3

1, 1
=t "¢
27 3
_L (t 2)
) 3

for all ¢t € [0, 1].

Thus, rather than being affine linear, f is a quadratic function that starts at
f(0) =0, decreases down to its minimal value f(1/3) = —1/18 and then begins to
increase again, becoming non-negative once more at ¢ = 2/3 and finally ending at

f)=1/6. on the next page illustrates this example. <

xample 2.3.55| proves that concatenations of signed measures and geodesics

are not always affine linear. An interesting question that arises when we think
about this problem is whether we can construct specific geodesics for which this
is the case.

We can, in fact, construct such geodesics. We will refer to them as constant
mean geodesics. This name makes more sense once we take into account that in
a measure space (X, X, u), any signed measure ¢: X — RU {too} with ¢ < p has
a density function, i.e., a measurable function f: X — R such that

$(A) = fA fdu.
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1.0 1 f f 0.25

0.5 - - \/ 0.125
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-0.5 ES + 1+ -0.125
-1.0 + -0.25

00 05 10 00 05 10

Figure 2.5: Illustration of[Example 2.3.55| On the left side, we see the density

function of the measure y with the noted parameter points ¢t =0, t = 1/3, ¢ = 2/3,
and ¢ = 1 marked and associated with their corresponding points on the graph of
f, which is shown on the right side.

Let I =R be an interval and let y: I — ¥/~ be a geodesic with geodesic constant
Cy=0. For s,tel, we have

S(1()) - p(y(®) = fy rau= | rau

y(t)

[ rau-[  rau
Y()\y(t) Y®\y(s)

If y is essentially increasing, then y(s) \ y(¢) = [Q)]Nu for s<tand y(#)\y(s) = [(D]NM
for s > t. In this case we obtain

o) -o(r0)= [ fau-[  fag
Y()\y(®) Y(@\y(s)
Cy-(s—1)
=_r = - . d
w(y(s) Ay(t) y(s)Ay(t)f H
N —t

=sgn(s—t)

1
-Cp|— . dul-(s =),
v (u(y(S)Ay(t)) fy(smymf H ) (=0

Therefore, for an essentially increasing geodesic y, ¢ oy is affine linear if and
only if
1

- d
u(y(s) Ay(2)) y(s)Ay(t)f #

is constant for all s,t € I, i.e., if the mean value of the density function over all
v(s) Ay(¢) is constant. The name constant mean geodesic stems from this fact.

Definition 2.3.56 (Constant Mean Geodesic).
Let (X, X, u) be a measure space, let I <R be an interval, let y: I — ¥/~, be a
canonical geodesic with u(TV(y)) < oo, and let f: X — RU{+oo} be measurable

with
f |fldu < oo.
TV(y)

We refer to y as a constant mean geodesic of f if and only if there exists a constant
M € R such that

1
[ du=M Vs,tel.
u(y(s) Ay(t) fy(s)Ay(t) fau <
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We can construct a constant mean geodesic by a special type of interleaving.
If we have a canonical geodesic y; with f = M in TV(y.) and a canonical geodesic
Y- with f < M in TV(y_) such that the total variations of both geodesics are
essentially disjoint, then we can find reparameterizations of both geodesics such
that their union becomes a constant mean geodesic.

Lemma 2.3.57.

Let (X, Z, pu) be a measure space, let R € ¥/~, be such that w(R) € (0, o), let
y: [0, u(R)] — ¥~, be a canonical geodesic with TV(y) =R, and let the function
f: X — RspU{oo} be measurable with

M::fRfd,uszlfldu<oo.

Then the function fy: [0, W(R)] — [0, M1 with

Fuo= | rau

is uniformly continuous, monotonically increasing, and surjective. If f >0 almost
everywhere in R, then fy is strictly monotonic and therefore bijective. <

PROOF. We note that y(¢) =, TV(y) =R for all ¢ € [0, u(R)| and therefore
05[ fd,usflflduzM vte [0, wR)].
Y(® R

Let R € R = =. Due to the alisolute continuity of the Lebesgue integral and the
fact that f is integrable on R, for every ¢ > 0, there exists § > 0 such that

fodu

This estimate transfers to all representatives of essential subsets of R. Since
TV(y) =R, 11is a geodesic constant of y. For all s,¢ € [0, w(R)] with |s—t| <5, we
can assume without loss of generality that s < ¢ and then obtain

<& VBeXZ:BSRAuB)<E.

6= 0 <] fy S| (S)fdu'

s
Y(@®\y(s)

<€

because u(y(¢)\ y(s)) = |t —s| < 6. This shows that f, is uniformly continuous.
For s,t € [0, u(R)] with s < ¢, we have

fy(t)—fy(s)zf fdu— fd,u:f fdu=0

y(t) ¥(s) Y(@\y(s)

which proves that f; is monotonically increasing. If f > 0 almost everywhere in
R and s < t, then y(¢) \ y(s) = y(s) A y(¢) has strictly positive measure and we have

£ () Fi(s) = f fdu>o0.

Y(®\y(s)
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Since fy is continuous and £,(0) = 0, it is sufficient to show that f, (u(R)) = M to
show that fy is surjective. Since y(u(R)) is the destination point of y and y is
canonical, we have

frluce) = |

fdu=|  fau=m.
Y(R)) TV(y)

Therefore, f, assumes all values between 0 and M and is therefore surjective. If
fy is strictly monotonic, then £, is also injective and therefore bijective. (Il

The bijectivity of f, as defined in{Lemma 2.3.57|for strictly positive functions

f significantly simplifies the construction of constant mean geodesics. If we
choose vy, such that f(x) = M for almost all x € TV(y,) and y_ such that f(x) <M
for almost all x € TV(y-), then f,_ will be bijective. This means that for every
parameter ¢ of v, the corresponding parameter for y_ is given by fy‘} (fY+(t)).

Theorem 2.3.58 (Constant Mean Geodesic Construction).
Let (X, Z, u) be an atomless measure space, let R € ¥/~, with y(R) < oo, and let
f: X - RU{+oo} be measurable with

LIfIdu<oo.

Let 1
M=—:-: dueR.
WR) fRf H

Then we can partition R into R_ = Rn[{f < M}]Np and Ry =Rn|[{f = M}]Ny

and there exist canonical geodesics y_: [0, W(R_-)| — ¥~, with TV(y_) =R_ and
Y+: [O, l.l(R+)] i Z/Ny with TV(/Y+) :R+.
Let any such pair of canonical geodesics y+,y— be given, let

A :=f (f = M)dx,
R,
A ::f (M - f)dx,
R_
and let fy, : [0, p(R)] — [0, Viland fy_: [0, W(R-)] — [0, V_1with
Fro= | (F=ddu veefo, uk.),
Y+
frow= [ =P vee[o, u(R)
Y-

Then we have V. =V_, f,_ is bijective, and the map p: [0, w(R)] — [0, u(R)]
with
p®):=t+ £ (fy, ) Vte[0, uR,)]

is continuous, strictly monotonically increasing, and bijective. Furthermore, the
map y: [0, w(R)| — F~, with

y@):=yi (o M @) uy-(t-p 1) Vie[0, uR))

is a constant mean geodesic of f with geodesic constant 1 and TV(y)=R. <
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PROOF. PART 1 (EXISTENCE OF y.). The existence of y. follows from Theo}
Let
I,.:= [0, IJ(R+)], T, := {0, IJ(R+)}, B.(0):= [¢]~u’ B+(IJ(R+)) =R,
I_=[0, u(RD)], T-:={0, (RO}, B_(0):= [21-,, B_(u(R-))=R_.
Then (I, T+, B+) and (I, T-, B_) are geodesic support tuples according to

[Definition 2.3.15| Because (X, X, p) is atomless, we can invoke [Theorem 2.3.22
to prove that there are geodesics y,: I — ¥~, and y_: I_ — ¥~, such that

y+(0)=[2]-,, y+(u(@R) =Ry,
y-(0)=[2l-,, y-(wR))=R_.

The infimum of both /. and I is 0 and we have y.(0) = y_(0) = [#].,. According
to|Corollary 2.3.13] this means that both y_ and y, are canonical. Furthermore,

we have
TV(Y+) = Y+(0)AY+ (I«L(R+)) =R,
TV(y-)=y-(0)Ay-((R-))=R_.

Let subsequently y,: I, — ¥~, and y_: I — ¥~, be canonical geodesics with
TV(y;)=R; and TV(y_-)=R_.

PART 2 (PROPERTIES OF f,, fy_, p). [Lemma 2.3.57| states that f,, is uni-

formly continuous, monotonically increasing, and surjective. It further states
that f,_ is uniformly continous, strictly monotonically increasing, and bijective.
Concerning the constants V, and V_, we have

V+—V,:f (f—M)du—f (M—f)duszdp—M-u(R)zo
R, R_ R

and therefore V, = V_. This means that f},_} ofy,: [0, WR)] — [0, p(R-)] is
well-defined. We have

pW= _t_ +f (Fr.0) [0, pR)+p®R)] = [0, u(R)].
————

Sll(R+) S/,L(R_)

Therefore, p is well-defined. The continuity of p is evident if fy_}o fy. is continuous.
Let C =R be a closed set. Since Cn [0, wWR _)] is bounded and closed, it is compact
and therefore

C'= (O = (7Y Cn0, wR))) = £y (Cn[0, pRH)) <10, V-]

is the image of a compact set under a continuous map, which is compact and thus
closed. Since f), is also continuous,

C"=(fy o fr,) MO = £, ((F;H7HO) = £ (€ = [0, w(R™))

is also closed. Because the preimage of every closed set under f},__1 ofy, is closed,

f},‘} o fy, is continuous. Therefore, so is p.
The strict monotonicity of p follows from the strict monotonicity of ¢ — ¢
and the non-strict monotonicity of fj,__1 o fy,. The latter follows from the strict

136



2.3. Measure Space Geodesics

monotonicity of fyil, which follows from the strict monotonicity of f,_, and from
the non-strict monotonicity of £y, .

Since p is strictly monotonically increasing, p is injective. Surjectivity follows
from continuity if we can show that p(0) =0 and p(u(R.)) = u(R). We note that
fr.(0) = f,_(0)=0, fy, (u(R)) = V,, and f,_(u(R-)) = V_ = V., which implies
that

p(0)=0+£,"(fy,(0)

=0+£,1(0)
=0,

p(U(R ) = p(B ) + ;72 (fy, (1R V)
= PR+ f (V)
= u(R)+ u(R-)
=wR,UR_)
= wR).

Because p is continuous, this implies that p is surjective. In conjunction with the
injectivity of p, this proves that p is bijective.

PART 3 (PROPERTIES OF y). For all € [0, w(R)] we have p~1(¢) € [0, u(R.)].
Thus, v+ (p~1(¢)) is well-defined. Since p(7) = ¢ for all 7 € [0, w(R)], we also have
p 1) <t forall te [0, u(R)]. We therefore have t — p~1(¢) > 0.

We can most easily show by contradiction that ¢ — p~1(¢) < u(R_). If there
existed ¢ € [0, u(R)] with ¢ — p~1(#) > w(R_) or p~1(¢) < t — u(R_). Because p is
strictly monotonically increasing, this would imply that

t<p(t—-wkR-))
= t=p®R )+ £, fy, (- n(RL))

S/;(IFL)

<t
which is a clearly impossible. Therefore, we have ¢ —p~1(t) € [0, w(R-)] for all
t € [0, u(R)]. This shows that y_(t — p~1(¢)) is well-defined. Therefore, y as a
whole is well-defined.

Next, we show that y is a geodesic. We note that y. and y_ are canonical
geodesics with geodesic constant 1 and that their total variations TV(y.) =R,
and TV(y_) = R_ are essentially disjoint. Since p is strictly increasing, so is p~1.
For s,t € [0, w(R)] with s < ¢, we have p~1(s) < p~1(¢). The non-strict monotonicity
of £, 1o fy, yields

£ (s (07 @) = £ (s (07 0)

~

=p(p~Hs)—p~L(s) =p(p~L&)-p~ 1)

and therefore
s—p s)<t—p Xt) Vs,te[0, u(R)]:s<t.
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This means that ¢ — ¢ — p~1(¢) is also monotonically increasing. We now consider
s,t € [0, u(R)]. Without loss of generality, let s < ¢. Because y, and y_ have
essentially disjoint total variation, we have

e ay®) =y (071) Ay (p71®)) +p(y-(s-p ) Ay-(t-p7 )
=(p M) -p 7))+ (t-p 'O -s+p ()

=t-s

=|s—t|.

which proves that y is a geodesic with geodesic constant 1. Because we have
0=p"1(0)=0-p~1(0), we can infer that

¥(0)=y+(0)uy-(0)=[2]-,.
Therefore, y is canonical and we have
TV(y) =y(u(R))

=7+ (o7 (W®)) Uy (R - p L (u(®))

=7+ (pER D)UY (uR-)
=TV(y,)uTV(y-)
=R,UR_

=R.

To verify the constant mean property, we examine a single ¢ € [0, u(R)]. Let

ty=p '@ € [0, wRy)] and ¢ = f,1(fy, (¢4)) € [0, w(R-)]. By definition, we
have

t=pt) =t +f; (fr.t) =ty +t_.
This implies that t_ =t —¢, =t — p~1(¢) and therefore
Y@ =y () Uy-(t-).
Since y.(t4+) and y_(¢_) are essentially disjoint, we have

f(f—M)duz (f—M)du—f M- f)du
y(t) Y+(ts) y-(t-)

=fy. )= fr (@)
=)= fy (fy_,l(f)q(t+)))

= fY+(t+)_f}/+(t+)
=0.

This implies that
f( FAu=M-t=Muly0) Vee o, )]
(&
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Let s,t € [0, u(R)]. Without loss of generality, let s < ¢. Then we have

[ rau=[  rau
Y(s)Ay(t) Y(@®)\y(s)

= [ rdu-[ rau
y(t) v(s)

= M- (p(y®) - u(y®))
=M - u(y(®O\y(s))
=M - u(y(s) Ay())
and therefore .
. du=M
OrN) fy(smm Fdu

which proves that y is a constant mean geodesic of f. O

The proof described in[Theorem 2.3.58|is constructive, but is notably unspecific

in its choice of y; and y_. It only states that in atomless measure spaces,
such geodesics exist. Indeed, any suitable choice will produce a constant mean
geodesics and there is no “preferred” or “canonical” way to construct a constant
mean geodesic. An obvious choice is to select y, and y_ as minimal mean
geodesics of f — M and M - f, respectively. We refer to constant mean geodesics
constructed in this way as barycenter-focused constant mean geodesics.

Definition 2.3.59 (Barycenter-Focused Constant Mean Geodesics).
Let (X, Z, 1) be an atomless measure space, let R € ¥/~, with u(R) <0, and let
f: X — RU{+o0} be measurable with

LIfIdu<oo.

Let further

M::fRfd,u,

R, =Rni{f =M},
R_:=Rnif <M.

Let y.: [0, w(Ry)] — ¥~, and y_: [0, w(R_-)] — ¥~, be minimal mean geodesics
for (f —M)Ig, and (M - f)|r_, respectively. Then we refer to the geodesic y
described in[Theorem 2.3.58|as a barycenter-focused constant mean geodesic of
f. <

2.3.5.3 GENERATOR GEODESICS

In this section, we discuss a class of geodesics that we will subsequently refer
to as generator geodesic. The distinctive property of a generator geodesic is that
its generated similarity space encompasses the similarity space of the entire
o-algebra. This makes generator geodesics particularly interesting in the context
of rearrangement and pushforward functions because they can perfectly resolve
all functions.
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Definition 2.3.60 (Generator Geodesic).

Let (X, X, u) be a measure space, let I R be an interval. We refer to a canonical
geodesic y: I — ¥~ as a generator geodesic if and only if its generated similarity
space o(y) satisfies o(y) = ¥~, and TV(y) = [X]-,,. <

Let y: I — %¥/~, be a generator geodesic. As the similarity space o(¢) gener-
ated by any canonical geodesic ¢: J — ¥~ is a subspace of ¥/~,,[Theorem 2.3.47|
states that any canonical geodesic can be written as a rearrangement of y. Simi-
larly, because the generated similarity space o(f¥/~, of any measurable function
f:+ X —RuU{*oo} is a subspace of o(y) and since TV(y) = [X]- ,
guarantees that we can push any such function forward through y.

At first, one might question the requirement that TV(y) = [X]. . After all,
one would assume that this is implied by o(y) = ¥/~,. However, this is not the case.
As o(y) is defined as the similarity space induced by the o-algebra generated
by GLSFs of y, o(y) also contains TV()/)G which is the similarity class of the
preimage of {oo}. Therefore, as long as TV(}/)C is a p-atom, a function must have
value 0 on TV()/)C in order to be pushed forward through y, which restricts the
set of functions that can be pushed forward through y.

We can safely omit this requirement if the measure space is atomless. This is
because in this case o(y) = ¥~ implies TV(y) = [X].,. This is relevant because
we will later show that all geodesic and weakly geodesic measure spaces are
atomless. Therefore, all measure spaces in which we can perform iterative
nonlinear optimization using the methods described in are atomless
measure spaces.

Lemma 2.3.61 (Generator Geodesics in Atomless Spaces).
Let (X, Z, p) be an atomless measure space, let I <R be an interval. A canonical
geodesic y: I — ¥~ is a generator geodesic if and only if o(y) =H~,. <

PROOF. Ify is a generator geodesic then o(y) = ¥/~, by definition. We therefore
only need to address the inverse implication. More precisely, we only need to
show that o(y) = ¥~, implies TV(y) = [X].,. We prove this indirectly.

If TV(y) # [X]-,, then we have [X]., # [#]., because TV(y) < [X]- . There-
fore, we have [TV(}/))G =[X1.,\TV(y) #[@].,. Let g € 9(X,X,u,I) be a GLSF
corresponding to y. Then g~1({o0}) € (TV()/))C and thus u(g~1({oo})) > 0. Accord-
ing to[Lemma 2.3.45| g1 ({oo}) is a p-atom in o(g).

Because (X, Z, ) is atomless, there exists a subset A € g71({oo}) with A€ =
and 0 < u(A) < u(g~({oo})). If there existed B € o(g) with B ~, A, then the set
C :=Bn g !({oo}) € a(g) would be a subset of g~1({oo}) with u(C) = w(A). This
would contradict the fact that g1 ({oo}) is a p-atom in o(g).

There therefore exists a set A € X such that there exists no B € g(g) with
B ~, A. This implies o(y) = ¢(&/~, # ¥~,. This indirectly shows that o(y) = ¥~,
implies TV(y) = [X].,. Therefore, y, which is assumed to be canonical, is a
generator geodesic if o(y) =¥~ O

As the name suggests, generator geodesics can be constructed by interpolating
between support points that are derived from a generator of the underlying o-
algebra. To do so, we have to assume that the underlying measure space is
atomless. Because a generator geodesic is a canonical geodesic whose destination
point is [X]. ,, the proof of| will later show that the existence of a
generator geodesic implies the atomlessness of the underlying measure space.
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Theorem 2.3.62 (Existence of Generator Geodesics).

Let (X, Z, p) be a countably generated atomless measure space, let (G;)ien S Z
be a countable generator of Z with u(G;) < oo for all i € N. Then there exist an
interval I <R with either I = [0, w(X)] or I = [0, (X)) and a generator geodesic
y:I—3%~,. <

PROOF. PART 1 (SUPPORT TUPLE). We make use of the fact that Ny is count-
able. This allows us to define the support tuple through a process of gradual
refinement. Subsequently, each support point will be identified by an index
tuple (i, j) e N% where j identifies the refinement level of a support point and i
identifies the index of the support point within that level. To simplify notation,
we include duplicates of support points from prior levels in each subsequent level.
The idea is to gradually build a countable union of all sets in the generator
on level j = 0 and refine the steps on each subsequent level j > 0 by decomposing
each step into its intersection with G; and its set difference from G;. We first
introduce the “step sets” D; ;. Let
i-1
Di,() ZZGL'\(U Gk) VieN,
k=1

Di,j=

D;. ;nGj ifi=0 (mod 2),
2 VjeN, ieN.

D”Tl,j—l\Gj ifi=1 (mod 2)

It is evident that the entries of (D; ¢);en are pairwise disjoint by construction.
From this, it follows inductively that the entries (D; j);en are pairwise disjoint
for all levels j € Ng. We define
i
Bi,j = U Dk,j V(i, ]) € Nz,
k=1
tij=uBij) VG, )ENG.

We note that, because (G ;) < oo for all j €N, we have t; j <oo for all (i, j) € N%.
The three components of our support tuple are T := {ti,j | (i, j)e Ng}, I :=conv(T),
and B: T — ¥~, with

B(t;j)=[Bi;]_ VG, j)eNy.

~r
The sequences (B; j)ien and (¢; j)ien are straightforwardly monotonically increas-
ing for all levels j € Ng. In order to show the required inclusion relations, we have
to establish a relationship between different refinement levels. For all (i, j) € I\Ig,
we have

2i

By; j+1=J Dk j+1
-1

ol
|

C~

(D2p-1,j+1Y Do jr1)

™
Il

1

;
= J(Dr,j\Gj+1)UDp,jnGj1))
k=1

Il
C«.

Dy,

ol
I

1

I
=

L
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By applying this identity inductively over & € Ny, we obtain
By ;o1 =Bij VG, j, HENG.

We note that this implies ¢, =t; ; because of the definition of ¢. Let (i, j)

i,j+k
and (%, /) be index tuples in N%. Without loss of generality, let [ < j, which means
that we have

Ll =toj-1p j»
Bk,l = sz_lk,j'

We now distinguish two cases. If 27 ~Ip <, then the monotonicity of i — ¢; ; and
i — B; j guarantees that boj-ip j <ti;j and BZj’lk,j S B; ;. In this case, we have

(B j ABp) = B; j ABys1y, ;)
= ,U«(Bi,j \B2j—lk,j)
= W(Bi,j) = i(Byj-1y, ;)

=ti,j~toip,j
= tij—toip,
=1¢ij—trl

Conversely, if 27’k > i, then tyi-ip j Z ti,j and Byj-1;, ; 2 B; j, which means that
we have

WBi,j ABy ) = u(B;,j AByj-1y, ;)
= {(Byj-1p, ; \Bi,j)
= H(sz_lk,j) - )U'(Bl,])

=loj-tp,j~ti,j
= tij—tgj-1p
=t —tril

This means that ¢; ; = £;; always implies [Bi,j]~u = [Bk,l]w. Therefore, the
mapping B is well-defined. In all cases, we have

w(B(ti ) AB(tR) = Itij—teyl VG, j, k, DENG.

In conjunction with I = conv(T'), this means that (I, T', B) is a geodesic support
tuple according to[Definition 2.3.15|
For all i, j € Ng, we have ¢; ; = u(B; ;) = 0. This lower bound is also realized by

to,0 = (Bo,0) = (@) =0.

Therefore, I includes its infimum 0. This means that I is either a closed or a
half-open interval with included infimum 0. Because (G;);en is an enumeration
of a countable generator of X, we have

o0

sup t;,; = sup H(LlJ Dk,j) = sup u( le,j) =u(kf=j1Gk) = p(X).

i,j€No i,jeNo k=1 JENo k=

We therefore have either I = [0, u(X)] or I = [0, w(X)). If u(X) < oo, then the
final geodesic can be continuously extended to u(X).
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PART 2 (DENSITY OF PARAMETERS). In order to use the dense interpolation

theorem (Theorem 2.3.18), we have to ensure that (I, T, B) is a dense support
tuple. To this end, we first have to prove that the o-algebra generated by the

step sets D; ; is equal to Z. To simplify notation, let

2:={D, ;li,jeN},
¢ ={G;|i eN}

Because the sets in & are constructed from the sets of the generator ¥ entirely
by finite union and intersection, we have 2 < 0(¥) and therefore

0(@)co(¥)=2.

If we can show that all elements of ¢4 can be constructed by countable union
from sets in 2, then that would prove the converse inclusion. For this, we can
make use of the fact that the j-th step refinement level consists precisely of the
intersections with and differences of prior steps with G ;.

Let j € N. We have

b
I
N
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=
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~
Il
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Because Dy;_1,;NG; = @ for all i € N by definition, we have
G;=G;nX

(o0}
=UDi;nG)
i=1

and therefore G € 0(2). Thus, we have ¥ < 0(2) and therefore
Z=0(¥%)<co(2).

By mutual inclusion, we have therefore proven that 0(2) = Z. This is signif-
icant because (X, X, p) is atomless, which allows us to construct a proof by
contradiction.
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If we were to assume that T is not dense in I, then there would exist t* € T
such that ¢* is not an accumulation point of 7'. This would imply that there is a
neighborhood of ¢t* that does not intersect T'. Let R > 0 be such that

|t -t j|>R Vi,jeNp.

Because to,0 = 0, we would know that ¢* > 0. Because ¢t* would not be an accu-
mulation point of T', we would know that ¢t* < supl. Finally, because i — ¢; ;
would be monotonically increasing for all j € No and because ¢ = 9,1, ; for all

(J, Rk, De Ng with I < j, we would know that conv{¢; ;|1i € No} =1 and ¢; j — supl
for i — oo for all j € Ny. Let
i; =max{ieNpl|t;; < t*} VjeNp.
—
finite set

Because t* would not be in 7', we would have ti;’ j <t* for all j € Ng. Furthermore,
because support points are replicated on subsequent levels, j — ti;’ j would be
monotonically increasing. Similarly, due to the monotonicity of i — ¢; ;, j — ti;+1, ;i
would be monotonically decreasing with ti;+1, ;i >t* for all j € Ng. Due to the

monotonicity theorem for geodesic support tuples (Lemma 2.3.16) the sequence
= (Blti; ) AB(iz14,)))

would essentially monotonically decreasing. We would then define

Q= ﬂ (B(tij*.,j)AB(ti;+1,j))

Il
8l

(Bi: jABix11,))

~
I
(=)

(Bi;‘.+1,j\Bi;‘.,j)

~
Il

Il I
8 178

Diss1,j.
0

~
Il

Evidently, we have @ € Z. For j € N, depending on whether i; =1 (mod 2) or
i;‘. =0 (mod 2), we would have

G; if i;‘. =1 (mod 2),

gD~* g
Q 541 {GE ifi;fgo (mod 2).

For the measure of @, we would find that
oo
we) = /J(ﬂ(Bi*.,j ABi’f+1,j))
j=0 J J
=J.i€an0N(Bi;,j ABiriy)

= inf t;« i —tie 1l
jeNg. L ii+1,j
>2R

>2R
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2.3. Measure Space Geodesics

In order to show that @ would be a p-atom, let
F:=(2nQ%u{AauQ|Aczn@%uiauQb|AcznQllcx

where ~n QC is the o-algebra consisting of the intersections of sets in ~ with QC.
Z is specifically designed such that it contains no true subsets of @ other than @.
Furthermore, & trivially contains @ and is closed under complementation and
countable union. Thus, & is a g-algebra.

For each j €N, we would have either @ < G, in which case

G;i=G\QUQEeZ,

N— —
eZmQE
or we would have @ < GE, in which case

Gi=G,\QexnQlco.
N—_——

EZHQC

Therefore & would contain all members of 4. We would then have X~ = 0(¥¢) € &.
In conjunction with & < X, this would mean that & = Z. However, because &
contains no non-empty true subsets of @, this would imply that @ would be a
u-atom in X, which would contradict the premise that (X, X, p) is atomless.

To avoid this contradiction, our initial assumption that 7 is not dense in I
must be false. Therefore T' must be dense in I and (I, T, B) must be a dense
geodesic support tuple.

PART 3 (CONSTRUCTION OF y). Because (I, T, B) is a dense geodesic support

tuple, [Theorem 2.3.18|shows that there is a unique geodesic y: I — ¥~, such that
Y(¢ti;)=Bij; Vi,j€Np.

Because y(infl) = y(¢g,0) = [(D]Nu is an origin point of y, vy is canonical. Let
ge€9X,Z,u,I) be a GLSF corresponding to y. The similarity space generated
by v is given by o(y) = 9(¢)~,. Bearing in mind that (TV()/))C would have to
be a u-atom in o(g) if it had non-zero measure (see and that
(X, Z, p) is atomless, it is sufficient to show that ¥~, c o(g)~, to show that yis a
generator geodesic. TV(y) = [X]-, then follows from the fact that the complement
of TV(y) has to be a nullset. The converse inclusion follows from the fact that g
is measurable.

We have already shown that X = 0(¥) = 6(2). We invoke to
show that 0(D)~, c o(g)~,. According to that lemma, if for each (i, j) € N2, there
exists a Borel set C; j € 9(I) such that g‘l(Ci,j) ~uD; j, then for each measurable
set A € 0(2) = Z, there exists B € 0(g) with A ~, B.

Let i,7 € N. We have

D;;j=Bi;j\Bi-1,
€B(t; )\ B(t;-1,5)
=y(t; )\ y(ti—1;)

= [g_l((tifl,b ti’j])]w’
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2. THEORETICAL FOUNDATION

which means that D; ; ~, g }((t;-1,j, ti ;1) € 0(g). According to[Lemma 2.3.36]

this means that for every A € 0(2) = Z, there exists B € o(g) with A ~, B. This
implies
Y~ S 0@~

As indicated, the converse inclusion follows from the measurability of g. Thus,
o(y)=0@)~, =2~,.

Because of this identity, the fact that (X, X, u) is atomless implies that (TV(}/))E
is a nullset. Therefore, we have TV(y) = [X]- . Together with o(y) = ¥~, and the
fact that y is canonical, this implies that y is a generator geodesic. 0

Generator geodesics have great value in the context of relaxation methods
with adaptive grid choice, where they can be used to transfer one-dimensional
rounding methods to multi-dimensional problems. They could also potentially be
used to restore the generated o-algebra of a geodesic after it has been degraded
through rearrangement, though exactly how one would achieve this is unclear.

2.3.6 Characterizing Geodesic Measure Spaces

In this section, we provide strong characterizations of when the similarity space
associated with a measure space is geodesic. A metric space is called geodesic if
and only if any two points within it can be connected using a geodesic.

Definition 2.3.63 (Geodesic Measure Space).

We refer to a measure space (X, X, p) as being geodesic if and only if for any
two similarity classes A, B € ¥/~,, there exist an interval I £ R, parameters s,z € I,
and a geodesic y: I — ¥~, such that A =y(s) and B = y(¢). <

This definition is very restrictive. In a geodesic measure spaces, the distance
between @ and the universal set X must be realized by some finite parameter
interval of a geodesic. Because parameter differences are proportional to distance
for geodesics, it is evident that a geodesic measure space must be finite.

Lemma 2.3.64 (Finiteness of Geodesic Measure Spaces).
Let (X, Z, p) be a geodesic measure space. Then (X) < oo. <

PROOF. The o-algebra X contains both @ and X. Because (X, X, p) is geodesic,
there exist an interval I € R, parameters s, € I, and a geodesic y: I — ¥~, such
that y(s) =[®]~, and y(¢) =[X]-,. Let Cy = 0 be a geodesic constant of y. We have

wX) =X A@)=p(y@®) Ay(s)) =Cy-|s—t| < oco. 0

For our purposes, this restriction is not problematic because nonlinear op-
timization is generally only performed in bounded search spaces. However, we
can mitigate the restriction somewhat by weakening the definition of geodesicity.
This allows us to make use of the fact that even infinitely long measure space
geodesics have well-defined origin and destination points.

Definition 2.3.65 (Weakly Geodesic Measure Space).

We refer to a measure space (X, X, u) as weakly geodesic if and only if for any
two similarity classes A,B € ¥~,, there exist an interval I <R and a geodesic
Y: I — %~, such that A is an origin point of y and B is a destination point of y.<
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2.3. Measure Space Geodesics

Weak geodesicity is indeed strictly weaker than strong geodesicity. To demon-
strate this, we first show that every geodesic measure space is also weakly
geodesic.

Lemma 2.3.66 (Strong and Weak Geodesicity).
Let (X, Z, ) be a geodesic measure space. Then (X, X, ) is weakly geodesic. <

PROOF. Let A,B € ¥-~,. Because (X, X, p) is geodesic, there exist an interval
I ¢ R, parameters s,t € I, and a geodesic y: I — %/~, such that y(s) = A and
v(¢) = B. Without loss of generality, let s <¢. Otherwise we reparameterize y
with ¢t — —¢. The map vls, 4: [s, t]1 — ¥~, is a geodesic with origin point A and
destination point B. (I

The fact that weak geodesicity is strictly weaker than strong geodesicity stems
from the fact that it allows for connections between infinitely distant points. This
means that we are no longer restricted to finite measure spaces. However, there
is still a notable finiteness requirement on the underlying measure space: in
order for @ and X to be weakly connected by a geodesic, the symmetric difference
between them has to be similar to a countable union of step differences along the
geodesic, all of which have to have finite measure. Therefore, X must be similar
to a countable union of sets of finite measure. This means that the underlying

measure space must be at least o-finite (see [Definition 2.1.2).

Lemma 2.3.67 (Weak Geodesicity and o-Finiteness).
Let (X, Z, p) be a weakly geodesic measure space. Then (X, X, u) is o-finite, i.e.,
there exists a sequence (A;)jen, S Z such that (A;) < oo for all i € Ng and

i=0 <

PROOF. Since ¢ € Z and X € Z, there exist an interval I € R and a geodesic
y: I —v~, such that [@]-, is an origin point of y and [X]- , is a destination point
of y. Because [@]-, is an origin point of y, y is canonical. Let Cy = 0 be a geodesic
constant of y.

If I = @, then u(X)=0 and we can set A; :=X for all i e Ng. If I # @, then
we can find sequences (s;)jen €1 and (¢;);en €1 with s; — infl and ¢; — sup[ for
i — 00, respectively. We define ﬁi =7v(s;) Ay(¢;) for all i e N. Then we have

A =TV(p) =I[X].,

s

with A; <p [X]1-, for all i € N because y is canonical. Furthermore, we have
WA;)=Cyls; —t;|<co VieN.

For each i €N, let A; € A; be a representative of A; such that A; = X. We have

(o)
A~ X.
i=1

Let -
Ag=XA LJzﬁi::)(\

UA..

i=1 i=1
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Because X ~, U2, A;, we have u(A) = 0. We also have

oS} e}
UAi =A0UUAL‘=X
=0 i=1

1=

which proves that (X, X, u) is o-finite. O

On its own, o-finiteness is not yet a sufficient condition for weak geodesicity.
There is a second necessary requirement for geodesicity that complements the
finiteness requirement: atomlessness. Together, atomlessness and o-finiteness
will turn out to be sufficient to imply weak geodesicity. We can already see the
atomlessness requirement being foreshadowed in Geodesicity
requires the existence of geodesics whose total variation is represented by the
universal set X. Therefore, y-atoms must be confined to the complement of [X]-,
which consists entirely of nullsets. Since nullsets cannot be atoms, this means
that weakly geodesic measure spaces must be atomless.

Lemma 2.3.68 (Weak Geodesicity and Atomlessness).
Let (X, Z, ) be a weakly geodesic measure space. Then (X, Z, u) is atomless. <

PROOF. We prove the claim by contradiction. We assume that there exists a
p-atom A € . Then there would exist an interval I R and a geodesic y: I — %/~,
such that [@]., is an origin point of y and [A]., is a destination point of y.
Because [¢]-, is an origin point of y, y is canonical. Since u([A]-,) = u(A) >0,y
has a strictly positive geodesic constant C, >0 and I has nonzero length.

Because I has nonzero length, we can select ¢y € I from the interior of I. The
fact that y is canonical means that we have y(to) <, TV(y) = [Al-,. Let B € y(¢o)
be a representative of y(¢¢9) such that BC A.

Because t( is in the interior of I, there exists ¢1 € I with ¢1 > ¢¢9. We have

wB) = M(Y(to)) =Cy-to>0
and

p(y(t) — pB) = p(yt1) — p( y(to) ) = u(y(t1) Ay(to)) = Cy - t1 — tol > 0.

Suy(t1)

The first estimate proves that u(B) > 0. The second estimate demonstrates that
W(B) < u(y(t1)) < u(A). In conjunction with the fact that B is a measurable set
with B € A, this contradicts the assumption that A is a pg-atom. The contradiction
shows that (X, X, y) must be atomless. O

We now know that o-finiteness and atomlessness are necessary conditions for
weak geodesicity. Similarly, because strong geodesicity implies weak geodesicity,
we know that finiteness and atomlessness are necessary conditions for strong
geodesicity. We now demonstrate the converse implication.

Lemma 2.3.69 (Weakly Connecting Geodesics).

Let (X, X, pu) be an atomless, o-finite measure space, and let A,B € ¥/~,. Then
there exist an interval I R and a geodesic y: I — ¥~, such that A is an origin
point of y and B is a destination point of y. <
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2.3. Measure Space Geodesics

PROOF. We proceed in three stages. First, we show that there exists a canonical
geodesic y1: J — ¥~, with destination point [X].,. We use restriction in image to
construct a canonical geodesic yg: I — %/~, with destination point A A B. Finally,
we translate yo by A to obtain a geodesic with origin point A and destination
point B.

PART 1 (CONNECTING [QS]NP AND [X]Nﬂ). Because (X, X, p) is o-finite, there
exists a sequence (A;);en € 2 with u(A;) <oo for all i e N and

(0]
A, =X.

i=1
Let '

14

BiIZ[UAJ‘] €¥~, VieNp.
j=1 T

We note that Bg = [@]-,. The sequence i — B; is essentially increasing and

satisfies

i
uBip)< ) A <oo VieNp.
Jj=1

Because i — B; is essentially increasing, so is i — ¢; with
t; =uB;) VYieN.

Let 7,7 € Ng. Without loss of generality, let i < j. Then we have B; <, B; and
t; =t;. We further have

H(B; AB;)=wB;\B;)=pu(B;)—puB;)=t;—t; =tj—t;l.
This means that for T :={¢; |i € Np}, I :=conv(T), and B: T — ¥~ with
B(t;)==B; VieNp,

the tuple (I, T, B) is a geodesic support tuple according to [Definition 2.3.15|
Because (X, Z, p) is atomless, according to the sparse interpolation theorem
(Theorem 2.3.22), there exists a geodesic y;: I — ¥~, with y1(¢;) = B; for all
i € No. Because to = 0 =inf1, the origin point of y; is [#]~ ,, which means that y;
is canonical. Because i — ¢; is monotonically increasing, we have ¢; — sup! for
i — oco. Therefore, we have

TV(y1) = J( y(0) Ay(t))
iZO v
=lgl-,

= U@

i=0
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Because Y is canonical, TV(y7) is the destination point of y;. Thus, y; weakly
connects [QB]NH and [X]NH.

PART 2 (CONNECTING [@]., AND A AB). Let y; be the geodesic constructed

in the previous part. If u(X) < oo, then we invoke [Theorem 2.3.14|to extend y;1 to
the parameter interval [0, u(X)] without changing its total variation. Let J <R

be the resulting parameter interval which is either closed or equal to the half
open interval [0, co).
Let A,B € ¥/~,. Let uy; anp be the localized measure of variation according

to |[Lemma 2.3.50} and let I := uy; aaB(J). Let y2 = yillaap: I — ¥~, be the

restriction in image of y; to A A B. Then y3 is a canonical geodesic with origin
point y2(0) = [@#]-, and destination point

TV(ye)=TV(y1)n(AAB)=[X].,Nn(AAB)=AAB
according to[Theorem 2.3.51

PART 3 (CONNECTING A AND B). Let yg be the geodesic connecting [@]-,
with A A B that we have constructed in the previous part. By translating y2 we
obtain y:=y9 AA: I — ¥~, with origin point

[¢]l., AA=A
and destination point

TV(y2) AA=(AAB)AA=B. O

With this, we have both necessary and sufficient conditions for weak geodesic-
ity, which means that we have an “if and only if” characterization of weakly
geodesic measure spaces.

Theorem 2.3.70 (Strong Characterization of Weak Geodesicity).
A measure space (X, Z, u) is weakly geodesic if and only if it is both atomless and
o-finite. <

PROOF. PART 1 (= ). For this part of the proof, we invoke |[Lemmas 2.3.67
and [2.3.68

PART 2 (<). For this part of the proof, we invoke [Lemma 2.3.69 ]

As one might expect, the strong characterization of strong geodesicity is
similar, except that it requires finiteness instead of o-finiteness.

Theorem 2.3.71 (Strong Characterization of Geodesicity).
A measure space (X, Z, p) is geodesic if and only if it is both atomless and finite. <

PROOF. PART 1 (= ). We invoke|Lemma 2.3.66| and [Theorem 2.3.70|to show

that (X, X, p) is atomless. We invoke |[Lemma 2.3.64]to show that (X, X, p) is
finite.
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2.4. Differentiable Functions in Similarity Spaces

PART 2 (<). Since (X, X, p) is finite, it is also o-finite. states
that (X, X, p) is weakly geodesic.

Let A,Be€¥-~,. If A =B, then A and B can be connected using the geodesic
v: [0, 0] — ¥~, with y(0) := A = B. Let subsequently A # B. Because (X, 2, )
is weakly geodesic, there exist an interval I R and a geodesic y: I — ¥~, with
origin point A and destination point B.

Because A # B, y must have a strictly positive geodesic constant C, > 0. The
length of the interval I is bounded by

WALB) _pX)
CY CY

Thus, I must be bounded. According to[Theorem 2.3.14} we can extend y to the
closure I of I using its limit points. We then have y(infI) = A and y(supl) =B.0J

Al) =

This closes our discussion of measure space geodesics. We now have a firm
grasp of what measure space geodesics are, how to work with them, and what
kinds of requirements a space must satisfy to have them. With this, we can now
focus on the theory of optimization in similarity spaces.

2.4 DIFFERENTIABLE FUNCTIONS IN SIMILARITY SPACES

Our discussion is limited to optimization problems where all involved functionals
are differentiable. In this section, we discuss the meaning of “differentiability.”
Differentiability is a concept that is usually discussed in vector space contexts.
Since some concepts from vector spaces are not transferrable to similarity spaces,
we define differentiability slightly differently in our context.

Throughout this section, we assume that the underlying measure space
(X, Z, p) is finite and atomless. We discuss set functionals of the form

F:¥.,-R

which satisfy a differentiability criterion analogous to Taylor’s theorem.

We introduce this criterion in[Section 2.4.1]and show necessary conditions for
local optimality as well as a curvature-based sub-optimality estimate. To show
that our derivative concept is practically useful, we show in that
suitable derivatives can be derived from Banach space derivatives.
and[2.4.4] apply this approach to reduced functions whose evaluation requires the
solution of an ODE or a sufficiently simple PDE.

2.4.1 Taylor Criterion

[Definition 2.4.1|and [Proposition 2.4.7|were first formulated in [HLS22]. The
concept of benign differentiability was added in this thesis. The curvature criterion
in|Propostition 2.4.8|was stated in a weaker form that did not require geodesics
but required additional assumptions about the functional.

We base our differentiability concept on a truncated first order Taylor expan-
sion. In vector spaces, the first order derivative is generally expressed as a linear
form. The analogue of a linear form in a similarity space is a signed measure.
To ensure that this measure is well-defined on the similarity space, we require
that it is absolutely continuous with respect to the measure of the underlying
measure space because this allows us to invoke [Proposition 2.2.13]
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Definition 2.4.1 (Differentiability).
Let (X, X, u) be a finite atomless measure space. We refer to a function
F: ¥~, — R as differentiable in U € ¥/~, if and only if there exists a finite signed
measure

oU): Z—R

with ¢p(U) < p such that
FU AD)-FU)=¢pU)D)+o0(D)) VYD €Y~

In this case, we refer to ¢p(U) as the derivative or gradient of F in U. We write
VF(U) = ¢. We refer to F' as being differentiable if and only if F is differentiable
in every U € ¥/~,. <

Because part of our definition of differentiability is that the signed measure
¢(U) must be absolutely continuous with respect to ¢, we can invoke the Radon-
Nikodym theorem to show that the signed gradient measure has a density
function.

Lemma 2.4.2 (Gradient Density Function).

Let (X, Z, p) be a finite atomless measure space, let U € ¥~,, and let F': ¥~, — R
be differentiable in U. Then there exists an integrable function g(U) € L'(Z, )
such that

VFU)D) = f gU)dy VDeS.
D

We refer to g(U) as the gradient density function of F' in U. <

PROOF. According to [Definition 2.4.1) we have VF(U) <« u. According to the

Radon-Nikodym theorem (Theorem 2.1.12), there exists a py-integrable function
g(U): X — R such that

VF(U)(D)=[ gU)du VDEeZX. C
D

An interesting phenomenon arises because, in similarity spaces, every class
is its own additive inverse. This means that, even for small steps U AV, the
gradient VF has to invert sign on the similarity class U A V. For continuously
differentiable functionals, we would therefore expect that

(VF(U)-VF(V))(U AV)=2-VEU)U AV).

This is potentially a concern because it shows that, even for “continuously”
differentiable set functionals, where the gradient measures in two points should
converge as the distance between the points decreases, there will always be at
least a small set where the average value of the gradient measure changes to a
value close to the additive inverse.

To compensate for this effect, we define the “distance” between derivatives
slightly differently. When we compare VF(U) with VF(V), we use the variation
of their differences as we normally would. However, inside of the step U AV, we
use the variation of the sum instead, because we expect the sign to be inverted.
We refer to the resulting positive measure as the “locally inverted difference
variation.”
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Definition 2.4.3 (Locally Inverted Difference Variation).

Let (X, Z, p) be a measure space, let R € ¥~,, let S(Z,u) be the set of all
finite signed measures ¢: X — R with ¢ <« u, and let P(Z,u) be the set of
all finite positive measures ¢: X — Ryo with ¢ < u. We refer to the map
(‘Ie% ): S(Z, 1) x S(Z, pu) — P(Z, 1) with

(wgv)(D) =lp-vID\R)+|p+vI(DNR) V(p,v,D)e (S(Z,p))2 x X

as the R-locally inverted difference variation. <

We then define continuous differentiability to be the property that for suf-
ficiently small steps U AV, the (U A V)-locally inverted difference variation
between VF(U) and VF (V) disappears.

Definition 2.4.4 (Continuous Differentiability).
Let (X, %, p) be a finite, atomless measure spaces. We refer to a differentiable
set functional F': ¥~, — R as

(1) continuously differentiable in U € ¥/~, if and only if for every € > 0, there
exists 6 > 0 such that

(VF(U)U%]VF(V))(D) <e- D) VV,De¥~,: W(UAV)=<;

(2) continuously differentiable if and only if F' is continuously differentiable in
every U € ¥/~,;

(3) uniformly continuously differentiable if and only if for every € > 0, there
exists 6 > 0 such that

(VF(U)UiV VF(V))D)<e-uD) YU,V,DeY~y: w(UAV)<S;

(4) locally Lipschitz-continuously differentiable if and only if for every U € ¥/~,,
there exists a neighborhood .4 of U and constant L = 0 such that

(VFOV) o VFOW)D)<L-p(V AW)-uD) YV, Wye A%, Der,

In this case, we refer to the constant L as a Lipschitz constant of the
derivative on A;

(5) Lipschitz-continuously differentiable if and only if there exists a constant
L =0 such that

(VF(U)UiV VF(V))D)<L-wU AV)-u(D) VYU,V,D€Y~,.

In this case, we refer to the constant L as a Lipschitz constant of the
derivative. <

Because the underlying measure space is finite, it is evident that Lipschitz
continuous differentiability implies uniform continous differentiability, which in
turn implies continuous differentiability.

The definitions of continuous and Lipschitz-continuous differentiability ap-
pear very restrictive because they require that the locally inverted difference
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variation be bounded above by a multiple of the “step measure” u(D), which
would appear to imply some sort of L*° continuity of the gradient measure’s
density function. This type of continuity is essential when estimating changes
along a geodesic as we shall see in[Proposition 2.4.8f We show in[Theorem 2.4.13]
that these types of continuity can be derived from corresponding continuity of
Fréchet derivatives.

We note that, even if the derivative is continuous in some way, the integrable
density function can still assume arbitrarily high local average values as long
as the set on which they are assumed is sufficiently small. This is because
the absolute continuity VF(U) <« u implies VF(U) — 0 for uw(U) — 0, but not
necessarily VF(U) = o(u(U)).

For unconstrained optimization, the latter is only required for suboptimality
estimation. However, we will see that it is required to formulate a chain rule
for compositions where a differentiable real function is applied to the result of a
diffentiable set functional. This is essential for penalty or barrier methods where
the output of a set functional is used as an argument to a nonlinear function. We
will also see that the way in which a functional changes along a geodesic becomes
much more significant in the context of constrained optimization.

Definition 2.4.5 (Benign Differentiality).
Let (X, Z, p) be a finite, atomless measure space. We refer to a differentiable set
functional F': 2/~, — R as benignly differentiable in U € %/~, whenever the density
function g of VF(U) is essentially bounded, i.e., g € L*(Z, ). We refer to signed
measures with essentially bounded density functions as benign.

We call F benignly differentiable if it is benignly differentiable everywhere.
Similarly, we allow the adjective benign or its adverb to be combined with the
various types of continous differentiability given in <

For benignly differentiable set functionals, the aforementioned chain rule
follows straightforwardly.

Theorem 2.4.6 (Chain Rule for Benignly Differentiable Functionals).
Let (X, Z, p) be a finite, atomless measure space. Let F: ¥~, — R be benignly
differentiable in U € ¥~, and let h: F(¥~,) — R be differentiable in F(U).

Then the set functional hoF: ¥/~, — R obtained by applying h to the result of
F is benignly differentiable in U and its derivative satisfies

V(hoF)U)=h'(FU))-VFU). <

PROOF. Let V € ¥~,. We have

h(FV) - R(FW)) = k' (FQ)) - (FV) - FO) +o(|FV) - FW)

hl
B (FQ)) - (VFUXU AV)+o(u@ AV))) +o(|FO) - F@)])
h/

(F@)-VEU)U AV) +o(u(U AV)) +o(|F(V) - F@)) ).

Let g € L1(Z, u) n L(Z, 1) be the density function of VF(U). Because the density
function is u-essentially bounded, there exists a constant C < oo such that |g| < C
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u-almost everywhere in X. We therefore have
[F(V)-F@)| = [VFO)U AV)+o(uU A V)|
= U gdp+o(u(UAV))‘
UAV

sf lgldp+o(uU AV))
UAV
sC-pUAV)+o(uU AV)).

Therefore, we have

R(FOV))=h(FU)) =h'(FU))-VFUXU AV)+o(uU AV)) + o(|F(V) —F(U)|)

(

FU))-VEU)U AV)+o(uU AV)) +o(o(iU A V)
(F(U))-VEWUYU AV)+o(uU AV)),

h/
h/
hl

which means that A oF is differentiable in U with the derivative measure
V(hoF)=h'(F(U))-VFU). O

We will make extensive use of this chain rule when we discuss penalty
methods in For now, we turn our attention to the formulation of
first-order necessary optimality criteria.

We can relatively easily show that if the point U around which the derivative
is developed is a local optimum, then the gradient measures are positive measures
and the gradient density functions are non-negative almost everywhere.

Proposition 2.4.7 (Necessary Optimality Criterion).

Let (X, Z, p) be a finite atomless measure space, and let F': ¥/~, — R be differen-

tiable in U € ¥~ such that there exists a neighborhood N < ¥~, of U with
F(V)=zFU) VVe.

Then we have
VFU)YD)=0 VDeZX.

If g(U) is the gradient density function of F in U, then this is equivalent to

f min{g(U), 0}du=0 fora.a. xeX.
X

PROOF. We prove the claim indirectly. Let D* € X be such that
VFU)D*)<0.

According to the Hahn decomposition theorem (Theorem 2.1.5), we can partition
D* into D},D* € X such that

VF(U)D)=0 VYDeZX:DcD},
VFU)D)<0 VDeX:DcD*.
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We then have

VFU)D*)<VFU)D)+VFU)D*)=VFU)D*)<0
—_—

=0

and therefore VF(U)(D?*) < 0. Since VF(U) <« u, VF(U)D?*) # 0 implies that
uD*)>0.

Let Ro > 0 be fixed such that V € A4 for all V € ¥~, with w(U AV) < Ry. Such
an R exists because .4/ is a neighborhood of U. According to [Definition 2.4.1]
there exists R1 > 0 such that

|VFWU)D*)|

FU)-F(V)-VFU)UAV)| <
[F@-FW)-VFOUAV)| < 50

WUAV) YV e¥ey: f(UAV)<Ry.

Let R :=min{Ry, R1}. Since (X, Z, p) is finite and atomless, [Bog07, Thm. 1.12.9]
demonstrates that there exists a finite partition (D*));e[n) € Z" of DZ such that
wD*,) <R for all i € [n]. Without loss of generality, let w(D*,) > 0 for all i € [n].
This is always achievable because (D *) > 0, which implies that there exists at
least one i € [n] with u(D*,) > 0 to which nullsets can be attached.

It is evident by contradiction that there must exist i* € [n] with

wD*..)
wD*)

VF(U)D?*,.)< VFU)D?)-
This is evident because the negation would imply that

VF(U)D) =} VFU)D:,)
i=1
n wiD*.)

VFU)D*
= Y, VFOU) >(D:_)

n VF<U)(D;>
; wD*,)
>0

VFU)DX)
w(D¥)

VFU)D?)
D
-~ wDr) l:zi HDZ)

———
=u(D*)>0
=VFU)D?).

Let subsequently D :=D*., and let V:=U AD. We have

wUAV)=uD) <R <min{Ry, Ry}
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and therefore V € A as well as

<0

———
|[VF@WU)D?)|
FV)<FU)+ VEU)U AV) + == AV)
2u(D*) —_——
=u(D)
—F)+VEO)D) -~ *L) granm?)
=BG D)
1 wD) .
<FU)+= VFUYD
SFU+ 5 ony YFODD)
i <0

<F().

We have thus proven that, if VF(U)(D) < 0 for any D € X, then every neighborhood
AN of U contains a point V € A with F(V) < F(U). Conversely, F(U) < F(V) for
all V within some neighborhood A" of U implies VF(U)(D) =0 for all D € Z.

Let g(U) be the gradient density function of F' in U. We have

f gdu=VFU)YD)=0 VDes.
D
By choosing D = {g(U) < 0}, we obtain

f gU)du = VF(U)({gW) < 0}) = 0.
{g(U)<0}

Since u({g(U) < 0}) > 0 would imply that the integral is strictly negative, we have
u({g(U) < 0}) = 0 and therefore

g(U)(x) = 0 almost everywhere. O

Proposition 2.4.7|can be thought of as a necessary condition for local optimality

in unconstrained problems. Such results are only of limited use. Generally
speaking, similarity spaces are not compact. Therefore, it is often difficult to
prove convergence within them. Thus, a sequence of feasible points such that the
negative parts of VF(U) converge to zero need not converge to an optimum.

The situation is slightly different if one moves along a geodesic. Because
geodesics prohibit backtracking, they always converge to their destination point.
Generally, however, we cannot ensure that our optimization algorithms move
along geodesics. Therefore, we must work around the possibility that an optimum
of a given function may not exist.

Even if the optimum does not exist, that does not mean that we cannot
reach approximate optimality. To assess approximate optimality, we have to find
underestimators for the function. The first such underestimator applies if the
derivative is Lipschitz continuous.

Proposition 2.4.8 (Curvature Limit Underestimator).
Let (X, Z, p) be a finite atomless measure space, and let F': ¥/~, — R be Lipschitz
continuously differentiable with Lipschitz constant L = 0. Then we have

|F(V)-F(U)-VFU)XU AV)| < g(y(UAV))2 YU,V € Y-,
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Let U € ¥~,, and let g(U) be the gradient density function of VF(U). For all R >0,
we have

L
F(V)=FU)+ ( f min{g(U), 0}du| - = -R?
UAV 2
for all V e ¥~, with W(U AV)<R. <

PROOF. Let U,V € ¥-~,. According to there is an interval I R,
parameters s,¢ € I, and a geodesic y: I — ¥~, with y(s) =U and y(¢) = V. After
reparameterization and restriction, we may assume without loss of generality
that I = [0, w(U AV)], y(0)=U, and y(u(U AV)) = V. This then implies that
C =1is a geodesic constant of y. Let y =y AU be the canonical form of y.

For each parameter ¢ € I, F is differentiable around y(¢). Therefore, for every
J €N and every t € I, there exists R ;(¢) > 0 such that

[0~ F (1) - VE(0) (W 5. 7(0)| < o~ (¥ & y(0)
holds for all W € ¥/~, with u(W Ay(¢)) < R;(¢). Without loss of generality, let
R;(@) = 21% forall jeNand ¢ €. For each jeNand t € I, let Bg,(;)(¢) be the open
ball with radius R () around ¢.
Because B (1)(¢) includes at least the point ¢, it is obvious that for every j € N,
the family
{Br,i®)|tel}

is an open cover of the parameter interval I. Because I is a compact interval, the
Heine-Borel theorem states that for each j € N, there exists a tuple (¢; j)ieiv,1 S 1
with N; € N such that
{BRj(ti,j)(tivj) ’ L€ [Nj]}
is an open cover of I for every j € N. To simplify notation in the next steps, we
define R; j := R(t; ;) and B, j := Bg, ;(¢; ;) for all j € N and i € [N;]. Without loss
of generality, let (¢;, jlieln;] be strictly increasing.
We may further assume without loss of generality that we have

tij+Rij>ty j+Ry; VjeN, (i, iNe[N;2:i>i, (2.46)
tij—Rij<ty;j—Ru; VjeN, (i, iNe[N;1?:i<i'. (2.47)

Let j € N. If there existed (i, i') € [N;]? with i >i’ and ¢; j+R; j <ty j+R
we would have

then

i'j»
tij—Rij=z 2t —tyj—Ri;>tyj—Ry,

——

>2ti’,j

which would imply that B; j = B;s ;. We could therefore omit ¢; ; from the tuple
and still have a finite open cover of I.
If there existed (i, i') with i <i' and ¢; ; —R; j =ty j — Ry j, then we could
similarly argue that
tyj+tRy =22ty j—t; j+R;j>t; j+R; ;.
—~—

>2t;;

which would again imply that we could omit ¢; ; from the tuple and still have a
finite open cover of I.
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superfluous *I\ N \\/ tij+Ri;
\
1 ! 1
T T Y 1

¢ \ tiiq '
] i+1,j 1 o
AN ! / tit1,j +Rl+1,j

Figure 2.6: Illustration of the argument for [Equations (2.46) and |(2.47); If
t;;+R;j=t;y1j+Rii1,, then B;,1 ;is a subset of B; j and #;,1 ; is not required
as a support point for the open cover.

Figure 2.7: Illustration of support point selection. By introducing intermediate
support points in the intersection between adjacent balls, we ensure that every
segment of the parameter interval is fully covered by one of the covering balls.
The behavior of the function can then be approximated by using the Taylor
approximation from one of the segment’s support points, which is only guaranteed
to be sufficiently accurate inside of a single ball.

With [Equations (2.46) and [(2.47)| guaranteed, we can prove by contradiction
that the neighborhoods of adjacent support points must overlap. If this was not
the case, then there would exist j € N and i € [N;] such that B; ;nB;,1; = @.
Because ¢; ; < t;11,j, this would imply that ¢; ; +R; ; <t;11;—R;1,j <tj41,;. If
we take into account that I is convex with ¢; j € I and ¢;,1 ; € I, then this would
mean that £:=¢; j+R; j € I. However, we would have f ¢ B; j and { ¢ Bj.1 ;.

For all i’ € [N;] with i’ < i, we would have ¢; ;+R; ; <t; j+R; ; =t and thus
3 Bl'l,j. For all i’ > i+ 1, we would find it j _Ri’,j >t —Riv1j> t, which
would also mean that # ¢ By j. This would contradict the fact that (B;, j)ielN;1
enumerates an open cover of I. Thus, we must have B; jnB;,1;# @ forall jeN
and i € [N;-1].

Because 0 € I, for each j € N, there must exist i € [N;] such that 0 € B; ;.
By a similar argument as before, we can then argue that 0 € By ; for all j e N.
Similarly, we find that y(U AV)e BNJ.,J- for all j e N.
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We define support points (s;, Jiel2n;ly S 1 such that

S0,j =0 VjEN,
SoN,,j = wlUAV) VjeN,
S9i-1,j = 1; VjeN, i € [Ny],

89, €t j, tiv1,;)NB; jNB;y1,; VjeN, i€[N;-1].

Suitable choices for sg; ; always exists because B; ; and B;,1 ; are overlapping
intervals in R with ¢; ;j € B; ; and ¢;,1,; € B;;1,; and because we had assumed that
ti,j <ti+1,j. This definition ensures that (si,j)ie[zNj]o is increasing for all j € N.
We now define

S;j=v(si ) VjeN, i €[2Nj]o,
D;;=8;;AS;_1; VjeN,i€l[2N;].

We note that because (s; j)icj2n,, 18 increasing and y is a geodesic, the step sets
(Di,j)ier2n;) are pairwise essentially disjoint for all j € N. For each j €N and
i €[2N;]p, we have

i
S;;AU=8;;ASq;= U Dy ;.
k=1

We first look at steps from oddly indexed to evenly indexed support points. For
each jeN and i € [N;], we have

w(Dg; j) = Is9;,j —s2i-1,jl = Isai j —ti jI <R ;.

This means that
1
|F(Sgi,j)— F(S2i-1,7) — VF(S2i—1,7)(D2; ;)| < o ‘uDg; ;) VjeN, i €[Nl

Because Sg;_1; AU = Uzi:_:lle,j’ S9;_1,; AU is essentially disjoint from Dy, ;. We
also have

|VF(S2i-1,/)(Dg; j) -~ VFU)Dg; )| = |VF(S2i-1,j) - VFU)|(Dg; ;)
= (VF(Szi—l,j)S S U VF(U))(D2;, ;)

2i-1,j

<L-u(Soi-1,; AU)- w(Dy; ;)

and therefore
1
|F(Sgi,j)— F(S2i-1,;) — VFU)Da; ;)| < E"‘L'N(SZifl,jAU) -uDg; ;)

for all j €N and i € [N;].

We can make a similar argument for steps from evenly indexed to oddly
indexed support points. The difference here is that, because we have to rely
on derivatives around the oddly indexed support points, we have to rely on the
predicted reverse change from end to start point. Here, the locally inverted
difference variation becomes useful. We have

wDgo;_1;)=1s2i-1,;j—Sai—2l =It; j—s2;2l<R;; VjeN, iel[Nj]
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and therefore
1
|F(Sgi-2,j)— F(S2i-1,7) — VF(S2i—1,;)(D2i-1,;)| < o5 -iDaoi—1.5)

for all j e N and i € [N;]. Since Sg;_1; AU = Uii:_lle,j, we have the essential
inclusion Dg; 1, S, S2;-1,; AU. Because of the way in which the locally inverted
difference variation is defined, this means that

)VF(S2i—1,j)(D2i—1,j) - (—VF(U)(DZi—l,j)))

< |VF(Szi_1,j) + VF(U)l(Dzi—l,j)
= (VF(SZi—l,j)S 1) U VF(U))(Dzi_Lj)

2i-1,j

SL-u(Sg;-1,; AU)-iUDog;_1;

and therefore

|F(S2i-1,;) = F(Sgi—2,j) — VF(U)D3i-1,)|
= |F(Szi—2,j)—F(Szi—1,j)— (_VF(U)(DQi—l,j)))

1
< 5 +L ',U(Szi—l,j AU)|-uDgi-1,)

for all j €N and i € [N;]. By using the triangle inequality and the fact that Dy, ;
and Dg;_1 ; are essentially disjoint, these two estimates yield

|F(Sg;,j)— F(S2i-2,7) — VF(U)Sa;,j ASa;i—s ;)|

1
< > +L-p(S2i—1, ;) AU) |- 11(S2i j ASoi—2 ;).

=ti,j =52i,j782i-2,j

We can then form the telescope sum

|F(V)—F(U)—VF(U)(UAV)|

%(F(Szi,j)—F(Szi—Q,j)_VF(U)(SQi,jASQi—Zj))‘

N,

< Z|F(82i,j)—F(Szi72,j)—VF(U)(S2i,j ASsi 9|
N

= L—Z1(2_J +L- ti,j) “(82i,j —S2i-2,/)

N.
S2N;,j —S0,j S
o P
= — "+ L)t (52— 52i-2,))-
2 i=1 —_—
<2R; ;

We can interpret the sum as a Riemann sum of the function ¢ — ¢. We remember

that we had chosen R; ; < 21% for all j €N and i € [N;]. Therefore, the support
grid of the Riemann sum becomes infinitesimally fine as j — co. We also note
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that so,j =0 and sgn, j = (U AV) for all j € N. We therefore obtain

|F(V)-F(U)-VFU)U AV)|

N;
S2N;,j — 80,j J
— 4L tij(s2i;—S2i-2,)
2 i-1

wWUAV)
= 0+L-f tde
0

L
=5 (WU AV))?.

Let g(U) be the gradient density function of F' in U. For cases in which
wUAV)<R, we have

< lim
J—oo

F(V)=F(U)+VFUXU AV)- %(,u(U AV))?
L
SFO)+ [ g@au-5(uw AV
N 2
zF(U)+f min{0, g(U)}d,u—%-Rz. O
X

Let F': ¥/~, — R be differentiable and let g(U) be the gradient density function
in U € ¥~,. We will subsequently use the quantity

€1(F,U) ::f min{O, g(U)} du
X

as a measure for suboptimality for unconstrained problems. We use the index
to distinguish it from other suboptimality measures we will later introduce for
constrained problems.

Definition 2.4.9 (Gradient-Based Suboptimality Measure).

Let (X, X, p) be a finite atomless measure space, and let F': ¥~, — R be differ-
entiable. For each U € ¥~,, let V" F(U) be the negative portion of the signed
measure VF(U). We refer to

61(F,U)=V F{U)X)<0
as the unconstrained suboptimality measure of F in U. <

We stress that the unconstrained optimality measure is not a measure in the
technical sense but rather a means by which we quantify the suboptimality of a
differentiable function. We note that that the curvature criterion indicates that
the unconstrained suboptimality measure is not always a lower bound on local
improvements in functional value. In we will introduce classes of
functionals where this is the case.

2.4.2 Derivation: Banach Space

The argument presented in this section was first presented in a slightly simpler
form in [HLS22J.

We can derive set derivatives from the Fréchet derivatives of Fréchet differen-
tiable functions in Banach spaces. In order to do this, we have to make several
assumptions.
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Assumption 2.4.10.
Let (X, 2, w),Y,v:Z—Y,and f: Y — R satisfy the following assumptions:

(1) (X,Z,p)is a finite atomless measure space;

(2) Y is a Banach space;

(3) v is a vector measure of bounded variation;

(4) there exists a constant C = 0 such that [v|(D)<C - w(D) VD € Z;

(5) f is Fréchet differentiable on v(X) in the sense that for each U € Z, there
exists a linear map Vf(v(U)): Y — R and a constant M = 0 such that

|V (@) (v - v@) | = M- (V) - vy WV e,
£ (V) = £ (V@) = VF (V@) (V) = v(@) = o (V) - V@) y | ¥V € 2.«

[Assumption 2.4.10 (5)|is a relaxation of an overall Fréchet differentiability
condition. It is trivially satisfied if / is Fréchet differentiable on Y. However, the
assumption is more general because it only requires differentiability between
vectors that are actually realized by the vector measure v.

We note that [Assumption 2.4.10 (4)|implies that the vector measure v has
bounded variation and satisfies v <« p. Therefore, v assumes well-defined values
for similarity classes with respect to p.

Under|Assumption 2.4.10} we can show that the map F': ¥/~, — R with

FU):= f(v(U)) VU € ¥~,
is differentiable and its derivative satisfies
VFU)D)= Vf(v(U)) (V(D \U)-v(Dn U)) YU €¥~,, DeX.

The vector space derivative of f in v(U) is a linear form. By concatenating this
linear form with a sign-adjusted variant of the vector measure v, we obtain a
signed measure ¢ that will turn out to be a suitable derivative for F'.

Proposition 2.4.11.
Let (X,Z, ) be a measure space, let Y be a Banach space, let U eZ, letv:Z—-Y
be a vector measure that satisfies [Assumption 2.4.10 (3)| and let A: Y — R be a
linear operator that is bounded in the sense of |Assumption 2.4.10 (5)| Then the
map @y : Z — Rwith

ou(D):=A(VD\U)-v(DNU)) ¥DeX

is a finite signed measure with gy < p. <

PROOF. Because A is bounded in the sense of[Assumption 2.4.10 (5)| there exists
a constant M = 0 such that

|A(v7) = v@)| = M- v V) = V@
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For each D € 2, we have
lou(D)| < M- |[v(D\U)-v(D nU)||y
<M - (v Dy + [vD D) y)

<M - (VI(D\U)+ v|(D D))
=M-|vi(D)
SM-|vl

< 00.

If u(D) =0, then we have
lou(D)| = | (VD \U)-v(D n U))(

<M-(|[vO )|y +|vDnD)]y)
<MC-uD)
=0.

This also implies ¢y (@) = 0. Once we have shown that ¢ is countably additive
and therefore a signed measure, this means that ¢y < u.

Let (D;);en be a sequence in X such that D; nD; = @ for all ¢, € N with i # j.
Then we have

(o9} [e.e] (e o]
v((UDi)\U) =v[Uwi\w)) =Y vpi\0).
i=1 i=1 i=1
Since v is of bounded variation, we have
[e.¢] [eo) oo
Y [vD\D)y = Y MDA = W (U@ D) < vl < co.
i=1 i=1 i=1

Therefore, the sum is absolutely convergent. Similarly,

v((GDi) nU) =S vDinD)
i=1 i=1

is absolutely convergent. We therefore find that

(pU(gDi) :A(v((@Di) \U) —v((GDi) mU))

-A (ZV(D ) - (fv(DmU)))

i=1 =1

= A(f (D) -D; D))
(1

I
b
=
8

DiNg

> (MDA -D; N D))

|
5
ey
M=

Y (MDA -D; N 1))

N
1l
[

= lim " A(VD;\U)-v(D;n))
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Y AMD\U)-wD; 1))

w
1l
-

P18

puD;).

~
I
—

Here, we make use of the fact that

‘A(lim i(v(D,-\U)—v(D,-mU)))—A(i(v(Di\U)—v(DmU)))'
=1 i=1
:‘A(lim 5 (v(Di\U)—v(DmU)))'
T —mt1
<M- Y WD)
i=m+1
m—o0 0'

Therefore, ¢y is countably additive. In conjunction with the fact that ¢y (@) =0,
this means that ¢y is a signed measure. As we had previously shown, we have

U < . ]

We can apply [Proposition 2.4.11|to the derivative of f in v(U) to obtain the
derivative of F'.
Proposition 2.4.12 (Local Derivatives for Banach Space Functions).
LetneN, (X, 2, ), Y, v:2—-Y, and f: Y — R satisfy |Assumptions 2.4.10 (1)
to Let U € ¥/~ be such that there exists a linear map Vf(v(U)): Y — R
and a constant M = 0 such that

|VF (@) (v -v@) | = M- (V) - vy, WV e,

f(v(V)) = £ (V@) = VF (vW)) (U(V) = v(TU)) = o(|| V) - v(U)nY) VYV ez,
Then the map F: ¥~, — R with
F(V):=f(WV)) VYVe¥~,

is differentiable in U and its derivative satisfies

VFU)D) =Vf(v))(v(D\U)-v(DNU)) VYDeZ. <

PROOF. For all D € ¥/~,, we have

F(UAD)-FU) = f(W(U AD)) - f(v(U))

= Vf (v@)(vU A D)= v() +o([vTU AD) - V@) y ).

=v(D\U)-v(DnU)

Let C = 0 be the constant from [Assumption 2.4.10 (4)] We have

[v(U AD)-v(U)|y = [v(ID\U)-v(D nT)|y
< [[vD\U)||y + |vD nT)|y
<|vi(D)
=C-uD).
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This allows us to simplify the small-O term, which becomes
FWUAD)-FU)=Vf(vU))(v(D\U)-v(DnU))+o(uD))
Let ¢: Z — R be given by
o(D)=VFVU)(V(D\U)-v(DNnU)) VDeX.

According to[Proposition 2.4.11} ¢ is a finite signed measure with ¢ <« p. There-
fore, F is differentiable in U with VF(U) = ¢. g

Because the set derivative is directly calculated from a Fréchet derivative,
continuity and Lipschitz continuity of the derivative follow from corresponding
continuity of the Fréchet derivative.

Theorem 2.4.13 (Global Derivatives for Banach Space Functions).
LetneN, (X, 2, ), Y, v:2—-Y, and f: Y — R satisfy |Assumptions 2.4.10 (1)
t0[2.4.10 (5)| Then the set functional F: ¥~, — R with

F(V)=f(w(V)) VYVe~,

is differentiable. Let A = {v(U)|U € =} and let

! . |9/ (V) @) -V (V@) w)
\Y, -V =
[oreo)-vrt@], = s 5
u#v
Then we have

(VF@) e VFW))D)= |Vf (V) -Vf (D)) - MD)

for all U,V ,D € ¥~ and therefore

1. F is continuously differentiable if for every € > 0 and every u € N, there
exists 6 > 0 such that

[VF@)-Vf@)| , <& YveN:|u-vly<6;

2. F is uniformly continuously differentiable if for every € > 0, there exists 6 >0
such that

[VF@)-Vf@)| , e Yu,veN:|u-vly<8&;

3. F is Lipschitz continuously differentiable if there exists a constant L =0

such that
[VF@)-VF@)| , <L-lu-vly VYu,veN. 4

PROOF. The differentiability of F' follows from [Proposition 2.4.12] To verify the
locally inverted variation difference estimate, let U,V € ¥/~,. For every D € 2, we
have

(VFW) o VFWV)D)=  |[VFU)-VF(V)|(D\U AV)
+|VFU)+VF(V)|(Dn(U AV))
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We consider |VF(U)(B) - VF(V)(B)| and |VF(U)(B) + VF(V)(B)| for all measur-
able subsets of D\ (U AV) and D n(U AV), respectively. Let B € Z such that
B<cD\NUAV). We have BN(UAV)=BnU)ABNV)=¢ and therefore
BnV =BnU. This also implies that B\ V =B\ U and therefore

VEQ)®) - VEWVB)| =| V(@) (vB\D) -vBD))
V(M) (VBAV) - vBAV))|
= ‘ (VF (@) -V (vv) (VBN D) - vB U))’
< |[vrva@n) -vr )| | - IvB D -vB D)y
We note that this makes use of the fact that v(B \ U) and v(B nU) are both in A
and that B\U and B U are disjoint. For B € X with B<D n(U AV), we have

BcUAYV. In this case, we have BNV =B\U and BNU =B\ V, which implies
that

HVF (V) (VBAV)-vBAV))|

<

|VF(U)B) + VF(V)(B)| = ( VF(vW))(vB\U)-vBND))
(

|

= V(B\U)-v(BNU))
=| V@) (B! -vBAD)

(van)(
f(v)
VMV (MBAV) - vBAY))|

(

V() (BT - vBAD)|
< |vrvan)-vr )| - IvE D -vB D)y

Let X_ € Z and its complement form a Hahn decomposition (see
of X with respect to VF(U)— VF (V) such that X_ encompasses the non-positive
part of VF(U) - VF (V). We first consider the part of D that lies outside of U AV
and is therefore not affected by the inversion. We make use of the fact that

B\N(UAV)\U=B\(U\V)\N(VNU\U
=B\UN(V\U)
=B\(UUYV),

B\N{UAV)NU=B\UAV)NU
=B\NU\V\(V\U)NU
=BnUnV)\(V\U)
=BnUnNYV)
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holds for all sets B. The variation of VF(U)—-VF(V) on D\ (U AV) is given by
|VF(U)-VF(V)|(D\(U AV))
= (VF(U)-VF(V))((D\X )\ (U AV))
—(VF@U)-VF(W))((DNX)\WU AV))
= |(VF@) - vFV) (@ \ X\ A V)|
+|(VFO) - VFW) (@ n X\ W AV))|
< |vrvan)-vrva)| | i@ \xoN@uw)

~v(@\X )W),

+|vrv@)-viw)| | ienxo @ uv))

V((DNX)NWNY) ”Y

For the part of D that lies inside of U AV, we can make a similar estimate.
Here, we select X such that it and its complement form a Hahn decomposition
with respect to VF(U)+ VF(V) and X, encompasses the non-positive part of
VF(U)+VF(V). We make use of the fact that

BnUAVN\U=BnUuV)\(UnV)\U
=Bn(V\U),

BNnUAVNU=BnUuW)\(UNV)NU
=BnU\NUNYV)
=BnU\V)

holds for all sets B. The variation of VF(U)+ VF(V) on DN (U AV) is given by

|VF(WU)+VF(V)|(DnU AV))
= (VFU)+VF(V))(D\X)nUAV))
—(VFU)+VFW)((DnX)n(UAV))
)

= |(VF@)+ VEW) (D \X )@ A V)|

+|(VF@)+ VRV (@ n X )@ V)|

< |[vr(v@n) - vF () “ﬂ | e xoav o)
—V((D\X)NTU\V)

|

V((DnX)NTU\V) HY

)

)y
+|vrva@) -vrvan)| | vienxone o)

)

We now partition D into eight sets:

D1 =(D\X)\UUYV), Do :=(D\X )n(UnNV),
D3:=(DnX_)\UUYV), Dy=DnX_)Nn(UnNV),
D5 =(D\X)n(V\D), Dg:=(D\X)NnU\V),
D7 =DnX,)N(V\U), Dg:=DnX,)NWU\V).
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2.4. Differentiable Functions in Similarity Spaces

It is evident that this is a partition of D because U \V and V \U partition U AV
and because (U U V)B and U NV partition (U A V)B. We then find that

(VFU S VF(V))(D)
= |VF@U)-VF(V)|(D\ (U AV)) + |[VFU) + VE(V)|(D n(U AV))
< |[vrva@n)-vrw)| o Iv@0- Do)y + VD) -vD]y

+[vD5) = vy + VD) - vDg)y )

< [vr (@) v, ol

< ”Vf(v(U))—Vf(v(V))”JV‘IVI(CJlDi)

- ”Vf(v(U)) —VF(v(V) “W -vID),

which is the central estimate that we set out to prove. All that remains to
be shown is the transferrability of the continuity results. We first note that,
according to[Assumption 2.4.10 (4)| for all U,V € X, we have

[va@) = vV)|ly = [V \V)=w(V\U)|y s VMIWU AV)<C- (U AV).

Therefore, (U AV) < & implies |v(U)—v(V)|y <6 for all § > 0. Furthermore,
for every L =0, we have L - ”V(U) - V(V)HY <LC-uU AV). We very briefly show
the three estimates required.

Case 1 (Continuous Differentiability). Let € >0 and U € %/~,. We choose a
radius 6g > 0 such that

|vro-vrwa)| , = % Voe N : [vU)-v|y <.

Then we set § = % >0. Let Ve ¥~, with (U AV) <. Because we have
”V(U) - v(V)”Y =C- U AV) <y, we can infer that

(VFU) o VF(V))D)= |vr @) -vrwan)| i)
&

=¢e-u(D). <

Case 2 (Uniform Continuous Differentiability). Let £ > 0. We choose a ra-
dius 6¢ > 0 such that

IVF@)-VFw)| _g Yu,v e N u-vlly <.

Then we set 6 := %0 >0. Let U,V € ¥~, with w(U AV) < . Because we have
||v(U) - v(V)“Y =C-uw(U AV) <y, we can infer that

(VF@W) o VF(V))D)= |vr (@) -vr(vn) ”W VID)
£

=¢e- (D). <
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Case 3 (Lipschitz Continuous Differentiability). Let € > 0. We have
[VF@)-VFf@)| , <L-lu-vly VYu,veN.

Then we set L' := LC? > 0. Let U,V € ¥~,. We have [V =v(V)|y =C-uU AV)
and therefore

(VF@) e VFW))D)= |[Vf () -Vf(vv))| - MD)

<LC-i(UAV)-C-w(D)
=LC% uU AV)- (D)
=L U AV)- (D). O

We end this section by showing that the straightforward approach of mapping
a set A to its characteristic function y, satisfies [Assumption 2.4.10} This is
significant because it allows our methods to be applied to many conventional
optimal control problems and allows us to import a lot of prior theoretical work
into our framework.

Theorem 2.4.14 (Characteristic Function Vector Measure).

Let (X, X, 1) be a finite atomless measure space. The function space L1(Z, ) is
a Banach space and y.: X — LY(Z,u) with U — yy is an absolutely continuous
vector measure such that

1) = lxulpiey=pwU) YUEEL. 4

PROOF. We first show that y. is a vector measure. We evidently have ys = 0.
Let (A;)ien S X such that A; NA; = for all i, j e N with i # j. Since suppya =A
forall Ae X, wehavex€e A; = x¢ A for all 7,7 € N with i # j. Therefore, we
have

1 ifdieN:x€A;

o A.(x)=
Huz Al {0 ifx¢A; VieN

e

XA;-
1

1

Thus, y. is a vector measure. We further have

”XU”Ll(z,y):fU|XU|d#=fU1dM=M(U) YUEZX.

Let U € X. For every N €N and every finite partition (A;);e;n) € Z of U, we have
N N
Yl = X w40 = u(U As) = w@).
i=1 i=1 i=1

Thus, we have
N

lx1U) = Sup{z Ixa; L1z ‘N €N, (Aj)ien] S Z partition of U} =)

i=1

for all U € X. O
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We note that the continuity requirement in [Assumption 2.4.10 (4)| can be
transferred from one measure i to some equivalent measures. This is important
because it enables scaling. In|Sections 2.4.3|and [2.4.4] we discuss functions whose
evaluation involves the solution of differential equations. In such functions, small
perturbations in control can propagate to cause large overall effects. Scaling can
be used to mitigate the numerical issues that arise from this (see, e.g., [HLS22]).

Definition 2.4.15 (Scaling Density).

Let (X, X, p) be a finite atomless measure space, let f € L>(Z, u). We refer to f
as a scaling density function for u if and only there exists a constant C > 0 such
that f(x) = C for almost all x € X. <

Proposition 2.4.16 (Scaling Measures).

Let (X, Z, p) be a finite atomless measure space, let Y be a Banach space, and
let f € L°(Z, p) be a scaling density function for u. Then the measure ¢: X — Rxq
with

(D(U):z[fdp WUes
U

satisfies
wl)<C-p(U) VUEeX

for an appropriately chosen constant C > 0. Therefore p and ¢ are equivalent.
Let v: X —Y be a vector measure of bounded variation such that there exists a
constant C' = 0 with

WU)<C'-wU) YUEZ,

then we have
viU)=C-C'-¢pU) YUEeZ. 4

PROOF. PART 1 (¢ IS A MEASURE). Because [ = M > 0 almost everywhere,
we have ¢(U) = 0 for all U € X. Furthermore, f € L(Z, 1) implies ¢(U) < oo for all
U € X. We evidently have ¢(@) = 0. For (U;);en S Z with U; nUj = @ for i # j, we
have

N
o fan =¢(EJ1UI~) VN eN

i=1Yi 4

éwui):éfwfdp:fu

because
AnB=¢:>ffd,u+ffdy=f fdu VA,BeZX.
A B AUB

Since ¢p(U;) = 0 for all i € N, the sum is monotonically increasing. Furthermore, it
is bounded above by ¢(X). Therefore, the series is absolutely convergent and we

have
o0 o0

#(UU) = Lo
i= i=1
PART 2 (p(U) = C-¢p(U) YU € X). Let M =0 be such that

fx)=M almost everywhere.

171
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Let N € X be a py-nullset such that f(x) = M for all x € NC. We define C := % > 0.
For all U € X2, we have

dU)=p(UNN)+pU\N)

= fau+ f fdu
UnN U\N

——
=0 =M w(U\N)
>M-w(U\N)
=M-wU)

By dividing both sides by M > 0, we obtain w(U) < % -p(U)=C - ¢pU).

PART 3 (¢ < u AND pu < ¢p). The absolute continuity of ¢ with respect to u
follows from the absolute continuity of the integral. Let C > 0 be the constant
derived in the previous part. The absolute continuity p < ¢ follows because

HN)<C-¢p(N)=C-0=0 VYNeX: ¢(N)=0.

PART 4 ([v|(U)<C-C'-$p@U)). Let v: £ — Y be a vector measure of bounded
variation such that
VI < C'- W) VUeX

for a constant C’' = 0. Then we have
Vi) <C'-C-¢pU) VYUEeZ

where C > 0 is the constant derived in[Part 2| O

2.4.3 Derivation: ODE Case

The differentiation method described in this section was first developed for a
slightly simplified setting in [HLS22, Sec. 3.3.1].

In this section, we use results from [Section 2.4.2|to show the differentiability of
scalar functions whose evaluation involves the solution of ordinary differential
equations. A fairly generic template for such functions is the Bolza-type cost
functional which was first formulated in [Bol13]:

t
Jw) = fo "1 (0), () At + Dt ).

Here u € L}l[[O, trl, [R”W) is a real-valued control function whose component
functions we ultimately expect to be the layers of a characteristic function in a

layered measure space with n,, € N layers. [Theorem 2.1.20|guarantees that we
can consider individual layer functions and the layered function interchangeably.

The mapping x € WH1([0, ¢7],R™) is a state function with n, € N components
that is determined by solving an initial value problem of the form

&(8) = f(x(8),u(?)) fora.a.tel0, tr],

2.4
x(0) = xo (248)
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2.4. Differentiable Functions in Similarity Spaces

for some fixed initial datum x¢ € R"*. Because the control function u will ulti-
mately only assume the values in {0, 1}"*, we can use partial outer convexification
to simplify the expressions for [ and f. We assume that they take the form

I(x,u)=lo(x)+ Zw Li(x) u;,
i=1

Feeu) = fol@)+ Y £ix)-ui.
i=1

We note that we only discuss the case of autonomous ODE systems, i.e., ODE
systems that do not have an explicit time dependency. This is not a theoretical re-
striction. However, the assumptions we have to make are substantially simplified
by limiting ourselves to this case. If we were to include non-autonomous ODEs
in our discussion, we would have to make a number of additional measurability
and integrability assumptions.

To prove the existence and uniqueness of our IVP solution, we invoke exis-
tence theory of Carathéodory type as described, for instance, in [Hal69| Sec. I1.5].
We presume that the reader has prior knowledge of differentiability conditions
stated therein. This theory yields absolutely continuous solutions. In R, the
set of absolutely continuous functions and W1 are identical. We collect the
assumptions for the ODE setting in[Assumption 2.4.17|

Assumption 2.4.17 (Bolza-Type Cost Functional).
Let ny,n, € No; let £7 > 0; and let xg € R"*; and D € R"* satisfy:

(1) D is open and convex with xg € D.
Let fi: D —R"™ and [;: D — R"= for i € [n, ]y satisfy:
(2) for all i € [nylo, fi is continuously differentiable;
(3) for all i € [nylo, Vifi is locally Lipschitz continuous;
() 3L =0: ||fi(x)- fi(»| <L-llx -yl Vielnylo, x,y € D;

(5) there exists £ > 0 such that for all u € L} ([0, ¢/, [0, 1]™), all T € (0, /],
and all absolutely continuous functions x: [0, 7) — D with x(0) = x¢ and
&(t) = fo(x(@)) + X7 fi(x(2)) - u;(¢) for almost all ¢ € [0, 7), B¢ (x(¢)) <D holds
for all ¢t € [0, 7);

(6) for all i € [nyly, I; is continuously differentiable;

(7) for all i € [nylo, Vil; is locally Lipschitz continuous.
Finally, let ®: [0, £7]1xD — R and m: [#q, t7] — R" satisfy:

(8) ®(t,x) is continuously differentiable in x for fixed ¢;

(9) for each i € [n,], m; € LY ([0, tf]) is a scaling density function for . <

Throughout this section, we will use the shorthands

16, u) = Lo+ 3. i) i,
=1

flx,u) = folx) + Zw, filx) u;.
=1
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Under|Assumption 2.4.17 we prove existence and uniqueness of the IVP solution
for all relaxed controls u € L}l([O, trl, [0, 1]"“’) as well as for relaxed controls in
a small L! environment around such . Proving the existence and uniqueness of
solutions in a small environment around the relevant set of controls is essential
for the applicability of the term “derivative.” Generally speaking, derivatives de-
scribe the behavior of a function in a small environment around a point. Because
all binary-valued control functions lie on the boundary of L}l([O, trl, [0, 1]™),
some concerns may arise as to whether derivatives meaningfully exist around
such functions. Proving the existence of solutions in a §-environment around
such controls removes this concern.

We note that the functions f; are vector-valued and the functions V,f; are
matrix-valued. We have not yet specified which norms are used in
In fact, we do not have to specify the precise norms used because all
norms are equivalent on finite-dimensional R”. Unless otherwise specified, we
use the Euclidean norm in R"”* and the standard operator norm in R"?**"> that is
induced by the Euclidean norm.

To simplify notation, we introduce three sets of control functions: binary-
valued control functions, [0, 1]-valued control functions, and real-valued control
functions that are nearly [0, 1]-valued in an L! sense.

Definition 2.4.18 (Control Function Classes for ODE Functions).
Let ny, €N, 7 > 0. We define

B (tp) =L (10, t7], {0, 1}™),
By (ts) =L (10, trl, [0, 11™),
Bye(tp):={ueLi(I0, tr], R™)|Fv e By (10, t/]): lu—vlp <6} V6>0. <

We can easily show that
e%nw(tf) E%gw(tf) E%;lw(tf) c %gzw(tf) V61,00€R: 0<61 <dg.

We can now show that the initial value problem (2.48) has a unique solution for
all a € %85“(tr) for suitably chosen & > 0.

Theorem 2.4.19 (Existence and Uniqueness of Solutions).

Let ny,ny €Ny tr >0; x0 € R™; D S R™; and f;: [0, tf1xD — R™ for i € [nylo
satisfy|Assumptions 2.4.17 (D} 2.4.17 (2)| 2.4.17 (4)|and 2.4.17 (5)| Then there exist
a constant § >0 and a compact convex set K < D with xg € K such that for every
ue %gw(tf), there exists a unique absolutely continuous function x, : [0, tf] — K
with

X%y, () = f(ay (), u(?)) fora.a. t€l0, trl,
x,(0) = x9. <

PROOF. Let ueL([0, 7], R®*) andletv e By" (t¢) such that |u—vl;1 <6 fora
constant § > 0 that we have yet to specify. We note that the following arguments
especially apply for u =v.

PART 1 (EXTENDING THE TIME INTERVAL). We extend all real-valued con-
trol functions w € L1([0, ¢£], R™) to I := (-1, t/]. This is to ensure that 0 does
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not lie on the boundary of the time interval, which may cause issues with local
existence theorems. We define w: I — R"v by

t ift=0
w(t) = w(?) 1 Yw ELl([O, trl, IR”’”), tel.
(0)ien,,) ift<O.

This extension evidently satisfies w € L} (I, R™).

PART 2 (AGGREGATED RIGHT HAND SIDE). To simplify notation, for each
real-valued control function w € Ll([O, trl, [R"w), we define the aggregate right
hand side function f,: I x D — R"* with

fuw(t,x) = f(x,w(?)).

In our discussion, we are specifically interested in f;, and f5.

Because each f; for i € [n,]o is constant in ¢ for fixed x and because w is
measurable in #, {3, is measurable in ¢ for fixed x. Furthermore, because w is
constant in x and because f is continuous in x, f;, is continuous in x. Because
fw 18 not constant over time, we now have to establish integrable bounds and
Lipschitz constants for f,,. We first define k1 ,,: I — R>o with

k1@ = | folwo)|| + 3. | fitwo)|| - [@it)|  viel.
i=1

We then have
| futt,x0)] = | £ (0, 80) | < Brw() Vi€l

We also have
/I|k1,w(t)|d/1 <(tr+1)- ||f0(xo)|| + i ||fi(xo)“ Nwillzr < oo
i=1

and therefore k1, € L}l(I). We define kg, : I — R>o with

kaw®=L-(1+]@0)],) veel.
We then have

| £ (t,%) = fut, )| < | Fox) = Fo|| + X || £i) = Fi| - [wi ()]
i=1
=L-(1+ ) [@i®)])- lx -y
i=1

=L-(1+]@@)],) le -y
=kow(®)-llx—yl

for all € I and x,y € D. We further have
fl|k2,w(t)| dA<L-(r+ 1)+f1||w(t)||1dit) =L-(tp+1+Iwl1) < oo,
which implies that kg, € L}(I).
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PART 3 (LOCAL EXISTENCE). In the previous part of this proof, we showed
that for every control function w € Ll([O, tr],R™), the aggregate right hand side
function f, : I x D — R™* is measurable in ¢ for fixed «x, is continuous in x for fixed
t, and satisfies

| fuw(t,20)|| < k1,0 vtel,
[ £io(t,5) = fult, )| < kow®-Ilx -yl Vtel, x,yeD

for suitably chosen bound functions k1,,,,k2,, € L}L(I ).

Therefore, for every w € L1([0, ¢7], R™) and every (r, &) € (-1, t7) x D, there
exist an open interval J,, ; r S (-1, tf) with 7 € Jy, ; ¢ and a unique absolutely
continuous function xy, ;¢ : Jy ;¢ — D with

G 1,e(0) = fy(t,xwre(®) foraa tedy g,
xw,r,f(T) =¢.

If x 7,¢(t) does not approach the boundary of (-1, ¢7) x D as ¢ approaches the
boundary of J,, ; ¢/, then we can extend the solution beyond /,, ; ¢. In this way,
we extend x,, ; ¢ to its maximal existence interval I, ; ¢ € (-1, ¢7).

PART 4 (GLOBAL EXISTENCE). In this part of the proof we look specifically at
Xy =Xy 04, aNd X, = Xy 0 4, and their maximal existence intervals I, := 1, g x,
and I, :=1, 0, We first look at the [0, 1]-valued control function v.

According to|Assumption 2.4.17 (5), there exists a constant € > 0 such that

dist(x,(¢), 0D) = ¢ vtel[0, supl,).

Because (¢, x,(t)) approaches 0((—1, t7) xD) = ({-1, ts} x D) U ([-1, ] x 0D) for
t — supl,, it follows that supl, = ¢;. Therefore, we have [0, ¢7) < I,. This also
ensures that [0, ¢,)NI, S 1,.

We can also establish a bound for the distance between x,(¢) and x¢ for
t€l0, t¢). To do so, we first find that for all £ € [0, ¢¢), we have

t
o) 0] = 2@ o] + |
0

=0

sfot(Hfo(xv(s)) ” +;=Zw1

fo(s,xu(s)) H ds

fi(xu(s) “ . |vi(s)|) ds
=

t an
[ |owe)| +¥  [Awe)] o
0 \ — =1 ———
=l foCxo)ll+L-[lxcy (s)—20l =l fixo)I+L-lxcy ()20l

t
s(1+nw>-||f(x0)||oo.t+f0(1+nw)-L.||xv(s)_x0||ds

where L = 0 is the Lipschitz constant from [Assumption 2.4.17 (4), Because
t—(1+ny)- “ f (xo)”oo -t is non-decreasing, we can apply the simplified form of
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Gronwall’s lemma to obtain the estimate

t
05— o] S(1+nw)-”f(xo)”oo-t-exp(fo (1+nw)-Lds)

=(1+ny)- “f(xo)||oo.t,e(1+nw)-L-t
<(L+nw)-|[fxo)| o tr eIty Lty

=Co

for all € [0, ). For all £ =0 with £ € I,,, we have

t
|22 () = %0 (®)]| < |24 (0) - 2,0 +f Fu(5,20(8)) = o (5,20(5)) ” ds
— )b

=0
t
< f
0
ny

t
Sf(; k2,u(t)' ||xu(3)_xv(s)|| + Z
i=1
=N £ xo)lloo+L-llxcy (s)—20l

t
sfo k2,u(®)- [2(8) = 50()]| + (| £20)]| o + L+ Co) - [uts) = v(s)]  ds

¢ ¢
:Cl-fo ||u(s)—v(s)“1ds+fo kz,u(t)-||xu(t)—xv(t)||ds.

fu(s,2u(8)) = fu(s,x0(s)) ” +

fu (s,xv(s)) ~fu (s,xv(s)) || ds

fi(xu(s)) “ Jui(s)—vi(s)|ds
[

Here, we can once more apply the simplified form of Gronwall’s lemma because
t—Cy- fot |[u(s) = v(s)]||; ds is increasing. This yields the estimate

t t
[ () — % (@)|| < C1 - (fo Hu(s)—v(s)”lds) -exp([0 kz,u(s)ds)

<llu—vlly1<6
< C1-0-exp(llkz. 1)
<(Cy-6-elIFtr+lulyD
=C1-6- eL'(l+tf+\|u\|L1)
<(Cy-6- el IFtrHivi+lu=viz)
< Cl .5 _eL-(1+tf+nw-tf+6)
— CleL+L-(l+nw)-tf ’626

[ —
=:Cqy

for all ¢ = 0 with ¢ € I,,. Since 6 — e is continuous and strictly increasing with
0-¢°=0 and e’ Sz, 00, there exists 6§ > 0 such that

£

5e®=—.
¢ 2C9
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2. THEORETICAL FOUNDATION

We choose this to be our as yet unspecified constant § > 0 and obtain the estimates
€
[ (®) = x, ()| < 3

[l (&) = xo]| = Nxu () — 20 [l + 122, () — 2, (D)

€

=Cpo+ 3

——
=:Cs

for all t =0 with ¢ € I,,. The first estimate implies that
dist(x,(£), OD) = dist(x, (), 0D) — || (V) — 2,(D)| = £ g = g >0 Viel0, supl,).

This then implies that supl, = t¢. Furthermore, the set

K::{xeD

dist(x,0D) = g}nﬁcs(xo)

is closed because it is an intersection of two closed sets. It is also bounded because
it is a subset of 1_303(360)- Therefore K is compact. By definition, we have x,(¢) e K
for all ¢ €[0, £7). Because K is compact and x, is continuous, x,(¢) has a well-
defined limit for ¢ — ¢ and we can continuously extend x; to [0, ¢¢]. This does
not affect absolute continuity.

PART 5 (UNIQUENESS). Let x': [0, t] — D be any absolutely continuous func-
tion such that

nyw

(@) =fot,a' @)+ ) fi(t,x'®) - ui(t) fora.a. tel0, tfl,
i=1

x'(0) = xo.

We prove by contradiction that x'(t) = x,,(¢) for all ¢ € [0, ¢7]. If we were to assume
that there existed any ¢ € [0, ¢7] such that x'(¢) # x,(¢), then

t* = inf{t €0, /] | x'(t) # xu(t)}

would satisfy ¢* = 0 because x'(0) = x,(0), and ¢* < ¢; because there would exist
t€[0, t¢] with x'(2) # x,(2).

If t* = 0, then we would have x'(¢*) = x,(¢*) due to the initial condition. If
t* > 0, then we would have x/(¢) = x,,(¢) for all ¢ € [0, t*). Continuity of x’ and
x, would then imply x'(¢*) = x,(¢*). If t* = t7, then this would already imply
that x/(¢) = x,(¢) for all ¢ € [0, tr]. Therefore, if there were any ¢ € [0, #7] with
x'(t) # 2,(t*), then we would have t* <.

If t* <tf, then both x’" and x,, would be local Carathéodory-type solutions to
the differential equation around (¢*, x'(¢*)) = (¢*,x,(t*)). The uniqueness of the
local solution around that point then states that there exists n > 0 such that

(@) =x,(t)  Vtelt*, t* +n).

This would contradict the definition of t* which implies that for every 1 > 0, there
would exist ¢ € [t*, t* +n) with x'(£) # x,(2).

This contradiction shows that our initial assumption that there are ¢ € [0, /]
with «/(£) # x,(¢) must be incorrect and therefore, we have x'(¢) = x,(¢) for all
tel0, trl.
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2.4. Differentiable Functions in Similarity Spaces

PART 6 (K IS CONVEX). Because the intersection of two convex sets is convex
and because B¢, (xo) is convex due to the triangle inequality, it is sufficient to
show that

D' = {xED

dist(x, 0D) > g}

is convex. Let x,y € D’ and let p € (0, 1). If we were to assume that the convex
combination z := p-y+(1— p)-x did not lie in D’, then there would exist 2’ € D
with ||z —2'l| < §.

Because x,y€ D' =D and ||z-2'|| < £, we would then have x’ :==x+(2'—2)€e D
and y' := y+ (2’ —2z) € D. These points would then satisfy

2 =z4+(E -2)
=py+(1—px+piE -2)+1-p)z' —2)
=py +(1-p)x.

Because z’' € D and because D is open, this would contradict the assumption
that D is convex. Therefore, our initial assumption that z ¢ D’ would have to
have been wrong and D’ must be convex. It then follows that K is also convex.[]

To prove differentiability later on, we require a stability result that controls
the pointwise difference in state with respect to the L! difference in control.

Lemma 2.4.20 (Stability).
Let ny, ny, tr, x0, D, f, I, and ® satisfy |Assumptions 2.4.17 (1)} 2.4.17 (2)
[2.4.17 (4)| and [2.4.17 (5)} Let 6 > 0 be constant and let K < D be compact
such that for every u € ,%gw(t ), there exists an absolutely continuous function
%, [0, tr]l— K with

&y (8) = f (0 (8), u(?)) for a.a. te[0, tf,
x,(0)=0.

Then there exist constants C15k,Cgo = 0 such that
¢
qu(t) —xv(t)” =Cisk el2t 'fo ”u(s)— v(s)”1 ds Vu,ve %gw(tf), telo, trl.

This implies the more relaxed estimate

|2 =2 < Cro - - Ju-v|1 Vu,veBety), telo, tfl. 4

PROOF. We prove this result using Gréonwall’s lemma. Let u,v € Qégw(t 7). Let
L = 0 be the constant from [Assumption 2.4.17 (4)] Because f; is continuous for
all i € [n,]o and K is compact, the quantity

M := max fi(x)€[0, oo)
icln,lo
xeK
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is constant. For each ¢ € [0, #7], we have

t
2 (®) = 2, @] = 2(0) - 2, (O)]| + f “ £ (), u(®) = £ (x5, v(0) ” ds
— —— 0

=0

< [ 1o - ot
[( 2o

i=

fi(xu () ui(s)— fi (xv(s))vi(s)”) ds

IA

Filwu() = filx(®) | - [wi)

+

fi(x(s)) “ . |ui(s) - vi(s)i)) ds

t
0

t
sM-fO “u(s)—v(s)||1ds+f L-(1+ [us)] ) - [uts) = x0()] ds

Since t — M- [; | u(s) - v(s)||; ds is montonically increasing, we can use the sim-
plified version of Gronwall’s lemma to obtain

t t
||xu(t)—xv(t)|| SM-[O ||u(s)—v(s)||1ds-exp(L-(t+f0 Hu(s)”lds))

t
sM-/ ||u(s)—v(s)nlds~exp(L‘t+L' lwlizr )
0 N—v—‘

<ny-t+0

¢
SMeLg_eL.(1+nw)~t.f ||u(s)—v(s)||1d3
0

Therefore, the claim holds with Cy 5 =M el and Cy:=L-(1+ny). The looser
estimate then follows from ¢ < ¢y and fot [uts)—v(s)||;ds < llu—vllz:. O

In the next step, we show that the objective function value is well-defined
and that the adjoint state equations have a unique solution. The adjoint state
equations take the form

. T T
&) = —(Vxl(xu(t),u(t))) - (fo(xu(t),u(t))) &t foraa. telo, t],
T
§(t) = (Ve (wultp)) -
The solution ¢: [0, t7] — R"™* of this boundary value problem is generally known
as the adjoint state. The adjoint state is usually referred to by the greek letter A.
We use ¢ to avoid confusion with the Lebesgue measure.
Because the adjoint state depends on the control function u, we add an index

&, to clarify which control an adjoint state is associated with.

Proposition 2.4.21 (Existence and Uniqluieness of the Adjoint State).
Let ny, ny, tf, x0, D, f, I, and ® satisfy |Assumptions 2.4.17 (l)sl;.4.17 2)
2.4.17 (Ato2.4.17 (6)land[2.4.17 (8)l Let 6 >0 be constant and K <D be convex
and compact such that for every nearly [0, 1]-valued control function u € Qng(t £
there exists a unique absolutely continuous function x,: [0, ty] — K such that

&y () = f(20(®),u(®)) for a.a. tel0, tfl,
x,(0) = xg.
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2.4. Differentiable Functions in Similarity Spaces

Then the map j: %gw(tf) — R with

t
Jw) = q)(xu(tf))+f0fl(xu(t),u(t))dt Vu € B (ty)

is well-defined and for every u € %(’;“’(t ), there exists a unique absolutely continu-
ous function &, : [0, tf] — R™ such that

. T T

£u®) = = (Val (xu(®,u®)) - (Vaf (wud),u®)) €u(®) fora.a. telo, t7],
T

Eulty) = (Va@(wultp)) -

There exists a constant M 5 g = 0 such that

” fu(t)” < ME,(S,K Yue @gw(tf), tel0, tf]. q

PROOF. PART 1 (WELL-DEFINEDNESS OF j(u)). Let u € 98;°(ty). Because
xu(tr) € K =D, ®(xy(¢r)) is well-defined. It is therefore sufficient to show that
the integral is well-defined to show that j(u) is well-defined. The integrand
t — 1(x,(8),u(?)) is a sum of products between continuous functions of ¢ and is
therefore itself continuous. Because the interval [0, #7] is compact, this map is
integrable over [0, ¢¢]. Therefore, j(u) is well-defined.

PART 2 (EXISTENCE OF &,). The adjoint state ¢, is the solution to the bound-
ary value problem

) =F(t,E4(1) for a.a. t€[0, t/],
T
Eultp) = (V@ (nu(tp))
with
T T
F(t,8):= (il (5 0,u0)| = (Vef (xu(®,u)) -¢.

We note that for every fixed ¢ € R®x, t — F(t,¢) is measurable. This is because
for all i € [ny]o, the maps ¢ — V,f;(x,(t)) and t — V,I;(x,(¢)) are compositions
of continuous functions and are therefore themselves continuous. Since u; is
measurable in ¢ and ¢ is fixed, ¢ — F(¢,{) is measurable in ¢. For fixed ¢ € [0, /],
& — F(t,¢) is linear and therefore continuous.

Next, we have to derive integrable bounds for F' and an integrable Lipschitz
constant. Since x — V, fi(x) and x — V,[;(x) are continuous for i € [n,]p and K is
compact, there exist constants Co x,C1,x =0 such that

Cok = |Vilix)| Vielnylo, x€K,
Cig = |Vefitx)| Vielnywlo, x€K.

To simplify notation, we define &y := V,®(x,(¢)). For each ¢ € [0, ¢¢], we have
x,(¢t) € K and therefore

Vel (10 (), u(t)) ” < |

Valolu(®)] + 35 [Vl a®)| - Jusco)
i=1
<Cox-(1+u®], ).
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2. THEORETICAL FOUNDATION

Similarly, we find that

” (Ve (@0, u®)) 60| = Crc- Wl (1+ i@ )

Thus, we have

|F .60 < (Cox +Crc-16ol) - (1+ [ud],) Ve, 4]

=h1 (1)

with k1 € L1([0, /1) because

tr
fo Ik1(0)]dt = (Cox +Cri - I€ol) - (¢7 + el 1) < oo.
Similarly, we have

[P, Ft.0) < Cri- (1+|ul,)-16-¢1 vE,ceR™, telo, 7]

=thy(t)

with kg € L1([0, /1) because

tr
fo |k2(t)|dt= Cik- (tf + ||u||L1) < o0.

Therefore, F' satisfies the Carathéodory conditions on [0, ¢] (see [Hal69])). If we
extend F' to (-1, £y + 1) x R™* by setting F'(¢,£) :=0 for all £ ¢ [0, 7], then we can
similarly extend %1 and k9 by zero without breaking the Carathéodory conditions
or the bound conditions.

Because the extended F satisfies the Carathéodory conditions, the inte-
grable bound condition with bound %21 and the Lipschitz condition with kg,
the ODE é(t) = F(t,&(t)) has unique local solutions around every initial datum
(to, €(to)) € (-1, ty+1) xR, i.e., for every (¢, (o) € (-1, tf +1) x R"*, there
exist an open interval I, s ¢, S (=1, ¢r +1) with ¢g € I, 4, ¢, and an absolutely
continuous function &, ¢.¢0 ¢ Ly t0,00 — R™* such that

Eutoto® =F(t,Eu100,®) fora.a. tely s,
Euto.0(t0) =Co.

Let ¢, be the extension of ¢, ; 1.0 tO its maximal existence interval which we refer
to as I, (-1, ty +1). We certainly have ¢ € I,,. Let a :=infl, € [-1, #7]. For
t —ain I,, we have either t — —1 or ||cfu(t)|| —oo. For each t € I, with ¢ <t7, we
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2.4. Differentiable Functions in Similarity Spaces

have

tep—=t
Jéutty—s)] s

Jeu-tol < [
Otf—t
=f0 |t s, euter ) as

tp—t
sfo Co-(1+ utty -9,

+Cric- (14 Jutty =)y )- (1ol + |€ults =)= &0 ) ds

tr—t

= (Cox+Ca-tial):(ty—e+ [ Jutr -9, 5

tr—t

Cir-l1 - A Eu(tr—8)— ds.

e[ Cu (14 futt =9l Buter -9 -t ds

By applying Gronwall’s lemma, we obtain the estimate

A

tf—t
[ ey =)y as)

[€u® &0 = (CO,K+C'1,K'||fo||)-(tf—t+f

tp—t
'exp(CLK-(tf—t+f0 ||u(tf—s)||1ds))

(Cox +C1x-loll)- (tf —t+ [l ¢ ||L1) O U=ttt 1)

<(Cox+Crx-&l)- (¢ +llullyr) - eCrrEreiel )

~

~~
=Coy

< 00.

Thus, ¢, is confined to a closed ball of radius Cg , around xp, which implies that
a =infl, <0 and that therefore ¢, can be extended to the entire interval [0, ¢7].

Because K < D is compact and because V,® is continuous, there exists a
constant C3 g = 0 such that

[Vi®)| <Cskx VxeK.

We can use the fact that x,(¢f) € K to argue that [{oll < C3 . According to the
definition of %.*(¢s), we have

lulgi<ng-tr+6 VYue %gw(tf).
——
::C4’5
For all t € [0, ¢r], we have
s @] = [[goll + [|§u® o]
<Csx+(Cox+Cri-lEol)- (tr+luly-eCratrieln)
<C3x+(Cox +C1x-Csg)-(ty+Cyp--eCrxrtCad))

:ZM&(;’K

PART 3 (UNIQUENESS OF ;). As we have argued in prior proofs, uniqueness
follows by contradiction from the local uniqueness of Carathéodory solutions
around every point (t, ¢ u(t)), which follows from the Lipschitz condition on F.[]
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2. THEORETICAL FOUNDATION

We can now argue that the map j: 98 (t¢) — R from [Proposition 2.4.21is
Fréchet differentiable by exploiting the fact that for the Lagrangian relaxation

t
Llx,u,E) = O(x(tp)) + fo 10, 00) + 7O F (20, u0) ~ 200
satisfies

t
L(xy,u,&) = D(x,(tp)) + fo ' L (2 (), u(®) + EX (D) (f(xu(t), u(t)) —o’cu(t)) dt

=0

t
Zq)(xu(tf))'l'f fl(xu(t),u(t)) de
0
=j(uw)

for all u € %gw(t £). This is independent of the particular choice of {. By applying
partial integration to the last summand of the integrand in L(x,u,{), we further
obtain

Llx,u, &)= O(x(tp) +ET(0x(0)— T ()t )

t
n fo (0, u) + O (x00,u(0) + 00 .

We can use the special form of the adjoint state ¢, to further simplify this
expression.

Proposition 2.4.22 (Fréchet differentiability of ODE-based funictions).
Let ny, ny, tf, xo, D, f, I, and @ satisfyTAssumptions 2.4.17 (1) t:[Z.4.17 (8)
Let 6§ > 0 be constant and let K < D be compact and convex such that for each
ue %gw(tf), there exists a unique absolutely continuous function x, : [0, tf] — K
with

%y () = f (20 (@), u(®)) fora.a. tel0, tr],
x,(0) = xg.

Then the functional j: .%;w(tf) — R with
. tf n
Julty)=@(x,(tf)) +f0 Loy (@), u(®))dt  Vu e B (tr)

is Lipschitz-continuously Fréchet differentiable on ,%’g“’(t £). Its Fréchet derivative
satisfies

t
Dj(wd = fo f(Vul(xu(t),u(t)) +&l @y, f(xu(t),u(t))) -d(t)dt
for all d e LY([0, t7],R™). <

PROOF. According to|Lemma 2.4.20} there also exists a constant Lo 5 x = 0 such
that

||xu(t)—xv(t)“ SL(),(;,K' lu-vl,r Vtelo, tf], u,v €@;w(tf).
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Furthermore, since K < D is compact and V,f; and V,[; are continuous for all
i € [nylo, there exist constants L1 x =0 and Ly g = 0 such that

[Veli@o)|| =Lix  Vielnyplo, x€K,
[Vifix)| =Logx Vielnylo, x€K.

[Assumptions 2.4.17 (3)|and [2.4.17 (7)|state that there are constants L3 x =0 and
L4k =0 such that

HVxli(x)—Vxli(y)H sLsg-llx—yl Vielnylo, x,y€K,
[Vifi)=Viefi)| <Lag-lx—yl Yielnylo, x,y € K.

For every u € 985" (ty), there exists u' € 8" (7). Therefore, we have

/ /
lullpr <lullpe +llu—wllpy <ng -tp +6.

Finally, according to[Proposition 2.4.21] there exists a constant M¢ 5 g such that

“fu(t)” SM{@K Vu€<@gw(tf), telo, tf].

PART 1 (INITIAL REFORMULATION). Let u,v € B;w(tf) be control functions.
Let x,, x, be the absolutely continuous IVP solutions corresponding to u and v,
respectively, and let ¢, be the adjoint state function in v according to
The hypothesized expression for the Fréchet derivative yields the
linearized change

t
Dj()u-v)= fo f(Vul (20 (), (D)) + &L OV f (xv(t),v(t)))(u(t)—v(t)) dt
We have

Jw)—j@)-Djw)u-v)
= e%(xu’usfu)_«2(9‘:1},0,61})

t

- fo f(Vul (0 (8),0(D) + EL OV, f (xv(t),v(t)))(u(t)—v(t)) d¢

= O(xu(tp)-P (xv(tf))+(gv(o)_fv(o))TxO_Eg‘(tf)(xu(tf)_xv(tf))
j’ (D), u(®) + £ (OF (w0, u(®)) + €] B, (8))

j' o0, 0(0) + L OF (50, 0(0) + €7 (O, (1)) dt
f Vil (2,(8),0)) + EL @V, f (20 (2), v(t))) (u() - v(t)) dt
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= O(xu(ts)) = D(ay(tp) = Va®@(xo(t£)) (xut £) — (2 £))

N /0 v (@, u®) - 1 (o 0),00))) a2
+ fotf EL (1 (a0, u() - £ (1,0, 0(0) ) dt
_ fo 7 2L (0, 0(®)) (D) ()
- fo v ETOV L f (20 (8),0(0)) (4 (1) — 2, (1)) 2

- fo tf (Vul(xv(t),v(t)) +ET VL f (xu(t),v(t)))(u(t)— v(t))de
= O(ay(tp) — D(xp(tr)) = V@ (ay () (xu(tf) — 20 (2 )
+ fo tf( 1 (a(8), u(®)) — Ly (6), 0(8))
=V (x,(8), () (20, (8) — 2, (2))
Yl (w0, 0) (w®) - v(®) ) dt
+ fo v &0 F(rulD,u) - £ (20, 0(0)
=V f (25 (®), 0(®)) (2, (&) — 2,(2))
Vo f (500, 0(0) (u(H) - v(®) ) dt.
We now derive estimates for each of the three summands of the error term.

PART 2 (MAYER TERM ESTIMATE). For the first estimate, we use Taylor’s the-
orem. Because @ is differentiable, there exists a continuous residual function
R¢: D — R with Re(x) — 0 for x — x,(¢7) and

D)~ Dy (1)) — Vo @ (¢ ) (x — 20 (t1)) = Rop()- |2 —x0(tp)|  VaeD.
Thus, we have
|© (0 () — D (xut)) — Vo (o) (50t )~ 50t )|
= )R@(xu(tf))| xuEp) = xo(tp)|
< [Ro(xuttp)|-Log i Iu =il

PART 3 (LAGRANGE TERM ESTIMATE). The second term takes the form

t
fo f( (20 (), u(®) = 1 (2, (8), 0(8)) = Vil (20, (), v(8)) (20,(8) — 2(2))
~Val (w(0),0(0)) (u(t) - v(1) | dt
For every t € [0, £7], we have

(xu (), u(®) — (2, (2),v(2))

= To(xa(®) ~ Lo (s (D) + Z( (e ()i (8) ~ L (5 (D)vs(0)
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n

= Lo (xu () — Lo (o (®)) + (-(xu(t))—li(xv(t)))-ui(t)

g

~.
Il
—

+
[\’15

~
Il
-

Li(xo (@) - (wi(®) —vi(8)).
For the derivative V, I, we have
Vol (5,00, 0@) (w®) = v(®) = ¥ 1i(xo(®) (wi®) —vi(0)  VEe0, t7],
i=1

We can use the fact that x,(¢) € K and x,(f) € K for all £ € [0, ¢7] and that K is
convex. According to the fundamental theorem of calculus, we have

l; (xu(t)) -1; (xv(t)) = Vul; (xv(t)) (xu(t) - xv(t)) ’

1
= ‘/ (Vxlt ((1 —8)-xy(H)+s xu(t)) = Vul; (xv(t))) (xu(t) _xv(t)) ds
0

eli((1=8)-,(0) + 52 (1) = Vil (200) |- | u(®) - 200)] s

1
sL?,,K-f0 s+ ||xu(®) = x,()]|* ds

2
L3k Lo,a,K 2
< — lu—-vl},

for all i € [ny]o and £ € [0, £7]. In summary, we obtain the estimate
‘ f (@), u®) — 1 (2, (), 0(2)) = Vil (2 (2), v(8)) (20 (8) — 2 (2))
Yl (10, 00) (u(t) - v(1) dt‘

f
Sf

ZO(xu(t)) - ZO(xv(t)) - vxl()(xv(t)) . (xu(t) _xv(t))

+Z(( (eu®) - Li (0 (0) ) ui(t)—Vxli(xv(t))(xu(t)—xv(t))-vi(t))‘dt

tr( Lak-Lisx
Sfo ( 5wl (L @)

tr( Lax-Lfsp
Sfo ( ——5 " lu =l (L+ ol

+Lix-Logsx-lu—vlg-|u@- v(t)||1) dt

L3k LO§K

S(—z (tf+||lL||L1)+L1,K'L0,§,K)'||u—v||il
Lk L2

S(TMK ((1+nw)-tf+5)+L1,K-LO,5,K).||u—v||§l.

-~

=Crsk
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PART 4 (MULTIPLIER TERM ESTIMATE). The estimate for the third term is
derived very similarly to that for the second term. Here, we have

Filxu®) = £i000) = Vi (5,0 (O = 20 0) |
1
= Hf() (vxfi ((]— =) xy(H)+s xu(t)) = Vifi (xv(t))) : (xu(t) _xv(t)) ds
1
=/
! 2
=Lsx .fo s+ [|lou (@) =2, ()] ds

72

Lix LO,5,K 2

s——F— lu-vlj,
2

Vafi((1=8)- (0 + - 54(8) = Vafi () | - |02 () - 2u(0) ] ds

for all ¢ € [0, t¢]. We therefore obtain the final estimate
¢
‘ fo ") ( £ (u @), u(®) = £ (xu(),0(®) = Vi f (200(8), 0(8)) - (20, () — (1))
Vo f (508, 0(0) (u(®) - v(0))) dt’
tf
Sfo IGIE ” fo(xu(®) = fo(xu(®) = Vi fo (2 (®)) - (2 (8) — 2,(2))
+Zw( (fi () - fi (xv(t))) “ui(t)
i=1

=V fi (20 (@) (06, (8) — 2 (8)) - vi(t)) H det

173 L47K +L(2) 5K
<Mesuc- [ T2 (L o) - i
ny
+2
=1
2

tr L4,K+L
SM&,&,K'fO ( %'(1+||u(t)”1)‘llu—vl|i1

Vefilwo®) - [ - 2,0 - |ui(t)—vi<t>|)dt

+Log Losx-lu—vlg-|u)- v(t)lll) dt

L4,K +L2

0,6,K
=M;sx ( 5 '(tf+||u||L1)+L2,K'LO,§,K)‘||U_U||%1
L4,K +L(2)6K
=M:sx (TH'((1+nw)‘tf+6)+L2,K'LO,5,K)'||U—U||%1-

::C/"(S’K

PART 5 (D j(v) 1S THE FRECHET DERIVATIVE OF j IN v). We can now com-
bine the three estimates with our initial reformulation to obtain

|j(w) = j(w) =D j(w)u - )|

< [Ro(wultp)|-Losx - =vlps +(Crs i +Cppx0)- I —vll2,
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= (|R¢(xu(tf))‘ ‘Losg+Crsx+Crsx)-lu—vlip|-lu-vlg.

w7

u—v

—0

Thus, we have
JW)=j)+Dj)u-v)+o(lu-vlg1)

for all u € .%g’”(t £)- In order to show that j is Fréchet differentiable around v,
we still have to show that d — D j(v)d is a bounded linear operator. Linearity
follows from the linearity of the integral. Boundedness follows because for all
d e L([0, t7],R™), we have

tf Nw

[Djw)d] < | 3 i)+ OF @) - dio)] de
=1

tf
s(Lig+Mesx-Lox) 'fo [d@®)]; d¢
S(L1x+Mesg-Log)-ldlp1.
Therefore, d — D j(v)d is a bounded linear operator for all v € %gw(tf).

PART 6 (u— Dj(u) 1S LIPSCHITZ CONTINUOUS). Let u,v e %gW(tf). For all
i €[nylo and ¢ €[0, ], the fundamental theorem of analysis shows that

zi(xu(t))—li(xv(t))‘ Sfol‘

Veli(s xu(®)+ (1= )0, ®) | - |2 - 0 (0] ds
eK

Lix-Losk
S lu—-vllg1,

fi(xu(®) = fi(x(®) H = fol‘

Log-Losk
< P vl

Vafi(s xu(®)+(1=9)-2,0) |- |2t - 5, 0] ds

For all d € L([0, t7],R"*), we therefore have

|Dj(w)d - D j)d|

<J, &l

sWig+Mesg-Log) -Losk-lu—vlgi-ldlz.

L (0u(®) = L (10 () | + [ &0

ﬂ&ﬁM—ﬁ&AMM%@Mt

Therefore, the operator norm of D j(u)— D j(v) satisfies
|Djw)-Dj@)| <(Lig+Msk-Log)-Losk-llu—vig Vu,veBy“(ty).
This means that the Fréchet derivative of j is Lipschitz continuous on .%gw(t .0

Having proven that Bolza-type functionals of nearly [0, 1]-valued control
functions are Fréchet differentiable, we can use the general Banach space theory
derived in We use the canonical vector measure described in

eorem 2.4.14]which maps a measurable set to its characteristic function.
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Theorem 2.4.23 (Set Differentiability of ODE-based Functions).

Let ny, ny, tf, x0, D, f, I, ®, and m satisfy [Assumptions 2.4.17 (1)|to[2.4.17 (9)|
For each i € [ny), let ([0, ¢f], 9B([0, ¢£]), ui) be the measure space of Lebesgue
measurable subsets of [0, tr] equipped with the measure p;: %([0, tf]) — Rxg
with

'ui(A)::_[ m;dA < oo VAEQB([O, tf]).
A

Let (X, Z, p) be the layered measure space whose layers are the original measure

spaces ([0, tr1, B([0, t£1), p;) for i € [ny). For each U € ¥~,, let xy: [0, tf] — D

and ¢y : [0, tr]— R"™ be the unique solutions to the boundary value problems
xu @) = fxu @), xu@) for a.a. te[0, tr],
xy(0) = xo,

. T T
§U(t)=—(Vxl(xU(t), )(U(t))) —(fo(xU(t), XUi(t))) &y(t) fora.a. telo, ¢,
T
Sulty) = (vxq)(xU(tf))) ,
where yy = (XUi)ie[nw] for all U € ¥~, and U; is the i-th layer of U. Then
J: Y~ — Ruwith

tf
JU) = D(xp(tp)) + fo 1(xu (), yu®))dt VU €¥-,

is Lipschitz-continuously differentiable and satisfies

Ny 1-2yy. (¢
vianm =3 [ 122

. T . .
Ly o (ll(xU(t))+£U(t)fl(xU(t)))d,ul VU, W € ¥-,.

<

PROOF. PART 1 (EXISTENCE AND UNIQUENESS OF xy, éy). According to

Theorem 2.4.19| there exist a constant § >0 and a compact set K <D such that
for every nearly [0, 1]-valued control function u € %g’”(t ), there exists a unique

absolutely continuous function x,, : [0, ¢f] — R"* with

&u(t) = f 2y (@), u(®)) fora.a.tel0, trl,
x,(0) = x9.

According to [Proposition 2.4.21], there then also exists a unique absolutely contin-
uous function ¢, : [0, 7] — R™ with

. T T
£ult) = =(Val (2 (®), u®)) = (Ve (xu(®), u®)] ul) foraa. telo, 7],
T
Eultp) = (Ve@(ultp))
This specifically applies for binary-valued controls u = yy € 8™ (¢f) and for a §
environment around each yy.

PART 2 (DIFFERENTIABILITY OF J). As shown in [Proposition 2.4.22| the
functional j: %;“(tf) — R with

tr
Jju) = d)(xu(tf))+f0 l(xu(t), u(t)) dt Vue.%gw(tf)
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is Lipschitz-continuously Fréchet differentiable and its derivative satisfies
. tr T
Djw)d = fo (Val (a8, 60) + €L OV f (a0, 00) ) d D)t

for all u € 28" (t;) and d € L} ([0, t7], R™).

We now verify|Assumption 2.4.10l To do so, we have to bridge the gap between
the vector measures v;: ([0, ¢71) — L1 ([0, t/1) with v;(U;) = yu, that operate
on individual layers of the layered space, and the composite vector measure
vi 2= Li([0, tr], R™) with v(U) = (vi(U:)) ;e -

For an individual layer with index i € [n,], [Theorem 2.4.14] and |Propo{
prove that v; is a vector measure of bounded variation with
[viI(V) < C; - . The fact that v is a vector measure follows from the elementwise
measure properties of the individual v;. For every U € Z, we have

i€lny]

[v)| = H(lm(Ui)llLi([O’ tf])) ‘1

nw
= i:ZIHVi(Ui)”L;([o, )

< Zci'ﬂi(Ui)

=1
Ny
< (max Ci)'Z#i(Ui)
i€lnyl i=1
=C
=C- ).

Here, the fact that all norms are equivalent on R"* makes the particular choice of
the outer norm irrelevant. For every partition (UD);cn € 2N of U, we also obtain
the estimate

S v = 5 ¢ uw®)
=1 i=1

_ C'N(QU(i))
=C-u@),

which implies that
viU)<C-wU) VUEeZX.

Because p(X) < oo, this implies that v is of bounded variation. In conjunction
with and the fact that Y := L1([0, /], R"») is a Banach space,
this demonstrates [Assumptions 2.4.10 (1)|to[2.4.10 (4)] [Assumption 2.4.10 (5)|
follows from [Proposition 2.4.22|

We can now apply[Theorem 2.4.13|to show that «/ is Lipschitz-continuously dif-
ferentiable because J(U) = j(v(U)) for all U¥~,. According to[Proposition 2.4.12}
the derivative of J in U € %~ takes the form

VEU)D)
=D j(v@))(v(D\U)-v(D nT))
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t
= [ (a0, 10®) + (G0 O) Vuf (e ®,10@) - (A \U) - D D) de

) Zw’(fD \U, i)+ Ly fitew) d/l_[ (ZiCe) + &7, filay)) dA
i=1 i\Uj

D;nU;

= Zw (1—2)(Ui)‘(li(xU)+¢f{]fi(xU))d/'l

i=1YD;
Ty 1-2yy,

= Zj;) T'(li(xUHflT]fi(xU))dui
i=1/D; i

for all D € ¥~,. We note that we can safely divide by m here because
demands that m be bounded away from zero. We also make use of the
fact that

1 ifteU;,

1-2y0,(8) =
1w {—1 ifteU;

which gives us a very convenient way to encode the change in sign between the
two summand integrals. O

Of course, the explicit form of VF(U) written as a sum of integrals in in-

dividual layers of the layered space that we have derived in [Theorem 2.4.23
makes it very convenient to determine the gradient density function in this case.

According to[Theorem 2.1.20] the gradient density function is simply the layered
function made up of integrands of the integral and therefore takes the form

1- ZXUL(t) .

g, 1) = i)

(i o ®) + (Go @) filxu®)) Veelo, ¢
foralli e[n,]and U € ¥/~,.

Using this explicit form of the gradient density functions, we can see an
interesting parallel between the necessary optimality criterion we state in[Propo]

sition 2.4.7| and Pontryagin’s minimum principle. The necessary optimality
criterion is satisfied if and only if

t
f " min{g(U)i, ), 0}dui(®)=0 Vi elnyl,
0

which is equivalent to g(U)(i,t) = 0 for almost all £ € [0, ¢7]. If we consider the
simplified case that m;(¢) = 1 for all i and ¢, then g(U)(i,t) = 0 is equivalent to

Li(xu@®) + (Eu@®) fi(xu(®) =0 fora.a. te[0, t/1\U;,
Li(xu(®) + [g‘U(t))Tfi (xu@®) <0 fora.a.teU,.

If we take into account that /; (xy(t)) + (£y(8)) T fi(xp(2)) is the derivative of the
Hamiltonian function with respect to the i-th component of the control function
which is at its upper bound 1 for all points in U; and at its lower bound 0 for all
points outside of U;, we can see that this is equivalent to the statement that the
Hamiltonian function, which is differentiable in this setting, cannot be improved
locally by changing the control function. In conjunction with the choice of {r7, this
means that the point (xy7, yu, {r) would satisfy Pontryagin’s minimum principle.
A detailed discussion of Pontryagin’s minimum priciple is beyond the scope of
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2.4. Differentiable Functions in Similarity Spaces

this thesis. Such discussions can be found in most basic texts on the foundations
of optimal control theory (see, e.g., [Ber74; MZ21]).

Intuitively, directly solving for a stationary point with this type of gradient
density can be thought of as partitioning the time horizon into separate regions
and picking the control configuration that minimizes the Hamiltonian for each
region separately, though this intuition is somewhat complicated by nonlineari-
ties in the set functional. Similar approaches for mixed-integer optimal control
have previously been proposed under the name “competing Hamiltonians” [BL85}
Boc+17].

2.4.4 Derivation: PDE Case

The differentiation method described in this section was first developed for a
slightly simplified setting in [HLS22) Sec. 3.3.2].

In this section, we discuss in a very generalized way how to obtain derivatives in
a PDE setting. PDEs require much more problem-specific treatment than ODEs.
Therefore, we will not be able to state an explicit term for the gradient density
function. However, there are certain recurring steps in PDE solution that allow
for some general statements.

PDEs are often solved in a weak form. This means that rather than solving
for a solution to the original PDE, we solve for a function that behaves like a
solution with respect to a selection of linear test functionals. Any strong solution
to the original PDE is then also a weak solution. If a weak solution can be found
and shown to be unique, a strong solution, if it exists, must be equal to it by
whatever concept of equality applies in the search space.

It is important to stress the “concept of equality” aspect of this statement
because weak solutions are usually determined within spaces of integrable func-
tions and Sobolev spaces. Equality in these spaces usually allows for differences
on nullsets. There are, however, sometimes embedding results that show that
weak solutions can be made into strong solutions by adjusting them on nullsets.

Working with weak formulations in Banach function spaces is convenient
because it effectively turns the PDE into an equation system in a Banach space.
The function spaces in question are then generally approximated using subspaces
of finite dimension. This process usually involves subdividing the problem do-
main into a mesh. To make more concrete statements, we formulate the set of
assumptions for this setting.

We once more introduce two categories of control functions.

Definition 2.4.24 (Control Function Classes).
LetdeN,let ny, €N, and let Q = R? be Lebesgue measurable with A(Q) < co. We
refer to

W (Q) = LY(Q, [0, 11™),
W (Q) = {w e LY(Q, R™)|3v e #™(Q): |w—vlle <8} ¥&>0.

as the set of relaxed control functions and its 6-neighborhood, respectively. <

Because A(2) < oo, these control functions are always integrable. The fact that
they are essentially bounded is significant because for some PDE-constrained
optimization problems, differentiability can only be proven within L* neigh-
borhoods to maintain essential separation of coefficients from values at which
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the PDE solution ceases to exist or be unique. We discuss one such problem in
Section 4.2

We ultimately derive these control functions from similarity classes by using
the indicator function mapping as a vector measure. For n, > 1, the indicator
function is an integrable function in a layered measure space where each layer
acts as one component of the control function.

The problem with determining Fréchet derivatives with L> as codomain is
that the L* norm of the difference between two indicator functions does not
gradually decrease to zero as the two indicator functions grow “closer.” The
difference between the two indicator functions must be measured using the L!
norm to accurately reflect the distance between the two similarity classes that
are being represented. To accommodate this, we have to incorporate a special
condition into our preconditions that ensures that the derivative that is originally
determined for infinitesimal L* perturbations also functions as a derivative with
respect to L perturbations as long as the start and end points of the perturbation
are both in # "« (Q).

The advantage of this two-stage approach is that we can use the stronger
guarantees of an L™ perturbation to prove the existence of the derivative and
can then use known properties of the PDE solution, such as regularity results
and maximum principles, to retrospectively broaden error estimates to apply to
L! perturbations.

Assumption 2.4.25.
LetdeN, n, eN, Q, Y, Z G, 6>0, f:GX%"'”(Q)—»Z,J’:GXWJ“’(Q)—»R
satisfy the following assumptions:

(1) Q<R? is Lebesgue measurable with A(Q) < co;
(2) Y and Z are Banach spaces;
(3) G <Y isopen;
(4) f is continuously F-differentiable on G x 7//5"‘”((2);
(5) j is continuously F-differentiable on G x 71/;‘“(9);
(6) for (x, w)eG x 7//6”“’((2), D.f(x,w)e LY, Z) has a bounded inverse;
(7) for eachw e 71/5'“” (Q), there is exactly one x,, € G with f(x,,w)=0;
(8) for v € W™ (Q) with v(x) € {0, 1}"» almost everywhere and x, € Y with
f(x,,v) =0, there exists a constant L = 0 such that the linear form T', with
Ty :=—-Dyj(xy,v)0 (Dxf(xv,v))_1 oDy, f(xy,v)(w —v)+ Dy, j(xy,v)
satisfies
|T(w—v)\ <L-lw-vl1

as well as
T, w) = j(xy,v) = Tyw —v) = o(llw—vliz1)

for all w € ™ (Q) with w(x) € {0, 1}"» almost everywhere and x,, € Y with
f(xw,w)=0.
Let m: Q — R"» satisfy the following assumption:

(9) foreachi€lny,l, m;€ L‘/’f’(Q) is a scaling density function of A.
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Furthermore, let (n;)ien, SN and (T'; j)ien,, jeln;1 S %B(Q) satisfy the following
assumptions:

10) AT;;)>0VieNy, jeln;l;

(11) for each i € Ny, (T j)je[n,] is a partition of Q;
(12) maxjepn,) MT} ;) — 0;

(18) Vi>0, jeln;13j €lni1): T < Ti 1, j;

(14) there exists C > 0 such that for all i e Ng and j € [n;], there exists a ball
B; jsuch that T; ;€ B; j and MT; ;)= C-A(B, ;). <

[Assumption 2.4.25 (8) appears at first glance to be a very strong assump-
tion. However, we will see that the existence of T, as an F-derivative of the
mapping w — j(xy,,w) from LP(Q,R"*) to R follows from [Assumptions 2.4.25 (1)
to Therefore, [Assumption 2.4.25 (8)|is simply an assumption that both
the derivative and the residual are bounded with respect to the L! as well as the
L norm. We note that|Assumption 2.4.25 (8)|can be inferred from boundedness
assumptions on the derivatives of f and j with respect to the control function
w by replicating the proof of the Implicit Function Theorem (as stated, e.g., in
[Pat18, Thm. 3.13]) with restricted controls. However, the assumption as we have
stated it here gives us additional flexibility. We could, for instance, use the fact
that actual PDE solutions x,, lie within a more restricted solution space Y' cY
for binary-valued control functions w to prove L! boundedness.

Let subsequently (X, Z, u) be the layered measure space obtained by layering
A(Q) with the Lebesgue measure for each control component:

X:= (< Q),
i=1
Si={UcX|Ui={xeQll, x)e Ul e BEQ) Vi € [ny 1},

W@ =S AU VU e,

n
i=1

At first glance, this may appear problematic because the spaces LP(Z,u) and
LP(%(Q),A,R™) are not the same. The map T': LP(Z, u) — L (B(Q),A,R"**) with
T(f)=x— (f(,0);en VI ELP(Z,W)

is straightforwardly an isomorphism with
T7Hf) = (@,x) = fil).

This isomorphism preserves integrals in the sense that
nw
f fG,x)dui,x) =) | fi,x)dAx)
X i=1YQ

- f Y (T(F), @) dA)
Q=1
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and L? norms in the sense that

1
IfllLezw = f |G, )" dud, x))

1
f |G, 0P dud, x))

Z

d)L(x))

|
|
[ rore) (x)dm)%
i
|

f ||T(f)(x)||pd/1(x))

HT(f)”LP(SB(Q) A, Rw)

for 1 < p <oo and

If Loz p = ess sup|f (i, x)]

(i,x)eX

=inf{a eR|u(If17((@, 00))) :0}

=inf{aeR n; (1717 (@@, o) ({i}xﬂ)):o}
:mf{aeR A1F17 (@@ o0) ({i}xQ)):OVie[nw]}
:inf{ae[ﬁ% ( ()| (@ 00)))=0Vi€[nw]}
:mf{aeR (L:ﬁ ‘(@ oo))) }
:inf{aeR (||T(f)|| (@, oo))) }

= ess %upHT(f)(x)”oo

=T o, 2, mw

for p = co. Thus, LP(Z, ) isometrically embeds into LP(%8(Q),A,R"*) for all
exponents p with 1 < p <oo. We reiterate that the distinction between 23(Q2) and
Z£(Q) is largely irrelevant for our purposes because the Borel- and Lebesgue-o-
algebras only differ in nullsets, which have no effect on differentiable objective
functionals.

We consider the functional J: ¥~, — R with

JWU) = jlxy, xu) VU €%~
where xyy €Y is the unique solution to the equation
flxy,xu)=0.
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We can break [Assumption 2.4.25| up into two parts. [Assumptions 2.4.25 (1)
to ensure the differentiability of w — x,, and imply the set differentia-
bility of the functional ¢J. [Assumption 2.4.25 (9)| allows us to scale the variables.
[Assumptions 2.4.25 (10)|to[2.4.25 (14)| are not necessary to prove the set differen-
tiability of J. Instead, they describe a sequence of increasingly refined meshes
which we can use to approximate the gradient density function.

Proposition 2.4.26.
Letd, ny, Q, Y, Z, G, 6, f, j, and m satisfy|Assumptions 2.4.25 (1)|to|2.4.25 (8)
then J: %~, — Rwith J(U) := j(xy, xv) is a differentiable set functional and the
derivative of J has the form

VJ(U)D) = -D.jxcv, xir) (D f G, x0)) Do f @7, x0)XD\U — XD00)
+Dy,jxy, xu)xp\Uu — XDnU)

forall D € ¥-~,. <

PROOF. PART 1 (F-DIFFERENTIABILITY OF w — X,,). In the first step, we
demonstrate that w — x,, as a mapping from 7//5’“”(9) c L®(A(Q), A, R™) to
G c X is Fréchet differentiable. This is relatively easy to do using the Implicit
Function Theorem (see, e.g., [Hin+09, Thm. 1.41] or [Pat18, Thm. 3.13]ﬂ By
lAssumption 2.4.25 (7)L X, exists and is a unique element of G for all w € W(S”’”(Q).
Thus

U =G x W] (Q)

is a neighborhood of (x,,, w) for all w. By [Assumptions 2.4.25 (4) and [2.4.25 (6)]
f is continuously F-differentiable around (x,, w) and D,F(x,,w) exists and
is a bounded isomorphism. According to the Implicit Function Theorem, this
establishes the uniqueness and continuous differentiability of w — x,, in a smaller
neighborhood around (x,,, w) and

Doy — %)W) = —(D f @y, w)) " 0 Dy f i, w).

Global uniqueness and continuous differentiability then follows from the fact
that 7//6'1"’(9) is pathwise connected, that every path through it can be covered
with a finite number of overlapping neighborhoods obtained from the Implicit
Function Theorem, and that x,, is the unique solution of f(x,w) = 0 because of
[Assumption 2.4.25 (7)] We note that without the uniqueness assumption, the
Implicit Function Theorem would allow for multiple sets of solutions as long as
they are strictly separated from one another.

PART 2 (COMPOSITION WITH j). Because j is continuously F-differentiable,
we can apply the chain rule to show that w — j(x,,,w) is continuously F-differen-
tiable with

D(w ’“](xw,w))(dw)
=D j(xw, w)(Dw — x)(dw), duw)
= =D j (00, w) (D f X, w)) " Doy f Gp, )y + Dy j (0, )y

1Both of the cited sources make a sign error in the expression for the derivative. However, [Pat18]
provides a proof in which the correct sign is used.
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for L input perturbations d,. To transfer this result to L' perturbations
between binary-valued inputs, we use [Assumption 2.4.25 (8)|to show that the
derivative mapping

T,:= _ij(xw,w)(Dxf(xw,w))_lDwf(xw,w)+Dw.j(xw;w)

is bounded with respect to the L norm for inputs that are differences between
binary-valued functions and that the truncation error can be vanishes relative to
the L! norm of the perturbation.

PART 3 (DIFFERENTIABILITY OF J). We want to invoke the results from [Sec]
Therefore, we need to verify [Assumption 2.4.10] (X, X, u) is a layered
measure space composed of finite atomless measure spaces. Therefore, it is itself
a finite atomless measure space. The codomain Y is L'(Z, u), which is a Banach
space. The vector measure v is the indicator function mapping, which satisfies

[Assumptions 2.4.10 (3)and [2.4.10 (4)| according to[Theorem 2.4.14] and
[v(V)=v@)|y = u@U A V)

for all U,V € X. The indicator function mapping maps all sets to binary-valued
integrable functions. As we have already shown, the mapping (w — j(xy,w))
is F-differentiable between binary-valued functions in the sense of

1on 2.4.10 (5)} Therefore, we can apply [Proposition 2.4.12|and [Theorem 2.4.13|to
demonstrate the local and global differentiability of /. O

We note that|{Theorem 2.4.13|also demonstrates the continuity of the deriva-

tive. Given |[Assumption 2.4.25 (9), we can combine the components of the scaling
density functions m into a layered function which then satisfies
and allows us to invoke |Proposition 2.4.16|to scale gradient densities.

Knowing that the derivative exists is not sufficient if we cannot approximate
its density function. [Assumptions 2.4.25 (10)|to [2.4.25 (14) ensure that we can
approximate the density function by using the gradient of the functional with
respect to discretized control vectors on a hierarchy of meshes.

Theorem 2.4.27 (Approximation of the Derivative)
LetdeN, ny,eN, Q,6>0,Y, Z, G, f, j, and m satisfy |Assumptions 2.4.25 (1)
to[2.4.25 (7)|and[2.4.25 (9)] Let (X, Z, u) be the layered measure space composed
of layers (Q, Z, u;) where y; is the measure whose density function with respect to
Ais m;. Then the functional J: ¥~, — R with

JW) = jlxy,,xv) YUE€H~,

is continuously differentiable and we have

VJ(UND) = _(ij(xXU,XU) o (Dxf(x)(U,XU))_l °Dwf(x)(U,7(U)) (xp\v - xprv)
+ Dy jyy, xu) (XD \U — XDAU)

for all U,D € ¥~,. Let (nj)ieny SN and (T j)ien, jein;1 S B(Q) satisfy
[tions 2.4.25 (10)|to [2.4.25 (1d)] For each x € Q, there exists a unique sequence
(ji(x))ieNO SN such that j;(x) € [n;land x € T; j,(x) for all i € No. We then find that
the k-th gradient density function of F satisfies
VJWU)ARY x T} j,(x)
(k,x)= lim >t
g imoo  p({k}xT; j.(x))

for all k € [nyl. <

fora.a. x€Q
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PROOF. The differentiability and form of the derivative follow from
[tion 2.4.26] Let g be the density function of VJ(U). At first we only consider one
k e[nyl and one x € Q.

Our first concern is the existence of the sequence (j;(x)) ieNy According to
[Assumption 2.4.25 (11), (T'; j)je[n,] is a partition of Q for all i € Ng. Therefore, for
every i € N, there exists a unique j;(x) € [n;] such that x € T} ;. (x).

We use Lebesgue’s differentiation theorem as stated in [BC09, Thm. 8.4.6].
There, the stated condition on the sequence of sets used to approximate a point
x is “measure-metrizable convergence of sets to a point” [BC09, Def. 8.4.1]. As
noted there, this is a particularly weak form of convergence because it does not
even require that x is a member of any of the sets used to approximate it. In
particular, this means that x does not need to lie in the interior of the mesh cells
used to approximate it and we do not even have to exclude the nullset of all cell
boundaries from our considerations.

The first criterion for measure-metrizable convergence is that for all i € Ny,
there exists a radius r;(x) such that T} ;) S B, x)(x). This is true because of
lAssumption 2.4.25 (14)[ Let C >0, (X; j)ieNy, jeln,] S R? and (ri j)ieny, jeln;) SR
be such that for all i € Ny and j € [n;], we have T;; < B; j := By, (%) and
MT; j) = C- MB; j).

For each i € Ng and x € 2, we have x € T .x) € B, j;(x)- Therefore, for all
y€T; j(x), we have

lx =yl < llx =% j,ll + 1y = X5 j,0l <27 j,00)-

It then follows that T’ j,x) S B2ri,ji(x)(x)' We write r;(x) := 2r; j,(r). We note that
the inclusion implies pz(T; j, ) < pir (Br; ) (®)).

We now have to derive an upper bound on r; j,(x). We can derive this using
the d-dimensional volume of a Euclidean ball which is given by

/2 d

MB; ;) = @z 1)ri’j

VieNp, jelnyl
where I' is Euler’s gamma function. This equation implies

ri(x) =2y j,x)

I'd/2+1)
=2 C\I/WA(Bi,ji(x))

4/ T(d/2+1)
<2 \/W A'(Ti,ji(x))~

In conjunction with [Assumption 2.4.25 (12)] this means that

lim r;(x)=0
1—00
for all x € Q2, which is the second criterion for measure-metrizable convergence.
The third and final criterion for measure-metrizable convergence follows
directly from [Assumption 2.4.25 (14)l Let C’ > 0 be such that A(U) < C’ - u;,(U) for
all U € B(Q) and k € [n,,]. Such C’ exist according to|[Proposition 2.4.16, For all
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i1 €Np and x € Q, we have

C

—— (B, <
de/”mk L /Jk( rl(x)(x))

C
2d ! “A(Br ()

=L.ir{i(x)
24C’ I'(d/2+1) *

C nd/Z
= —_—- —rd .
C' T(d/2+1) Wi
C
= ' “MBi ji(x)
< MTi,j;(x)
=—o
< (T j)-

Uk (Br; (). We have
We also have u (T j,(x)) < pr(Br;(x)(x)), which ensures that

Therefore, we have u (T} j;x)) = Xred

___Cc ___Cc
lmpllzeo 24C" |my Lo

# <1
2¢C" |y oo

We have shown that (T; ;;(x))ien, converges measure-metrizably to x for all
x € Q. Since y; is a weighted version of the Lebesgue measure, y is also a
regular Borel measure and we can apply Lebesgue’s differentiation theorem,
which states that

1
glk,x)=lim ———— g(k,x)duz(x)
i1—00 ,Uk(TL,Jl(x)) Ti,ji(x) I’Lk

VI UMYX Ty j, )
o VJU){RY < T} j,(x)
i—co  u(lk}x T j. ()

for almost all x € Q and all & € [n,]. ]

2.5 CONVEX SET FUNCTIONS

Convexity is of great relevance in mathematical optimization as a distinguishing
feature of “simple” optimization problems. In convex optimization problems, an
algorithm that gradually improves an existing feasible solution until further
improvement is no longer possible yields an optimal or nearly optimal solution. In
non-convex problems, the existence of local optima can make such an algorithm
yield suboptimal results.

The reason why we have to specifically address convexity is because it is
usually defined using the secant inequality. This criterion states that a function
f: D — R mapping a convex set D to R is said to be convex if and only if

flty+Q-tx)<stf(N+A-t)f(x) Vx,yeY,tel0, 11.

This definition depends on scalar multiplication, which is not available in sim-
ilarity spaces. Therefore, we must define convexity differently in our problem
setting.

The most straightforward way to define convexity would be to use geodesics
instead of convex combinations. We discuss this in [Section 2.5.1] There, we show
that this way of defining convexity yields unexpected and undesirable results.
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1.8}

1.6

1' 4 | | | | |
0 0.2 0.4 0.6 0.8 1
Figure 2.8: Illustration of the secant inequality. The graph of the function

fx)=1-x+ %x underestimates its secant between x = 0.2 and y = 0.6.
I

Notably, even trivial set functionals such as signed measures can be non-convex
under such a definition.

Because we are primarily interested in differentiable set functionals, we
instead define convexity using an adapted version of the tangent inequality. We
investigate this way of defining convexity in We show that this
definition yields a much more flexible and more universally applicable concept
of convexity that has similar implications for optimization and can be inferred
from vector space convexity in set functionals that are derived from vector space
functionals in the manner described in

In we address pseudoconvexity, which is a generalization of
convexity that is sometimes used in mathematical optimization. We show that
pseudoconvexity, being based on derivatives, is easily transferrable to differen-
tiable set functionals. However, we argue that its usefulness in our setting is
very limited.

2.5.1 Secant Inequality

The first definition of convexity that we discuss here uses the secant inequality.
For functions f: D — R defined on a convex subset D <V of a vector space V, the
secant inequality takes the form

flny+@-n)-x)<n-f+1-n)-fx) Vx,yeD, nel0, 1l.

The left hand side of this inequality is the evaluation of the function f at an
intermediate point between x and y. This intermediate point is found by convex
combination of the endpoints x and y. The right hand side is the corresponding
convex combination of the function values f(x) and f(y) which corresponds to
the value of a secant supported by the points x and y. [Figure 2.8|illustrates the
meaning of the secant inequality for two fixed support points.

Because convex combinations require scalar multiplication, which is not avail-
able in similarity spaces, we cannot apply the usual secant inequality. However,
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2. THEORETICAL FOUNDATION

we can replace the convex combination with an intermediate point on a geodesic
connecting both endpoints.

While this may appear straightforward, there is no “conventional” geodesic
connecting two endpoints. By using the sparse interpolation theorem (see
frem 2.3.22), we can create geodesics connecting U,V € ¥~, via any intermediate
point W € ¥/~ that satisfies /(U AW)+u(V AW) = w(U AV). The secant inequality
therefore becomes

HUAW) oo BV AW)

FW =" waw WU AV)

-F(U) (2.49)
forall U,V,W e ¥~, with p(U AW)+ u(V AW) =uwU AV). This is equivalent to
demanding that the secant inequality holds along every geodesic.

Equation (2.49)|is overly restrictive. To show this, we consider the simplest

type of differentiable set functional: an absolutely continuous signed measure. In
our analogy to vector spaces, this is the analogue of a linear functional. We would

therefore expect them to be convex. However, in the sense of [Equation (2.49),

they are generally not.

Proposition 2.5.1 (Triviality of Secant Convex Signed Measures).

Let (X, Z, u) be a finite atomless measure space with (X)) >0, let ¢: Z — R be a
signed measure with ¢ < i, and let f € LY(Z, u) be the density function of ¢. If
there exists a constant n € R such that

udf <nh >0,
p({f >nhH >0.

Then ¢ does not satisfy |[Equation (2.49
Conversely, if ¢ is secant convex in the sense of [Equation (2.49)| then there

exists n* € R such that f =n* almost everywhere and we have ¢ =n* - . <

PROOF. Let n€R be such that u({f <n}) >0 and u({f > n}) > 0. We define

U:=lgl-,,
V.= [{f;én}]Nu,
W= [{f >n}]

N”'

UAW=W and VAW = [{f <n}] -, are essentially disjoint. Therefore, we have

U AV)=uV)
=u(VAWAW)
= u((VAW)UU AW))
= (U AW)+ u(V AW).

However, for the values of the signed measure ¢, we obtain

W)= fdp
{f>n}

>n-u({f >n)
>0
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2.5. Convex Set Functions

=n-pUAW)
=) +n-pU AW),
=0

(p(V)=f fdu
v

- f Fdu+ f fdp
{f>n} {f<n}

=p(W) +f fdu
{f<n}

<@W)+n-p({f <n})
=oW)+n-u(VAW).

Therefore, we have
=w(UAV)>0
U AW) +u(V AW)
B WU AV)
UAW VAW
o ) o (W) ( ) o(W)

= o
pUAV) —— uwUAYV) ——
>p(V)-n-u(VAW) >eU)+n-w(UAW)

WU AW) WV AW)
pVAW) - wU AW) = U AW)-u(VAW)
m (T AV)
WU AW) WV AW)
T WUAV) wuAav)

This means that ¢ does not satisfy|[Equation (2.49
Conversely, if ¢ satisfies [Equation (2.49), there exists no n € R such that both

{f >n} and {f < n} are sets of nonzero measure. The measure of the sublevel
set {f <n} is increasing in n. If u({f <n}) =0 for all n € R, then we would have
f = oo almost everywhere. Because u(X) > 0, this would contradict f € L1(Z, u).
Therefore, there must be 1 € R such that u({f <n}) > 0. Let

(W)

(W)

p(V)+ o).

n* :=sup{n e R | u({f <n}) = 0} e RU{-o0}.

We first have to exclude the possibility that n* = —co. If this were the case,
then we would have u({f <n}) > 0 for all n € R. This would then imply that
p({f >n}) =0 for all n € R, which would mean that f = —oco almost everywhere.
This would contradict the integrability of f. Therefore, n* must be a real number.

Because {f <n*} can be written as a countable union of {f <n} with n <n*
and {f =7*} can be written as a countable intersection of {f <n} with n>n"*, we
have

p(if <n*})=0 and pu({f <n*})>o0.

This means that u({f = n*}) > 0. However, because {f =n*} < {f <n} for all n > n*,
this also implies that u({f >n}) = 0 for all n>n*. We can then rewrite {f >7*} as
a countable union of {f >n} with n >n* and obtain

u({f >n"}) =0.
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2. THEORETICAL FOUNDATION

This shows that u({f >7*}) =0 and u({f <n*}) = 0. Together, this means that
f =n"* almost everywhere. We then have

<p(A)=/fdu=n*'u(A) VAeZX. X
A

[Proposition 2.5.1] shows that only a very small subset of very simple set
functionals satisfies the naive secant inequality. We have used signed measures
as an example. However, we could apply the same type of argument to any
differentiable set functional by choosing sufficiently small steps. We choose
signed measures because the density function makes it much easier to construct
steps that violate the secant inequality by using level sets.

We take this as an indication that any attempt of extracting a useful concept
of convexity from the secant inequality likely requires much more intricate
considerations. One possible variation would be to define a set functional as
convex if it is convex only along a specific geodesic as opposed to being convex
along all geodesics.

Definition 2.5.2 (Weak Secant Convexity).
Let (X, Z, p) be a finite atomless measure space, let 2 c¥~,, and let F': 2 —R.
We refer to F' as weakly secant convex if for all U,V € %/~ there exists a geodesic
y: [0, 1] = 2 such that y(0)=U, y(1)=V, and

F(y®) <t-F(V)+(1-8)-FU) Vtelo, 11. 4

Definition 2.5.2]is a more plausibly useful definition of convexity. For signed
measures with density functions, constant mean geodesics can be used to easily

prove weak secant convexity. However, for more complex set functionals, the
construction of a suitable geodesic is a significant obstacle. Thankfully, the
tangent inequality provides a much more convenient and useful definition of
convexity. We develop this type of convexity in the following section.

2.5.2 Tangent Inequality

For differentiable functions, the tangent inequality provides a second, usually
equivalent way of determining convexity. The tangent inequality is satisfied if
tangents to the function graph at any point in the domain underestimate the
function throughout the domain. on the facing page illustrates this for
the tangent at one specific point.

For differentiable set functionals, the tangent inequality can be applied with
very little modification.

Definition 2.5.3 (Tangent Convexity).

Let (X, Z, p) be a finite atomless measure space. Let F': ¥~, — R be a differen-

tiable set functional. We refer to F' as tangent convex if and only if
FV)-FU)=zVFU)UAV) VYU,V e€¥~,. (2.50)

We refer to F' as strictly tangent convex if and only if

FWV)-FU)>VFU)UAV) YU, Ve¥-,:U#V. (2.51)

204



2.5. Convex Set Functions

1.8}

14+ .
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Figure 2.9: Illustration of the tangent inequality. The graph of the function
f=1-x+ %x on the domain [0, 1] is above its tangent around x = 0.4.
I

We refer to F' as strongly tangent convex if and only if there exists a constant
C > 0 such that

F(V)-F(U) = VEWU)U AV)+C-(uU AV))® VU,V €¥-,. (2.52)
<

An interesting byproduct of tangent convexity is that it implies a stronger
suboptimality estimator than the one that we had proposed in [Proposition 2.4.8]
For tangent convex functions, we can completely omit the curvature term in that
estimator.

Proposition 2.5.4 (Suboptimality Estimation for Convex Functionals).
Let (X, Z, u) be a finite atomless measure space, and let F': ¥/~, — R be a tangent
convex differentiable set functional. Let U € ¥~ and let gy : X — R be the density
function of VF(U). Then we have

F(V) 2F(U)+f min{gy, Otdy VYV e¥-~,. (2.53)
UAV 4

PROOF. Let V € ¥~,. Because F is tangent convex, we have

FWV)-FU)=zVFU)U AV)

=f gudu
uav

> f min{gy, 0}dpu. U
UAv

This makes the unconstrained suboptimality measure %¢1(F,U) that we had

introduced in much more meaningful. Rather than simply know-
ing that €1(F,U) = 0 in a hypothetical optimal point which may not exist for
many binary optimal control problems, convexity allows us to use F(U)+%61(F,U)
as a global lower bound on the value of F. Therefore, |<€1(F,U )| can be used
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i—o00

to estimate the global optimality gap and 61(F,U;) 0 indicates that the
solution sequence (U;);_n becomes nearly globally optimal over time.

Unless we can prove that there are actual tangent convex set functionals,
the mere definition of the term is meaningless. For proof, we turn to
in which we described our main way of finding derivatives of set functionals:
deriving them from Fréchet derivatives. If a set functional is derived from
a functional in a Banach space, then both its value and its derivative mirror
that of the Banach space functional. Therefore, if the underlying Banach space
functional satisfies the traditional tangent inequality, then we would expect the
set functional to be tangent convex. This is indeed the case.

Theorem 2.5.5 (Tangent Convexity: Banach|Space Functiondls).
Let (X, 2, 0, Y,v:Z—Y,and f: Y — R satisfy | Assumption 2.4.10| Let further
[ be Fréchet differentiable and convex. Then the set functional F: 2/~, — R with

FU):=f(WU)) VUe€Zi~,

is tangent convex. <

PROOF. According to F is differentiable. For U,V € ¥/~ ,, we
have
F(V)-FU) = f(v(V)) - f (v1))
> V£ () (v(V) —v(l))
=VF (V) (v(V\U)-vU\V)).

We note that D .=V AU = (V\U)u(U\ V). Therefore, we have D\U =V \U and
DnNnU=U\V, which implies that

F(V)-FU) = Vf (V) (WV\U)-wU\V))
=V (v@))(v(D\U)-v(D n1))
=VF(U)D)
=VFU)U AV).

Here, we make use of the expression for VF(U)(D) that we had derived in
[Proposition 2.4.12on page[165 O

[Theorem 2.5.5|implies that if any of the set functionals shown to be differen-
tiable in[Sections 2.4.2|to[2.4.4] are convex in a vector space sense, then they are
also tangent convex in our context. This means that tangent convexity is a very
broadly applicable concept. As the proof suggests, strict and strong convexity can
be similarly transferred.

In vector space optimization, strict convexity usually implies the uniqueness
of the optimum. We cannot expect to transfer this result to problems where the
optimum does not necessarily exist. However, we expect that in a strictly or
strongly convex setting, a sequence of solutions whose unconstrained subopti-
mality measure 61(F,U) goes to zero would be funnelled into an increasingly
small region of solutions. In essence, the solution sequence would still reach a
consensus structure even though the perfect consensus may not be achievable.
This form of consensus without convergence is best expressed by the solution
sequence being a Cauchy sequence.
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We leave the question open of whether this is true for strictly tangent convex
set functionals. However, it is relatively easy to show that this holds for strongly
convex set functionals.

Proposition 2.5.6 (Strong Convexity and Cauchy Sequences).

Let (X, Z, p) be a finite atomless measure space, and let F': %/~, — R be a strongly

tangent convex differentiable set functional. Let (U;)jen € (Z/~H)N be a sequence
such that (F(U)) e, is decreasing and

@ (F, U2 0.
Then (Uj)jen is a Cauchy sequence. <

PROOF. PART 1 ((F(Uj))jen IS CAUCHY). Since F is strongly tangent convex,
F is also tangent convex. Because F is tangent convex, according to

we have
FUR)zFU)+VFUHNU; AUL)=zFUj)+61(F,Uj)>-0c0 VjkeN.
Let € > 0 and let jo € N be such that
C€1(F,Uj))=z-e Vj=jo.

We note that 61(F,U;) < 0 always holds due to the way in which %47 is defined.
Let j,k e N with j = jo, and % = jo. Without loss of generality, let F(U;) = F(Up).
Then we have

|F(U,)-FUy)| =FU,)-FUy)

sFWU;)-FU;)-61(F,Uj)

—— N——
=0 >—¢

<E.
The existence of such a j for every ¢ > 0 implies that (F(U;)) jen 1S @ Cauchy
sequence. Alternatively, we could use the estimate from [Proposition 2.5.4] to
establish that the sequence is bounded below. Because it is also monotonically
decreasing, this implies that the sequence is convergent and therefore also a
Cauchy sequence.

PART 2 ((Uj) jen 1S CAUCHY). Now, we make use of the fact that F is strongly
tangent convex. Let C > 0 be such that

F(V)=FU)+VFU)YU AV)+C-(uU AV))? YU,V €¥-,.

Such a constant C exists according to the definition of strong tangent convexity.
For all U,V € ¥~,, we have

F(V)-F(U)-VFU)U AV)=C- (U AV))? =0,

and therefore

F(V)-FU)-VFU)UAYV)

u(UAV)s\/ C
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Due to the way in which the suboptimality measure %; is defined, we have
VFU)U AV) = 61(F,U). Because (F(Uj))jer\l is a Cauchy sequence and
6¢1(F,Uj)— 0 for j — 0, we can choose jo € N such that

C-é?
GF, U= -~

vjzjo,
C-&2

|[FWU)-FU)| = VJj=zjo, k= jo.

Let j,k e N with j = jo and & = jj. Then, we have

F(Up) - FWU;)) - VFU)HU; AU)
u(UjAUk>s¢ e

\/ |F(Uy) - FU))|-61(F,U,)
= c

IN

The fact that such a jj exists for every £ > 0 shows that (U;);ey is a Cauchy
sequence. O

We now have two viable concepts of convexity: weak secant convexity and
tangent convexity. In conventional optimization, these concepts are equivalent
for differentiable functions. Proving a similar result in our setting requires
the construction of special convexity-realizing geodesics. Outside of the special
case of signed measures with density functions, where convexity is realized by
constant mean geodesics, we are unable to provide a method to construct such
geodesics. Therefore, the question of whether these concepts are equivalent or
whether one implies the other is an open question. We pose the following as an
open conjecture without proof.

Hypothesis 2.5.7 (Weak Secant Convexity).

Let (X, Z, p) be a finite atomless measure space, and let F: ¥/~, — R be a dif-
ferentiable set functional that is tangent convex. Then F is also weakly secant
convex. <

If[Hypothesis 2.5.7]is true, then weak secant convexity is a generalization of
tangent convexity. Much of the theoretical work presented in was
originally developed in an attempt to construct suitable geodesics for tangent
convex differentiable set functionals through iterative rearrangement of geodesics.
However, we are unable to prove that such a process would converge in any
meaningful sense at this time.

2.5.3 Pseudoconvexity

There is a well-known generalization of convexity that we want to briefly ad-
dress here: pseudoconvexity. Because it is based on derivatives, the concept of
pseudoconvexity is equally easy to transfer to our setting.
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Definition 2.5.8 (Pseudoconvexity).
Let (X, Z, p) be a finite atomless measure space, and let F': ¥~, — R be a
differentiable set functional. We refer to F' as pseudoconvex if and only if

F(V)<FU) = VF(U)XUAV)<0 VU,Ve¥-~,. 4

The concept of pseudoconvexity allows for a transfer of the necessary op-
timality criterion, i.e., every similarity class U* minimizing a pseudoconvex
differentiable set functional F must satisfy 61 (F,U"*) = 0. However, pseudocon-
vexity does not imply any gradient-based limit on the optimality gap. Because
actual optima frequently do not exist for optimization problems in similarity
spaces, this means that pseudoconvexity is likely of little use for optimization in
similarity spaces. Therefore, we do not investigate its potential use further.
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Chapter 3

Algorithms

In this chapter, we develop practical optimization algorithms for several types
of optimization problems. Because our primary goal is to solve problems with
differential equation constraints, we expect function evaluations to be subject to
substantial discretization errors. Therefore, we will design these algorithms to
be resilient to such errors.

In we develop a framework for gradient-based unconstrained
optimization. We develop a method of approximating a steepest descent step and
embed it within a trust-region framework to obtain an optimization loop that
provably produces a sequence of solutions whose instationarity converges to zero.
According to[Proposition 2.4.8] this implies convergence of the objective value to a
locally optimal value for Lipschitz-continuously differentiable set functionals. For
convex set functionals, it implies convergence to the globally optimal objective
value according to [Proposition 2.5.4]

In[Section 3.2 we turn our attention to solving optimization problems with
two different kinds of constraints: logical and scalar-valued. The former encodes
logical relationships between set memberships and could be enforced through a
modification of the steepest descent step finding routine. The latter encodes a
conventional nonlinear constraint of, e.g., the form F(x) <0 where F is a differen-
tiable set functional. For these types of constraints, we can adapt the quadratic
penalty method to show that it is possible to transfer existing algorithms for con-
strained nonlinear optimization to our setting. We do not put forward a concrete
algorithm for a steepest descent method with logical constraints. However, we
briefly discuss how a modified step-finding method could be implemented.

3.1 UNCONSTRAINED OPTIMIZATION

A variant of the unconstrained trust region loop without error control was first
developed in [HLS22).

A differentiable unconstrained set-valued optimization problem has the form
inf JWU) s.t. Ue¥~, (3.1)

where (X, Z, p) is a finite atomless measure space, and /: ¥~, — R is continu-
ously differentiable in the sense of[Definition 2.4.4] We intentionally state this as
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an infimization problem because we generally do not expect the problem to have
an optimum.

We judge the suboptimality of a solution U € ¥~, by the numeric criterion
€¢1(J,U) that we have defined in True optimality is often
unachievable in set-valued optimization problems because similarity spaces are
generally not compact. Therefore, solution sequences generally do not have
accumulation points. We instead rely on suboptimality estimators such as those
developed in [Propositions 2.4.8|and [2.5.4] to prove an asymptotic optimality gap
of zero.

3.1.1 Evaluation and Step-Finding Framework

The general framework that we will follow is that of an iterative trust-region
descent method. Given a suboptimal solution U; € ¥~, with i € N, we derive a
step D; € ¥/~, such that J(U; AD;) < J(U;) and set U;+1 :=U; AD;. To ensure
termination and asymptotic stationarity, we must ascertain that the step realizes
at least a certain fraction of the projected possible descent, i.e., there must be a
fraction w > 0 such that

JUit) =JU)+w-61(F,U;) Vi.

The challenge is to achieve this sufficient descent criterion despite the presence
of evaluation errors. Since set-valued variables in atomless measure spaces of
non-zero measure are infinite-dimensional, most practical solvers must work
with finite-dimensional approximations, which means that evaluation methods
may be subject to substantial discretization errors.

This is particularly problematic because of the way in which we exploit
atomlessness. Because our intention is to increase the spatial resolution of
binary choices until making the “wrong” choice in a few of them becomes nearly
irrelevant to the overall optimization problem, we have to compare solutions
with different control meshes and cannot simply ignore discretization errors as is
frequently done in first-discretize-then-optimize approaches that work with the
same mesh throughout.

In this section, we develop a general framework and terminology to refer to
different parts of the overall optimization algorithm. We also make prescriptions
about the way in which the algorithm should interact with error controlled
evaluation routines.

Definition 3.1.1 (Error-Controlled Evaluation Methods).
Let (X, %, p) be a tuple of finite atomless measure spaces, and let & (¥/~,,R) be
the set of all differentiable set functionals F': %/~, — R. For a given set functional
F e #(¥~,,R)and U € ¥~,, let gr(U) be the density function of the signed measure
VF(U).

An error-controlled evaluation method for a set functional F € #(¥-~,,R) is a
mapping F: ¥~, x (Rso U{oo}) — R x Rxq such that

|FU)-f|<e<E YUE€Y~, >0, (f, &)=FU,?. (3.2)

An L'-controlled gradient evaluation method for a differentiable set functional
F € #(¥~,,R) is a mapping g: ¥~, x (R>o U{oo}) — L1(Z, ) x R=9 such that

lgr@) ~Fllpiey<e<E YUEY~, €50, (F, £)=&U,9. (3.3)

212



3.1. Unconstrained Optimization

An L®-controlled gradient evaluation method for a differentiable set functional
F € #(¥~,,R) is a function g: ¥~, x (Rso U{oo}) — L1(Z, u) x R>g such that

ler@) = fll ooy <e<E VU, E>0,(F, &) =&WU,%). (3.4)
<

It is clear that an L°°-controlled gradient evaluation method is generally only
achievable for benignly differentiable set functionals. Nonetheless, we allow
for non-benign derivatives as long as the error is essentially bounded, because
stronger assumptions are not required for unconstrained optimization.

Aside from discretization errors, we also need to account for errors made
in the step-finding procedure itself. In our framework, steps are derived from
approximations of the gradient density functions of the objective functional.
While we expect the result to be subject to some error on account of working with
approximations rather than the actual gradient density functions, the returned
step may also not be accurate for the approximate gradient density function. For
instance, we will later derive the steepest descent step using a bisection method
that generates a truncation error.

Definition 3.1.2 (Controlled Unconstrained Step-Finding).

Let (X, X, p) be a finite atomless measure space. We refer to a mapping
S LN, 1) x Rog x Rog — Y~, x Rsq as a controlled unconstrained step-finding
routine with quality 0 if and only if 8 > 0, and we have

WD) <A, (3.5)
S<e, (3.6)

A
du<6-minl1, — 2 f d
ng #e mm{ u({g<0})} ({g<0}g H

for all g€ Ll(Z,u), A>0,e>0, and (D, §)=.%(g,A,¢). For the purposes of this
definition, we consider % = oo such that the factor becomes 1 if u({g < 0}) =0,
though the step-finding routine should never be invoked in this case. <

+0 3.7

Because it is impossible to consistently find sets with better-than-average
integral, there cannot be a controlled unconstrained step-finding routine with
quality 0 > 1.

Proposition 3.1.3.

Let (X, Z, p) be a finite atomless measure space. There is no controlled uncon-
strained step-finding routine % : Ll(Z,p) xR x Rso — ¥~ x Ry with quality
0>1. <

PROOF. We prove the claim by contradiction. If we assumed that there is a
controlled unconstrained step-finding routine . : LY(Z, i) x R x Rs.g — ¥~, x Rs
with quality 0 > 1, then we could invoke . with the following arguments:

g=-1 almost everywhere,
A= u(X),
e @-1)-A

—
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Let (D, ) :=S#(g,A,¢). According to|Definition 3.1.2] we would have

-A=—-uD)

=fgd#
D

ot e e+ 2
<0- 1, —— - d 0
= mm{ " g <0h) {g<0}g KT
—_——

<€

—— =
=X ——(X)
-1
0-1)-A
<-0-uX)+ Q
—— 2
<-2
_—(1+0)-A
- 2
<-=A.
This contradiction shows that .%# cannot exist. ]

We later develop a controlled unconstrained step-finding routine with 6 = 1.
With appropriately error-controlled evaluation routines and a controlled step-
finding routine, we can formulate a generic framework for the controlled descent
algorithm.

3.1.2 Error Control and Bound Tuning

We assume that error is generated at three distinct points in our optimization
procedure: objective evaluation, gradient evaluation, and step finding. We cannot
provide a general account of how to perform the error-controlled evaluations
of objective and gradient. This is highly problem-specific and should be left
to problem domain experts. We restrict ourselves to the generic framework
assumptions stated in the previous section. We may, however, assume that tight
error bounds can cause evaluations to have significant resource requirements.
Therefore, we have to strike a balance between the three error sources that
requires none of the three error control procedures to shoulder too much of the
overall burden of error control. In this section, we discuss how to tune our various
error bounds such that

* ¢-stationarity detection correctly indicates nearly stationary solutions;
* nearly stationary solutions are detected as e-stationary;

* steps are only accepted if they sufficiently decrease the objective;

¢ sufficiently good steps are accepted.

In other words, we have to control for both false positives and false negatives in
both the e-stationarity test and the step acceptance test. It is important to bear
in mind that we have to control for both types of errors. Generally, preventing
one does not prevent the other.
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3.1. Unconstrained Optimization

This means that all decision thresholds, such as acceptance or termination
thresholds will be subject to error and we generally only guarantee their sat-
isfaction up to a certain error margin. This is unavoidable in settings where
significant evaluation errors can occur.

Error control is a computationally expensive process. We generally want
to keep our error margins as loose as possible for as long as possible. Instead
of immediately setting error bounds that would guarantee sufficient accuracy,
we evaluate each quantity following the general evaluation loop stated in
rithm 1

Algorithm 1 Error-Controlled Evaluation Loop

Require: ¢ Non-empty “parameter” and “value” sets P and V;

* “Evaluator” procedure ¢: P x (R U{oo}) — V x R>g such that all output
tuples (x, e) of ¢(p, B) for p € P and B € R U {oo} satisfy e < f3;

* “Parameter oracle” mapping w: P x V — P x (R>o U {oc}) such that there
is a constant e > 0 with

e<e = (w1(p,x)=pAe<wip,x))

for all output tuples (x, e) of ¢(p, B) for all p € P and B € R U {oo};
¢ Initial parameter py € P and error bound Sy € R>q U {oo};

* Decay rate ¢ € (0, 1).
Ensure: Yields a tuple (p, x, e) € P x V xR5g such that (x, e) is an output tuple
of ¢p(p,B*) for some f* € R-o U{oo} and we have p = wi(p,x), and e < wa(p,x).

1: procedure CONTROLLEDEVAL(¢, w, po, Bo, &)
2: 10

3 (x0, €0) — P(po, Po)

4:  (p1, P1) — w(po,xo)

5.  while p; #p;+1Ve; > i1 do

6 i1—i+1

7 (xi,e;) — ¢(pi, & minfe;_1, Bi})
8 (Pi+1, Biv1) — w(p;, x;)

9 end while

10: return (p;, x;, e;)

11: end procedure

The idea behind is straightforward. We terminate when the
error bound e; satisfies e¢; <wa(p;,x;). If e; > wa(p;,x;), then setting the error
bound on the subsequent evaluation to a value not exceeding ¢-wa(p;,x;) <¢&-e; is
guaranteed to lower the error e;. relative to e; by a factor of at least ¢ < 1. The
fixed decay rate ¢ guarantees an exponential decrease of ; to zero, which implies

that e; —— 0. The termination of the loop is guaranteed by the existence of
e > 0 such that the termination criterion is always satisfied for e; <e.

We allow for additional variable parameters hidden in the opaque parameter
object p € P. This is in preparation for the penalty method that we develop in

Section 3.2.1.3] There, it is necessary to adapt the penalty parameter during
gradient evaluation to ensure that stationarity implies feasibility. When such
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(pi+1, Bi+1)
(po, Bo)

\
(0) w
N\

(x;, e;)

X
(x*, e*) /

Figure 3.1: Illustration of| on the preceding page. An initial bound
Bo is fed into the evaluator ¢ to obtain an approximate value xg, which is then

fed into the parameter oracle w to recursively tighten the bound g; and adjust
the parameters p; for the evaluator in order to obtain more accurate values x;
until the error estimate e; is smaller than wo(p;,x;) and no further parameter
adjustments are needed.

a parameter variation is not necessary, P can be chosen to be the set of empty
tuples, which is a non-empty set with exactly one element. In this case, we omit
p from our notation by convention.

Both the value and parameter objects can be implicit tuples in the sense
that we write them as a sequence of several arguments instead of as a tuple.
Distinguishing parameters and values can be challenging in this simplified
notation. To distinguish the two, it is easiest to examine the signature of the
evaluator ¢. If ¢ has more than two inputs, then the parameter is the tuple
consisting of all but the last input, the last being the error bound. Similarly, if ¢
has more than two outputs, the tuple consisting of all outputs except for the last
one is the value tuple. The last output is always the error estimate.

Theorem 3.1.4 (Correctness of Algorithm 1).
Let P and V be non-empty sets. Let

* ¢: Px (IR>0 U {oo}] — V xRxq be a procedure such that for all parameter
tuples (p, B) € P x R>o U {oo} and all output tuples (x, e) € V x Rxq of ¢(p, ),
we have e < fB;

* w:PxV — P x(RsoU{oo}) be such that there exists e > 0 such that for all
(p, B)€ P x (R>oU{oo}) and all output tuples (x, e) of ¢p(p, B), we have

e<e = (p=wi(p,x)Ae <wy(p,x))

* BoeRsgU{od}, poeP, and ¢ €(0, 1).

Then |Algorithm 1| terminates in a finite number of steps and returns a tuple
(p, x, e) such that (x, e) is an output tuple of ¢p(p, B) for some bound B € R U {oo}
such that p = w1(p,x) and e < wa(p,x). <

PROOF. We first note that for all i € N prior to termination, (x;, e;) is an output
tuple of ¢(p;,B;). This implies that (x;, e;) € V x Ry¢ with e; < f; for all such
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3.1. Unconstrained Optimization

i € Np. Because the loop terminates if and only if p; = w1(p;,x;) and e; < wa(x;),
we only need to show that the loop terminates.

If po = wi1(pg,x0) and ey < wa(pg,xp), then the loop terminates immediately.
If po # w1(po,x0) or eg > wa(po,x0), then we show inductively that e; < Eleg for
all i € Ng prior to loop termination. For i =0, this is trivially true.

Let i € N be such that e;_; < & Leg. If p; # wi(p;,x;) or e; > wa(p;,x;), then
(xj+1,ei+1) is the output of

(/)(w1(pi,xi), ¢-min{e;, wg(pi,xi)}).
Because this is an output tuple of ¢, it is guaranteed that
ei+1 =¢-min{e;, wa(p;,x)} < ée; <& ey,

This demonstrates inductively that e; <¢ ‘e for all i € Ng prior to termination.
Because 0 <eg <oco and £ €(0, 1), i — &leq converges to zero for i — oo and there
exists ig € Ny such that &i%ey <. If the loop does not terminate prior to i =i,
then we have e;, <e and therefore p;, = w1(pi,,xi,) and e;;, < wa(pi,,xi,). [l

To reduce the number of arguments that we have to pass between procedures,
we will always choose a decay rate of { = % There is a tradeoff between frequency
of evaluation and tightness of error bounds to make when choosing this parameter.
We will not devote any time to its fine-tuning. However, it is important to note
that this decay rate can technically be seen as an additional tuning parameter.

Remark 3.1.5 (Mappings and Procedures).
It is a simplification to work with the evaluator as if it was a mapping from
a bound to an output. In practice, the precise output of a complex evaluator
can depend on additional internal state variables or even random variables.
Therefore, the output of the evaluator ¢ may differ on subsequent invocations
with the same bound argument. We refer to ¢ as a “procedure” to emphasize that
it need not be a mapping in the technical sense.

The correctness of]| is not impacted by this because we only invoke
the evaluator once per argument tuple and use stored output for subsequent uses.
It is important to bear this in mind during implementation. <

requires an error-controlled evaluator, a bound oracle and an
initial guess for the parameters and error bound. The remainder of this section
is dedicated to designing these oracles and guesses to control the error of the two
notable decision quantities of the unconstrained trust region method.

Let subsequently (X, Z, p) be a finite atomless measure space, let U,V € ¥/~
let D :=U AV be the step between U and V, let fy and fy be approximations of
F(U) and F(V), respectively, and let gp := [, §du be the approximate projected
change of F from U to V, obtained by integrating the approximate density
function g of VF(U) over the step D.

To simplify notation of errors, we write ey 7 == fy —F(U), ery = fy —F(V),
eg =g —g where g is the actual gradient density function of F in U, and
egp = [pegdu.

We assume that the step D has been found using a controlled unconstrained
step-finding routine of quality 0 € (0, 1]. Therefore, we have

A
<6 -minsl, —— f sdu+06
&0 mm{ ,u({g<0})} g<0° H
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for a dynamically configurable step error margin 6 >0 where A >0 is the trust
region radius and D satisfies u(D) < A. Our goal is to determine loose error
bounds w;, wg, and wy such that

f _ legldp=wy, 3.8
{g<0}u{g<0}
leg.nl < wg, (3.9)
Ief7U| <oy, (3.10)
|ef7v| S wyf. (3.11)

ensures the approximate correctness of both stationarity and step acceptance
tests.

3.1.2.1 INSTATIONARITY AND STATIONARITY TESTING

The two quantities that control the trust region loop are instationarity and step
quality. The gradient of the objective enters into both. Notably, it enters into the
termination criterion, which is —61(¥,U) < €. Let subsequently

7(f) = — f min{0, f}du  Vf e LY, p).
X

It is evident that 7(g) = —61(F,U). As a shorthand, we write 7 := 7(g) for the
actual instationarity of F at U and 7 := 7(g) for the approximation that we can
actually calculate. The difference between the two is bounded by

T -7 = 'f (min{0, g} -min{0, g})du
X

< f |min{0, g} - min{0, g}| du
X; )

=0 on {g=0}n{g=0}

<

< f _ |le—gldu
{g<0lu{g<0}

= f legldu
{g<0}u{g<0}

(3.8)
< ws.

We introduce an error tuning parameter ¢; € (0, 1) that controls the permissible
relative instationarity error and set the error bound w; to

w(8) =& -max{e, 1(8)—€} =& -£>0. (3.12)

This term is bounded from below and can be used as a bound oracle in[Algorithm 1]
We note that

f legldu < wr (@
{g<0}u{g<0}
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implies
1(@)<e = -61(F,U)<e+w,(g) =0+¢&) ¢
=1(g) =ére
(@) -¢r ¢ if 7(g) < 2¢
A-¢&)-1(@)+é e if1(g)>2¢
>{(1—§T)-g if 7(3) < 2¢

1(8)>e = -6 1(F,U)=21(8) - w (&) = {

€ if 7(g) > 2¢
>(1-¢;)-e.

This means that the e-stationarity test will not indicate stationarity unless the
true instationarity is at most (1+¢;)- ¢ and will always indicate stationarity if it
is less than or equal to (1 —¢;) €. This ensures that the e-stationarity test still
yields meaningful information.

We terminate the optimization loop as soon as 7(g) < ¢. This means that
for every evaluation taking place after the e-stationarity test, we may assume
strictly positive lower bounds 7(g) > € and 7(g) > (1 —¢;)- €. In subsequent bound
oracles, we will therefore replace 7(g) with max{z(g), ¢} to accomodate cases
where 7(g) is projected to be a value below £ but the bound does not become
relevant unless 7(g) > €. This helps to ensure that subsequent bound oracles are
bounded away from zero.

3.1.2.2 STEP QUALITY AND ACCEPTANCE

Step quality calculation and acceptance testing only takes place if the e-
stationarity test fails. Therefore, we may assume 7 > € and 61(F,U) > (1-¢;) €.
We also note that 7 > 0 implies u({g < 0}) > 0. Because the step is found using a
controlled unconstrained step-finding routine, we have

-T+0.

A
S _9' i 1, ~—
&b mm{ W(iE < 0})}

To simplify matters, we set a fixed relative error margin for step determination,
i.e., we introduce an error tuning parameter {5 € (0, 1) and demand that

. A _
6566’9‘11'1111{1, m}‘[ (3.13)

which gives us

. A ~
gD S—(1—€5)~9~mln{1, m}l’

. A
<—(1—{5)'0-mln{1, —H({§<O})}‘E
<0.
We define
Tp(8):=(1-¢5)-0-mi {1 L} {(~) }>0
Tp(g) = 5 min< 1, Z<0) maxi{t(g), €
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as a lower bound on the absolute value of gp for use in bound oracles. Because
A > 0, we can interpret the fraction as an infinity if ,u({§ < 0}) =0 due to nu-
merical errors. This does not impact the minimum between the fraction and 1.
Furthermore, we have prior guarantees that u({g < 0}) > 0.

Remark 3.1.6 (Practical Evaluation Order).

At first glance, it may appears counterintuitive to define a lower bound on |gp|
that depends on g. If we have access to g, then we could simply find D and
calculate |gp|. This is particularly true considering that we primarily plan to use
Tp(g) in bound oracles for functional evaluation, which are technically only used
after g has already been determined.

We use an estimate of |gp| instead of the exact value due to a quirk in the
evaluation order. For the optimization algorithm, we evaluate the gradient first,
then determine the step, and then evaluate functional values at start and end
of the step. However, many complex functionals, particularly those that involve
the solutions of differential equations, require that we evaluate the functional
value first and then derive the gradient from data gathered during functional
evaluations.

This means that functional evaluation is a prerequisite for gradient eval-
uation. Therefore, a meaningful functional value bound should be set during
gradient evaluation to maximize the chance of obtaining a reusable function
value during gradient evaluation. Using a lower bound for |gp| instead of |gp| al-
lows us to always calculate value and gradient error bounds together, regardless
of which stage of evaluation we are currently in. <

For the step acceptance test, we have to control the difference between the
true step quality

_F(V)-FU)
" Jpedu

and the approximate step quality

~_fv-fu
p=—

8D

However, estimates of the error between the two are much easier to derive if
we also introduce a semi-approximate step quality as an intermediate quantity
between the two

F(\V)-FU)

= 8D

The semi-approximate step quality uses exact functional values and the approxi-
mate projected descent. The advantage of working with the semi-approximate
step quality is that the error estimation can be done in two steps. The dif-
ference between true and semi-approximate step quality is multiplicative and
controlled by the gradient error, while the difference between semi-approximate
and approximate step quality is additive and controlled by the functional value
error.
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The absolute difference between semi-approximate and approximate step
quality is

1
— - |[F(V) - f, —-(FU) - fv)
lgpl

1
S —_
gD
@.10) 1
€0 L (1Fon)- ol +oy)
gDl

20y
~ lgpl

p-pl<

(1P = £ + [F@) - fu

<

T Tp(@)

We can calculate p from approximate quantitites. By controlling the error bound
wyr, we can establish an interval within which o must lie. The change from
an exact value to an interval requires that we define three decision thresholds
instead of the usual two for our trust region algorithm:

* 09 €(0, 1) is the acceptance threshold, i.e., we accept steps if the lower
bound for p is above og;

* 01 €(09, 1) is the rejection threshold, i.e., we reject unaccepted steps if the
upper bound for p is below o7;

* 09 >0y is the trust region expansion threshold, i.e., we expand the trust
region if a step is accepted and satisfies p = o9.

By separating the acceptance and rejection thresholds, we ensure that once
the upper and lower bounds on p are less than @ apart, an acceptance or
rejection decision can always be made. We can immediately ensure this by
enforcing % < 2570 which is equivalent to ws < |gp|- 7. However, this
error bound 1s likely too strict. An acceptance decision can be made if p is
sufficiently separated from either decision threshold. Therefore, we can relax this

error bound by only demanding that

wa 2wf
—_— S — —
lepl  Tp(@

<max{p -0, 01— p}

where p is a guess for the approximate step quality. This gives us an p- and
g-dependent functional error bound of

max{p — oy, 01— p}

2 (3.14)

0 (P,8)=Tp(@)-

This is our bound oracle for functional evaluation. We note that w/(p, g) assumes
its minimal value over g at p = 2371 where w/(p,8) =Tp(g)- Z53°° > 0. Because
Tp(g) is bounded from below, so is the bound oracle.

Next, we have to consider the difference between true step quality and semi-

approximate step quality. By definition, we have

fpgdu.p
8D

ol
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The ratio is well-defined because gp is bounded away from zero whenever step
quality becomes a concern. Using the previously introduced error symbol ez p,
we have

‘gp —ngdu‘ =legpl<wgp.
To avoid division by zero in the true step quality, we enforce that
wg,D <Sg-TD(8) < {g-18DI (3.15)

for some tuning parameter ¢z € (0, 1). Once more, the use of a lower bound for
|gp| allows us to calculate bounds for |eg p| without having to know D. We define
the g-dependent error bound

wg.p(&)={g - Tp(&) =¢g-Tp(0)>0.

Enforcing this error bound ensures that
gp <0 = ngd,USgD +tegp =(1-¢{g)-gp <O0.

This also guarantees that p and p have the same sign because they have the
same numerator and denominators of the same sign.
With regard to the absolute value of p, we have

Ipl= 225
|/pgdyl
lgp| = lgD] '|_|]
lgpl+legpl  lgpl—legpl

1
= “Iol, : |_|] .
[ 1+¢, P 1-g, P
Every accepted step satisfies p = 0, which implies

1 _ o)
o= )
1+&, 1+¢,

o=

Therefore, every step that is accepted based on the semi-approximate acceptance
criterion also has a true step quality that satisfies an acceptance threshold that

is lowered by a factor of ; Jrlfg. Every rejected step, on the other hand, satisfies

p <01 and therefore

1 _ o1
D= .
1-¢, 1-¢,

Here, we have to demand that 1‘3 < 1. Otherwise, it is not guaranteed that
p — 1 always yields an acceptable step. If we do not ensure this, then an in-
finite sequence of step rejections is possible. To avoid this, we have to choose
$g €(0, 1-01) = (0, 1). This ensures that sufficiently good steps are always
acceptable according to the semi-approximate acceptance criterion.

The exact way to incorporate the upper bound on wg p with the instationarity
bound oracle depends on the type of gradient error control and will be discussed
later.

p<
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3.1.2.3 SUMMARY

In summary, we have introduced three error tuning parameters:
e (. €(0, 1)is a relative error margin for instationarity;
* {5€(0, 1)is a relative error margin for step finding;
* (;€(0, 1-01)is arelative error margin for the projected descent.

We have reformulated the step acceptance test in terms of three decision thresh-
olds:

* the acceptance threshold og € (0, 1);
¢ the rejection threshold o1 € (¢, 1);
* the trust region expansion threshold o2 > .

To ensure that our algorithmic decision-making is sound, we enforce the following
error bounds:

f legldp < w-(3),
{g<0}u{g<0}
11 sfﬁ-e-min{l, %}-T@, ERE]
u({g <0h
lefuv!<wre(p,8), (3-14)
leg,pl < wg p(8), (3:15)

where 6 is the step finding error margin, g is the approximate step quality, 7(g)
is the apparent instationarity, and p is the apparent step quality.

[Equations (3.12)] [(3.14)] and [(3.15)] are cases where the error bound itself
depends on the outcome of the calculation whose error is being bounded. There-
fore, these three bounds each require an evaluation feedback loop similar to
on page 2T5]

[Equations (3.12) and [(3.15)|are a special case because they are both bounds
on the gradient evaluation error and are therefore not strictly independent.

When all of these error-bounds are applicable and satisfied, we argue the
validity of the trust region loop as follows:

1. [Equation (3.12) ensures the validity of the instationarity test, which either
causes loop termination or guarantees sufficient potential for descent;

2. [Equation (3.13)|guarantees that the step causes sufficient apparent descent;

3. [Equation (3.15)|ensures that the apparent descent corresponds to sufficient
true descent and links the true step quality to the semi-approximate step

quality;

4. [Equation (3.14) ensures the correctness of the step acceptance test by

linking the semi-approximate and approximate step quality.
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3.1.2.4 EVALUATORS AND BOUND ORACLES

In order for us to use the bound oracles developed in this section in
they must be paired with appropriate evaluators. In addition, we must couple the
bound oracles from [Equations (3.12)|and[(3.15)|into a single bound oracle. The
precise bound oracle is also different based on whether the gradient evaluator is
L'- or L*®-controlled.

If the gradient evaluation routine is L'-controlled, then we obtain an estimate
of the form

legldp < w, 71(8)
fX glapy g,ng

where wg 71(g) is the currently unknown bound oracle for L'-controlled evalua-
tion.
Of course, we have

legild Sfleld
gilap Xgﬂ

Swg11(8),
le |=‘f egd ‘
gD |, ¢e Ok

< | legld
Jeeian

< | lesld
Jestan

<w,1(9),

f{g<0}u{g,~r<0}

which means that it is sufficient to choose
Wz 11(8) = min{w (), wg p(&)}.

and pair the bound oracle with with an evaluator that yields the approximate
gradient density function alongside an estimate of the L! error.

If the gradient evaluation routine is L*°-controlled, then we obtain an esti-
mate of the form

leg,illLoo(z,p) < Wg,10(8).
We then have

f legldp < g 1(8) u(lg <0} U{E <0))
{g<0}u{g<0}

< wg,LOO(g)'u({g< (x)g’Loo(g)})

and
fDlegI dy < wg r0(g)- (D).

Therefore, for L°°-controlled gradient evaluation methods, we use a bound oracle
that uses the error estimate 7 in addition to the approximate gradient density:

w:(8) ‘”g,D(g)}

°°(~, ):: i { P ’
ST T M @ <) A
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Algorithm 2 Gradient evaluator for set functional F': ¥/~, — R

Require: * ge{l, o0}, U€¥~,,£>0,¢;€(0,1),¢,€(0, 1),45€(0,1), A>0

with A < u(X), 6 €(0, 1];
* BoeRsouU{oc}, £€(0, 1);

® gis an L?-controlled gradient evaluation method for F'.

Ensure: Yields (g*,e*) € LY(Z, ) x Rso with [|g — g*llfe <e*,

=
= o

12:
13:
14:
15:

16:
17:
18:
19:

'f min{O,g}dp—f min{0,g*}du s{r‘max{s, —f min{O,g*}d,u—e},
b'¢ b'¢ X

U gdu—f g du
D D

for all D € ¥~, with u(D) < A and

and

s—cfg-ng*du

—j;)g d,uz(l—ég)ﬂ-maxm’ g <o) -max{—Lmln{O,g }dy, 8},

where g € LY(Z, 1) is the density function of VF(U).

: function w, . A(g, e) > Parameter oracle

7 — Jxmin{0, g}du

w; — ¢ -max{e, T—¢€}

?]_) — (1—55)6 m -max{’f, 8}

wp — &g TD

if ¢ =1 then > Bounds for L!-controlled gradients
return min{w;, wp}

else > Bounds for L*>°-controlled gradients

. Wy wp

return mln{ Wg<eh T}

end if

: end function

procedure ¢y (f) > Inner evaluator
(g, e)—gWU;p)
return (g, e, e)

end procedure

procedure EVALGRAD,(g, U, ¢, A; &, Bo) > Gradient evaluator
(g, e, e) — CONTROLLEDEVAL(¢y, wg e, Po, &)
return (g, e)

end procedure
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3. ALGORITHMS

The evaluator then simply needs to return a tuple of approximate gradient
density and a copy of the L* error bound as its value. The combined evaluator

for the gradient is stated in[Algorithm 2|on the preceding page.

Theorem 3.1.7 (Correctness of Algorithm 2).

Let U € ¥~,, let F: ¥~, — R be differentiable in U, let g be an L?-controlled
gradient evaluation method for F for q €{1, oo}. Let € >0, {; €(0, 1), g €(0, 1),
&s€(0, 1), A>0with A < u(X), 6€(0, 1], Bo € RsoU{oo}, and £ €(0, 1).

Then the procedure EVALGRAD, (g, U, €, A; &, o) as stated in
terminates in finite time and yields an output tuple (g%, e*) € Ll(Z,u) x Rsq such
that, if g € LX(Z, u) is the density function of VF(U), we have

lg—g*llra <e”,

'[ min{O,g}d,u—f min{0,g*}du sér~max{5, —f min{O,g*}d,u—s},
X X X

U gdu—f g du
D D

for all D € ¥/~, with u(D) < A and

and

5—€g-ng*du

—ng du=(1-¢&5)-6- max(d, 1" <) -max{—j;(mm{o,g tdy, E}.

PROOF. Our argument is mostly based on the correctness of the CONTROLLEDE-

VAL procedure as demonstrated in Accordingly, the proof can
be split into three steps. First, we show that ¢ satisfies the requirements for

an evaluation procedure in [Algorithm 1} This is straightforward because g is
an L9-controlled evaluation method for the gradient density of F. According to

Definition 3.1.1} this means that every output tuple (g’, e, e) € L1(Z, 1) x Rso x Rx

of ¢y (pB) satisfies
lg-g'lLa<e<p

where g € L1(Z, u) is the true density function of VF(U).
Next, we have to prove that w, ¢ a is a suitable parameter oracle for
This is also not difficult. First, we note that

w; =& -maxf{e, T—¢e} =& ->0.

We also have the lower bound

wp :fg‘(l_{ﬁ)'e'max{A, (& <o -max({7, €}
=u(X) -
A
Efg'(l—fﬁ)'e'”(X)'E
> 0.
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3.1. Unconstrained Optimization

For all (g, e) ELl(Z,p) x R, we therefore have

w1.:A(8,e) =min{w;, wp}

>min{€ —6g.(1_é5)'6'A'6}
- ’ wX)
w ( e)—min{L w—D}
OO,S,A g: - H({g < e})’ A
{ € 6§g-(1-&5)-0 }
>min s -Ep.
wX) wX)

In either case, wq ¢ A is bounded below by a constant e, >0 that depends only on
q. We then have
e<e; = e<wg.n(g,e)

for all output tuples (g,e,e) of ¢, regardless of the error bound . Because there
are no additional varying parameters, this means that wg . a is suitable as a

bound oracle for

The overall procedure EVALGRAD, invokes |[Algorithm 1| with ¢y as eval-
uator, wg A as bound oracle, ¢ as decay rate, and o as initial bound. This

terminates in finite time according to and yields an output tuple
(g*, e*, e*)e LY(Z, 1) x Rsg x Rxq of ¢ such that

e" <wqen(g”,e”).

The last two entries of any output tuple of ¢ are equal. Let subsequently
g € L1(Z, 1) be the true density function of VF(U). The inequality

lg—g*llra<e”

follows directly from the fact that g is an L9-controlled gradient density evalu-
ation method for F. For the remaining inequalities, we have to make different
arguments based on the value of gq.

Case 1 (¢ =1). If g =1, then the output of wy . A satisfies
wgen(g” ") swr =& -max{s, —Lmin{O, g*}d,u—e}
and therefore, we have
U min{0, g}du—f min{0, g*}d,u‘
X b'¢

< [ Jmin(0, g~ min(0, g")|d
X

Sf lg—g"ldu
X
=llg-g"lp
<e*

<wiea(g”,e")

s&,~max{£, —f min{0, g*}du—e}.
X
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3. ALGORITHMS

We also have

* % _ . _ . A . _ . *
wl,E,A(g 3e )S(I)D _fg (1 65) max{A, u({g* <O})} max{ Lmln{g’ g }dui 6}5

which implies that for every D € ¥/~,, we have

U gdu—f g du
D D

<lg-g"lz

<wiea(g”,e")

<wp.
Therefore, if

_ng duz1=Lo) A, g™ <o) 'max{_fxmm{o’ g)dp, E}’

then
U gdu—f g du
D D

Case 2 (g = 00). If ¢ =0, then wy ¢ A(g",e") satisfies

sts—g‘g-ng*du.

* Wy
) (g5, ) s ——
00,€,A g 'U,({g* <e*})

and we have
lg—8"llLw < e” < Wooenlg”,e”).

Because e* bounds the absolute difference between g and g* almost everywhere,
we have

{g<0ufg” <0lc,{g" <e™}
We therefore find that

U min{0, g}d/,t—f min{0, g*}dp'
b'¢ X

< f |min{0, g} —min{0, g*}| du
X ~-
=0 outside of {g<0}u{g*<0}

<

< f lg—g"ldu
{g<0}u{g* <0}

<llg-g"lr~-u(lg<0luig” <0})
<llg-g"llz=-p(lg” <e)

<w;
=§T.max{e, —f min{0, g*}du—s}.
x

We also have

wp
woo,E,A(g*,e*) = K
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3.1. Unconstrained Optimization

For D € ¥/~, with u(D) < A, we have

U gdu—f g'du
D D

<llg—-g"llLe- D)

= wOO,E,A(g*ye*)' A

S wp.
Therefore, if

A .
max{A, u({g* <0hH}

U gdu—f g du
D D

—f grdu=(1-<¢5)- max{—f min{0, g*}dp, 5},
D X

then

swps—fg-ng*du.

Rather than writing a functional evaluation loop that is executed twice, we
make functional evaluation an implicit part of an evaluator for the step quality.
This evaluator evaluates the objective at both start and end point of the step,
calculates the approximate step quality, and returns the step quality alongside
an aggregate error estimate. The resulting evaluator for the step quality is stated
in[Algorithm 3|on the next page.

Theorem 3.1.8 (Correctness of Algorithm 3).

LetUe¥~, De¥~, €>0,¢5€(0, 1), 09 (0, 1), 01 € (00, 1), 0€(0, 1], A>0,
Bo € Rsg U oo}, £ €(0, 1), and g € LY(Z, ) such that (D) < A and Jpgdu<O0. Let
F: Y~y x (Rso U {oo}) — R x Rxg be a controlled evaluator for F: ¥~, — R. Then

Algorithm 3|terminates in finite time and returns a tuple (p, e,) € R x Rxq such
that

FWUAD)-FU) o| <e, <maxip— oo, o1-p)
—— - p|<e,<max{p-o0yp, 01—p}
ngdH P <

PROOF. Again, we rely mostly on the correctness of which we use
without additional varying parameters p. First, we show that w is a suitable
bound oracle. This is a relatively simple matter, because we have a guarantee
that o9 < 01. Therefore, we have

01-09
2

w(p) =max{p—-0g, 01 —p}= >0,
which demonstrates that w is bounded below and therefore a suitable parameter
oracle.

Next, we show that ¢,y p is a suitable inner evaluator. Because F is
a controlled evaluator for F, the output tuples (x1, e;) and (xg2, eg) from

FU, -5 [,gdw and FUAD, -8 [, gdp) satisfty

|FU)—x1] Sels—g-ngdu,

|F(UAD)—xz| Segs—g-f gdu.
D
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3. ALGORITHMS

Algorithm 3 Step quality evaluator for a set functional F': ¥~, — R

Require: e Ue¥~y, De¥~y, €>0, ¢ €(0, 1), o9 €(0, 1), 01 € (09, 1),
0€(0, 1], A>0 with A = u(D);

* Po €RsoU{od}, $€(0, 1);
e geLY(Z,u) such that

f gdu<0;
D

o F: %/~ x (RU{oo}) — R x R>g is a controlled evaluator for F': ¥~, — R.
Ensure: EVALRHO yields (p, e,) € R x Ryo such that

FUAD)-FU)

p| e, <max{p-o09, 01— p}.
ngd/J 8

1: function w(p) > Parameter oracle
return max{p —og, 01— p}
: end function

w N

: procedure ¢z p(f) > Inner evaluator
(x1, 1) = F(U;-5- [pgdp)

(2, e2) = F(UAD;-% - [, gdu)

X2—X1 e1tes )

Jpgduw’ - fpgdu
: end procedure

return (

® > g o

9: procedure EVALRHO(g, U, D; By, &) > Quality evaluator
10: return CONTROLLEDEVAL(¢¢ U D, w, Po, ¢)
11: end procedure

Therefore, we have

e1+e25—(§+§)-fl)gdu=—ﬁ~fl)gdu,

which implies that
e1+eg

- Jpgdu "~

This demonstrates that ¢ is suitable as an evaluation procedure.
In addition, every output tuple (p, e,) of ¢pgu p satisfies

FWUAD)-FU) | |FWUAD)-FU) x3-x1
fpgdu H hedp  Jpedu
- |F(UAD)-x9|+|FU) -1
- | /p g dul
_ eqgt+eq
- Jpady
:ep.
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3.1. Unconstrained Optimization

Finally, we turn to the main procedure EVALRHO. It obtains an output tuple

(p, ep) from [Algorithm I|with evaluator ¢¢ 7 p, parameter oracle w, initial bound
Bo, and decay rate ¢. This tuple is an output tuple from ¢,y p with

ep =w(p)=max{p -0, p—0o1}.
Therefore, we have

FWUAD)-FU)

To2dn —p|=<ep <max{p—09, p—o1}.

3.1.3 Trust Region Loop

We can now define the main trust region loop. This loop is essentially identical
to other trust-region loops except for the use of the error controlled evaluation
loop that we had stated in To simplify the algorithm statement, we
remove some of the preconditions for the algorithm to[Assumption 3.1.9|

Assumption 3.1.9 (Preconditions for [Algorithm 4).
Let

(1) (X, %, p) be finite atomless measure spaces;
(2) F:¥~,— R be uniformly continuously differentiable and bounded below;

(8) F: ¥, x (RsoU{oo}) — Rx R be an error-controlled evaluation method for
the functional F;

(4) &: ¥~,x(RsoU{oo}) — L1(Z, u) xR0 be an L7-controlled gradient evaluation
routine for F with g € {1, oo};

5) & Ll(Z,p) x Rs0 x Rsg — ¥~, x R>0 be a controlled unconstrained step-
finding routing with quality 6 > 0;

(6) 09, 01, 02 € Rsuchthat 0<og<o9 and og<o1<1;
(7) ¢:€(0, 1),65€(0, 1), and ¢z €(0, 1—071);
(8) Up€~,, Ao € (0, w(X)]. <

We note that these assumptions differ from those in [HLS22]. This is par-
tially because of the inclusion of error control. However, we have also added
the assumption that the objective is bounded below. In [HLS22], this is inferred
from the finiteness of the measure space by using the curvature suboptimality
estimator (Proposition 2.4.8). This required a Lipschitz continuously differen-
tiable objective. By allowing for alternate ways of proving boundedness, we can
generalize the correctness result to any uniformly continuously differentiable
objective functional.

Under [Assumption 3.1.9] we can formulate the main trust region loop for
unconstrained problems, which is stated in on the next page. To
simplify notation, we define

7(g) = — f min{0, g}dy Vg e LY, p),
X

which is in line with the definition of 7 in We stress that the
parameter g in is determined by the type of error control provided
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3. ALGORITHMS

Algorithm 4 Controlled trust-region descent framework

Require: Let (X’ 27 IJ)’ F7 F’ g’ q, ‘Sp7 00,01, 02, &, 617 657 %(g’ U07 AO: wg, (/)ga
wy, and ¢y satisfy|Assumption 3.1.9on the preceding page. Let K € Ng U {oo}.

Ensure: % € Ny with 2 < K and U* € ¥~ such that 61(F,U*) =2 —(1+¢;)-¢ or
k=K.

1: (80, eg,0) — EVALGRAD, (g, Uy, €, Ag; 0o, %) >
2: (j, k) —(0, 0)
3: while £ <K and 1(g;) > ¢ do

. A;
4: D;—%A gj,Aj,€5~9'mln{1,m}‘r(gj))

5. (p), ep,)) — EVALRHO(g;, U}, Dj; 00, 3) > [Algorithm 3

6: ifpj—ep ;=00 then > Accept step
7: (Uj+1,k)<—(UjADj,k+1)

8: Aj+1<—min{2Aj,,u(X)} ifﬁjZO’g else AJ‘

9: else > Reject step
10: Wi+, Aji1) < (Uj, %)

11: end if

12: (gj+1,eg +1) — EVALGRAD (&, Uju1, €, Aji1500, 3)
13: Jj—Jj+1

14: end while

15: U* — Uj

by g and is not explicitly passed as an argument. We now prove that[Algorithm 4]

terminates and yields a correct result. This is primarily ensured by
and the error control results from [Section 3.1.2

Theorem 3.1.10 (Correctness of Algorithm 4).

Let (X’ 29 IJ')) F; ﬁ; g; q, y’ 00, 01, 02, &, ET; 653 fg; UO’ an'd AO Satisfy ASSump'

Then for every K € Ny U {oo}, terminates in finite time with
either k=K or €1(F,U*)= —(1+¢&;) €. There exists Ko € Ny such that for K = K,

the algorithm terminates with €1(F,U*) = —(1+¢&;)-&. g

PROOF. We note that u(X) > 0 is implied by the fact that otherwise, there would
be no valid choice for Ag € (0, u(X)].

PART 1 (INSTATIONARITY ERROR). For each j € Ny prior to termination, let
g;‘. € L1(Z, 1) be the exact density function of VF(U;) with respect to p.

The approximate gradient is always evaluated by using the procedure
EVALGRAD, from [Algorithm 2| with the current solution U; and A;. According to

Theorem 3.1.7| this guarantees that
|T(g;) -1(g;)| <&;-max{e, 1(g;) - ¢}.
As we had discussed in[Section 3.1.2] this means that

1(gj)>e = —-G1(F,U)>(1-¢7) ¢,
1(gj)<e = —61(F,U)<(1+¢;)-¢.
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3.1. Unconstrained Optimization

Because the loop terminates if 7(g;) < £, we can assume for all subsequent argu-
ments about step quality calculation that 7(g;) > €. According toTheorem 3.1.7,
the gradient evaluation procedure then guarantees that

“d —f d
‘ngﬂ ng,u

holds for all steps D € ¥/~, with u(D) <A; and

ng'(—ngjd,u) (3.16)

A.
- du=(1-¢&5)-9- J (g,
ngJ == max{Aj, pu({g; < 0h} ey

It also implies that the lower bound Tp on the projected descent that we had
introduced in satisfies

_ B : Aj ,
Tp(gj)=(1-¢5)-0 -mln{l, m } -1(g;).

PART 2 (STEP QUALITY ERROR). In Line 4 of|Algorithm 4] we determine the
step D € ¥~,. Because . is a controlled step-finding method with quality 0, the
projected descent satisfies

du<6-mind1, — 2 (g))+6
ijgJ = 'mm{ ’u({g,-<0})}'(_T &)+

~(1-£)-0-min{1, — g))
=(1-&5)- 'mln{ ,m}'(ﬂ 9)
=-7p(gy)

This bounds the apparent descent away from zero and ensures that the approx-

imate step quality is well-defined. It also allows us to apply to

evaluate the approximate step quality and [Equation (3.16)|to bound the gradient
error on D ;. The latter means that we have

*fd—f Adu| < (—f -d).
UDJ_gJ 1 ngju Sg ngju

We evaluate the approximate step quality p; by using the procedure EVALRHO

as defined in[Algorithm 3] According to[Theorem 3.1.8] this guarantees that

—pj

F(UJ'ADJ')—F(U) - .
<max{p;—00,01—pj}

ngdN

233



3. ALGORITHMS

As we had discussed in[Section 3.1.2.2] these guarantees imply that
FWU;ADj;)-FUj) - 1 FWU;AD)-FU;)
VEUj)Dj) 1+, ijgjdp
> Pj—¢€p,j

1+&,
= 90 ,
1+,

ﬁj—eijU() Ed

Pj—epj<00=>pj+ep;=01
F(UjADj)—F(Uj)< 1 ‘F(UjADj)—F(Uj)
VFU;)D;) T 1-¢, ijgjdH
_Pitep;

= 1_{g
01

“1g
For the latter of the two implications, we make use of the fact that p; —e, j <oy
implies e, j > pj—0o. However, because e, j < max{p; -0, 01— p0,}, we must then
have e, j < 01— pj, which implies that p; + e, ; < 01. In both cases, the relation
between the true and semi-approximate step quality follows from the gradient
evaluation and step-finding error guarantees in the manner that we had derived

in[Section 3.1.21

PART 3 (TRUST REGION BOUND). In[Parts 1]and[2] we have established that
the use of in conjunction with the error bound set for # and the main
loop termination condition ensures[Equations (3.12)| to [(3.15)| (see [Page 223) and
all implications thereof, as discussed in those parts of the proof and
We subsequently consider these established.

We first note that A; is evidently bounded below by A; > 0 and above by
Aj = i(X). This can be shown inductively. In each iteration, the radius is either
halved, which preserves both relations, or doubled and clamped to the upper
bound u(X), which also preserves both relations. To establish a tighter lower
bound bound, we only have to look at the circumstances in which the trust
region radius is halved, because this is the only circumstance in which the radius
decreases.

The radius is halved if and only if the iterate fails the stationarity test and
pj—ep; <0o. As we had discussed in [Section 3.1.2] and [Part 2| this implies
pj< lf_r—ég. Conversely, if

01
1-¢5°
then the step is always accepted and can therefore never be reduced any further.
We have to demonstrate that there is a lower bound on the step size below which

every step is above this quality threshold.
Because F is uniformly continuously differentiable, according to

tion 2.4.4} for every €' > 0, there exists § > 0 such that

(VF(U)Uiv VFW))D)<e' - wD) YU,V,De¥~,: W(UAV)<6.

pj>
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As a first step, we want to demonstrate that if A; <4, then
|F(U; ADj)-F(U;)-VFWU;)Dj)| <€ -uDj)<e-A;.

Because (X, X, p) is finite and atomless, there exists a geodesic y: I — %/~,
that connects U; with U; A D ;. Without loss of generality, let I = [0, u(D ;)] with
¥(0)=Uj and y(u(D;)) =U; AD;. Evidently, Cy = 1is a geodesic constant of y.

Let £ > 0. According to the Taylor criterion (Definition 2.4.1), for each t € I,

there exists R(t,¢"”) > 0 such that
[FON) - F(y0) - VE(yd)(V A y»)| <&” - u(V A1)

holds for all V € ¥~, with u(V Ay(#)) < R(¢,&").
Because Cy =1 is a geodesic constant of y, we have p(y(s) Ay(t)) =|s —¢| for
all s,t € I, which means that

Is—t|<R(t,e") = p(y(s) Ay(@®) <R(t,e") Vs,tel.

Because I is a compact subset of R, we can apply the Heine-Borel theorem to find
a finite tuple of support points (¢;);e[,,1 €I with n; € N such that

ng
Ic U BR(ti,g/r)(ti).
i=1

As we have discussed in more detail in the proof of [Proposition 2.4.8] we may
assume without loss of generality that the tuple (¢;);¢[s,] is strictly monotonically
increasing and that

i>j = t;+R(@t;,e")>t; +R(tj,e") Vi,jeln,],
i<j = t;i-R(t;,e")<tj—R(tje") Vi,jeln,,

which ensures that

0 € BRt,em(t1),
D) € B, e (tn,),
BRr@,,ent)NBR,,1,en(Eiv1) 7D Vieln,—11.
We can now define a second support grid with support points (s;);efn,1, S with
S0 = 0,

snt = IJ/(D‘])’
s; €(ti, ti+1)NBR(;,en(t) NBRe;,,,en(tiv1) Vieln,—1].

This choice ensures that {s;_1, s;} S Bg, ¢)(t;) and therefore that VF(y(¢;)) can
be used to approximate the difference between F(y(s;-1)) and F(y(s;)). We have

F(U;AD))-F(U,;)-VFU,)D,)

= F(Y(Sng)) —F(Y(So)) -VFU)) Lj (Y(Si)A’)/(Si_l)))
i=1

3

t

= Y (Fr(s0) ~F(y(si-0) - VW) (y(s0) A y(s:-1))-
i=1
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We now consider an individual index i € [n;]. We have

F(y(s) —F(y(si—1) =F (y(sp)) —F (y(t)) + F (y(¢:)) - F(y(si-1))
with
|F(y(si)) —F(y(t:)) = VF (y(¢) (y(si) Ay ()| <" py(si) Ay(ty))
=&"-s; — t;]
=" (si—t),
‘F(Y(ti)) —F(y(si—1) + VF (y@) (y(si—D) Ay@)) | < €” - p(y(si—1) Ay(sy))

"
=& -lsi-1—til

=€"-(t; —s;i-1),

because
—R@t;,e")<sj_1<t;<s;<t; +R(t;,€") Vieln:]

holds by construction. We note that equality between ¢; and s;_; or s; is usually
explicitly prohibited, but can occur for ¢; =0 or ¢; = u(D;). We find that

’F(Y(Si)) —F(y(si-1)) = VF (y(t:))(y(si) Ay(t) + VF (y(t) (y(si—1) A y(¢:)
< [F(r(s02) - F(v(¢0) - VF (y(20) (v(s) A ()
F(y(t:)) = F (y(si-1) + VF (y(t)) (y(si-1) A y(#)))

<&’ (s;—ti+ti—si_1)

=€"(s;—si-1).

We can now aggregate these estimates to obtain an estimate for the deviation of
F from its linearization around U; on each segment of the geodesic y.

[F(y(s0)) = F(r(si-0) - VFW)(y(s) Ayisi-))|

U;=y(0)
= ‘F(Y(Si)) —F(y(si-1) = VF (y(t)(y(s) Ay(t)))

+VF (y(t)(y(si-0) A y(2))
+‘VF(V(ti)) (y(si) Ay(t:)) = VE(y(t) (y(si-1) A y(t:))
_VF(Y(O))(Y(Si)AY(Si—l))‘

<g’ (s;j—si—1)+

(VE(y(t0) - VE (@) (ris0) A ¥(2)

— (VF (ye) + VF (1(0)) ) (yti) A (s 1)

<&"-(si—si-1)+ [VE(y(¢)) - VEW))|(y(s0) A 7(£)

(y(ti))+VF(U~)\ Y(t) Ay(siop)
=& (si =511+ |VF(1(2)) - VEW,)|(r(s0) A yGsi-0)\ (120 AU))

+|VF (y(t)) + VEW|(rts0) 2 visi-0) 0 (v AT;))
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3.1. Unconstrained Optimization

e (si = si-1)+ (VF(y(2:) .)eAU_VF(Uj))(Y(si)Ay(si_l)).

By combining these estimates for all segments, we obtain the overall estimate

|F(U-AD )—FU,)-VFU,)D,)|

F(y(s) - F(y(si-) - VF(UJ)(ﬂsi)Ay(s,-_l)))

< zl (€ i=si-)+ L(VF(re) | o ) VFU)(r(s) A ytsi-)

—¢ y(D)+Z(VF (y(t:)) oS, VP )) (risn Aysi-v).

If A; <6, then we have (D ;) < A; <6, which implies that
ply@)AUj)=t;<pD;)<é Vieln
This means that we have

(VF(Y(ti)) e VF(Uj))(Y(Si)AY(Si—l))55/‘#(Y(Si)AY(Si—1)):E/'(Si_si—l)
Y(ti)AUj

holds for all i € [n;], which allows us to further simplify the overall estimate to

|F(U; ADj)-F(U;)-VFU;XD;)|

< D))+ i:ZI(VF(m)) WS, VEW))(y(s:) Ay(si-1))

A

ng
<" uD)+) & -(si—si-1)
i=1

=("+¢€) wDj).

Because this holds for every ¢” > 0, we arrive at the final estimate that, if § > 0 is
chosen such that

(VFW) o VF(WV))D)=e'-uD) VU,V.De¥-,: U AV)=6,
and if A; <6, then we also have
|F(U; AD,;)~F(U))~VFU)D,)| <& -uDj) < -A;.
As we had shown in and[2] we have

VFUD)= [ g} du
D;
<(1-&9)- | gid
=(1-¢&g) ng] ©

<(1-£p)-(1-&5)-0-mind1, — &)
gm0 L

. Aj
—((l—vfg)~(1—<f§)-9-m1n{1, m}é‘)

~

-~

>0
AjSH(

)
£ ((1 G180 )
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3. ALGORITHMS

where € > 0 is the overall stationarity tolerance. Let & := Hﬂ% > 0.

We subsequently assume that & < £;. Then the previous estimate becomes
VF(U;)D;) < —¢1-A; and we have

F(UJ‘ ADj) —F(Uj) < VF(U]‘)(DJ‘)+ e Aj
<-¢e1-Aj+e A
<0.
Knowing that F(U; AD;)-F(U;) and VF(U;)(D;) are non-positive, we can then
make the following estimate for the true step quality:
o F(UjADj)—F(Uj)
Pi VFEU;)D;)
ND D)+ e A
N VFEWU;)D;)+¢€-A;
VFEU;)D;)
4 A,
—VFU,D))
SI-AJ'

If we further choose

1
E’Sgg:z(l——~(1+ 91 ))'81,
2 1-¢,

which is possible because ¢z < 1—-07 and therefore g—%g €(oy, 1. If l‘z—ég is strictly

less than 1, then the arithmetic mean between 1 and

12@' is also strictly between
1(—T_1‘g and 1, which implies both 0 < &3 <1 and

g £9 1
pjzl-—=21-—=1-1+_-
£1 €1 2

01 ) 01
1+ >
1-¢, 1-¢,

for all ¢’ < e5. Let £’ := min{eq, €2} and let Ayec > 0 be such that

(VW) o VFWV)D)se' D) VU,V,D €¥y: U AV) < Auee.

Then for every j € Ny prior to termination such that 7(g;) > ¢ and Aj < Aye, we
have p; > l‘z—ég, which implies that p; —e, j = 09, which means that the step D;
is accepted. As a consequence, because A; is only ever reduced if the step is
rejected and because it is only ever reduced by the fixed factor %, we can show by
contradiction that

A
Aj= min{Ao, ;cc } Vj eNp prior to termination. (3.17)
—_——

=Amin
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3.1. Unconstrained Optimization

Assume that there existed j € Ng with A; < Apin. Without loss of generality, let
J be the minimal index with that property. Because A; < Ag, we would have
J > 0. Because A; = A, for all i < j, a trust region reduction would have to have
taken place immediately prior to the j-th iteration, which means that A;_1 =2A;.
However, because A; < A;“, this would imply A;_1 < Aaee, which would contradict
the fact that the step was rejected. This contradiction proves that the tighter
lower bound for A; must hold.

PART 4 (MAIN INDUCTION ARGUMENT). In this section, we show inductively
that the following invariants hold throughout all iterations of the main loop:

¢ [Equation (3.17) holds for all j;

* F(U;j11) = F(Uj) for all j € Ny prior to termination;
* There exists F > 0 such that step acceptance implies F(U +1)=FUj) -F.
Equation (3.17)|is significant to prove the minimal descent for accepted steps.

It also establishes that there is never an infinite unbroken sequence of rejected
steps. The minimal descent, along with the boundedness of the objective then
ensures the termination of the algorithm.

We prove these invariants by induction over j. For j =0, we self-evidently
have A; = Ag = A, by definition of Ay;n. We then consider the transition from
the j-th to the (j + 1)-th iterate.

For subsequent iterations, we have to bear in mind that a transition to the
next iteration only takes place if the termination criterion of the main loop is
not met. Therefore, the induction step may assume that the loop condition is
satisfied.

Specifically, this means that we have 7; = 7(g;) > ¢. In we have
demonstrated that this implies 7(g%) > (1 —-¢;)-€. Due to the choice of step
tolerance in Algorithm 4 of[Algorithm 4] we have

AA
du<—-(1-=¢&5)-6-mi 1,—J}. 0
ijgJ p=-(1-&) mm{ (g, <D €<

where the fraction on the right hand side is always well defined because 7; < 0. If
A;j = Apin, then this implies that

A.
‘dpu<—(1-¢5)-0-miny1, ———— }
ijgJ p=—-(1-¢5) mln{ g, <) €

s—(1—§5)-9-min{1, 288}6

In addition, we had established that|Equation (3.15) holds, which means that
Tdu< f dp+ég- f d ‘
ngj M ngj u+ég ngj M

[ —
S(l—fg)'];.gjd,u

<0

. Amin
< —(l—ég)'(l—fg)ﬂ-mm{l, u(X)}'E'
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3. ALGORITHMS

This gives us a negative upper bound on the true projected descent that only
depends on fixed algorithmic parameters. In conjunction with a lower bound
on the true step quality, this yields a lower bound on the true decrease of the
objective function for an accepted step. If the step is accepted, then, as we have
established in , we have p; = 17¢-. This means that

FU;j+)-FWU) < pij g;du
J

1-¢,
1+¢&,

=-0¢0"

-(1—55)-9-mm{1, ﬁ&’;}g

N

=F>0

If the step is accepted, then we have F(Uj.1) < F(U;) - F < FUj) and
Aji1€{A;, min{2A;, M}}, which implies A1 > A; = A.
Conversely, if the step is rejected, then F(U;,1) = F(U;) < F(U;) and we have
Aj . . .
Aji1= ?’ We had previously shown in that there exists Agec > 0 such that
the step is always accepted if A; < A,c.. Therefore, rejection of the step implies

Aj > Agee, which establishes the crucial invariant [Eiquation (3.17

A; A
Aj+1=é>%2Amin-

This inductively proves that[Equation (3.17) holds. As the trust region radius
is always halved on rejection and is bounded from below by a strictly positive

bound, there can never be an infinite string of rejected steps. Conversely, as long
as the loop does not terminate, there is an unending chain of accepted steps with
only a finite number of rejections between them.

Because we have established that every accepted step reduces the true objec-
tive by at least F > 0 and because the objective is bounded from below, there can

at most be
FUy)-F~
Ko = {LJ
F

accepted steps where F'~ € R is such that F(U)=F~ for all U € %/~,.

Because the number of accepted steps is bounded by Ky and there cannot
be an infinite sequence of rejected steps, the main loop must terminate, even if
the accepted step limit K is infinite. If the number of accepted steps & satisfies
k <K after the loop terminates, which is always the case if K = K, then the loop
terminates because T; < ¢, which implies €(F,U") = —T(g;) =>—(1+¢&;) €. [l

3.1.4 Trust-Region Steepest Descent

The controlled trust-region descent framework is an algorithmic framework with
three degrees of freedom. For each problem, a domain expert has to specify
objective and gradient evaluation methods. These are specific to the underlying
function and can differ greatly based on the numerical methods we use to calcu-
late objective and gradient. Therefore, we will not discuss generalized evaluation
methods here.
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3.1. Unconstrained Optimization

The third degree of freedom is the step-finding routine. Here, we can provide
a generalized algorithm in an application-agnostic manner. According to [Defi]
a controlled unconstrained step-finding routine of quality 6 € (0, 1]
finds a product similarity class D € ¥/~, such that (D) < A and

A
dyu<60-min{l, — ;- du+6
ng H mm{ ,u({g<0})} f<g<0}g H

for given A >0 and & > 0. Here, g € L'(Z, p) is an approximate gradient density
function, A > 0 is a trust region radius, and § is an error bound based on the
instationarity of the current iterate. If we formulate our algorithm using only
a limited subset of operations that can be applied to all L!-functions, then the
encoding of g and the method by which it is calculated are irrelevant.

Here, we rely on the large amount of preparatory theoretical work that we
have done in There, we have broken down complex operations on
integrable functions down into combinations of their level and sublevel sets. In
a very similar manner, rather than assuming a specific encoding of g, we will
only assume that there is a fast and accurate way to generate these sets. We will
assume that the methods by which these sets are determined are free from error,
i.e., that they yield exact representations of the sets up to true nullsets.

In|Section 2.3.5] we had discussed how to translate level set functions into
geodesics. Specifically, we had shown the existence of minimal mean geodesics in

eorem 2.3.54] A minimal mean geodesic y: I — ¥~, has the property that
f( )gd,uszgd,u Viel, Ae¥-,: uA) < uy®).
y(t

This means that minimal mean geodesics achieve the minimal mean value of the
functions that they are generated from, which very closely resembles the criterion
for a controlled unconstrained step-finding routine. We can create such a routine
of quality 6 = 1 by approximating the theoretical construction of a minimal mean
geodesic.

Selecting a step set by picking a set which minimizes the mean gradient value
means that we achieve the best possible ratio between projected descent and step
size. Hence, we will refer to this step as both the minimal mean step and the

steepest descent step. We state our approximation algorithm in on
the following page.

As we had stated in[Theorem 2.3.54] minimal mean geodesics are generated
by taking the supremum of all levels for which the non-strict sublevel sets of the
level set functions are smaller than the desired size and adding an appropriately
sized piece of the exact level sets corresponding to that supremum to the strict
sublevel sets. The main issue that we have to address in is that
the supremum generally cannot be determined with perfect accuracy. Instead,
we have to approximate it. We perform this approximation with a bisection
algorithm.

Theorem 3.1.11 (Correctness of |Algorithm 5). _
Let (X, Z, p) be a finite atomless measure space. For g € LY(Z, ), A >0, and § >0,

the procedure AMMSTEP stated in |Algorithm 5|returns (D, 6) € ¥~, x [0, 81 such
that u(D) < A and

fgdusfgdu+5 VAe¥~,: w(A)<A. (3.18)
D A
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3. ALGORITHMS

Algorithm 5 Approximate Minimal Mean Step

Require: (X, %, p) finite atomless measure space, g € LYZ,w), A>0, §>0
Ensure: Returns (D, ) € ¥~, x (0, 6] such that u(D) < A and such that for all
B € Y-, with u(B) < A, we have [, gdu< [pgdu+36.

1: procedure AMMSTEP(g, A, 5)

2. ifu({g <0}) <A then > Short-circuit if full step is admissible
3: return ([{g < O}]w’ O)
4: end if

> Approximate n* := sup{n € R| u({g =n}) < A} to precision %

5: (n67 ngy .]) ‘_(_5, 0’ 0)

6:  while u({g=n;})>Ado > Find initial bounds

7 (n;+]_: T);Jr]_) J)‘_(ZTI;’ 7];7 .]+1)

8: end while

9: while 17;? -n; > % do > Main bisection loop
10: U %(TI; + 1];7) > Calculate midpoint
11: if u(lg < n;}) <A then
12: UPRE njﬂ, D=3, n;f, J+1) > Adjust lower bound
13: else
14: (Tl]_-+1, T);Zrl, J)— (T)J_-, n; Jj+1) > Adjust upper bound
15: end if

16: end while

> Derive the step set

17 D*—[{g< n?}] - > Lower and upper bounds for the step set
- . 5-Ant-n7) I
18: Select D~ <, D*\D w1thA—#sy(D uD7) <A
J

190 return (D— UD~, (1t =) A+l (A= D" uD~)))
20: end procedure

By this means that AMMSTEP is a controlled unconstrained step
finding method of quality 0 = 1. <

PROOF. PART 1 (SHORT-CIRCUIT CONDITION). Before we turn our atten-
tion to the main bisection algorithm, we discuss the short-circuit conditional in

[Algorithms 5|to[5] This conditional deals with cases in which the “full step” does

not exceed the trust region radius. The “full step” is the step that consists of the
similarity class corresponding to the set D that comprises all points at which g
is strictly negative, i.e.,

D :=[{g<0}] .
The conditional is only triggered if
1) = p({g <0}) <A,
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3.1. Unconstrained Optimization

10

g(x)

Figure 3.2: Illustrations of the approximation of the supremal level for the
minimal mean geodesic. The horizontal lines represent the upper and lower
levels n* and ~. These lines are then brought together until the difference
between the values is negligible.

which means that u(D) < A is satisfied. The returned error margin § is equal to
0. For all A € ¥/~,, we have

fgdqu ) :f gdu+f g dpzf g dpu.
A \_6’ AnD A\D\B-’ D\B-’
- = <

PART 2 (BISECTION). If the short-circuit transitional is not triggered, then we
have
p({lg<0})>A>0.

In this case, we approximate the supremal level
n* = sup{n eR | ulg=ny) < A}

with n; and n; such that n; < n* < n;. Because 17— u({g <n}) is monotonically
increasing and n* is a supremum, we have

pllg=snt)=A=n=n" VneR,
p{lg=n)>A = n=n* VneR.

We can therefore bisect based on the measure p({g < n}) rather than direct
comparison to the unknown value n*. We first show that the setup loop in

ATgorithms 5|to 5] terminates in finite time and establishes the relations
p(le=m;)) =A,
ulig=nf)>A.

We first consider the values of ng. Because this setup code is only invoked when
the short-circuit condition is not satisfied, we know that

u(lg =mgl) =p(lg =0} = u(lg <0}) > A.
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3. ALGORITHMS

We also know that 7, = -5 < n¢ = 0. We now consider subsequent iterations of
the setup loop. Let j € Ny be such that 7} < n;. <0, u(lg= nj_.}) > A. We evidently
have
Njs1=21n; <n; <0
—~

<0 :n;+1

and

p(lg =njq)) =p(le =nj}) > A
We now perform a proof by contradiction. If the setup loop did not terminate,
then we would have N4 = —27§ — —oo for j — co. Because

pllg=n;))>A

for all j € Ny, we would then have
oo
p(lg = —od}) = ,u(ﬂ {g= 17;.}) = lim p({g=n;})=A>0.
J=0 j=oo

However, this would contradict g € L1(Z,u). Therefore, the setup loop must
terminate. Let j' € Ny be the value of j upon termination of the setup loop. Then
we have

p(lg =n;}) =A,
p(lg = n;,}) >A.
The former follows from the termination criterion of the setup loop and the latter

follows from the loop invariant that we have already proven.
We now use these inequalities as a starting point for an inductive argument

for the main bisection loop in to[5l In this argument, we prove that
n; < 17;7 <0 for all j = j' and that

plg=n;h)=A vizJj,

plg =n7l)>A vjzj,
nt_n:

+ -_J J . ./

n;—mn; = DY Vjizj.

For j = j' we have already shown the first two inequalities. The third equation is
evidently true for j = j'. Let j = j’ be such that n; < 17;? <0 with n;f -n; > % and

pllg=n;Y=A,

u(lg =n;1) >4,
-

nj/ T]J’

977

n;-n; =
We distinguish between two cases.

Case 1l (u({g < 11;}) < A). In this case, we replace the lower bound. We then
have

1
Mja1 =15 = 50; +n}><isO,
=Njn
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tlg =nj Y =ulle=n7}l) <A,
ulg=nig ) =plle=nt)>A,
Wjer =15 =0} = 50} +1))
i
2
nh=n;

T g1 <

Case 2 (u({g = 1);}) > A). In this case, we replace the upper bound and obtain

- S
Wi =1, <55 +n))<n; <0,
—_—

=15 =111

u(le =mjb) =pllg=m;)) <A,
pllg=nj ) =ulle=n;)) >4,
- 1 - -
Mje1 =Nje1 = 505 +0;)=m;

_mn

2
77}—! _77]_'/

EECYES T O <

This proves the induction assumption for j+ 1. Because % > 0, there exists a
minimal index j” = j' such that 1];7,, N < %. When j” is reached, the bisection
loop terminates.

PART 3 (FINALIZATION). Finally we turn our attention to the finalization of

the step in |Algorithms 5/to [5| At this point, we have j = j”. Because n;T =7,

D*€Y-~, and D~ € ¥/~, satisfy D~ <, D*. In addition, we have
D) =u(lg=nj}) > A,
D) =pu(lg=nul)=A

because we have shown these relations to remain invariant during the bisection
loop. As a result, D* \ D~ is a similarity class that is essentially disjoint from
D™ and satisfies

uD*\D™)= D) - (D7) = A— (D).

Because the measure space (X, X, p) is atomless, D™ \ D~ has an essential subset
D~ <, D*\D~ such that

= e
0-A-(n ;N j)

D~ A—uD7)-
wD™)e wD™) In;l

, A—u(D7)|.
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We note that

- - 5 6
¥ _ - _
6—A-(nj —nj)26—A'2A =3

Therefore, the range of admissible measures for D~ is always of strictly positive
width.

Let 6 := A‘(n; -n)+n;1: (A—p(D™)). Bearing in mind that 17;? is non-positive
and that 17;. is strictly negative with In;.l > In;fl and that u(D~)<A—- (D7), we
have §=0. Let D:=D" uD".

Let A € ¥/~, with u(A) < A. We have

fgdu—f gdu=/ gdu—f gdu.
D A D\A A\D

This is significant because we have D\ A <, D <, D* and therefore g(x) < 17;?
almost everywhere in D\ A. On the other hand, we have D™ <, D and therefore
g(x) > n; almost everywhere in A\ D. Let

M~ :=min{u(D\ A), (A\D)} < A.

Then we have

fgdu—fgdu=f 8 du—f g du
D A D\A~~ A\D~~

sn;f >n;
<(nj-n;)- M+ n; -(W(D\NA-M")-n; - (A\D)-M")
~~
<0 =0

<(nj-n;)- M —n;-(WAND)-M")
=} -n;)-M" +n;|-max{0, (A\D)— (D \ A)}.

We now make use of the fact that DNA=D\(DnA)and A\D=A\DnNA),
which implies that

WAND) —u(D\NA) = w(A) —u(D NnA)— D)+ (D N A)
= pA) - pD)
<=A-uD)
=A-puD7)-wD")

) S—A-(n; -n;)

n1

In conjunction with the fact that M~ < A, this yields

fl)gdu—ngduS(n}—n})'AHn;I-(A—u(D))
=5

S§-A-(pt=n7)
= (nj —n3)- A+l —— ==
n; ]

=9.
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PART 4 (STEP-FINDING ROUTINE). We first consider the simple case where
A= p({g < 0}). In this case, we can set A := [{g < 0}]~u and obtain

fgdusfgdu+6
D A

A
=minqyl, ——— ¢ d 0.
mm{ ,u({g<0})} /{g<0}g a

J

-1

Next, we address the case where A < u({g < 0}). In the previous parts of this
proof, we had briefly referred to the supremum

n*= sup{n eR ‘ u({g < 7]}) < A},

which is similar to the n* that we use to construct the minimal mean geodesic.
Because p({g < 0}) > A, we know that n* < 0. We define

A" ={g< n*}]w €my,
AT = [{g ST]*}]nt € Z/NN’
AT =AT\A".

Because A~ can be written as a countable union of monotonically increasing
similarity classes of non-strict sublevel sets corresponding to levels below n*, we
have

AT ) <A

Similarly, because A* can be written as a countable intersection of monotonically
decreasing similarity classes of non-strict sublevel sets corresponding to levels
above n*, we have

WA= A.

This means that u(A~) = A— u(A™). Because (X, Z, ) is atomless, we can select
A~ g, AT with

|wa™] = a={uan].

Let A := A" UA~. Because this is an essentially disjoint union, we have
HA) = w(A7) + u(A~) = A and therefore

fgdpsfgdp+6.
D A

Because A < u({g < 0}), we can be certain that even if n* = 0, we have
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An[ig= 0}]NN =[@l., and therefore A <, {g < 0}. We can exploit this because

f gdui=fgdu+f g du
{g<0) A [{g<0-,\A g
> ngd;Hn* - (,u({g <0}) - ;u(A))

=uA) s A? du-+n" - (p(tg < ) - w(A))
e =0

g A+ p({g < 0}) — u(A) f gdu
uA) A

u({g<0})f
> du.
RV P

wAa) A
p({g<0}) p({g<0})

A
d S—-f d
ng H p({g <0y {g<0}g H

By multiplying both sides with

, we obtain

and therefore

fgd,usfgduH?
D A
A

Ef—- gdu+o
/,L({g < 0}) f{g<0} #
A

<min{1l, —— f du+9,
{ ,u({g<0})} {g<0}g H

which is the desired overall estimate. In summary, both cases yield the estimate

A
emint 2L s
ng H p(lg <0} {g<o}g H

which is the defining estimate for a controlled unconstrained step-finding method
of quality 6 = 1. O

The steepest descent step achieves a step quality of 8 = 1. While this is the
best possible step quality, this does not mean that it is the only step finding
method that achieves this quality. By definition, approximating the behavior of
a constant mean geodesic (see [Definition 2.3.56|on page[133) could also achieve
6 = 1. It is also conceivable that methods with 6 < 1 could yield more desirable
steps for some applications. The steepest descent step is special in that it always
approximates the best possible projected descent for a step below the given size
threshold.

The step quality 6 cannot reflect this distinctive feature of the steepest
descent step because it is part of a worst case estimate. In the absolute worst
case, the steepest descent step achieves the average descent obtained dividing
the integral of g over the set {g < 0} by the set’s measure. However, this worst
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case is only realized if either g has constant value almost everywhere in {g < 0},
orif A= ,u({g < 0}). In IProposition 3.1.3L we have used these exact edge cases to
prove the theoretical upper limit to 6.

However, if the gradient density function does not have constant value almost
everywhere in {g < 0} and A < u({g < 0}), then the steepest descent step prefer-
entially selects points where the gradient density function is below the average.
Therefore, it will achieve projected descents that are better than the average, i.e.,
achieve step qualities better than 8 = 1. The theoretical step quality 6 = 1 is only
realized in the worst case.

It is important to note that is still not a “complete” algorithm. It
does not specifiy how the similarity class D~ is determined. It only ensures that

the conditions which D~ must satisfy are satisfiable. This omission is deliberate.
In order to specify precisely how D~ should be selected, we would have to make
assumptions about the way in which sets are encoded. However, this is dictated
by the numerical method that we use and is better left to domain experts to
determine on a problem-by-problem basis.

For example, the PDE-constrained problem that we discuss in
uses finite element methods (FEM) and encodes sets as a selection of a finite
number of mesh cells. In this case, it is convenient to select D~ to be a union of
mesh cells if possible and refine those mesh cells as necessary.

However, the ODE-constrained problem that we discuss in uses
an adaptive Runge-Kutta method which does not require prior definition of a
control or integration mesh. Therefore, it is more convenient to encode a set as
a vector of switching points that are placed arbitrarily on the continuous time
axis. This requires a different selection method for D~. By leaving the method
of determining D~ unspecified, we do not artificially constrain our optimization
algorithm to only one type of problem.

3.1.4.1 EQUIVALENCE TO LINE SEARCH

Because the steepest descent step is calculated by approximating the construction
method of a minimal mean geodesic, the controlled descent framework could also
be stated as a line search algorithm or, more appropriately, a “geodesic search
algorithm.” In such an algorithm, the search direction would be a canonical
geodesic (e.g., a minimal mean geodesic of g) and we would adjust the parameter
of the geodesic to find a step length that yields the necessary descent guarantees.

As long as our step-finding routine approximates a geodesic and we adjust the
trust-region radius and the step length in the exact same way, this is equivalent
in outcome. In our discussion of constrained optimization in we will
encounter situations where not every step-finding routine is an approximation of
a geodesic. However, for unconstrained optimization, we can make an informed
conjecture that these two approaches are theoretically equivalent.

The greater concern is that, while trust region and line search methods are
equivalent in outcome, they are not equally simple in implementation. In set-
valued optimization, a trust region approach is much easier to implement and
provides much greater flexibility. There are reasons for this and we will briefly
go through one of the primary issues with the line search approach to explain
why we do not dedicate more time to it.
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Approximation and Stability

Consider a minimal mean geodesic of a function g. Even if the same tie-breaker
geodesic is used, very minor changes to g can potentially lead to large changes in
the geodesic. Consider X =10, 1], Z = 2A(X), u =2 and

-1+£ ifx<i,

g(x)::{ 2 lx 2 VxeX
-1- 3 if x = 3

for some very small € € (0, 1). We can see that this would be a valid density

function of a signed measure. A minimal mean geodesic y of g would first act on

pointsin [4, 1] and then points in [0, 3). However, if we adjust the value by only

€ in each point, we obtain

£ = {—1—5 ifx <

P
—1+§ 1fx2§

H N

T vxeX.

A minimal mean geodesic of g’ would display the exact opposite behavior. It would
first act on points in the lower half of X and then proceed to points in the upper
half. Regardless of the fact that both the pointwise and the L! change between
the two functions is only € which can be an arbitrarily small number, the resulting
change in the minimal mean geodesic is substantial. This is problematic because
the gradient density function is generally only available as an approximation
and may need to be re-evaluated as the step-size decreases. Essentially, we
would need to recalculate the geodesic every time this happens, eliminating the
potential performance advantage that line search methods could derive from
reuse of the pre-calculated search direction.

3.1.4.2 REMARKS ON CONSTANT MEAN STEPS

It is conceivable that we could derive step-finding routines from other geodesics.
Constant mean geodesics appear to be good candidates for this because they
produce exactly the average projected descent and would therefore also achieve
6=1.

However, constant mean geodesics are more difficult to approximate than
minimal mean geodesics. They require that we balance two cutoff levels, one
below the average and one above, such that their deviations from the mean
roughly cancel each other out and they jointly achieve the desired trust-region
radius. This causes algorithmic complications that require a much greater
computational effort to resolve than does the steepest descent step. Therefore,
we will not pursue this further here.

It is unclear whether deliberately choosing a suboptimal step could yield any
advantages. It is possible that, because a step with average projected descent
has a lower projected improvement, it would produce less step rejections and
therefore maintain a larger trust region radius. Because evaluation error bounds
depend on the trust region radius, this would then mean that the error bounds
for gradient and function evaluation would not need to be as tight. However, this
would at best be of practical rather than theoretical benefit.

3.2 CONSTRAINED OPTIMIZATION IN MEASURE SPACES

In the preceding section, we have exclusively dealt with unconstrained problems.
We do not include differential equation constraints because we assume that we
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are working with reduced problems where the solving of differential equations is
hidden within opaque function evaluations.

Since we are specifically interested in problems with differential equation con-
straints, we should be mindful that, in addition to whatever solution constraints
users may want to impose, most differential equation models have a limited
region of validity outside of which they break down. It is therefore arguably more
common than not to want to impose constraints other than reducible equality
constraints on such problems.

In this section, we look at two different types of constraints: logical constraints
and scalar-valued inequality constraints. We show that scalar-valued inequality
constraints are similar to conventional NLP constraints and can be dealt with in
a similar way. We transfer a naive quadratic penalty method to our setting as
a proof of concept. Our discussion of logical constraints is mostly speculative in
nature, but may provide a good starting point for future research.

3.2.1 Scalar-Valued Inequality Constraints

We refer to constraints as “scalar-valued inequality constraints” if they have the
form ®(U) < b where @ is a set functional that maps a similarity class U to a
real number (i.e., a scalar), and b € R. We assume generally that @ is benignly
continuously differentiable (see on page because this allows
us to use to the chain rule (see [Theorem 2.4.6] on page [154). With the chain
rule, we can reconstruct many of the algorithms that are commonly used in
constrained nonlinear optimization. For the sake of brevity, we only implement a
very simple quadratic penalty in the spirit of [NWO06| sec. 17.1]. However, other
types of algorithms could also conceivably be transferred.

We do not address problems with equality constraints. details
why we do not attempt to develop a theoretical basis for optimization under
scalar-valued equality constraints.

Before we begin defining the algorithm, we need to address some theoretical
concerns. Constrained optimization is often considered in terms of Lagrangian
relaxations and we need to transfer this concept to our setting before we can
transfer further concepts from conventional NLP theory. We follow the line of
argumentation from [UU12, Sec. 16.3] closely, though we need to re-prove most
results because of the difference in setting.

For the remainder of this section, we consider an optimization problem of the
form

inf F(U)
st.Gj(U)=<0 Vjeln] (3.19)

UeZ.,

where X _ =%/~ for a finite atomless measure space (X, Z, u),neNp, F: 2. —R
is a benignly differentiable set functional, and G;: Z. — R are benignly differen-
tiable set functionals for every j € [n].

In this section, we frequently make arguments considering the behavior of dif-
ferentiable set functionals along geodesics. As we have done in previous sections,
we have to account for the fact that the gradient locally inverts on the step set
whenever we make a step. To this end, we had previously introduced the locally

inverted difference variation (see [Definition 2.4.3|on page[153). As a reminder,

the R-locally inverted difference variation between two signed measures ¢ and v
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is a non-negative measure that is given by

((pl?v)(D) =]p-vID\R)+|p+v(DNR) VDeX..

The locally inverted difference variation is a specialized construct that is de-
signed exclusively to compare derivatives of the same function at different points.
Whether it is useful in any other context is questionable.

Definition 3.2.1 (Feasible and Optimal Points).
A point U € X is called feasible for Problem (3.19) if

G;{U)=0 Vjelnl
The set of all feasible points of the problem is
Fe={UecZ |G;U)<0Vjelnl}.

U is called locally optimal or a local optimum if there exists a neighborhood
N <X of U such that

F(\V)=F@U) YVeNNnFg.

U is called globally optimal or a global optimum if
F(V)=FU) vV e Zg. <

Optimality is generally not tested directly by using [Definition 3.2.1] Instead,
we formulate more accessible optimality conditions that can serve as a substitute.

As with unconstrained optimization, we are primarily interested in necessary
optimality conditions because they can be formulated without second deriva-
tives. In constrained optimization, necessary first-order optimality conditions
usually come in the form of so-called Karush-Kuhn-Tucker (KKT) conditions.
To formulate KKT conditions for our setting, we first have to discuss constraint
qualifications.

3.2.1.1 KKT CONDITIONS

The KKT conditions are based on the concept of tangent and normal cones. In real
Hilbert spaces such as R”, the tangent cone to a set X €R" in x € X represents
the set of all directions that either point into the inside of X or are at least
tangential to its boundary. The normal cone is the set of all directions y € R"
such that (d, y) <0 for all d in the tangent cone. on the next page
illustrates tangent and normal cone for a simple example in R2.

Tangent and normal cones can also be constructed in non-Hilbert spaces,
though they no longer necessarily reside in the same vector space. Instead, the
normal cone resides in the dual space of the original search space.

The difficulty with transferring this concept is that similarity spaces are not
vector spaces. There are two notable issues that arise when we try to transfer
tangent and normal cone to optimization problems in similarity spaces:

1. There are no cones in similarity spaces because there is no scaling;

2. Similarity spaces are not self-dual, so the normal cone likely lies in a
different space.
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3.2. Constrained Optimization in Measure Spaces

Nx(x)

Figure 3.3: Illustration of tangent and normal cone in R2. The tangent cone of the
set X in x € X is designated T'x(x) while the normal cone is designated Nx (x).

We can work around the first issue by interpreting cones as “sets of directions.”
We have previously noted that canonical geodesics can serve as a replacement
for vectors as representations of “directions.” To emphasize the analogy, we will
subsequently refer to a suitable set of geodesics as a pseudo-cone.

Definition 3.2.2 (Directions, Prefixes, and Pseudo-Cones).
We refer to a minimizing canonical geodesic y: [0, L) — 2. with L >0 as a
direction in X...

Let y: [0, a) — 2. and §: [0, b) — 2. be directions with 0 <a <b. We call y a
prefix of & if y = 6ljo, a)-

A set C of directions in 2. is called a pseudo-cone if the following logical
equivalence holds:

6eC < (yeC Vy: y prefix of §).

We refer to this logical equivalence as the prefix criterion. We refer to
Dir(2.):={y|y is a direction in .}

as the universal pseudo-cone of X ... <

Directions must be minimizing and have non-empty half-open parameter
intervals. This excludes the edge cases where the parameter interval is empty or
equal to {0} or the geodesic is constant. Any geodesic with a geodesic constant
C >0 can be made into a minimizing geodesic by applying a linear parameter
transformation. A half-open parameter interval also leaves open the possibility
of L = co. Although infinite measure spaces are not discussed in this thesis, it is
still notable that this theoretical construct does not require finiteness.

The prefix criterion appears difficult to verify at first. However, all pseudo-
cones that we discuss here are defined based on the behavior for parameter values
t — 0. If § is a direction and y is a prefix of §, then we always have 8(¢) = y(¢) for
t close to zero. The limit behavior is therefore always the same for § and y. We
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skip individual verifications of the prefix criterion in favor of this general rule for
the sake of brevity.

The dual space of a real vector space X is the space of all bounded linear
forms on X. An analogue for a similarity space Z. would be the set of all maps
¢: Z. — R that satisfy ¢(@) = 0, are o-additive, and satisfy |(p(U)| <L -wU)
for some L = 0. The first two properties form an analogue to linearity. The
third property is analogous to boundedness. It guarantees that ¢ < y and
therefore that ¢ has a measurable density function f. It also guarantees that f
is essentially bounded.

Thus, our equivalent is the space of all signed measures that are absolutely
continuous with respect to u and have density functions in L*°(Z, u). We will
subsequently refer to these measures as benign measures in accordance with our
prior definition of benign differentiability (see [Definition 2.4.5).

A restriction to benignly differentiable set functionals also gives access to
the chain rule (Theorem 2.4.6). We will use this to prove the differentiability of
penalty terms.

Definition 3.2.3 (Benign Measures).
Let (X, Z, pu) be a measure space. We refer to a signed measure ¢: Z — RU {00}
with ¢ <« p for which there exists a density function g € L*(Z, p) such that

(p(A):f gdu VAeX
A

as a benign measure. <

The set of benign measures is a vector space because it is isomorphic to
L°°(Z, u). We can easily verify that any benign measure whose underlying mea-
sure space is finite is itself finite-valued. Therefore, the space of benign measures
is a subspace of the Banach space of finite signed measures.

Definition 3.2.4 (Spaces of Benign Measures).
Let (X, 2, u) be a finite atomless measure space, and let 2. :=%~,. Let

M(2.):={p: T —R|¢ is a benign measure in (X, Z, p)}

be the vector space of benign measures in (X, Z, u), which is well-defined in
relation to the associated similarity space Z. because the fact that ¢ <« pu for all
@ € M(Z..) implies that ¢ assigns the same value to each member of a y-similarity
class.

We further introduce

MY (Z):={peM(E)|p(S)=0VSeZ. |,
M (Z)={peM(E.)|pS)<0VSex_}

to refer to the cones of all finite non-negative and non-positive benign measures
on (X, X, p), respectively. <

Lemma 3.2.5.

M(Z.) is a real vector space and M*(Z.) are convex cones. For finite signed
measures ¢*: X — R for which there exist sets P,N € X with ¢*(P) > 0 and
@~ (N) <0, respectively, we have dist(¢p*, M~ (£.)) >0 and dist(¢~, M*(Z.)) >0.<
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PROOF. Let ¢, e M(Z.) and let r € R. Then
w=¢p+r-0
is a signed measure. We further have

w(A) = p(A)+r-0(A)eR VA€,
N

€eR €R
o(N)=¢pWIN)+r-0(N)=0 VN eXZ: u(N)=0.
—— \‘GJ
=0 =

Thus, w is finite and we have w « u. Let g, f € L°°(Z, u) be density functions of
¢ and 0, respectively. Then w =g +r-f € L®(Z,u) is a density function of w.
Therefore, we have w € M(Z.).

This proves that M(Z.) is a real vector space. To show that M*(Z.) is a cone,
let g € M*(Z.) and let r = 0. Then we have

r-pA)=0 VAeX
~——
=0

and therefore rp e M*(Z.).

To show that M*(Z..) is convex, let ¢, 7€ M*(Z.), and let r € [0, 1]. Then we
have

(r-6+1-r)-9)(A)=r-0(A)+(1-r) @A) =0
=0 >0

and therefore r-0+(1-r)-pe M*(Z.).

Let ¢~ : Z — R be a finite signed measure such that there exists aset N e~
with ¢~ (V) < 0. We note that ¢~ need neither be benign nor absolutely continuous
with respect to p. For every measure w € M* (), we have

(o]
ly—@ | = sup{z [w(A) - p(A))] )(Ai)ieN pairwise disjoint partition ofX}
i=1

> [y(N) =~ ()| + [w(NT) — o~ (NT)|
—— ~—— - ~ _
>0 <0 >0
= |~ (V)|
> 0.

Therefore, we have dist(¢~, M*(2.)) = |9~ (V)| > 0.
Finally, M~ (Z.) is a convex cone because M (Z.)=-M*(Z.). The distance
estimate follows by applying the same reasoning with ¢~ := —¢™. (Il

We note that the arguments proving [Lemma 3.2.5| are not dependent on
the restriction to benign measures. They hold equally for non-benign signed

measures. We choose to restrict the space to benign measures because this
simplifies notation later on, when we assume that all measures involved are
benign. In the more general space, the distance condition simply means that
the cones M*(Z..) are closed. For our restricted definition, it means that the
closure of M*(Z.) within the space of finite signed measures consists entirely of
non-negative or non-positive measures, respectively.
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Even though pseudo-cones themselves are not cones, their “polar cone,” which
would reside in the “dual space” M(Z.), is actually a proper cone in a normed
vector space. To demonstrate this, we first have to properly define the polar cone
of a pseudo-cone.

Definition 3.2.6 (Polar Cone of a Pseudo-Cone).
Let C € Dir(X.) be a pseudo-cone in ... We refer to the set

t
C° = {(pEM(ZJ 1imsupw <0 Vye C}
=0
as the polar cone of C. <

With the limes superior, we can apply bounds to the “derivative” of ¢ oy near
t = 0 without having to assume that the limit exists. The existence of the limit
would be a very strong requirement that would only be applicable to a small,
carefully selected subset of geodesics.

Lemma 3.2.7.
Let C = Dir(2.) be a pseudo-cone in ... Then C° is a convex cone in M(X.). <

PROOF. PART 1 (C° 1S A CONE). Let peC° letr=0,and let w:=rpe M(Z.).
For every y € C and every sequence (¢z)ren in dom(y) \ {0} with ¢z — 0 for £ — oo,
we have

lim sup —(w AU = inf sup dUAZ.2) (Y(tk))

k—oo 173 koeNk=ky Lk
. r-o(y(r)
~ inf sup 20
koeNk=kg 173

tr)
=r- inf sup —(p(}f( k )
koeNEkzky Uk

t
=r-limsup _qo(y( k))
k—o0 133
<r-0

where r = 0 allows us to exchange the scalar multiplication with the supremum
and the infimum. Thus, we have w € C°.

PART 2 (C° 1S CONVEX). Let ¢, w € C°, and let r € [0, 1]. Once more, we make
use of the fact that multiplication with » =0 and 1 —r =0 can be exchanged with
forming the supremum and infimum, and that the supremum and infimum of a
Minkowski sum are equal to the sum of suprema and infima, respectively.

Let w :=rep+(1-r)y. For every y € C and every sequence (¢)xcn in dom(y)\{0},
we have

t 1- t
limup LV _ e oo TR + -0y ()
k—o0 tk koeNEk=Ek( tk
¢ t
= inf sup rM+(1_r)W(Y( k))
koeNEk=kg tp ty
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t t
=r-|(limsup M +(1-r)- (limsup M
k—oo 173 h—oo ty
<r-0+(1-r)-0
=0.
Therefore, we have w € C°. O

We note that C° is generally not closed in the topology induced by the L!
norm of the density function. This becomes clear when we consider that for a
signed measure ¢ with density function f, we have

p(y®) o(y®) 1
_ _ . du  VE>0.
t plr@®)  uly®) fy(t)f : 7

Thus, the quantity of interest is really the limes superior of the mean value of f
over the infinitesimal similarity classes produced by y for ¢ — 0. In L1, even for
very small € > 0, an e-perturbation can cause arbitrary changes in the average
function value on very small similarity classes. We can therefore not reasonably
expect C° to be closed according to L! topology. In L™ topology, however, C° may
very well be closed, though we do not attempt to prove this here. The convex cone
M~ (Z.) of tuples of non-positive benign measures has a special role because it is
the polar cone of the universal pseudo-cone.

Lemma 3.2.8.
The convex cone M~ (Z.) is the polar cone of Dir(Z.). <

PROOF. PART 1 (“<”). Let y € Dir(2.) be a direction, and let p e M~ (Z.). We
have

o(y®) <0 Vtedom(y).

Therefore, we have

<0
——
t S
limsupw =inf sup M <0.
tt:(()) t>00<s<t \S,_,
>0

As this holds for all y, ¢ is in the polar cone of Dir(Z.) and we have
M~(2.) < (Dir(2.))°.

PART 2 (“2”). Conversely, let ¢ € M(Z)\M(Z.). Let f € L*(Z,u) be the
density function of ¢ and let D = {f > 0}. If u(D) =0, then ¢ <« u would imply

<p(U)=<p(Ur1D)+/ f du<0 VUEeZ.
T U\D:?)-‘

Because ¢ is specifically chosen to not be non-positive, this cannot be the case.
This indirectly demonstrates that we must have u(D) > 0. Let

_eD)
(D) f fdu (D)
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be the mean value of ¢ over D. Let E :={f = K/2} < D. If u(¥) =0, then we would
have

1 K
[ du<—<K.
(D) fp S du=3
<§a.e.

This would contradict the definition of K. Therefore, we must have u(¥) > 0.

According to there exist an interval I € R, a geodesic
vy:I—2_, and a, b € I such that y(a) = ¢ and y(b) = E. Because E # ¢, we
have a # b and I contains at least two distinct points, which implies that y has
a unique geodesic constant. Furthermore, u(E) > 0 implies that the geodesic
constant is not zero.

By affine linear parameter transformation and restriction, we may assume
without loss of generality that a = 0, b = u(E) >0, and I = [0, u(E)]. This makes y
a minimizing canonical geodesic. By excluding p(E) from I, y becomes a direction.
For all ¢ € [0, u(E)), we have y(¢) € E because v is canonical. This means that we
have

t
lim sup (p[Y( )) =limsup f f du=—>0.
t—0 t -0 K(y(®) Sy =~ 2
t>0 t>0

ol

Thus, there exists y € Dir(2.) such that

@(y(2))

lim sup >0

t—0
t>0

and we have ¢ ¢ (Dir(2.))°. In conclusion, we have
M)t e ((Dir(&)f)c.
By taking the complement of both sides, we obtain the the subset relation
M~ (2.)2 (Dir(z.))°.

In conjunction with the converse inclusion that we have shown in the previous
part of the proof, we have therefore demonstrated that

(Dir(z.))" =M~ (Z.). O

Next, we define the tangent and normal “cones” of the feasible set.

Definition 3.2.9 (Tangent Pseudo-Cone and Normal Cone).
Let Z < Z., and let X € &. The tangent pseudo-cone of & in X is given by

Tor(X) = {y € Dir(z.)| lim SHE 2YD, Z) 0}

t

lim
t—0
t>0

where
dist(Y, &) = inf (Y AZ)
Zex

The polar cone of T'9-(X) is called the normal cone of & in X and is written as

Nor(X) = (T (X))° € M(S-). <
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Because the definition of T9(X) is solely based on the behavior of directions
for t — 0, the prefix criterion holds and T'9(X) is a pseudo-cone. With these
definitions, it is already possible to formulate a necessary optimality criterion for
optimization problems with scalar inequality constraints.

Proposition 3.2.10 (Necessary Optimality Under Scalar Inequalities).
Let U € ¢ be a locally optimal solution of Problem (3.19). Then we have

—VF(U) € Ng,U). <

PROOF. PART 1 (PREREQUISITES). We prove the claim indirectly. Let U be
such that —~VF(U) ¢ Ng,(U). Then there exists a direction y € T'#,(U) such that

limsup —F VD

t—0 t
>0

By [Definition 3.2.2] y has geodesic constant C}, =1 and L > 0.

This specifically means that we can choose a constant M >0 and a sequence
(¢1)ren in dom(y) \ {0} such that ¢, — 0 for ¢ — co and —VF(U)(y(¢r)) > M - ¢}, for
all k eN. For every k€N, let V;, :=U A y(t).

The objective functional F' is benignly differentiable. Therefore, VF(U) has a
density function gy € L*(Z, ). Let

0.

K = lgullpee(s, -

Our objective is to prove that for every R > 0, there exists a point Wr € ¢
such that W(U AWg) <R and F(Wg) < F(U). This then implies that U is not a
local optimum.

PART 2 (FEASIBLE SEQUENCE W;). While V, — U for £ — oo, we have no
guarantee that V, € g for any k. This is where the defining property of the
tangent pseudo-cone comes in. Because y € T'#,(U), there exists ko € N such that
dist F M
dist(Vk, Z) <= VEk=k.
tr 2K

Due to the way in which distance is defined, this implies that for all 2 = &, there
exists W, € % such that

M
Vi AW, — -t Vk=ky.
u(Vy, k)<2K k 0
Let subsequently
Spi=uwUAW,)=0 VEk=k.
For each & = k(, we have

2K+ M k—oo 0
ok 'k :

sp=wUAVL)+u(Vi, AWE) <
—_— —

=tk < % Ly
Let further

5. FWy) - FU) - VFO)(W; AU)
k=

VEk =kg.
Sk

According to the Taylor criterion (see [Definition 2.4.1), we have dj, — 0 for £ — oo
because s — 0 for £ — co.
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PART 3 (DEVIATION OF LINEARIZATION). For brevity, let D’f =UAV}, and
D} :=U AWj for all & = ko. We find that

VFU)D%) = VFU)D") + VFU)DE) - vFWU YD)

:VF(U)(D’{kagUdy—fngdp
D2 Dl

~VFODOD+ [ gvdu- | gvdp
DE\D* Di\DE

2

From this, we conclude that

|VF(UXDE) - vFUYDY)| < +

ka\D’; gUd#‘

1

ka\D]ngdﬂ

2

= lguldu+ f lguld
ka\D’le K D*\D% H

2 1

= lguld
| s py 0108
<K (D% ADh).
We note that
DEADY=UAW, AUAV, =V, AW, VE =k

and therefore

KM M
K-uDEADY =K - wv;, aWy) < i =gt Vkzko,

which yields the overall estimate
k kM
|VF(U)D35)- VFUXD)| < 5 -tp VEk=kg.

PART 4 (AGGREGATE ESTIMATE). For any given R > 0, there exists k1 = kg
such that

ldrl =

KM Vk=E;.

In aggegate, for £ = k1, we have
FW,)=FU)+VFWU)U AWy) +dpsy,

= F(U)+VFU)U AVy) + (VFUXU AWy) - VEU)U A V) +dpsy
<FU)+VFU)U AVy) + |[VFU)U AW) - VEU)U AVy)| +Idzlsh

M
<F(U)—M-tk+5'tk+|dk|3k

M KM
SF(U)—M-tk+E-tk+2K+M'Sk

M KM 2K+M
sF(U)—M-tk+E-tk+2K+M- 9K

M M
:F(U)—M-tk+3-tk+?-tk

tr

=FU).
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Thus, we have F(Wy) < F(U) for all k£ = k1. This also implies W, # U. However,
because s — 0, there exists kg = k1 such that s, <R for all £ = k5. Let Wg := Wp,.
Then we have

pU AWR)=sp, <R,
F(Wgr)<F(U).

As such a Wy exists for all R >0, U is not a local minimum.
We have thus proven that —VF(U) ¢ Ng,(U) implies that U is not a local
minimum. This indirectly proves that

~VF({U)€eNg,U)
is a necessary condition for U being a local minimum of F' within Zg. (Il

This gives us a technical necessary optimality criterion. We need to refine
this in two significant aspects:

1. [Proposition 3.2.10] only makes a statement about points that are local
optima. As we can never depend on the existence of such points, we must
find suboptimality estimators that make statements about points that are
nearly feasible and nearly optimal.

2. [Proposition 3.2.10|can only be applied directly if we can describe the normal
cone in a way that is computationally tractible, which is why we require
constraint qualifications.

We first focus on the second point. Ideally, we would like to express the
tangent pseudo-cone and the normal cone in terms of the derivatives of the set
functionals G;. This would be a close analogue to how this is done in more
conventional optimization.

Definition 3.2.11 (Linearized Tangent Pseudo-Cone).
Let U € %g. We refer to

_ VG ;U)(y(t
TaU):= {y € Dir(Z.)|limsup M =0Vje [n]}
=t
as the linearized tangent pseudo-cone of g in U. <

Definition 3.2.12 (Linearized Normal Cone).
Let U € ;. We refer to

Ne) ::M’(Z~)+{Z q;-VG;U)|qeR,, ¢j=0VYjelnl: G;U) <0}
j=1

as the linearized normal cone of g in U. <

In[Definition 3.2.12] we can already clearly see the familiar structure of the
KKT conditions with Lagrange multipliers q. The role of constraint qualifications
as preconditions to the KKT conditions is to ensure that the normal cone is equal
to its linearized counterpart. The most basic of these constraint qualifications is
the Guinard constraint qualification.
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Definition 3.2.13 (Guinard Constraint Qualification (GCQ)).
Problem (3.19) is said to satisfy a Guinard constraint qualification in U € Fg if

Ng,(U)=Ng).

We more generally say that the problem satisfies “a constraint qualification” in
U if it satisfies any condition implying the GCQ. <

If a GCQ is satisfied, then we can easily demonstrate an exact analogue of
the Karush-Kuhn-Tucker theorem.

Theorem 3.2.14 (Karush-Kuhn-Tucker).
Let U € X be locally optimal with respect to Problem (3.19) such that a constraint
qualification holds in U. Then there exist q € RL such that

VFU)+ ) q;-VG;jU)e M*(Z.),
j=1

GjU)=<0 vjelnl,
q;=0 Vjelnl: GiU)<0. 4

PROOF. First, we note that being locally optimal with respect to Problem (3.19)
implies feasibility, i.e., we have

G;jU)<0 Vjelnl.

We therefore have U € %3. We can invoke [Proposition 3.2.10|to obtain

VF(U) € ~N3, )22 E_Jo @),

According to [Definition 3.2.12] this implies that there exist ¢’ € M~ (Z..) and
q €RZ, such that

VFU)=-¢' =) q;VG;U),
i=1

q;=0 Vjelnl: G;{U)<0.
The claim then evidently follows because —¢’' € M*(Z.). O

A GCQ is difficult to prove directly. In conventional nonlinear optimization,
there exist several alternative constraint qualifications that imply the GCQ.
Instead of proving the equality of N, (U) and Ng(U) directly, these alternatives
generally prove that

Tz, U)=TeU)

and then rely on the fact that Ng(U) is the polar cone of Tg(U). Out of these
alternative constraint qualifications, the Mangasarian-Fromovitz Constraint
Qualification (MFCQ) is of particular interest to us.

Definition 3.2.15 (Mangasarian-Fromovitz Constraint Qualification).
Problem is said to satisfy a Mangasarian-Fromovitz Constraint Qualifi-
cation MFCQ) in U € &g if there exists a similarity class N € X with u(iN) >0
such that there exists a constant L > 0 with

VG;U)D)<-L-u(D) VD<,N,jeln]: Gj(U)=0. <
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We note that this definition differs from the way in which MFCQs are defined
in conventional nonlinear optimization. Usually, an MFCQ is satisfied if there
exists a single direction along which every active constraint has strictly negative
directional derivative. Here, we demand that there is a similarity class on which
all derivative measures of active constraints have strictly negative gradient
density by a margin of at least L > 0 pointwise almost everywhere. We can easily
construct a suitable direction from this similarity class. However, the statement
is substantially stronger in that we can construct different corrective directions
from the class N according to our particular needs.

Our interest in MFCQs in particular is founded in the fact that directions
connecting @ with subsets of N point into something that can be thought of as the
“local linearized interior” of the feasible set Zg. The existence of such an interior
implies that there are no implicit equality constraints within the inequality
constraints because equality constraints would locally reduce the dimension of
the linearized feasible set and prevent it from having a non-empty interior.

Because equality constraints can be problematic in our setting, so can implicit
equality constraints. By focusing on MFCQs, we automatically ensure that no
implicit equality constraints exist. An implicit equality constraint is a conical
combination of active constraints such that there is no direction in which the
combined constraint becomes inactive.

Lemma 3.2.16 (Non-Existence of Implicit Equalities Under MFCQ).
Let U € &g be such that Problem (3.19) satisfies an MFCQ in U. Then there exist
no coefficients q € RZ, \{0} with q; =0 for all j € [n] with G ;(U) <0 such that

n
q;j-VG;{U)D)=z0 VDeZ..
=1

J

PROOF. Because Problem (3.19) satisfies an MFCQ in U, there exists a similar-
ity class N € Z_ and a constant L > 0 such that u(N) > 0 and

VG (UXN) < ~L-u(N) Vjelnl: GiU)=0.

We prove that N acts as a counterexample for every coefficent vector gq. Let
q € RZ,\ {0} with g; =0 for all j € [n] with G ;(U) < 0. We have

n
j=

n

q; VG U)N)= Y q; - VGUXN)

1 j=1 —
G,(U)=0 <-L-u(N)

n
=-L-u(N)- ) q;
=1
a;(0)=0
n
=-L-uN)-} q;
=1
U - lliglla

=— L
S N
>0 >0 >0

<0. O
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The existence of such conical combinations would imply that in a linearized
sense, if a step makes one of the participating constraints inactive, then another
constraint would have to be violated to compensate the decrease in the conical
combination of constraint functionals. In this sense, the participating constraints
would always be active and would therefore locally act like equality constraints.

Next, we show the primary implication of an MFCQ, namely the equality
Tz,U)= T (U). This requires local derivative continuity.

Lemma 3.2.17.
Let Problem (3.19) satisfy an MFCQ in U € X, and let the derivative of G be
continuous in U for each j€[n]. Then

Tg,U)=TeU). <

PROOF. PART 1 (“c”). Let ye (Tg(U ))E. By definition, this means that there
exists j € [n] with G;(U)=0 and

VG (U
L:= limsupM > 0.

t—0 t
t>0

Our goal is to prove that y ¢ T#,(U). Because this is a statement about local
behavior around U, we can select a small neighborhood around U within which
G has desirable properties.

According to there exists R1 € dom(y) \ {0} such that
L L
61U AY(®) =G0 -VGOyw)| = T -u(y®) =7t VE=Ri (320

Since G is benignly differentiable, VG j(U) has a density function g; € L™(Z, p).
Because the derivative of G; is continuous in U, there exists R > 0 such that

(VG(V) e VG U))W)< % ‘u(W) VYV €Bog,(U),WeE.. (3.21)

We note that | gllL~ > 0 follows from the fact that L > 0, which implies that there
is a non-nullset N with VG ;(U)(N) > 0. We define the aggregate radius

R :=min{R1, Ro} >0.

Because 0 <R <R, we have R € dom(y) \ {0}.
We choose a sequence (¢z)zen in dom(y) \ {0} such that ¢ — 0, ¢ < R for all
keN, and

VG;U)(y(tr)) = g -tp, VEkeN. (3.22)

This is possible because L > 0 is the limes superior of for t — 0. We

now demonstrate that there exists a constant C > 0 such that

VG U)(y(®)
t

dist(U Avy(ty), g:(;) =C-tp,
which implies that y is not in the tangent cone T'z, (U).
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3.2. Constrained Optimization in Measure Spaces

First, we establish a lower bound for the value of G; at U A y(¢;). Because
tr <R, and because y is a minimizing geodesic, we have ,u(y(tk)) =t; <R; and
therefore

€ L
;U ayen) 22 6,0 + V6, () - <t

- L
G,~(U)+Z.tk.

This implies that G (U Ay(¢p)) = % -t} > 0 because G j(U) = 0. Therefore, we have
Vi =UAy(ty) ¢ Fg.

Next, we establish an “exclusion radius” around V}, such that an open ball
around V} with that radius does not intersect ;. This radius must be no less
than some fixed, strictly positive multiple of w(U A V;) = p(y(¢)) = tx, but must
not exceed ¢, because otherwise, the ball would include U itself. We choose the
exclusion radius

R, ::min{l, —}-t
k 5-1g;lze] "

We will now show that B R;(Vk) NFq = @. It is sufficient to show that G (W) >0
for all W e BR;(Vk).
Let WeB R, (V). There exists a geodesic v: I — 2_ with an interval I c R

that connects V; with W. Without loss of generality, let v be minimizing, let
I=[0, i(Vr AW)], let v(0) = V}, and let v(u(V, AW)) =W. For every t € I, we
have

wU Av(E) < wU A V) + u(Vy, Av(t))
=tp+t
<2t
<2R.

This implies that v(¢) € Bor(U) for all ¢t € I. Evidently, it follows that
v(t) € Bag,(U) because R < Ry.

We now perform a polygon chain estimate along v. Let € > 0. For every t €1,
G; is benignly differentiable in v(¢). Therefore, for every ¢ € I there exists a
radius M(¢) > 0 such that

|G (v()) = G (v() = VG (v(9) (v(s) A V(D) | = £ p(v(s) A V(D)
=€-|s—t|

for all s € I with |s —t| < M(2).

Because I <R is compact and (BM(tr)(t’))t,d is an open cover of I, the Heine-
Borel theorem guarantees that there exists a finite subcover, i.e., there exists
N €N and a tuple (¢,);e;ny € IV such that

N
I UBuyq)(®)
i=1 !

We assume without loss of generality that i — t’i is strictly increasing and that
BM(tﬁ)(t/i)ﬂBM(tﬁ+1)(t,i+1) # @ for all i € [N —1]. As we had argued in the proof
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of [Proposition 2.4.8] we can achieve the latter by eliminating redundant points.
This allows us to choose a support tuple (s;);e[n, With

S0 == (S BM(tll)(tll),
$i € ByyE) N By (¢, )0, t] VieIN-1],
SN = N(Vk AW) EBM(t;V)(tg\/')

This choice guarantees that s;_; and s; are contained within By, )(t’i) for all

i €[n]. It also guarantees that s;_; < t’i <s; for all i € [n] because we choose each
8; from the interval [tl, +1].
We can rewrite the difference G ;(W)—G;(V}) as a telescope sum

G;(W)-G (Vi) =G;(v(sn)) - Gj(v(so))
N
=) (65(vs0) - Gy (visi-0)
i=1
N
= Z(GJ (v(s) -G;(v(t)) -G (v(s,-_l))+Gj(v(t’i)))
=1
N
=3[ V6, (s A ve))
=1
+Gj(v(s) — G (v(t)) = VG (v(E)) (v(sy) A V(L))
- VG,(v(£))(v(si—1) AW(E)))
= Gj(vlsi-1) + G(v(E)) + VG, (v(t)) (visi—1) A v(E))
N
= 2 (VG (vED) (W) VD) - VG, (v(E)) (visi-1) B v(E))
i=1
N
+ Y (Gi(Vs00) = G (v(ED) - VG, (vie) (s A vE))
i=1

= Gj(vlsi-1) + Gy(v(E)) + VG (v(t)) (v(si-1) A v(E)) ).

For each i € [N], we have V(t’i) € Bor(U) < Bag,(U). We can therefore invoke

quation (3.21)|to obtain

VG, (ve))( )| =] VG@((ve) Avsi) \ (U A vE)))

+(V6 (v#)) - VG O)) (v Avis) \ (U A ve)))
—VG (V) Avis)) 0 (U AVE))
+(VG(ve)) + VG, (ve) Avis) n (U avie)))|
<| VG@)((vEh v\ (U AVE))
-VGj(U)((v(t;)Av(si))m(UAv(t;)))|

VG (v(t’ VG (U YA v(s;
+( (v(tl))v(tﬁAU 5 ))(v(tl) v(s;))
< lgjldu+ L2 p(vth) Avisy)
fv(t;)M(Si)gj pt = (V@) Avis)
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3.2. Constrained Optimization in Measure Spaces

55'||gj||L°°.
4

_5-lgjliL=

4

p(v(E) Av(s;))
-(s;— t,z)

Similarly, we find that

5-llgjllize

n (¢ —si-1).

V6, () (e avisi-)| =

This yields the aggregate estimate

G (W) - G(Vk)|— (|VG (i) (Vs AvED) | +] VG (vE) (visi-v A vE)) )

+§( |G (v(s)) -G (v(t’i))—VGj(v(t'i))(v(si)Av(t'i))|
- +G)(vsi-1) + G5 (v(#)) + VG, (vE)) (visi-1) A ve))
si(w (s i—t;+t;—si_1)+e'(si—t’i+t’i—s,~_1))
=(5 lgjllze E)'%(si_si—l)
=(5 gl 8)_(SN_SO)
:(5 lg;lizeo E).M(VkAW)_

With £ — 0, we obtain
|G,~(W)—GJ~(Vk)|sw‘ﬂ(wAW)-

and therefore also

G (W) =G, (Vi) - |Gj(W) - G;(V)]

5-1gjllLe

=Gj(Vy)— wVy AW)
—— \‘,_.4

L __L
=5t <R} =57, 100 1t

L 5lgjl~ L
44 Blgle
L
4

“tp

We have G j(W) >0 and therefore W ¢ %. Since this holds for all W € B R;(Vk),
we have

dist(Vy, F6)= R}, = min{l, —} -t
5-lgjllLe

=:C>0
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However, since t; — 0 and dist(U A y(¢1), F) = C - tp, we do not have

. dist(U Ay(®), Fg)
lim =
t—0 t

t>0

0

Which~demoncstrates thatcy ¢ T'z,(U). By demonstrating this, we have proven
that (T¢(U))” < (T,(U))". This implies that

T,U) < TeU).

PART 2 (“2”). Let y € Tg(U) c Dir(Z.). Because Problem (3.19) satisfies an
MFCQ in U, there exists a similarity class NV € . with pu(N) > 0 and a constant
L >0 such that

VG;U)YD)<-L-u(D) VD<uN,jeln]l: Gi(U)=0.

We will use N as a disposable mass that we can use to “neutralize” constraint
violations that occur along the tangential direction y.
Let p > 0. Our goal is to show that there exists R, >0 such that R, € dom(y)
and
dist(U Ay(t), Fg)<p-t Ytel0, R,].

To ensure that R, € dom(y), we choose an upper bound R, € dom(y)\ {0}. All
R, €(0, Ry] satisfy R, € dom(y). We subsequently assume without loss of gener-
ality that all geodesic parameters ¢ under discussion satisfy ¢ < R, such that y(¢)
is always defined.

We will ultimately compensate constraint violations incurred along y by
adding an appropriately sized essential subset D <, N to y(¢). This subset will
have a size of u(D) < p - ¢ such that the resulting set realizes the desired distance
bound between U A y(¢) and %g. We cannot a priori ensure that y(¢)n N is a
nullset. Therefore, we must ensure that a sufficiently large subset of N remains
for us to bridge the distance to g, i.e., that

p(N\y@®)=p-t.

This is certainly the case if u(y(#)) < u(N)—p-¢. Because u(y(#)) = ¢, it is sufficient
to demand that
L)
<.
1+p

——
=Ry

t

We have u(N) > 0 and p > 0, which ensures that Ry > 0. For ¢t € [0, Ry ], we have

LN \y(®) = pN) - u(y(0))
> p(N)+ p - p(y(®) = 1+ p) - p(y(0))
=ulN)+p-t—-(1+p)-t
=uN)+p-t—(1+p)-Ry
=uN)+p-t—uNN)
=p-t.

This means that, because (X, Z, p) is atomless, we can always choose an essential
subset D <, N \ y(¢) such that (D) = p-¢. We now have to find a radius B , >0
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for each j € [n] such that G;(UAy(t)AD) <0 for all t € [0, Rj,] and D <, N \y(2)
with u(D) = p - ¢. For this, we distinguish between active and inactive constraints.
Let

J<={jelnl|G,;U) <0}
be the set indexing all inactive constraint, and let
J-={jelnl|G,;U)=0}

be the set indexing all active constraints. By definition, we have J.nJ- = @.
Because U € %, we have J. UJ- =[n].

We first consider inactive constraints. Let j € J. Because G ;(U) <0, we have
|G j(U)| > 0. Furthermore, p > 0 implies that 1+ p > 0. Since G; is continuous in
U, there exists R , > 0 such that

|G;(V)-G;U)|<|G;U)| YVeZ_:uUAV)<(1+p)-Rj,.
For allt€[0, R ,]land D € X with w(D) < p-t, we have

uUa (U aY®AD)) =yt AD)
=< p(y(t)uD)

< u(y(@®)) + WD)
t

and therefore
Gj{(U Ay AD) <G;U)+ |G,(U A1) AD) - G|
<G, +|G;)|
—_—— ——
<0 =—G,U)
=0.
Thus, for every t < R;, and every corrective step D € Z. with u(D) < p-t,
U Ay(t) AD is feasible with respect to the j-th constraint.

We now turn our attention towards active constraints. Let j € J-. Because
Gj(U)=0and y € Tg(U), we know that

VG i(U)(y(t
limsup ‘](—)(Y()) <0.
t—0 t
t>0

Let Rj ;1> 0 such that

L-
VGj(U)(y(t)) < Tp -t VtelO0, Rj,p,ﬂ-

Because G is differentiable in U, there exists R; ;2 > 0 such that

L
=L uwav

|G;(V)-G (U)- VG (U)XU AV)| = 2 Tep
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for all V € X with
/J(UAV) <1+ ,0) 'Rj,p,2'

We choose R, :=min{R; ,1,R; 2} Forall t€[0, R; ;] and all corrective steps
DeX._ withD g, N\y(t) and u(D) = p-t, we have

,u(UA(UAy(t)AV)) <(1+p)t<(1+p)-Rjpa.

Furthermore, we have p(y(¢)) =t <Rj, <Rj 1. In conjunction, this means that

G;(U Ay AD)
=G;(U)+G,(U Ay(t) AD) - G;(U) - VG,;(U)(y(t) AD) +VG;U)(y(t) AD)
N——

=0 s%-lf—pu(y(t)AD)

- u(y(t) AD) +VG(U)(y(t) AD)
N ——r

o
1+p —— °
<(1+p)-t ess. disjoint

=

No| B

h

< Tp -t + VG ({U)(y(®)) + VG (U)D)

<Ly <-L-u(D)

<L-p-t—L-uD)
=p-t

=0.

Thus, for every t€[0, R; ], and every D € 2. with D <, N\ y(¢) and (D) =p-¢,
U Ay(t) AD is feasible with respect to the j-th constraint.
We now form the aggregate radius

R, =min({Ry, Ry} U{R; | j € [n}) >0.

Let ¢ € [0, R,]. Because t < R,, we have ¢ € dom(y), which means that y(¢)
is defined. Because ¢ < Ry, there exists a similarity class D <, N \ y(¢) with
wD)=p-t. For every j € J., we have t <R;,. Because the corrective step D
satisfies u(D) < p-¢t, we have

G;(UAy@#)AD)<0.

For every je€J-, we have t <R; ,. Along with D <, N\ y(¢) and (D) = p - ¢, this
implies that
G;(UAy@#)AD)=<0.

In summary, we have
G;(UAay@®)AD)<0 Vjed.ud-=[n],
and therefore U A y(t) AD € Zg. This means that
dist(U A y(0), Fg) < p((U A () & (U Ayt AD))
= D)
=p-t.
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Thus, we find that for all p > 0, there exists R, > 0 such that

dist(U Ay(0), Fg)<p-t VielO, R,l.

This implies that
dist(U A y(2), &
limsup ist( 4 G)Sp Yp>0
£—0 4
t>0

and therefore
dist(U Ay(t), F¢)

limsup <0.
t—0 4
t>0

By definition, this means that y € Tz, (U). Because this holds for all y € T(;(U ),
we have

T, (U)2TeU). O

We note that the proof for the subset relation Tz, (U) < Ta(U) is completely
independent of the MFCQ. This relation always holds, irrespective of constraint
qualification.

Lemma 3.2.17| shows equality of the tangent pseudo-cones of inequality-
constrainted feasible sets under assumptions of continuous differentiability and
an MFCQ. This is not sufficient to imply a GCQ, unless we can also prove that
equality of the tangent pseudo-cones implies equality of the corresponding normal
cones. This is only true if the linearized normal cone is shown to be the polar
cone of the linearized tangent pseudo-cone. One inclusion is relatively easy to
show.

Lemma 3.2.18.
Let U € . Then we have

Ne@) < (Te@))’. 4

PROOF. Let ¢ € Ng(U). According to [Definition 3.2.12|there are ¢y € M~ (Z.)
and g € RY such that

n
(p=([)0+ij'VGj(U)
Jj=1

and q; =0 for all j € [n] with G ;(U) <0.
Let y € Tg(U). According to [Definition 3.2.11} we have

VG ;;(U)(y(t
t—0 4
t>0
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for all j € [n] with G j(U) = 0. We can then use the fact that the limes superior is
subadditive and positive homogeneous to show that

¢ t VG (U)(y(¢
29 t t=0 ¢ jelnl ~~ ¢
t>0 t>0 G,-(U):O =0
t VG ;(U)(y(t
<timeup 20D 5 timeup YHOLO)
EIRE N
=0 <0
<0.
As this holds for all y € Tg(U), we have g € (Tg(U))°. -

The converse inclusion is very difficult to prove. We do not prove the general
case here. Instead, we focus on the very limited special case where only one
active constraint exists. This is sufficient for the test problem that we solve in
although it is not satisfactory as a general theoretical result. We
state a more general conjecture as[Hypothesis 3.2.20]on page [280]

Lemma 3.2.19.
Let U € Fg such that there exists at most one j € [n]with G j(U) = 0. Then we have

[Tg(U))O c Ng(U). <
PROOF. PART 1 (OUTLINE AND EDGE CASE). Before we begin, we briefly

specify what we have to prove. The cone (TG(U))0 consists of benign measures ¢
with ¢ < y such that

t
lim sup (p(y( ))
t—0 t
>0

<0 VyeTg).

If there are no active constraints, then we have to show that ¢ € M~ (Z.). This
case is relatively simple, because Tq(U) = Dir(Z.) if no constraints are active. In
this case, proves that (Tg(U))° = M~ (2.) = Ng(U).

We subsequently assume that there exists exactly one j € [n] such that
G;(U)=0. We have to show that there exists a scalar multiplier g € R>o such
that

@0—-q-VGjU)e M (X.).
Let f € L™(Z, u) be the density function of ¢ and let g; € L°°(Z, u) be the density
function of VG ;(U). Then this is equivalent to finding g € R> such that
f-q-g;j<0 ae. inX.

This relation has to hold almost everywhere on every measurable subset of X. We
can therefore partition X based on the values of f and g, and establish bounds
on q for each part separately. If there exists a multiplier ¢ that simultaneously
satisfies the bounds for each part, the ¢ also satisfies the overall condition.
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PART 2 ({gj <0} n{f >0}). Let p € (Tg(U))’, and let f € L®(Z, u) be the density
function of ¢. Because G| is benignly differentiable in U, VG ;j(U) also has a
density function g; € L*(Z, p).

We begin by showing that {g; = 0} n{f >0} is a nullset. Let

N¢:={gj=<0ln{f=¢e Ve>O0.
Evidently, we have ¢ — N, is monotonically increasing in € with

{gj=0n{f>0=JN,,
>0
which means that
u(lg; <0 n{f > 0}) = sup u(N,).

>0
Therefore, if we show that pu(N,) = 0 for all € > 0, then this implies that
{g; = 0In{f >0} is also a nullset. We prove this indirectly by showing that if there
exists € > 0 with u(N;) > 0, then ¢ ¢ (Tg(U))°. We prove this by constructing a
direction v € T(U) with

lim sup (V)

t—0
t>0

Let ¢ € M(Z.) with a density function f € L°°(Z, u) such that there exists
£ >0 with u(N,) > 0. According to there is an interval I € R,
a, bel, and a geodesic v.: I — Z.. with v.(a) = @ and v.(b) = N.. Without loss of
generality, let v, be minimizing, and let I =[a, b] with a =0 and b = u(IN,) > 0. By
restricting v, to [0, b), we obtain v, € Dir(Z.). However, for all £ € dom(v,) \ {0},
we would have

>0.

VGi(U)(ve(®) 1
M == / g; du<o,
t t Jvet)y—~~
<0
Ve(t) 1
(vl ):_.f f dpu=e>0.
t t Jv.(t)~~
=£
The former ensures that
VG (U t
hmsupm <0,
t—0 t
t>0

i.e., that v, € To(U). However, the latter implies that

ve(t)
lim sup (p(—g) =e>0.
t—0 t
t>0

Therefore, we have ¢ ¢ (T .
Conversely, ¢ € (Tg(U))° implies u(N,) =0 for all & > 0. We can transfer this
result to NV = {g; < 0} n{f > 0} by using the equality

o0
N = U Nz—i .
i=1
The sequence i — N,-; is an increasing sequence. Therefore, we have

W) = }lm U(Ny-i) = 0.
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PART 3 ({gj <0}n{f <0} AND {g; > 0}n{f > 0}). Inthe next step, we examine
the sets {g; <0}n{f <0} and {g; > 0}n{f > 0}. On the former f starts out being
non-positive and increasing ¢ subtracts a negative value from it, which risks
making f — q - g; locally positive. Therefore, we can infer an upper bound on g
from that set. More precisely, ¢ must be chosen such that

f—q-g;=<0 ae in{g;<0in{f =<0}

This is equivalent to

qsL a.e. in {g; <0}n{f <0}
8j
We note that the relation is reversed because we divide by g, <0. We can rewrite
as a single upper bound on g by using the essential infimum:

< essinf —.
{gj<0In{f=0} g;
[ ——
=iqup=0
We can make a similar argument for {g; > 0} {f > 0}. Here, we can infer a lower
bound on g that specifies to what minimal value ¢ must be set such that

f—-q-g;<0 ae. in{g;>0In{f >0}

Because g; > 0 everywhere on {g; > 0}, we can equivalently rewrite this as

qZL a.e. in {g; > 0} n{f > O}
8j

In terms of the essential supremum, we can write this as

g = esssup L
{g;>0n{f>0) 8
—_———

=q1p=0
Because qjp, =0, any g with g = gy, also satisfies ¢ = 0. We therefore only need to
show that [q1p, qubl # 9, i.e., that q1p < qup. We prove this by contradiction. To
improve readability, we divide the proof into multiple parts.

PART 3.1 (INITIAL ASSUMPTION). To generate a contradiction, we begin by
assuming that

q1b > Qub-
According to the definition of g}, this means that there exists a measurable
non-nullset N, < {g; >0} n{f > 0} such that

.. fx)
inf
xeN, g j(x)

> Qub-

By definition of g, there exists a measurable non-nullset N_ < {g; < 0}n{f <0}

such that )
inf flx > su f(x) =0.
xeN gj(x) xeN_ gj(x)

-~

=Ry =R_

274



3.2. Constrained Optimization in Measure Spaces

We define the following symbols for the mean values of g; over N, and N_,
respectively:

. i du>0,
u(Ny) Iy, B
>0

)
_ : du<O.
WD) Iy ELH
<0

+ =

Both are well-defined and strictly different from zero because pu(N;) > 0 and
HIN-)>0.

PART 3.2 (REFINEMENT THROUGH RESTRICTION). Our overall plan is to
construct a direction v € T (U) with

p(v(®))

lim sup >0,

=0

which would act as a counterexample for ¢ € (Tg(U ))o. We will do this by “mixing”
subsets of N, and N_ in appropriate proportions to achieve a strictly positive
slope with respect to ¢ while maintaining a non-positive slope with respect to
VG ;).

In their current form, N, and N_ are not sufficient to construct this v We
need to ensure that g; is bounded away from zero on both sets. We define the
tightened sets

Ni ::N+m{ngM+}a
NX:=N_n{gj=sM_}.

Both of these are non-nullsets because M, and M_ are the respective mean
values of g;. If (NY) = 0, then we would have

1 M, -u(N,)
= N TR R eateacy
/J(N+) N, ~~ /J(N+)

<M, a.e.

which would be contradictory. Similarly, if u(IN*) = 0, then we would have

1 M_-(N2)
M =—— . o du> —— P/
) f & TN

>M_ a.e.

which would also be contradictory. By restricting the sets in this way, the slope of
VG ;(U) on subsets of N7 is bounded below by M, > 0. Accordingly, because gL is

bounded below by R, > 0, the slope of ¢ on those same subsets is bounded below
byR.-M, >0.

On N, we obtain a similar guarantee. The slope of VG j(U) on subsets of N*
is bounded above by M_ < 0. Because 0 < f <R_ on N7, this means that the

slope of ¢ on those same subsets is bounded above by R--M_<0.

PART 3.3 (COMPONENT GEODESICS AND MIXING). Because N} and N* are
non-nullsets, we can construct directions v,,v_ € Dir(Z.) with origin » and
destination N} and N*, respectively.
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Because v, and v_ are canonical, the functions m,: dom(v,) — R and
m_: dom(v_) — R with

m(t) ::f g; dy Vtedom(v,),
V+(t)\6-’
>

m_(t):= f g; dy Vtedom(v_)
Vo ()~
<0
are both strictly monotonically increasing and decreasing, respectively, with
m_(0) = m4(0) = 0. Furthermore, due to the continuity of geodesics and the
absolute continuity of the Lebesgue integral, they are continuous. We note that
this implies that both m; and m_ are invertible if their codomain is restricted to
their image.

We restrict both geodesics to guarantee that we remain in a part of their
domain where v_ can cancel out the linearized constraint violation caused by v.
Let

M:=1~min{ sup m4(t), — inf m_(t)} > 0.
2 tedom(vy) tedom(v_)
By halving M, we ensure that M and —M lie within the image of m, and m_,
respectively. Let ¢, be such that m,(¢,) =M and let ¢_ be such that m _(¢_) = —M.
Let subsequently m . : [0, t;] — [0, M] and m_: [0, ¢_-]1 — [-M, 0]. With this
restriction, both m, and m_ are bijections.

To “mix” both geodesics, we use v, as a guidestone and mix in a prefix of v_
to precisely cancel out the change of VG ;(U) on v.(¢). The parameter function
for v_is p: [0, t:1— [0, t_] with

p@)i=mI(-m.(1)) Vtel0, t.].

Because both —-m, and m_ are continuous, strictly monotonically decreas-
ing maps and because m_ maps to a compact interval, p is continuous and
strictly monotonically increasing. With this, we define the “proto-geodesic”
N:[0, ¢4]— 2. with

N@®) :=v.t)uv_(p@®) Vtel0, t.]

Because v, and v_ are canonical geodesics and because p is strictly monotonically
increasing N(t) is p-essentially increasing in ¢. N is not yet our desired geodesic
v, primarily because it is not parameterized by length. Next, we proceed to
correct this.

PART 3.4 (REPARAMETERIZATION). We have p(0) =0 and therefore
NO)=v(0)uv_(0)=@.

Because TV(v,) <, N}, TV(v_) S, N*, and because N} and N* are disjoint, we
have
(N ®) = (v @) +p(v-(p®)) =t +p(t) VEeO, £,1.

Since p is continuous and strictly monotonically increasing, po N is also continu-
ous and strictly monotonically increasing. The image of o N is

[0 +p(0)’ t+ +P(t+)] = [0’ t+ + t—]y
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3.2. Constrained Optimization in Measure Spaces

which is a compact interval. Therefore o N has a continuous and strictly
monotonically increasing inverse

(uoN)L: 10, ty +t_1—10, ¢.].
We define v: [0, ¢, +¢t_]— 2. with
v(t):=N((uoN)"Xt)) Vtelo, t,+t_].

v is our counterexample. Let s,# € [0, ¢, +¢_]. Without loss of generality, let s < ¢.
Because (uoN)™! is monotonically increasing and because N is p-essentially
increasing, so is v, and we have

p(v(s) Av(®)) = p(v() \ v(s))
= lJ('V(t)) - ,LL(V(S))
= p(N (o M) @) - p(N (1o ) 9)))
= (o N)((oN)"1(®) = (o N) (o N)(s))
=t-s
=|s—t|.

This demonstrates that v is a minimizing geodesic. In conjunction with
v(0) = N(0) = @, this means that v is canonical. We remove the maximum ¢, +¢_
from the domain of v to make v into a direction.

PART 3.5 (SLOPES OF ¢ AND VG (U)). Having completed the construction of
v, we now have to prove that it is a counterexample for ¢ € (Tg(U))°, which
generates the contradiction that we ultimately need to prove qip < qup. First, we
prove that v e Tg(U). This is relatively simple. For every ¢ € [0, ], because v
and v_ have essentially disjoint total variation, we have

f gjdu=f gjdu+f gjdu
N Vi (t) v_(p()

=m.()+m_(p(?))
= mo@+m_(m=(-m.®))

=mi(8)—m4(2)
=0.

Accordingly we have

f gjd,uzf gjdu=0 Vtedom(v),
v(@®) N((uoN)"1(®))

which implies that

VG i(U)(v(t id
lim sup —J( () =limsup —fV(t) ks =0.
£—0 ¢ =0
t>0 t>0

Because the j-th constraint is the only active constraint, this means that
v e Tg(U). Next, we examine the slope of ¢ along v. For every ¢ € dom(v), we

have
[ rau=| fdu
v(t) N((uoN)~1(2))
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f £odu+ ] fodp
vi((uoN)~1(t)) ~~~ v_(p(((uoN)~1(2)))) “~~

=i g =R _-g;

=R, - gjd,u+R_- gjdu
v ((uoN)~1(®)) v_(p((poN)1(®))

=(R,—-R_)- gj du+R_- gjdu
v (LoN)~1(#)) ~~ N((uoN)~1(2))
=M,

=0
=M Ry—Ro)-p(vi (e N)))
=M, (Ry-R_)-(uoN)"1(t)
N———
>0
Therefore, ¢ has strictly positive slope along v if (uoN)™! has strictly positive
slope. We now establish a lower bound on the slope of (uoN)~!. Such a lower

bound arises if the slope of o N is bounded above. We have previously shown
that

LN @) =t+ p(2).

Therefore, we need to establish an upper bound on the slope of p. We have

p®)=m= (~-m.(@®)) Vtelo, t,].
p(2) is the unique solution of the equation

f gj dp=- f gj du.

v_(p(t))~~ vilt) ~~~

=M_ <ligjllLeo
Because of the pointwise bounds on g, we obtain the inequality
M_-p(t)z-lgjllLe-t

or, equivalently,
llgjllzee

s ————.¢
p(t) A

This implies that

et
u(N(t))s(1+”gf”L ) M|+l

|M_| |M_|

and therefore
|M_|

(woN) ()2 —————.
H M_|+ gl

This gives us the overall estimate

f( =M R ) (roN) 0
v(t

M. IM_|-(Ry -R)
IM_|+lg;liLe

>0
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for all £ € dom(v). We therefore have

. p(v®) S fdw M, IM_|-(R,-R_)
limsup ——= =limsup >
t—0 t t—0 t IM_|+llg;jlliLeo
t>0 t>0

In conjunction with v € T (U), this would prove that ¢ [Tg(U))O, which would
contradict how we had initially chosen ¢. To avoid this contradiction, our initial
assumption that gy, > g, must have been wrong. Thus, we have ¢, < qup.

PART 4 (p € Ng(U)). In the previous part, we have shown that

fx) . f(x)
ess sup < essinf .
xelg;>0in{f>0) (%) xelg;<0nif=0} g j(x)

Because £ is strictly positive on both sets, both sides of this inequality are
J

non-negative. We can therefore choose g € R>g such that

O _ o essine @

ess su ess in .
xe{g;<0in{f<0} g j(x)

P =
xelg;>0n{F>0) £(x)

Let f_:=f—-q-g; € L°(Z,u) and let ¢_ € M(Z.) be the benign signed measure
whose density function with respect to pis f_.
We have previously demonstrated that {f > 0} n{g < 0} is a nullset. On
{f =0tn{g; = 0}, we have
f-= f -q-8;=0

=~ N~
<0 =0

everywhere. On {f >0} n{g; > 0}, we have

f
f-=f- q -8 =f-—-8;=0
>L qe >0
gj

almost everywhere. On {f <0} n{g; <0}, we have

f
f-=f- q -8 =<f-—-g;=0
<L ae <0
gj

almost everywhere. Because

X =

—

{f >0ln{g; =0}
{f >0tn{g; >0}
{f<=0in{g; =0}
{f <0ln{g; <0}

—

—_ —~
—_ — —

u

@]

u )

this means that f_ <0 almost everywhere and therefore ¢_ € M~ (X.). Because
p=¢_+q-VG;U),

this means that ¢ € Ng(U). This holds for all ¢ € (Tg(U))O, which means that

(Te@))° < Ng(). O
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This partial result is not useful in a very large class of problems because it
breaks down whenever there are any points in the feasible set where multiple
constraints become active at the same time. We hypothesize that this is not a
real restriction, but rather a limitation on the method that we use to prove the
equality.

Hypothesis 3.2.20.
Let U € ¢ be such that Problem (3.19) satisfies an MFCQ in U. Then we have

(Te))° < NgWU). g

We sketch roughly how a proof of[Hypothesis 3.2.20| might be structured in
However, we are unable to present a finished proof at this time.

With [Lemma 3.2.19] it is relatively easy to show that an MFCQ implies a GCQ
under relatively mild continuous differentiability assumptions.

Theorem 3.2.21 (MFCQ implies GCQ).

Let U € Zg be such that Problem satisfies an MFCQ in U. Let G be
continuously and benignly differentiable in U for all j € [n] and let G j(U) =0 for
no more than one j. Then Problem also satisfies a GCQ in U, i.e., we have

Ng,(U)=Ng). 4

PROOF. We first invoke [Lemma 3.2.17]to show that
TaWU)="Tg, ).
By taking the polar cone of both sides, we obtain

(Ta@))" =Nz, ).

We then invoke[Lemmas 3.2.18/and [3.2.191to show that
(Te@))° = Nea(). O

Of course, if we were to prove [Hypothesis 3.2.20) then we could immediately
remove the restriction to points with no more than one active constraint from

3.2.1.2 SUBOPTIMALITY ESTIMATORS

Necessary optimality criteria are interesting from a theoretical point of view.
However, as was the case in unconstrained optimization, they are of limited
practical use as long as the optimum does not exist, which is often the case with
the type of optimization problem that we are interested in.

Therefore, we must demonstrate that points that are “almost feasible” and
“almost stationary” are also almost optimal. We do this by creating a subopti-
mality estimator. In the case of constrained optimization problems, both slight
violations of constraints and slight instationarity should be accounted for in
such an underestimator. As was the case with the unconstrained suboptimality
estimator in|[Proposition 2.4.8 we assume Lipschitz continuous differentiability.

Theorem 3.2.22 (Suboptimality Estimator for Scalar Constraints).
Let U € X. and let
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* F be Lipschitz continuously differentiable with Lipschitz constant Lo = 0;

* G; be Lipschitz continuously differentiable with Lipschitz constant L =0
for every j€[nl.

Let further q € RL, and € > 0 be such that

VEWU)YW)+ ) q;-VG,U)W)=-¢ YWeZ_.
J=1

Then we have

Lo+Y" . q;-L;
— S (wu av))? WV egg.

F(V)zFU)+ ) q;-GjU)-¢- 3
Jj=1 <

PROOF. Let V € 5. By definition of %g, we have G;(V) < 0 for all j € [n].
According to [Proposition 2.4.8| we have

L,

|G,(V)=GU) - VG,DW AV)| < - (uU AV))? Vjelnl

This implies that

L .
VG (U)U AV) < Gj(V) =G+ =L - (w(U AV))?
H<,0—/ 2

L.
= 2 (WU AV -G,

holds for all j € [n]. Therefore, we have

n

VFU)U AV)=-£- Y q;-VG;U)U AV)

Jj=1
=z -£- Z qj- ?-([J(UAV)) -G;(U)
=1

n n .,L.
2—€+qu‘Gj(U)—(Z %)'(,LL(UAV))2
j=1

for all j € [n]. Because F is Lipschitz continuously differentiable,[Proposition 2.4.8|
demonstrates that

L
[F(V) =~ FU) = VFU)U AV)| = 2 - (uU A V))?
and therefore

F(V)=FU)+VFU)XU AV)- %0 (U AV))?

Lo+Y' 19;-Lj

5 (uU AV))?. O

=FU)+) q;-GU)-e—-
j=1
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We note that the complementarity condition, i.e., the requirement that q; =0
for all j € [n] with G j(U) <0, is absent from the assumptions of
It is not required for the overall estimate. However, if there existed j € [n] with
G;(U)<0and q; >0, then we would have q ;-G ;(U) <0, which would mean that
the instationarity bound € could no longer meaningfully be considered an upper
bound on the optimality gap of the linearized objective function around U. We
also note that the result can be generalized to locally Lipschitz continuously
differentiable set functionals. This simply requires restricting all statements to a
neighborhood of U and using a similarly generalized variant of [Proposition 2.4.8|

3.2.1.3 QUADRATIC PENALTY METHOD

The only constrained optimization method that we develop here is a simple
quadratic penalty method. The idea behind the quadratic penalty method is that
we incorporate the constraint violation into the objective with a penalty term
that has the form % -max{0, G j(U)}2 where m; = 0 is a penalty parameter. This
penalty term is a composition between the benignly differentiable constraint
function G; and the smooth function ¢ — % -max{0, t}2. According to the chain
rule shown in|[Theorem 2.4.6] such a composition is itself benignly differentiable.
We therefore need not be concerned that this might interfere with differentiability.

Definition 3.2.23.
We refer to the parameterized set functional P: . xRZ; — R with

n .
PW,m=FO)+ ). = max{o, G,UN° VU ez, meRl
=

as the penalty function associated with Problem (3.19). <

As we have indicated, the penalty function is also benignly differentiable in
U for fixed m. It is also evidently affine linear in m for each j € [n] for fixed U.

Lemma 3.2.24.

Let U € Z. be such that F as well as G for all j € [n] are benignly differentiable
in U. Then the set functional P(-,m) is benignly differentiable in U. Its derivative
has the form

VyPWU,m)=VFU)+ Y m;-GjU)-VG;{U) VmeRL,. (3.23)
Jjeln] <
G;U)=0

PROOF. Each summand of the penalty term has the form hjoG; with 2;: R—R
being defined by

m; 2
hj(x):= 5 -max{0, x}* VxeR.
According to[Theorem 2.4.6| each of these summands is benignly differentiable
in U and their respective derivatives have the form
dh;
V(h;joG)U)= E(Gj(U))‘VGj(U)

_]o if G;(U) <0,

~|m;-GU)-VGU) if GHU)=0.
The penalty function is a sum of set functionals that are benignly differentiable in

U and is therefore itself benignly differentiable in U with the given derivative.[]
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Within the derivative of the penalty function, we can already see the familiar
structure of the derivative of a Lagrange function. If we allow for slight violations
of the constraints and consider a constraint with G;(U) > 0 as “active,” then
q € R" with

o if G;(U) <0,
Y=\ myGHU) G120

for j € [n] evidently satisfies g; = 0 for all j € [n] and therefore functions as a
multiplier vector for [Theorems 3.2.14] and [3.2.22] For fixed penalty parameters
m eRZ,, it is very easy to show that continuous differentiability transfers from
F and (Gj)je[n] to P(-,m).

Lemma 3.2.25.

Let m e RY ), and let U € Z... Let F as well as all G; for j € [n] be continuously

differentiable in U. Then P(-,m) is continuously differentiable in U. <

PROOF. Let £>0, and let F' as well as all G; be continuously differentiable in
U. We define (C)) je[n) via

C,= max{l, |G|, ||gj||L°°}

where g; € L®(Z, u) is the density function of VG j(U). This is a legitimate choice

because all G are benignly differentiable. We then choose (6 )je(2n], € [R{[fg 1o such
that

&
(VFW) o VF(V))(W) < —— u(W) VV,WeX_: wUAV) <o,

|G;(U)-Gj(V)| < VVeX :uUAV)<byj1,

&
3ijj(n +1)
[ —

:ZMJ'
(VGJ'(U) UiV VGj(V))(W) =min{Cj, M;}-p(W) VYV, WeZ.: uUAV)<0dyj

and select 6 :== min{dy, ..., 62,} > 0. Let Ve Z_ with (U AV) < 4. We have

VG,NW)| < VG, (VWU AV))|+ VG, (Wn@ aV))
< )VG JAHWNU AV))+(VG(V)-VG j(U))(W\(UAV))‘

+ ‘—VG]'(U)(W N AV))+(VGj(V)+VG;UNWnU A V))|
< |VG;@)|(W) + (VG,(V) o VG ;(U))(W)
=2C; - w(W)

for all W € ... The last estimate in this chain stems from the fact that
VG ) |(W) = fW|g j1du = ligjlizes - (W) < C; - (W),
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Because the measure p is -additive, we can apply this to partitions, which yields
the estimate

[VG;(V)|(W) sup Y |VG;(V)A)|

7 partition of W Aen

sup Z 2C;-u(A)
7 partition of W Aen

sup 2C; - (W)
7 partition of W

= 2Cj - (W)

IA

From this, we can then infer that

(max{0, G} VG, o max{o, G,(V)}-VG,))(W)
< |Gj(U)| . (VGJ‘(U) UiV VGJ‘(V))(W)

+|GU) - G (V)| |[VG, (V)| (W)
SCij'u(W)+Mj'2Cj'y(W)
3Cij'N(W)

&

- m;-(n+1) W),

In aggregate, this yields the estimate

£ noog
VyP e VyP <|— .
|(VuPW, m) oy av Ty PV, m)W) (n+1+j:zln+1) (W)
=¢e- wW).
Therefore, P(-,m) is continuously differentiable in U. ]

These results can also be extended to uniform continuity in cases where
the constants C; can be chosen uniformly. Notably, this is the case on sets
% < X.. where all G; are bounded above and their derivatives are bounded. More
precisely, we require an L* form of boundedness that takes the form

supllgjullLe <oo Vjeln]
Uea

where g;y € L®(Z, ) is the density function of VG ;(U) for each j € [n] and
Ue%.

We note that this does not extend to Lipschitz-continuous differentiability
because the derivative of the penalty term involves products of G ;(U) and VG ;(U)
which can increase the rate of growth. This is not a major issue because [The]
only requires Lipschitz-continuity of the derivative for each of the
component functions, not their aggregate.

Being able to transfer continuity of the derivative from the component func-
tions to the penalty function opens up the possibility of applying the uncon-
strained descent framework on page to the penalty function.
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Preconditions

The quadratic penalty method is identical in many aspects to the unconstrained

evaluation loop. As we had previously done in [Section 3.1] we aggregate all
preconditions for the algorithm in one statement.

Assumption 3.2.26 (Preconditions for the Quadratic Penalty Method).
Let

(1) (X,Z,p) be a finite atomless measure space with u(X) > 0,
(2) Z.:=%~,,neN, qe{l, oo};

(3) F: 2. — R be a benignly and uniformly continuously differentiable set
functional that is bounded below on Z.;

(4) F: 3. x Rs U{oo} — R xR>( be an error-controlled evaluation method for F;

(5) f 1 2. xRsoU{oo} — LI(Z, 1) x Rxg be an L?-controlled gradient evaluation
routine for F;

(6) Gj: Z. — R for j € [n] be benignly and uniformly continuously differen-
tiable such that G ;(U) and ”gj(U)”Loo are bounded above on . where
g;j(U) € L*(Z, u) denotes the density function of VG ;(U);

(M G i1 Z~ xRsgU{oo} — R xRxg be an error-controlled evaluation method for
G| for each j € [n];

(8) &;: Z.xRsoU{oo} = L®(Z, 1) xRxg be an LI-controlled gradient evaluation
routine for G; for each j € [n];

(9) #: LYZ, 1) x Ry x Rsg U{oo} — Z. x Rsg be a controlled unconstrained step
finding routine with quality 6 > 0;

(10) o9, 01, o9 € R such that 0<og <09 and o9 <01 <1;
(11) €, >0,¢e, >0, and &; = €;;
(12) §; €(0, 1),¢,€(0, 1),65€(0, 1), {g€(0, 1-071);

(13) wy eR%H, wg e R, Bo r € RugU{oo}, fog € RsgUfoo}, £€(0, 1), L €(0, 1),

n >0
eeRE,y;
(14) minit >0, m = mypit, Up € Z~, Ap € (0, w(X)]. N

We note that [Assumption 3.2.26]is almost identical to [Assumption 3.1.9]
This is an intentional choice so that for fixed m € RZ ), these parameters satisfy
[Assumption 3.1.9|with the penalty function P(-,m) as the objective. The primary
differences are the following:

* there are additional assumptions for the constraint functionals G j;
¢ all functionals must be benignly differentiable;
¢ we add an infeasibility tolerance ¢,;

* we add a relaxed instationarity tolerance threshold z;;
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* we add ¢y, {, and € as error control tuning parameters;
* we add error weight parameters wy and wg;

¢ we add an initial penalty parameter m;,;; and an upper penalty parameter
bound m.

In the following sections, we elaborate on the purpose of these added parameters.

Notes on Error Control

In order to apply [Algorithm 4] to the penalty function, we first have to find
controlled evaluation methods for the penalty function and its gradient. Luckily,

we can derive these from the corresponding evaluation methods for the objective
and constraint functions.

First, we break the combined error margin 1 > 0 up into individual allocations
for each summand of the penalty term. To account for the fact that set functionals
may have different degrees of susceptibility to error, this allocation process is
controlled by a “weight vector” w € Rigl where w; is the weight of the j-th penalty
term for j € [n] and w, 1 is the weight of the objective term. For each j € [n + 1],
we calculate a term error bound

_ w;m; -1 .
nj: o +Z;~l:1wjmj Vjelnl],
Wn+1-1
Wnp+1+ Z;-Lzl w;m; '

NMn+1 =

This choice guarantees that n; > 0 for all j € [n] with m; >0 and 7,41 > 0. It also
ensures that
n+1 Wnt1+ X7 wim;

j:1nJ wn+1+Z;'L:1wjmj n=nmn,

which ensures that the cumulative error of the penalty function does not exceed 7.
We note that the denominator is always greater than zero because w, .1 appears
without a multiplier. If a summand is known ahead of time to evaluate without
error and if its evaluator accepts an error bound of zero, then we could set w; =0
to apportion none of the error bound to the corresponding term. However, in this
case, we would have to otherwise ensure that the denominator is non-zero or we
would have to provide a fallback mechanism if this occurs. It is easier to assume
that w; >0 for all j€[n +1].

Once we have broken up our joint error bound 7 into individual summand
error bounds 7n;, we need to enforce those individual error bounds. For the
objective term, this is straightforward because we can pass 1, as an error bound
on to the objective functional evaluator F.

For the penalty terms, this is more complex. If a constraint functional evalua-
tor G j yields a result v € R with a deviation |v -] < € from the true value v € R
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for a returned error bound & = 0, then we have

m; m
?J max{0, v - ?J max{0, )2

mi
= 71 . |max{0, v}? —max{0, ﬂ2|

= %-‘max{o, v} +max{0, 17}|-|max{0, v} —max{0, v}

s

-

<2max{0, U}+¢ =€

< % -+ (2max{0, 0} +¢).

Thus, the error of the penalty term depends on both the error estimate returned
by the evaluator and the approximate value. The quadratic inequality

2 .
£2+2max{0, v}-e< il
m;

can be solved for ¢, yielding

2 .
€ <y [max{0, 0}2 + /A max{0, U}.
m;

However, this is problematic because we control ¢ through the error bound 7,
which also affects the value of v. We therefore have to use the error controlled

evaluation loop (Algorithm 1fon page ) with @; as an evaluator and

2 .
w(x) = | /max{0, 212+ . _max{0, x}
\ m;

as a bound oracle to obtain sufficiently accurate approximate values of G;. We

can further improve this procedure by reducing the ¢ returned by G to v + ¢ for
v<0.

Lemma 3.2.27 (Penalty Summand Evaluator).
Let (X, 2, u), 2., F, F n, (G)jen), and (Gj)je[n] satisfy|Assumption 3.2.26| Let
Jjelnl, {€(0, 1), and By € R-g U {oo} be fixed. For fixed m =0, U € 2., and >0,
let ¢: RsoU{oo} — Rxg x Rxg be a procedure such that ¢(p) obtains an evaluate
(x, e) from G (U, B) and yields

¢1(B) := max{0,x},
¢2(B) := min{e, max{0,x +e}},

and let w: Rsg — R U {oo} be given by

/ 2
w(x) = x2+—n—x V=0
m

where %’7 =oofor m=0. Let ﬁj: 2. xRsp X Rsg U{oo} — Rxg x R>g be a procedure

such that ﬁj(U,m,n) obtains an output tuple (x, e) of|Algorithm 1|with evaluator

¢, bound oracle w, initial bound By, and decay rate &, and yields

~ m
P;(U,m,n) = %2

’

ﬁj,Z(U,m,n) =

2.
%.a-(zma.
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Then (U,n)— ﬁj(U, m,n) is a controlled evaluation method for the set functional

m 2
U»—»Emax{o, G;}". 4

PROOF. PART 1 (¢ IS A SUITABLE EVALUATOR). We note that G; is a con-
trolled evaluator of G;. Therefore, for every U € X and § € R>o U {oo}, any output
tuple (x,e) of G (U, B) satisfies

|G;(U)-x|<e<§.

Let (x',e') € Rsg x Rxq be an output tuple of ¢(B) and let (x,e) be the output tuple
internally obtained from G (U, ) by ¢ to calculate that output tuple. We have

[max{o, G} -«

= [max{0, G;(U)} - max(0, x}
<|G,;(U) -«

<e.
For x <0, we have x' = max{0, x} = 0 and therefore

‘max{O, G;(U)} -

= max{0, G;(U)}

<max{0, x +e}.
In conjunction, these two inequalities yield
‘max{O, G;(U)} —x" <min{e, max{0, x+e}} =¢'.
In addition, we have
¢’ =min{e, max{0, x+e}} <e<§p.

This means that ¢ satisfies the requirements for an evaluator procedure in
Alg

PART 2 (w IS A SUITABLE BOUND ORACLE). The map w satisfies w(x) > 0 for
all x because 1 > 0. We now have to show that w is bounded from below in the
sense that there exists a constant e > 0 such that for all 8* € R, U {oo} and any
output tuple (x', e’) of ¢(5*), we have

e'<e = e <w().
We make a case distinction based on the value of m.

Case 1 (m = 0). In this case, we have w(x) = oo for all x € R»o. Because e’ < co by
definition, e’ < implies e’ < w(x') for all € € Rsq U {oo}. <

Case 2 (m > 0). In this case, we have w(x) < oo for all x € R>g. Because U is
fixed, the “true” value

x* :=max{0, G;(U)} =0
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that is being approximated by ¢ is constant. The mapping x — w(x) is differen-
tiable in x, and for x = 0, we have

<0.

This shows that w is strictly decreasing in x. If ¢’ <e for some ¢ > 0, then our
results from Part 1 show that

!

*_xl|<e'<e

|lx™ —x
and therefore x’ < x* +¢, which implies
o)z o(x* +2e).

The most straightforward way to show the desired implication is to choose e >0

such that
9
e=w(" +8)=[(x" +2)2 + ) — (" +2),
m
2
%e+a’ =\ [(x* +0)2+ L,
m

Both sides of this equation are strictly positive. By squaring both sides, we obtain
the quadratic equation

or equivalently

9 9
42 4+ dx e+ ()P = (422 + ) = ()2 + 20 e+ 82 + =T
m m

Through some equivalent reformulation, we obtain the normal form

Using standard solution formulae, we can obtain a positive solution of this
equation. We choose

2
x* 2 1
7= (—) + 212t so.
3 m
With this choice, we obtain the desired implication

el<e = e swkx*+e) < wi')
—
=e

which demonstrates that w is a suitable bound oracle for [Algorithm 1} <
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PART 3. We can now demonstrate that (U, 1) — P (U, m,n) is a controlled eval-
uation method for U — % max{0, G;(U)}’. For U € X and 1> 0, let (x,e) be
the output tuple returned by P i(U,m,n) and let (x, €) be the output tuple of

A used to calculate (x, e).
We first handle the edge case m = 0. In this case, we have

% max{0, G; (U} —x

m 2 m
=‘Emax{0, G;(U)} —E‘xz

max{0, G;(U)}* - &

ce-(2x+e)

® o3 °C

Furthermore, e = 0 guarantees e < 1.

Now, we treat the case in which m > 0. In this case, guarantees
that (%, e) is an output tuple of ¢ with e < w(X). As we had shown previously, this
means that

[max{o, G} -7 <7< w@.
This implies

m 2 m _
:‘Emax{O, G} —E-xz

=2 Jmax{o, 6@} - 2|

%max{o, G U —x

- % :[max{o, G,@} - 7|-|max{o, G,@} +7

<2|x|+e

< % &+ (2 |7 +o)

Because e < w(x), we also obtain the estimate

e=".5.25+8)

2
=%-(e2+2555))
< g (@2 + 280 (®)
2 [ 2 [ 2

=E-(£2+—"—2§ 2+ 5 0% 552+—”—2£2)

2 m m m
_m 27
2 m

This proves that (U,n) — ﬁj(U,m,n) is a controlled evaluation method for
U — 2 .max{0, G;(U)}". O
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Lemma 3.2.28 (Penalty Function Evaluator).
Let (X, Z, ), 2., F, F, n, (Gj)jem), and (G ) je[n) satisfy|Assumption 3.2.26| For
every j €[nl, let P ;i be the evaluation procedure of the same name developed in

Lemma 3.2.27|with fixed & € (0, 1) and wg € Rsg U {oo}.

For w e R, m e R, and n>0 let

>0’

w;m;n
Wp+1+ Z?Zl w;m;
Wn+17
Wnp+1+ Z?Zl wjmj'

Vjeln]

nw,j(rl) =

Nw,n+1(N) =

Forw € R’;gl, let Py : 3. x R’;O, R-o — RxRxq be a procedure such that ﬁw(U, m,n)

obtains an output tuple (x, e;) of Pj(U,m ;. (m) for each j €[n] as well as an
output tuple (x,+1,en+1) ofF(U,nw,,Hl(n)) and yields

Pw’]_(U,m,T]) =Xp+1t Z xj’
Jeln]
m;>0

PyuoU,m,m)=ens1+ ) ej.
Jelnl
m;>0

Then for every w € Rﬁgl and meRZ,, (U,n)— ﬁw(U,m,n) is a controlled evalua-

tion method for the set functional U — P(U,m). <

PROOF. Let w € R’;gl, meRL), UeZ., and n>0. Let (x, e) be an output
tuple generated by P, (U,m,n) and let ((x;, ej))je[n] and (x,+1, en+1) be the
output tuples of P;(U,m ,my, ;(m)) and F (U, 1, »+1(1)), respectively, from which

the output tuple was generated. We have

|PU,m)-x|=|FWU)+ Y —Lmax{0, G} -xp1— Y xj
=12 jeln]
Mj>0

< [F@) - xnia|+ Y | max{0, GO} -x;
jeml 2
mj>0

<eéenp+1+ Z e;
Jeln]
m;>0
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We also obtain the estimate

e=eps1t+ Z e;

Jeln]
mj>0
S Nwnrt M+ Y M i)

Jjeln]
mj>0

W17 w;im ;1

Wnt1 + LT wimj ey Wnel X, W
mj>0
Wn+17 = w;im;n

Wpt1t Z?zl wjmj =1 Wn+1 +ZZ:1 Wrmpg,
Wn+1 - w;m;

1
Wntl+ X7 jwimj S wasl+ Xy Wemp

Wnp+1+ Z;-lzl w;m;

n
Wp+1+ Zj:l w;m;

:17_

This proves that (U,n) — ﬁw(U, m,n) is a controlled evaluation method for the
set functional U — P(U,m). O

The gradient of the j-th penalty term has the form
U—m;j -max{O, Gj(U)} VG ;).

This presents a problem because the gradient depends on both the value and
the gradient of the underlying constraint functional. Therefore, the error of the
gradient cannot be controlled without simultaneously controlling the error of the
functional value. Let j € [n] and let

vy = GU),
(ﬁfy ef) = 6J(U,Tl;r),
(Ug, eg) = §j(U,TI;r)

for some error bounds 7, > 0 and n, > 0. Let further vg be the true density
function of VG j(U). Then we have

[m;-max{0, v/} -vg—m;-max{0, O} Ug||

=m; - |max{0, vf} vy —max{0, U} Ug||
<mj-( [maxio, v} (g -]

+ || (max{0, vy} —max{Ty, 0}) -i)'g||)
=mj-( max{0, v} lug - Tl

+ [max{0, vy} - max{0, 57| 17,1

<m-((max(0, 57} +es)-eq+ep- 1Tl
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where |-|| is either the L1 or L>® norm, depending on which norm is used to
control the gradient error of G;. We demand that the right hand side of this
inequality be bounded above by some desired error bound 7; > 0. By solving this
inequality for ez, we obtain the error bound

nj—mj-er-lvgll
eg < — :
m ;- (max{0, U¢}+ey)

In order to ensure that this error bound is strictly positive, we must first ensure
thatnj>mj-er-|lUgll. If m; =0, then this is always true and e, is unbounded. If
m; >0, then we may need to re-evaluate the functional value to enforce the error

bound
oun: nj
er <—
m;-|lvgl
To enforce this through a non-strict bound and catch the edge case where
m;j - ||Ugll = 0, we introduce tuning parameters {; € (0, 1) and ¢; > 0 and enforce

the tightened error bound

er<(; nj < 1) < 77j~ '
max{e;, m;-lUgll} max{e;, mj-llvgl}  m;-lvgl
Lemma 3.2.29 (Penalty Term Gradient Evaluator).
Let (X,2,p), 2., g €{1,00}, n €N, (G))jern), (Gj)jernl, and (g;)je[n] satisfy |As

umption 3.2.26| Let j € [n] and let wg € RsgU{oo}, £ €(0, 1), (€(0, 1), and € >0

be fixed algorithmic parameters.
ForfixedU € Z., m=0, andn>0, let ¢y p : RsgUfoo} — LI(Z, u) xRxRx0 xRx0
be a procedure such that ¢y, (B) obtains an output tuple (xg,eg) from g;(U, )

and yields

and an output tuple (x¢, ey) from @j(U,C- m)
(,bn,m(ﬁ) = (xg, Xfy€f, eg)~
Let wypm: LYI(Z, 1) x R x Rxg — R0 U {oo} be given by

n-meef-lxgl
m-(max{0,xs}+eyr)

if m-(max{0, xr}+er) >0,
wn,m(xg,xf,ef)§={ ( f f)
0o

otherwise.

Let pj: 2. xRs0 xR>o U{oo} — LU(Z, u) x Rxq be a procedure such that p j(U,m,n)
obtains an output tuple (xg;,xf i, er i, eg,i) from[Algorithm I|with ¢y as evalu-

ator, wy m, as bound oracle, wg as initial bound, and ¢ as decay rate, and yields
pj1U,m,n) :=m -max{0, xf;}-xg;,
pj2U,m,n):=m:- ((max{O, xpilt+eri)-egiter;-lxg; II).

Then for each m =0, (U,n)— p;j(U,m,n) is an L9-controlled gradient evaluation
method for the set functional U — 7§ -max{O, Gj(U)}Z. <

PROOF. According to [Theorem 2.4.6) the derivative of the set functional
U — 2 -max{0, Gj(U)}2 has the form

U — m-max{0, G,;(U)}-VG;(U)

for all m = 0.
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PART 1 (¢py,m IS A SUITABLE EVALUATOR). Let U € 2., let m = 0, and let
neRsoU{oo}. Let (xg,xr, ef, eg) be an output tuple of ¢, (8) for § € Rsg U {o0}.
By definition of ¢ ;n, (xg, eg) is an output tuple from g;(U, f) and (x¢, ef) is an
output tuple from G j(U,( . m) Let g € L*°(Z, ) be the density function

of the true gradient VG ;(U). We have

lg—xgllLs <eg
<p,
|G/ —xf|=<ef
_n
max{e, m - [|xgll}
n

<(- .
m-|lxgll

The former demonstrates that ¢ is a suitable evaluator.

PART 2 (wy,m IS A SUITABLE BOUND ORACLE). Let U € Z., m = 0, and let
ne€RsoU{oo}. Let (xg,xr,er,eg) be an output tuple of ¢y, () for some error
bound f € R-o U {oo}. As we had shown in Part 1, we have

. N <. 1
max{e, m - ||xgl} m-|xgll

efS(

Regardless of whether m - |xz| = 0 or not, this implies
m-es-llxgl<{-n

and therefore
n-m-er-llxgll =(1-{;)-n>0.
If m -(max{0, x¢} +ef) > 0, then this implies that

n—-m-eyr-|xgl
m-(max{0, xr} +ey)

wym(xg,xXf,ef) =

Thus, we have wy n(xg,xr,er) € Rsg U {00}
Next, we have to prove that there exists a constant e, , >0 such that

eg<epm — eg=wpm(xg,xr,ef)

for every output tuple (xg,xr,er,eg) of ¢ y(B), regardless of the particular
choice of 8 € R U {oo}.
If m -(max{0, x¢} +ef) =0, then we have

wym(xg,xf,efr) =00

and eg <e;, = eg <wymn(xg,xr,ey) for every e, ,, > 0. We therefore only need
to further consider cases where m - (max{0, xs}+es) > 0.

Because ef < (- CTU and |Gj(U)—xf|Sef,we have

U
maxte, m- g} ~
max{0, x¢} + e < max{0, G;(U)} + 2e < max{0, G,;(U)} +2- ﬂ,

€
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which implies that

n—m-er-|xgl
m-(max{0, xr} +ey)
1-0-n
- m-(max{O, Gj(U)}+2-%n) .

~

wnm(xg,Xf,ef) =

—
=tepm>0

This choice then ensures that
eg<epm = eg=wpm(xg,xr,er)
for all output tuples of ¢y, ,,(B) for all § € R U{oc}. Therefore, w;) », is suitable as

a bound oracle for [Algorithm 1}

PART 3 (EVALUATOR PROCEDURE p;). Let (x,e) be an output tuple from
pjU,mmn for UeZ., m=0, and n€ RyoU{oo}. Let (xg;,xr;,er;,eg,;) be

the output tuple from used to calculate that output tuple. Let
8 € L*(Z, ) be the density function of the true derivative VG ;(U)

We first handle the case in which m - (max{0, x ;} +ef ;) = 0. This implies that
either m =0 or max{0, x7 ;} + ey ; = 0. Because the output tuple from [Algorithm I
is forwarded from ¢y, ,,, we have |G (%)) —xf,,-| <ey; and therefore

max{0, G;j(U)} < max{0, x/;} +ef,
which means that
max{0, x7 ;} +ef,; =0 = max{0, G,;(U)} =0.
Therefore, we have
m-max{0, G;(U)}-g=0=m -max{0, x;} - xg;
and

e=m- ((max{O, xpitteri)-egiteri-llxg; II)
=m-(max{0,xr;}+er ;) -egitm-er;-lxg;l
=m-ef;-lxg;ll
>0

= |- max{o, G} g - m-max(0, 7},
= |m - maxfo, G;@n}-g-«|.
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For the case that m - (max{0, x¢ ;} +er ;) >0, we find that

||m -max{0, G;j{U)} g - x“ = ||m -max{0, Gj(U)}-g — m-max{0, xf ;} - xg

=m- ” max{0, G;(U)} (g —xg,)

+ (max{o, G} - max(0, x7 1) -

<m- ( max{0, G;j{U)}- g —xg;l

+ ‘max{O, G;(U)} —max{0, xf ;}

gl
<m- ((max{O, xritteri)-egiterillxgi II)
=e.
In either case, we have
m - (max{0,x7;} +efi)-egisn—m-er;-lxg;l
either because the left hand side of the inequality is zero and the right hand side
is strictly positive, or because eg; < wym(xg,;,%f ;,er ;). This then implies that
e=m- ((max{O, xpifteri)-egiteri-lagi II)
sn-m-ef;-lxgil+m-er;-llxg;l
= 1’]

In summary, we have proven that
”m -max{0, G,;(U)} -g—x” <es<np

for all output tuples of p;(U,m,n), which proves that (U,n) — p;j(U,m,n) is an
L9-controlled gradient evaluation method for the set functional

U — m-max{0,G;{U)} g. O

Lemma 3.2.30 (Penalty Function Gfagient Evaluator).

Let (X,2,w), 2., ge{l,o0}, neN, F, F, f, (G)jern), (Gj)jenl, (€))jen1; ¢, and €
satisfy |Assumption 3.2.26| For je[n], let pj: . xR xR U{oo} — LI(Z, u) x Rxq
be the gradient evaluation method developed in[Lemma 3.2.29|with fixed algorith-
mic parameters wo_; € RsoU{oo}, £;€(0, 1), {j€(0, 1), and €; >0. Let w € R’;gl
and let

M) = ——I T yjen, >0,
Wn+1 +Zj:1 w;m;
Wt -
Nw,n+1(1) = ntl’l] vn>0.

Wnp+1+ Z}lzl w;m;

For w e R;’gl, let py: Z. xR xR>oU{oo} — LI(Z, 1) x R>o be a procedure such

that p,(U,m,n) obtains an output tuple (xf, er) from f(U,nw,nJ,l(n)) as well as
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an output tuple (xg j, eg ;) from p;(U,m;,ny () for each j € [n] with m; >0,
and then yields

pwiU,m)=xr+ ) xgj,
Jeln]
mj>0

pw2Umm)i=es+ ) eg;.

Jeln]
m;>0

Then for each m € R and w € R**L (U, 1) — pw(U,m,n) is an Le-controlled

>0
gradient evaluation method for the set functional U — P(U,m). <

PROOF. Let w e R*'1 m e RZ,, U€X., and n>0. Let (x,e) be an output

>0 =
tuple of p,,(U,m,n), and let (xf, ef) and ((xg,j, €g,j)) 1,1 be the output tuples of

Jelnl
f(U,nwn+1(m) and (gj(U,nw,j(n)))je[n], respectively, that are used to calculate
that output tuple.

Let p € L®(Z,u) € LY(Z, u) be the density function of VyP(U,m), and let f/
and (g')je[n) be the respective density functions of VF(U) and (VG,;@) We

have

Jelnl

lp=xl=|f -2+ ¥ mi-G@ gl Y x

Jjelnl Jeln]
G;U)>0 m;>0
= Hf’—xf+ Z (mj-max{O,Gj(U)}-g;—xg,j)
Jeln]
mj>0
<If —xpl+ ), ”mj-max{o, Gj(U)}‘g’J-—.’)CgJ”
Jeln]
m;>0
Sef+ Y eg;
Jeln]
mj>0

We also have

e=er+ Z eg.j

Jeln]
Mj>0
Snw,n+1(7])+ Z nw,j(n)
Jeln]
m;>0
_ Wn+17 w;m;1
- n i - n .
Wn+1 +Zj:1wjmj jelnl wn+1+Zj:1wjm]
m;>0
Wn+11] < w;m;n

wn+1+Zj:1wjm] j:lwn+1+2j:1w]m]

Wni1t+ Z;.L:l wjim;

n
Wnp+1+ Zj:l w;m

.
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This proves that (U,n) — p,(U,m,n) is an L?-controlled gradient evaluation
method for the set functional U — P(U,m). O

Wrapped Evaluators

To simplify the formulation of the quadratic penalty method, we wrap the eval-
uators that we have formulated thus far into evaluators for our quantities of
interest: instationarity, infeasibility, projected descent, actual descent, and step
quality.

We have already devoted a substantial amount of effort to the tuning of error
bounds in[Section 3.1.2] We reuse the step quality evaluator from that section. We
had previously used the symbol 7 for instationarity. In constrained optimization,
constraint violation becomes a second quantity of interest in termination criteria.
For the constraint violation, we use the symbol

v(iU):= Z max{O, Gj(U)} =0 vUeX..
j=1

Algorithm 6 Evaluate constraint violation

Require: U e X, w e IRZO, e, >0, & €(0, 1), o e Rogufoal, & € (0, 1), éj
controlled evaluator for G; for each j€[n].
Ensure: Yields (v, e,) € R>g x Rsg such that

n
| Y- max{o, G} -v| <e, <&, maxiey, v-e,).
j=1

1: function w(v) > Parameter oracle
return ¢, -max{e,, v—¢€,}
3: end function

4: procedure ¢(f) > Inner evaluator
for all je[n] do 5
~ w;
6: (vj, ej)<—Gj(U, m)
(@), €)) — (max{0,v;}, minfe;, max{0, v; +e;}})
8: end for
9:  return (Y7 7, X7, &)

10: end procedure

11: procedure EVALINFEAS(U, w, ¢y, €y; Po, &) > Main procedure
12: return CONTROLLEDEVAL(¢, w, B, &)
13: end procedure

In we state an evaluation procedure for the constraint viola-
tion. This is a straightforward application of the controlled evaluation loop

(Algorithm T]on page[215) that yields an output tuple (v, e,) such that
|[VU)-V| < ey <&, -max{ey, V—&,}

where ¢, is the infeasibility tolerance and ¢, is a tuning parameter. This gives us
a similar guarantee for our feasibility criterion as we had previously established
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for our stationarity criterion:

vse, = v(U)=(1+¢&))- €y,

vze, = v(U)=(1-¢&)) €.

The bound oracle w is clearly boundgd below by ¢, - €, > 0. The inner evaluator ¢
obtains output tuples (v}, e;) from G; and calculates

v; :=max{0, v},
¢;:=min{e;, max{0, v; +e;}},
which satisfies
¢j =min{e;, max{0,v;+e;}}

ey ifijO,
- max{0,v;+e;} ifv;<0

|Gj(U)—UJ‘| iijZO,
=
max{0, G;(U)} ifv;<0

= ‘max{O, G (1)} -~ max{0, Uj}‘
= |max{0, G;U)} - 17j|'

Hence, the output tuple of ¢ satisfies

Y max{0, G,}- Y. 5, < Y&
i=1 =1 j

n
= ) min{e;, max{0, v;+e;}}

This proves that the controlled evaluation loop terminates and yields an output
tuple (v, e,) with

n
| Y- max{o, G} -7| < ey <w®=¢, maxiey, T-e,).
=1

Once we have established whether a solution is within feasibility tolerance, we
have to evaluate the gradient from which instationarity and step are determined.
Because the penalty method is essentially an unconstrained optimization method
with the penalty function as its objective, we can reuse on page[225
However, we have to apply a small modification. If a solution appears stationary
but infeasible, then we have to raise the penalty parameter m until the step
either stops appearing stationary or an upper bound m > 0 for m is reached.
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Algorithm 7 Penalty parameter and gradient update

Require: UeX ,we Rﬁgl where n € Ny represents the number of constraints,
g 26,>0,m=2mp>0,¢,€(0,1),&€(0,1),¢;€(0,1),A>0,v=0, &, >0,
£e€(0, 1), Bo €R-oU{oco}, (U, B)— pup(U,m,B) LI-controlled gradient density
evaluator for U — P(U,m) for all w € [R{’;gl and m € R ) with g € {1, co}.

Ensure: Let p,, € L1(Z, 1) be the gradient density function of U — P(U,m -1,)
in U, and let 7(f) := — [x min{0, f}dy for all f € LY(Z, ). Then the algorithm
yields an output tuple (m, g, e) € R5q x LI(Z,N) x Rsq such that m = 2¥m for
some %k € Ng and either m >m, or

lpm—glLe <e,
|T(pm) — ()| < & -max{er, T(g) —&:},

'f pmd,ll—f gdu
D D

for all D € X with pu(D) < A for which

and

S—€g~ngdu

A
max{A, u({g < 0}

_fpgduz(l—f(s)-e- -max{z(g), &},

holds. If m <m and v > ¢,, then

1(g) > 7.

> Let ¢y = (U, B)— pu(U,m -1y, ) for w e R%} and m > 0.

1: procedure EVALPENGRAD(U, w, ¢;, €;, V, mg, m, A; Bo, &)

2 (80, €0) — EVALGRAD ¢y, mg, U, €1, A; €, Bo)

3 ifv<g¢, then

4 return (mg, g9, €o)

5: else

6 k=0

7 ifmy < % A— f{ 2,<0} 8k dy <¢; then > Nearly stationary solutions
8 Mpy1—2-my

9: (8k+1, €+1) — EVALGRAD (¢ my,,,» U, €1, A; &, o)

10: k—k+1

11: end if

12: while mp<mnA - f{ 2,<0} 8k du<e; do > Stationary solutions
13: mpi1—2-my

14: (8k+1, ek+1) — EVALGRAD (¢ m,, 1> U, €2, A; €, Bo)

15: k—k+1

16: end while

17: return (mp, gz, ep)

18: end if
19: end procedure
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If the latter is the case, then we take this as an indicator that the solution is
infeasible and that its infeasibility cannot be improved locally. We then consider
the problem locally infeasible. The penalty and gradient update routine is stated
in[Algorithm 7|on the facing page.

The algorithm is comparatively simple because it makes use of the uncon-
strained gradient evaluation procedure EVALGRAD from [Algorithm 2] Therefore,
most of the guarantees derive from the correctness of that algorithm. It is
easy to see that the loop increasing m terminates because mo > 0 and because
my, = mo-2F is easy to show via induction. Together, this implies that there exists
ko € N such that my, > m always holds if & iterations are reached.

If vV < ¢,, then the algorithm simply invokes to obtain an out-
put tuple that satisfies the required guarantees with an unchanged penalty
parameter mg. If v > ¢, then the loop terminates with either mj; >m or

Tgr) = - f min{0, g4}y = - f grdu>er.
X {gr <0}

We add a secondary mechanism to increase m. If doubling m;, does not move mj,
above the threshold 7 and 7(g;) < €; for some relaxed instationarity tolerance
€; = €7, then we double mj once. This is not strictly necessary. We add it so
that the algorithm does not need to achieve full ¢;-stationarity before raising the
penalty parameter. Otherwise, it could take a very long time to increase m to the
necessary value. This if clause has no impact on the overall correctness of the

penalty method because it does not trigger an unwarranted local infeasibility
detection.

Quadratic Penalty Method

With the error-controlled evaluation loops in place, we formulate the trust region
penalty method in on the next page. To simplify notation, we write

62(G,U) =Y max{0, G;(U)}.
j=1

The correctness proof for [Algorithm 8| on the next page relies mostly on the
guarantees given by the evaluators. Termination can be guaranteed because

the penalty parameter m is bounded above by a finite threshold 7. Because
EVALPENGRAD can only change the penalty parameter by doubling it, it is
guaranteed that this threshold will be exceeded after a finite number of changes
in m. Therefore, after an unknown finite number of iterations, m will remain
constant.

We note that we give every controlled evaluation loop the same tolerance
decay rate ¢ and that we use consistent initial bounds and weight vectors for all
functional and gradient evaluations. This is not technically required. However,
introducing different initial bounds, weight vectors, and decay rates for each
evaluation would clutter the symbol pool of even more. Allowing
for different parameterization between functional and gradient evaluators is
reasonable because functional value and gradient are evaluated using different
numerical algorithms. This strikes a good balance between notational complexity
and practicality.

With these preliminaries out of the way, we can prove the correctness of

The proof is very similar to that of[Theorem 3.1.10} We first prove
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Algorithm 8 Trust-Region Quadratic Penalty Method

Require: Let (X, X, u),Z.,q, F, F, f, n,G,G, g,%,00,01,09, €, Ey, €, &1, &y,
{6, &g, wr, wg, Pof, Bog, €, {5 €, minit, m, Ug, Ag satisfy|[Assumption 3.2.26]
on page[285] Let K € N U {oo}.

Ensure: 2 e Ng with k<K, U* € X_, and mp >0 such that k< KAmp <m
implies

(lopl(U"—’P(U,mk), U*) =—(1+¢&7) &4,
GG, U") < (1+&)- €.

> Let 7(h) := — [y min{0, h}du for all integrable functions .

1: (_], k)‘-(O, 0)
2: (Vo, ey,0) — EVALINFEAS(Uy, wy, &y, €v; Bof, &)
3: (mO’ gO; eg,O)‘_EVALPENGRAD(UO: wg, ET: VO: M init, m7 AO; ﬁO,g, f)

4: while k<K Amj;j<mAnt1(g;)>e; do > Main loop
5: (Djﬁj)*y(gj’ﬂj,fﬁ'@'m'f(é’ﬂ)

6: (ﬁj, ep,j)<—EVALRHO(gj, Uj, Dj; ﬁ(),f, f)

7 ifpj—ep ;=00 then > Accept step
8: (Uj+1, k)h(UjADj, kE+1)

9: Aj+1<—min{2Aj,p(X)} ifﬁjzaz else Aj

10: (Vj+1, ev,j+1)<—EVALINFEAS(Uj+1, wyr, &y, Ev; ,BO,f, &)

11: mjy1<—mj

12: else > Reject step
13: Wjs1, Ajr1) = (Uj, %)

14: Vjs1, evjs1) — (v}, ey ;)

15: end if

16: j—Jj+1

17: (mj, 8j» eg,j)<—EVALPENGRAD(Uj, Wg, €1, 17]', mj-1, m, Aj; ﬁo,g, &)
18: end while

19: U* < U;

certain invariant error guarantees. Then we use those guarantees along with
the step-finding guarantees and the continuity of the derivative to argue that
there is a minimal trust region radius. This then guarantees a minimal objective
decrease per accepted step, which guarantees termination of the algorithm if the
objective is bounded below.

Theorem 3.2.31 (Corliec~tness o{ Algorithm 8).
Let (Xy Z) N)} ZN; q, F) F) f) n, G; G) g) y} 00, 01, 02, &1, Ey, ET: 51’) 61/; 551 fg; LUf,
wg, Bo.f> Bo.gs & ¢ € Minit, m, U, Ao satisfy[Assumption 3.2.26|on page 285 Let
K €Ny U {oo}.

Then terminates in finite time and yields k € Ng with k < K,

U* e€X., and my, > 0 such that either

k=zKvm,>m
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or

Cgl(U..—»P(U,mk), U*) =—(1+¢&;) €4,
62(G, U*)S(l"'fv)'ew <

PROOF. To simplify notation, we adopt the notation from [Algorithm 8 and write
7(h) = f min{0, A}dy VA e LYZ,p).
X

For every U € 2. and m > 0, let py » € L™(Z,u) be the density function of
VyP(U,m).

PART 1 (GUARANTEES FOR V;). First, we note that the output tuple (v, e, o)
obtained from EVALINFEAS satisfies

|62(G,Uo) —Vo| < ev0 < & -maxie,, Vo — &)
Let j € Ny be such that
|(€2(G,Uj) —Vj| =ey; = &y -maxfe,, Vj —&y}.

The tuple (Vj;1, ey j+1) is calculated differently based on whether the step is
rejected or not. If the step is accepted, then (V;,1, e, j+1) is an output tuple of
EVALINFEAS and therefore satisfies

|€2(G,Uj1)—Vjs1| < ey ji1 < & -maxiey, Vju1 — &}
If the step is rejected, then we have U1 = U; and therefore

|62(G,Uj11) —Vjs1| = |62(G,U;) -7,

< ey

~—

=€y,j+l
=¢y-max{e,, Vj— &y}

= ¢y -max{ey, Vj+1 —&vh

Therefore, no re-evaluation is necessary. This is because the output of EVALIN-
FEAS does not depend on the value of A; or m .
We therefore know inductively that

[€GU 7] S 00y & mates, 3 -2
for all j € Ng prior to main loop termination. This implies that

Vj S &y = (gz(G,Uj)S(l"'Ev)'Ev;
Vj > £, = Cg2(G,Uj)>(1_fv)'5v

also holds for all j € Ny prior to termination.

PART 2 (VALUE OF mj AND GUARANTEES FOR g;). Due to the output guar-

antees of EVALPENGRAD (see on page [300), we have mq = 210 - mjni¢
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for some [y € Ng. If my <m, then the algorithm also guarantees that we have
lpUy,mo —&ollLa < egpo and

|T(pUsmo) — T(80)| < & - max{e,, 7(g0) — &1}
In addition to that, for every D € X with u(D) < Ag and

Ag
max{Ag, u({go < 0h}

_ngodﬂZ(l—fa)'B' -max{7(go), &1},

we have

U PUO,modH—f godu S—fg'f godpu.
D D D

Let j € Ng be such that m; = 2l -Minit < m for some /; € Ng. Then the tuple
(mji1,8j+1, €g,j+1) consisting of the penalty parameter, gradient, and gradient
error for the subsequent iteration is also an output tuple of EVALPENGRAD and
therefore satisfies

Mmji1= 2l mj= 27 e

for some !, € Ng. Therefore, we have m 1 = 2Li+1 . s with Livi:=1;+ l;. € Np,
which implies that /;,1 = ;. Because the sequence (/;);en, is monotonically in-
creasing in Ny and because the main loop terminates once m ; exceeds logg(mzit ),
there exists an iteration index j* € Ny such that m; = mj« for all j = j* prior to
main loop termination.

Additionally, if m j,1 <m, then we have ||PUj+1,mj+1 —gj+1llLa <egji1,

|T(PUj+1,mj+1) - T(gj+1)| =¢; 'maX{ETa T(gj+1) _gr}a
and for every D € 2. with u(D)<Aj;1 and

Aj+1
max{Aj.1, p({g +1 <0}

_fpgmduz(l—fa)-e- -max{7(g 1), &},

we have

UDpUj”’mj“ d“_ngf*ld” S_fg‘/ngﬂdH-

In summary, this means that for every j prior to main loop termination with
m; <m, we have IIpUj,mj —gjlLe <egjand

|1(pu;m )~ 7(g))| < & -max{e,, 1(g;) — &},
which guarantees that

T(gj)ssr:r(puj,mj)s(1+£r)-er VjeNg: mj<m,

T(gj)>8-[:T(p[]j,mj)>(1—£-[)'€-[ VjeNg: mj<m.

Furthermore, for all such j and for every D € X with u(D) < A; and

Aj
[ gduza-gr0— At <oy e e

we have

’LpUj,deﬂ_ngdu S—fgj;)gjdﬂ
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PART 3 (UPPER AND LOWER BOUNDS ON A). For j = 0, [Assumption 3.2.26|
ensures that A; € (O, wX )]. In each iteration of the main loop, the value of A;,1

is equal to either A;, %, or the minimum of 2A; and (X). Regardless of which
of the three it is, A; € (0, p(X)] always implies A1 € (0, (X)].

This is not yet sufficient. We have to find a lower bound for A; that is strictly
greater than zero. As we had discussed in our discussion of on
page the fact that all G; are bounded above and that their derivative’s
density functions are bounded in L* implies that the derivative of the penalty
functional as a whole is uniformly continuous on X.. for fixed penalty parameter
m.

We use the fact that m does not increase after a finite iteration index j*. For
all j = j*, we have m j = mj+ and the penalty functional can be considered a fixed,
uniformly continuously differentiable functional of U.

We define the constant

Er
wX)
Because the acceptance or rejection of steps is only at issue in cases where the

termination criteria are not yet satisfied, we have 7(g;) > £;. The step D; is taken
from an output tuple of .# and satisfies (D ;) < A; as well as

M:=(1-¢,)-(1-&5)-0- >0

—fD_gjd,UZ(l—fa)-@- -7(g).

J

J
max{A;, u({g; < 0h}

By combining this with the guarantees that we have demonstrated in the previous
part of this proof, we obtain

_ijpUﬁmjdﬂz(l_fg)'(_ngjdll)

Aj
2 (=80 (A=80) 0 e T(@)
> (1=¢)-(1—E9)-0 A
= —_— . —_— . . -gT
g 0 max{A;, u({g; <0h}
S (1=E,)-(1=£)-0- 2
2 (1= (U=80)-0- 2 vex
— . — . .M(DJ)-

2(1-¢g)-(1-¢5)-0 WX) &7

Er )
= (=80 (1=85)-0- 5 (D)

ZM-#(D]‘).

Because U — P(U,m j+) is a uniformly continuously differentiable set functional,
there exists § > 0 such that

i) M
(VuPW o m ;). VyP(V,m;)(W) < S (W)
—_—
>0

holds for all U,V,W € Z.. with u(U AV) < 4. Here, we make use of the fact that
{g <1-o01 and therefore 1-¢; >07.
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Let j = j* be such that A; <. Let y: I — X be a minimizing geodesic
connecting U; and U; AD ;. Without loss of generality, let I = [0, u(D )], y(0) =Uj,
and y(u(D;)) =U; AD;. We have

w(UAY®) =p(yO)Ay@®) =t<uD;)<6 Vtel.

We now make the same polygon chain approximation argument that we have
made multiple times before. Let € > 0. For each ¢ € I, there exists a radius
R(¢) > 0 such that
€

w(D;)
for all s € I with |s —t| < R(¢). We choose a strictly increasing sequence (¢;);¢[n] in
I'with N eN such that I < UfilBR(tl)(tl). We then define support points (s;);e[n1,
via

[P (r(s),m;) = P(y(&),m;) = VuP (y(&),m;) (r(s) A y() | < u(y(s) Ay()

so:=0,
81 € Br,_ )(t1-1)NBre)(t)nlt—1, t1]1 VIeIN 1],
sy = u(Dj).

As we have discussed before, this ensures that s;_; € Bg1,)(¢;), s; € Br,)(¢1), and
s;j_1 <t; <s; for all l e[N]. We then have

|PWU; ADj,m;)-PU;j,m;)-VyPU;,m;)D;)|
N
<y ‘P(Y(Sl),mj) —P(y(s;-1),m;) = VyPU;,m;)(y(s;) A)f(qu))‘
=1
N
=) (P(Y(Sz),mj) = P(y(t;),m;) =VuPUj,m;)(y(s) Ay(ty)
=1

—P(y(s;—1),m;) + P(y(t),m,) - VUP(UJ-,mj)(y(sl_l)Ay(tl))|

M=

‘P(Y(Sl),mj) = P(y(t),m;) = VuP(y(tr),m;)(y(s)) Ay(tr))

~
Il
—

+(VuP(yt), my) = VuP(Uj,m;)) (r(s) A y(e)
=P (y(s1-1),m;) + P(y(t),m;) + VuP (y(t1),m;) (y(s1-1) Ay(t))
- (VuP (v, mj) + Vo P@,m ) (ys1-0 Aye)|

N
<) (‘P(Y(Sl),mj) = P(y(t)),m;) = VuP(y(t;),m;)(y(s)) AY(tz)))
=1

+ ‘P(Y(Sl—l), m;) - P(y(¢;),m;)—VyP (Y(tz),mj)(Y(SZ—ﬂAY(tz))‘
+ ‘ (VUP(y(tl),m )= VuPW;m ,-)) (y(sl)Ay(tl))|
+|(VoP (1. m) + VuP W m) (r(si-) Aviey) ()

N &
&y

IA

-puy(s)) Ay(si-1))

N
+Z=ZI(VUP(Y(tl),mj) U Aeml)VUP(Uf’mf)) (y(s)) Ay(s;_1))

J
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i=1| #@D;) 2
1- 4
—et——t M- (D)

With € — 0, we obtain the estimate

1--2
1=
|P(U; ADj,mj)-PWU,;,mj)-VyPU;,m;)D;)| = -

M- u(D)).
For the true step quality p, this implies that
_ P(UjADj,mj)—P(Uj,mj)

0
/ ijpUj,mjd“
1--% 37
o1 1 M- D)
a 2 _ijpUj,mde
1- % 37
o Fn)
2 M -u(D;)
_ 91
:1_1 14
2
1
:—.(1+ Ulc )
2 " 1o,
01
> .
1-¢,

This demonstrates that for j = j* and A; <0, the true step quality p; is strictly

greater than 1‘_’ég. As we have discussed in[Section 3.1.2] this implies that the

semi-approximate step quality satisfies

5. PWU;ADj,mj)—-PU;j,m;)
/ Jp,gidu
ij gjdp
=pj ijpUj,mj du
(1=¢9)- Jp, PUjm; du

=p;-
/ ijpUj,mde

=pj-(1-¢g)

>01.

Because (pj, ey ;) is an output tuple of EVALRHO, guarantees that
|ﬁj—ﬁj| <epj<max{p;—09,01—pj}

If pj—09<01-pj, then we would have

pj=ep;zPi=(01,=P))>pj=0;=P)=Pj,

<Pj =ep,j
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which would generate a contradiction. Therefore, we must have p; —0g=01-p;.
From this, we can infer that

Pj=epjZPj=Pj+00200

and that the step is accepted. In summary, for j = j* and A; < §, the step is
always accepted and can never be rejected. As the trust region radius is only
reduced upon rejection, we obtain the lower bound

B
AJZA*::min{Aj*,§}>O Vjzj*.

Furthermore, because the trust region radius is halved on every step rejection,
this demonstrates that there can never be an infinite sequence of successive step
rejections past j*. As j* is finite, this applies throughout the entire main loop
iteration.

PART 4 (TERMINATION). We have demonstrated that there is a finite index
J* €Np such that m; =m - for all j = j*. Furthermore, we have demonstrated
that A; = A* >0 for all j = j* and that, therefore, there can never be an infinite
sequence of successive step rejections.

The penalty functional value P(U;,m ) = P(Uj,m j) does not change on re-
jected steps if j = j*, because the penalty parameter no longer changes between
main loop iterations. We now consider j = j* such that the step D; is accepted.

In this case, we have p; —e, ; = 0g and therefore pj = 0¢. This then implies

0o
1+¢,

0j= > 0.

From this, we can infer that

P(UjADjamj):P(Uj’mj)+pJ'fD PU;m; du
J
sP(Uj,mj)Jer'(l—fg)‘[D gjdp
J

—_——
<0

Aj
SPUjmp)=pjA=80 A=0)-8 (e, <on) &

Aj
<PU;,m))—p;-(1-&) (1-6)-0- —2 ¢,

wX)
A*
SP(U]me)_pJ(l_gg)(l—(s)@mff
A*
sP(Uj,mj)—%.(1_gg).(1_5).9.m.ET'

Therefore, on every accepted step, the true value of the penalty functional de-
creases by at least

*

A
(160 (1-0)-0- — e >0.

oo
1+¢&,
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Because the true value of the penalty function can only increase when the penalty
parameter changes, this guarantees a steady decrease of the penalty functional
value past iteration j*.

Because F is bounded below on .. and because all penalty terms are bounded
below by 0, the penalty function is bounded below on X . for all penalty parame-
ters. Because every accepted step past j* achieves at least the aforementioned
decrease and because the value cannot increase past iteration j*, there can only
be a finite number of accepted steps. In conjunction with the fact that there can
never be an infinite sequence of successive rejections and the fact that j* is finite,
this means that the algorithm terminates.

Upon termination, the termination criterion must be met, which means that
either the step limit K is exceeded, the penalty parameter limit is exceeded, or
we have 7(g;) < &;. If the latter is the case, then

€1(U— PWU,m;),Uj)=-1(py;m;)
> -(1-¢7)-7(g))
=—(1-¢7)-&;

because of the guarantees given by EVALPENGRAD. Furthermore, EVALPEN-
GRAD ensures that 7(g;) < £; implies

Vj=E€y.
The guarantees given by EVALINFEAS then ensure that
69(G, UJ) =(1+¢&)): Vj =(1+¢y) €y,

which completes the desired guarantees on the solution U* =Uj. O

3.2.1.4 SCALAR-VALUED EQUALITY CONSTRAINTS

Problem has no equality constraints and the Mangasarian-Fromovitz
Constraint Qualification prohibits inequality constraints from being used to
implicitly add equality constraints to a problem.

This is a major limitation of the theory developed in this section. We choose to
limit our theory in this way because scalar equality constraints are fundamentally
difficult to deal with in similiarity spaces. It is easy to find simple equality
constraints that appear feasible but are not.

Example 3.2.32 (Almost Feasible Equality Constraint).
For instance, let X :=[0, 1], let Z := (X)) be the o-algebra of Borel-measurable
subsets of X, and let 1 be the Lebesgue measure. The constraint

i

for U € Z. is an easy example. It is of the form H(U) = 0 with

1
HU) :=f
0

where y(yy) is the solution of the initial value problem

2

AU A0, t])—% dt=0

2
de

t
y(xu) - 3

¥0)=0, y@=yxu®) ae. inl0, 1].
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This satisfies [Assumption 2.4.17, which implies that H is benignly Lipschitz-
continuously differentiable according to[Theorem 2.4.23
For each i € N, we choose the set

2i—1 2 .
J—1 25
U =U — =1 <o, 11.
ml o2t

Intuitively, this recursively subdivides X into 2:~! equally sized sub-intervals
and activates the control only on the upper half of each such sub-interval. The
function y; := y(yy,) is absolutely continuous and piecewise linear with slope 0
on the “left” half and 1 on the “right” half of each sub-interval, meaning that the
mean slope over each full interval of the partition is %

The ODE solution y; reaches its maximal deviation from ¢ — % in the middle

of each sub-interval, where it deviates by Z—IL Therefore, we have

1 1 .
H(Ui)=f dtsf 1 go L imeg
0 0

22i 221
However, there can never be an exact solution. Assume that U* € X existed such
that H(U*) = 0. Then we would have

2

t
yi—é

t
AU*nlo, ¢]) = 3 for a.a. t€[0, 1].

Because both sides of the equation are continuous in ¢, the equality would hold
for all ¢ € [0, 1]. By forming differences between the values of both sides for
t1,t2 €[0, 1] with ¢ < t9, we would obtain

/I(U* N(t1, tz]) = A(U* n[o, tg]) —/l(U* n[o, tl])
_ta—ty
==

AU N (t1, t2)) = MU n(t1, t2]) - AU nlta, ta)
= A(U* N(t1, tz])

_ to—1t1
==

A(U* Nlty, tg]) = /1(U* N(ty, tz]) +/1(U* Nnlty, tl])
_ta—t
==

AU* nlty, t2)) =AU nlty, tal) - AU nltg, t2])
_ta—t1
==

In summary, we would find that for all intervals I <[0, 1],

MU nD) = %

We had already stated in |[Lemma 2.3.30| that every open subset of R can be
written as a countable union of pairwise disjoint open intervals. By intersecting

each interval with [0, 1], we can infer that every relatively open subset of [0, 1]
can be written as a countable union of pairwise disjoint intervals.
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Let (V;);en be a sequence of pairwise disjoint sets in %(I) such that
AU*NV;) = %V‘) for all i e N. We would have

o0

00

Mo nUvi)=a( Uw* nv)
i=1 i=1

pairwise disjoint

AMU*nVy)

I
018

~
I
—

MV;)

; 2
MU, Vi)
—

Il
18

1l
[

This proves that every relatively open subset V < [0, 1] would satisfy
MU* V) =40,

Finally, let V € %([0, 1]). By definition, there exists V' € B(R) such that
V =V’'nI0, 1]. According to for € > 0, there exists U, <R open
and F} <R closed such that U, < V' < F} and MF,\U}) <e.

Let U, :=U/nI[0, 1] and F, := F, N[0, 1]. U, and F, are relatively open and
closed, respectively, in [0, 1]. We have

MF\U,) < /l(Fé\Ué)SE.
——
cF\U}

For every € > 0, we would have

AMUNU) = MU N V)< MU NFy),
—— ~——
cU*nv cU*nF,

as well as

AU AU, = MZUE),

MU* nF.) = AU* [0, 1)~ AU* nFP)
A0, 1) - MFY)

2
_MEF)
2

because U, and FE =[0, 1]\ F are relatively open.

We therefore have

MU < AU*NV)< —MFE).
2 2

However, we have

MF)—-AMUy) = MF \Up) <e.

which means that both % and % must converge to the fixed value A(U*NV).
Furthermore, we have U, €V € F, and therefore

AU) = MV) = MFy).
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Again, this implies that A(U,) and A(F;) converge to the fixed value A(V'). The
conjunction between both convergence results yields

AU, AV
AU* 0V = 1lim AT _ AV
e—0 2
for all V € 4([0, 1]).
Finally, we could apply this result to show a contradiction because it implies

that
AU =AMU*NnU*) = A7)

and therefore M(U*) = 0 which would mean that y(yy+) is equal to zero almost
everywhere. However, we would then have

1 t|? 11, 1
HU") = D-—ldi=]| —t*dt=—>0
@)= [ - ae= [ gear=1>
which would contradict our assumption that H(U*) = 0. <

It is difficult to pinpoint exactly why the constraint in[Example 3.2.32|behaves
in this way. It is tempting to assume that the problem lies with a lack of

completeness. However, this is false because similarity spaces are actually
complete.

Lemma 3.2.33.
Let (X,Z, u) be an atomless measure space. Then the similarity space X~ with the
metric

(A, B)— u(AAB)

is a complete metric space. <

PROOF. Let
F ={F € ¥~, | W(F) < oo}

be the family of all similarity classes of finite measure and let
F={f L', p|f®e0, Bae}

be the set of all u-integrable functions that are binary-valued almost everywhere.
The map y.: & — & that maps a similarity class to its indicator function is
straightforwardly a bijective isometry.

It is important to stress that this isometric embedding is only valid for
similarity classes of finite measure because the indicator functions of sets of
infinite measure are not in L1(Z, ). We note that y. is not bijective as a map
from the original measure space to L1(Z, 1) because functions in LY(Z,u) are
only well-defined up to differences on y-nullsets and therefore, set differences
of measure zero are lost during the embedding. Working with similarity spaces
removes this problem.

The isometric embedding allows us to transfer the completeness of L(Z, )
to the similarity space. We first show that & is a closed subset of L1(Z, u). Let
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fe ZC. Then there exists a set N € = with H(N) > 0 such that f(x) ¢ {0, 1} for all
x€N. For every g € &, we have

I~ gl =fX|f—g|du

- f If— g Idu
N —~—
€{0, 1}
>0
—_——t
> f dist(£(x), {0, 1) dps
N
=R
> 0.

Therefore, the open L ball of radius R > 0 around f does not intersect %. This
implies that the complement of & is open and therefore that & is closed.

As a closed subset of a complete vector space, & is itself complete. Because
x- is a bijective isometry, it follows that . is a complete subset of the similarity
space Y/~,.

If the underlying measure space is finite, then this completes the argument
because . is the entire similarity space. If there exist similarity classes of
infinite measure, then an additional step is required.

Let (A;)ien be a Cauchy sequence in ¥~,. Then there exists ig € N such that

HA; AAj)<oco Vi,j=ig.
We now define B; .= A; A A;, for all i € N. This translated sequence satisfies

w(B; AB]‘) = p(4A; AAiO AAJ'AAiO)
=A;AA))

for all i, j € N, which implies that (B;);cy is also a Cauchy sequence. In addition
to this, we have
uB;)=wA; AA;;)<oco Viz=iy.

Therefore, the sequence (B;);=;, is a Cauchy sequence in .#. Because .¥ is
1—00

complete, there exists B* € ¥ such that B; —— B*. Let A* :=B* AA;, € ¥~,.
Then we have

UA; AA*)= WA; AAiO AA* AAio)
=WB; AB")
i—00 0
which proves that (A;);en converges to a similarity class A* € ¥/~,. Because this
applies to all Cauchy sequences in ¥~,, ¥~, is complete. (I

We note that completeness implies sequential closedness because every con-
vergent sequence is also a Cauchy sequence.

Another intuitive explanation would be that even bounded similarity spaces,
although complete, are neither themselves compact, nor do they exhibit a weaker
compactness property such as local compactness. This is demonstrated by the
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Table 3.1: Equivalence between set and logical operations

Set operation Logical operation Correspondence

AUB xVy x€AUB < ((xe A)V(x€B))
AnB XAy xEAmB<:>((x€A)/\(x€B))
AAB x®y xEAAB@((xEA)GB(xEB))
AL -x xe Al — “(x€A)

approximating sequence that we had generated in which is
designed such that all points have distance % from one another. Similar sequences
are easily generated in arbitrary atomless measure spaces as long as they contain
any set of non-zero finite measure.

However, optimization problems with equality constraints are routinely solved
in search spaces that are neither compact nor locally compact. A requirement
like that would, among others, preclude all L? spaces and all infinite dimensional
Hilbert spaces from consideration in mathematical optimization.

In infinite dimensional Banach spaces, the inverse and implicit function theo-
rems (see, e.g., [Pat18, Sec. 3.4.2], [Ze195, Sec. 4.8], [BS20, Sec. 12.3]) form the
backbone of the theory of equality-constrained optimization. Both are generally
stated in Banach spaces and derive from the Banach fixed point theorem. Our
setting technically satisfies the requirements for the fixed point theorem. How-
ever, all instances of inverse and implicit function theorems generally add the
additional requirement that the space in question must be a vector space.

At this time, we can unfortunately not give an accurate account of why
solving nonlinear equations is difficult in our search space. Our search space is
a complete metric space with a commutative group structure and a translation
invariant metric. It therefore satisfies all Banach space axioms except for those
that concern scaling.

We suspect that scaling may be necessary for inverse and implicit function
theorems in a manner that cannot be substituted with geodesics. However, we
cannot point to a specific axiom whose absence is the specific reason why such
theorems would be impossible to formulate in a similarity space setting. We leave
this as a question for future research.

3.2.2 Logical Constraints

A second conceivable type of constraint is the “logical” constraint. Logical con-
straints are constraints that enforce relations between different set variables in
the same measure space. They are therefore specific to problems that follow the
“layering” approach laid out in Moreover, they only apply when
multiple of the “layers” are drawn from the same underlying measure space. We
will not discuss logical constraints to the same extent to which we have discussed
scalar constraints, but we will make some remarks on how they could be worked
with.

We use the term “logical constraint” because the constraint is stated in terms
of elementary set operations, which are equivalent to the basic boolean operators.
We enumerate these well-known equivalences in

If we refer to n € N layered set variables as if they were components in a
vector (A;);c[n] where all A; are drawn from the same measure space (X, Z, p),
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3.2. Constrained Optimization in Measure Spaces

then we can translate any n-ary boolean function ¢ into a function mapping
multiple set-valued inputs to one set-valued output by applying the boolean
function pointwise:

¢: -3
Adietn — {x e X | p((we Apiem)}-

Every boolean function can be expressed in terms of the basic boolean operators
V, A, and -, and there exists a variety of normalized representations of boolean
functions. We can similarly express the set-valued mapping ¢ as a combination
of basic set operations.

Among the normal forms into which all boolean functions can be translated,
the disjunctive normal form (DNF) is likely the most convenient for algorithmic
processing. Therefore, we will focus on the DNF as our preferred encoding for
boolean functions.

Definition 3.2.34 (Disjunctive Normal Form).
Let (X, X, 1) be a measure space, let n € N. A boolean function ¢: {0, 1}"* — {0, 1}
is said to be in disjunctive normal form (or DNF) if there exist m € Ny, constants
(cj)jerm) € {0, 1}™, and disjoint index sets K;r c[n] and K]_ c[n] for all j € [m]
such that

m

o=V (c;n( A m)a( A )] vaeto, .
j=1 keK ! keK;

_

=i¢j(x)

The conjunctions ¢; are called clauses of ¢.

Analogously, we refer to a mapping ¢: (Z/~u)n — ¥/~ as being in disjunctive
normal form if there exist m € Ny, constants C; € ¥~, for j € [m], and disjoint
index sets K;r c[n] and KJ_ c[n] for j € [m] such that

¢(A)=JL_njl(ij(kf;+Ak)m(kQ{.A]E)) VA€ (5-,)".

N

—pi(A)

In this case, we also refer to the ¢; as clauses of ¢.

We refer to a constraint in a set-valued optimization problem as being a
logical constraint in DNF if there exists a mapping ¢: (¥~,)" — ¥~, in DNF such
that the constraint has the form ¢(4) = X. <

Remark 3.2.35.

Using the DNF as our encoding for boolean functions is a significant restriction.
Forming the conjunction of two functions in DNF is not a simple task. Therefore,
it is not easy to apply two logical constraints in DNF in the same domain at the
same time.

This would be much easier if we chose the conjunctive normal form (CNF)
as our representation. However, determining the feasibility of a constraint in
CNF would require that we solve a general boolean satisfiability (SAT) problem.
Since the SAT problem is generally an NP-hard problem, this would likely make
constraints in CNF prohibitively expensive to work with. <
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What sets the DNF apart is the ease with which the feasibility problem can
be solved. For any clause, the constant C; dictates a superset to which the output
of that clause is restricted. However, because K and K. are disjoint, clauses
cannot be self-contradictory and we can always find a configuration of A to make
the output any desired subset of C;.

Lemma 3.2.36.

Let (X, Z, u) be a measure space, and let ¢: (¥~,)* — ¥~, be a mapping in DNF
with m € Ny clauses ¢; and constants C; € ¥~, for j € [m]. Then the logical
constraint

PpA) =X

is feasible if and only if

ICs
Q
<
I
P
A

PROOF. By|Definition 3.2.34] each clause ¢; intersects its output with C;. There-
fore, we have ¢;(A) <, C; for all A and ;. It follows that

oA =JpjA)s, | JC; VAe@-"
j=1 j=1

If there exists A € (¥~,)" with ¢(A) =X, then X <, U}_, C;. As Cj <, X for all
j €[m], this implies X = U;.‘zl C;.

Conversely, if U?_;C; = X, then we can construct A € (¥~,)" such that
¢(A) = X. To do this, we define

Jj-1
SjZZCj\USkEZ/~H Vjelml.
k=1

It is evident that S; <, C; for all j and that the S; are pairwise essentially
disjoint and satisfy

J=1 J=1
We then define
A= S; Vieln]
Jjelml
ieK'
J

where K*, K. c[n] are disjoint index sets that indicate which components of A
participate in the clause themselves or via their complement, respectively. For
each j € [m], this choice satisfies

Sjne(A)=8;nC,;n N Axn [ AL
keKjf keK;
=S;n N Azn () AL.
keK;r keK;
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Due to the way that we had defined A, we have Sj <, A}, for all k € K. Because
the S; are pairwise disjoint, we also have S; <, A,E for all & € K]_ This means
that

Sjng;A)=S;n ) Axn ) AL
keK? keK
J J
=8;.
By uniting the outputs of all clauses, we obtain ¢(A). By restricting each compo-
nent, we obtain

PA) = ¢;(4)

J=1

=u LJI(SJ Ng;(A)
iz

Us;

Jj=1

=X.

In conjunction with ¢(A) €, X, which is the case because X is the universal set
of the underlying measure space, we obtain ¢(A) = X. O

As|Lemma 3.2.36|shows, a logical constraint in DNF is feasible if and only if
the union of all clause constants is the universal set. The feasibility problem for

constraints in DNF is therefore trivial. Because the proof is constructive, it also
shows that we can find a feasible configuration relatively easily. If we use such a
configuration as our starting point, we can enforce the constraint by restricting
step finding to steps that preserve feasibility.

Definition 3.2.37 (Feasible Space under Logical Constraints).
Let (X, Z, 1) be a measure space, let n €N, and let ¢: (¥~,)" — ¥~, be a mapping
in DNF. We refer to
Fp={AcF- )" |(,b(A) =X}
as the feasible space of the constraint ¢(A) = X. Let further U € (¥~,)". Then we
refer to
Fp(U):={D € (J~)" |¢(U AD)= X}

as the space of admissible steps or admissible step space of the constraint ¢p(A) =X
inU. <

In contrast to scalar inequality constraints, where we rely on relaxation,
logical constraints are can likely be solved with methods that use a modified step-
finding procedure. We have already shown in[Lemma 3.2.36|that it is easy to find
an initial feasible solution. If we can find a step-finding routine that optimizes
projected descent over all steps in %,(U), then the unconstrained framework
that we had developed in could be made to optimize over .

Of course, this would need to be properly theoretically argued. Optimality
criteria would have to be proven for this case. This would likely not be a major
obstacle. However, doing so would significantly expand the theoretical scope of
this discussion. Rather than engaging in further theory building, we construct a
proof of concept for a special type of logical constraint, thus demonstrating that
developing logically constrained step-finding routines is a very feasible endeavor.
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3.2.2.1 PARTITION CONSTRAINTS

In combinatorial optimization, the special ordered set of type 1 (“SOS1”) is a type
of constraint that is amenable to more intelligent search algorithms than regular
binary Branch and Bound. It is therefore a popular structure in combinatorial
modelling. An SOS1 is a subset of binary optimization variables, out of which
exactly one must be active in order for the SOS1 constraint to be satisfied.

The SOS1 constraint has its counterpart in our setting in the partition con-
straint, which dictates that n € N set variables residing in a shared measure space
(X, X, u) must form a partition of the universal set X. In DNF, the constraint has
the form

_ TN c)
X = p(A): izul(A, njer[l]AJ .
J#i
In other words, it is satisfied if and only if almost all points are members of one
set while simultaneously not being members of any of the other sets. In terms of
step-finding, the partition constraint is particularly benign because transitioning
from one valid configuration to another always requires two set membership
changes: removal from the old set and addition to the new set.

This means that, when we assess the “steepness” of the objective descent
associated with a step, we do not need to explicitly account for locally differing
numbers of individual set transitions. We also need not account for the possibility
that the optimal configuration to transition a given point to can change based on
the amount of potential step measure that remains.

This could, for instance, happen if there were two valid transitions for a point
such that one requires more individual set membership changes but promises
greater absolute descent, while the other requires less individual changes, which
makes it shorter, but is also steeper. For the partition constraint, this is not possi-
ble because all transitions require the same number of individual set membership
changes.

[ATgorithm 9]on the facing page describes how to find a steepest descent step
under a partition constraint. The algorithm is fairly straightforward because it
derives from the approximate unconstrained minimal mean step, which already
gives all necessary guarantees.

The algorithm first calculates an “adjusted gradient” which gives us the
aggregate cost of switching from the current set to the i-th set in a given point.
This is simply done by adding the gradient from the i-th layer to the gradient
for the currently active layer. Because the layers of U form a partition of X, the
result is a sum of only two gradients almost everywhere. Special care must be
taken for points where the i-th layer is already active. Here, the gradient inverts
for re-activation, yielding an adjusted gradient density of zero.

Next, the algorithm finds the pointwise minimum of these adjusted gradient
densities. This yields a piecewise function g’ € L'(Z, u) that is patched together
from the adjusted gradient densities g’i, and a measurable index function % that
indicates which layer the minimum corresponds to in each point.

This pointwise minimum is then used as an input for the unconstrained
minimal mean step procedure (Algorithm 5). The trust region radius is halved
because we have to make two set membership changes in each point of the step.
This is inaccurate if the minimum corresponds to the currently active layer, in
which case zero changes are necessary. However, in such points, the minimum
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Algorithm 9 Steepest descent step under partition constraint

Require: (X, Z, y) atomless measure space, n € N, g integrable over the layered
space consisting of n X-layers, U from the same layered space such that

(fxeX |G, x)eU}), ., is a u-essential partition of X, A >0 and

i€[n]

5>0.

Ensure: Yields V from layered space such that ({x € X|(i, x) € V})ie[n] is a -
essential partition of X and u/(U AV) < A where p is the sum measure in

the layered space, as well as 6 € [0, 6] such that

f gdy sf gdy' +6
UAV Uaw

for all W from layered space for which ({x € X |(i, x) e V})
partition of X and /(U AW) < A.

i€[n]

is a u-essential

1: function ADJUSTEDGRADIENT(Z, g, U) > “Gradient” for switch to i-th set

2:

3:

4:

24:
25:

26

g —x—g(i,x)

, {0 on {x € X |(i, x) € U}

£7)g ontxeX|G, vel)

for all je[n]\{i} do
. g +g(j,) on{xeX|(j, x)eU}
£g on ke X|(j, x) e U}

end for

return g’

end function

: function POINTWISEMINIMUM(g1, ..., g€,)
(g}, k1) — (x— g1, x—1)
for all i e [n]\ {1} do

N;—{gi<g; i}

g {g’il on Nic,
l

gi on N;

k. ki—l on NLG’

! i on N;
end for

return (g, k)
: end function

. procedure AMMSTEPPARTITION(g, U, A, )
for all i € [n] do
g’ — ADJUSTEDGRADIENT(i, g, U)
end for
(g’, k) — POINTWISEMINIMUM(g, ..., g},)
(D, 6) <—AMMSTEP(g’, 8 5) > Invoke

VU (% @tk =) u{G, meU]xe D}
return (V, 9)
: end procedure

)Algorithm 5
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g’ would have the exact value zero and |Algorithm 5| never selects points with
gradient density zero. B
The result is a step set D € £ and § € [0, 6] such that u(D) < % and

fg’dusf g'du+é
D w

for all W € = with p(W) < 5.
To simplify notation, let A; := {x € X | (i, x) € A} refer to the i-th layer of a set
A in layered space. The endpoint of the step satisfies

Vi=({k=i}nD)u(U;\D) Vie[n].
For each i € [n], we have

U \V; =(U; nD)\ {k = i}
=DnU;n{k #i},

Vi\U; = ({k = i}nD)\U;
=DnUSNk=1),

U, AV, =U; \V))u(V; \U;)
=Dn((Uintk#i)u (U ik =2)).

We know that the layers of U form an essential partition of X. The level sets
{k =1} for i € [n] similarly form an essential partition of X. Therefore, we have
n

pUAV)=) uU; AV;)

1

12

<Y (uD Uitk # )+ (D AUE Nk = 13))
1

s,u(ianle ;) +,u(i:LnJ1D Ntk =)

suDnX)+uDnX)
= 2u(D)
<A.

On DC, the layers of V are unaltered from the layers of U and therefore still form
an essential partition. On D, they are the level sets of £ and therefore form a
partition. Thus, the layers of V still form an essential partition of the universal
set X.

Let W be any set in layered space whose layers form an essential partition of
X. The difference in projected descent can be written as follows:

f gd,u'—f gdu' = Z(f g(i, x)d/l(x)—f g(i, x)d,u(x))
UAW UAv i=1 UiAWi UiAVi

=Z(f g(i,x)du(x)+f g(i, x)du(x)
i=1 U\W; WA\U;

i i

—f g(i, x)d,u(x)—f g(@, x)du(x)).
; Vi\U;

i\Vi
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Because the layers of U, V, and W all respectively form essential partitions of X,
we can rewrite

U \W,; = U U; ﬂWj.
Jeln]
J#i
Similar equalities also hold for W; \U;, U; \ V;, and V; \ U;. This then yields
f gli, Ddut= ¥ g, 0 du).
Ui\Wi jE[n] Uiﬁ J

J#i

Again, similar reformulations are possible for the remaining integrals. By rear-
ranging the summands, we obtain

f gdu’—f gdu'= ) ( f 8, x)+g(j,x)du(x)
UAW N UinW;

i, jeln]
i£]
_ f i, ) +g(j, x)dum)
UiﬂVj

= ) U g}du—f g’jdu)-
i, ]E[n] UiﬁWj UiﬂVj
i#]

Because the aggregate g’ is chosen as a pointwise minimum over all g;., we know
that g} > g'. What sets U AV apart from all other steps is that U AV realizes
the pointwise minimum, i.e., we have

UiﬂVjZDﬂUiﬁ{k =j}

and therefore

f g}du=f _g’jdu=f g'du
U;,nv; DnU;n{k=j} DnU;n{k=7}

because {k = j} is precisely the set where g’ = g;.. For the sum, this means that

n n

! !
gy du=3} ) gdp
i,je[n]fUmVj gD izijmduiav, ™Y

i#] =0 for i=j
n n
/
303 WL
i=1;=1/DnU;n{k=7}

For U AW, the reformulation works slightly differently because g;. # g’ is possible
on U; nW;. Here, we can use the fact that the layers of U and W form essential
partitions of X. Aside from the pairwise essential disjointness of the intersections
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U; nW}, this also implies that

f g du= ) g'du
i, jeln]YUinWj —~ i, jeln]YUinW;
i#j zg' i#j

n

= ’d”
zzljez[n] UinW;
i

—Z

U; \W
!
:f g du.
UL, UAW;

The last equality is justified because the U; are pairwise disjoint. Because the U;
form an essential partition of X, almost every point x € W; \ U; is an element of
some U;. Simultaneously, almost all x € W; \ U; would satisfy x ¢ W;. Therefore,
for almost every x € W; \U;, there exists j € [n] such that x € U; \ W;. From this,
we can infer that

n n n
JUi\W) ~, W \Up) ~, JWU; AWy,
i=1 i=1 i=1

which implies that

WU AW).

H(Q(UiAWi)) > ( (CJ U-\Wi))+p(©(Wi\Ui)))
1 n
=5 (L:Zl wU; \W)+L_Zlu(W \U))
1 n
=5 l:zlu(U AW;)
1
2

Therefore, u'(U AW) < A, implies

(UUAW)S

Do >

Because D is an output from [Algorithm 5| we have

f g du= g'du
i, jelnl Uﬂij U, UnN\W;

i#j zg'
= f g'du
U?:l U; AW;

z[ gdu-6.
D
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3.2. Constrained Optimization in Measure Spaces

By aggregating this estimate with the prior results, we obtain

f gdu’—/ gdu’=ZU g}du—f g}du)
Uaw UAV UinW, UinV;

i, jelnl
i#j

zf g’du—é—f g'du

D D
==

which yields the desired guarantee

f gdp’sf gdy' +6
UAV UAW

with 6 < 6. Thus, within a certain margin of error, |Algorithm 9|yields the greatest
descent among all steps respecting the partition constraint. This would make it

suitable as a steepest descent step for optimization under partition constraints.

3.2.2.2 ROUNDING SCHEMES

Partition constraints also open up the problem for a number of relaxation schemes
from optimal control. In particular, we refer to sum up rounding (SUR) and com-
binatorial integral approximation (CIA) [[Sag06; SJK11], as well as next-forced
rounding (NFR) [Jun14]. All of these methods and their countless improvements
approximate the behavior of a “relaxed” solution with a binary-valued one.

Our setting does not account for “relaxed” solutions. There is no immediate
way to relax set membership. For the time being, we will assume that a relaxed
solution takes the form of an integrable function u in layered space such that
u(i,x) €[0, 1] and almost everywhere and

n
Z u(i,x)=1 almost everywhere on X.
i=1

This is the approach followed by [MK20] in their approach to transferring SUR
to a multi-dimensional setting.

Discussing the theory behind why the rounded solution behaves like the
original solution is problem-specific and goes beyond the scope of our discussion
here. However, the rounding process itself can benefit from our discussion in
because geodesics can be used to formulate rounding schemes with
adaptive control grids in multiple dimensions.

The key to this lies in the concept of generator geodesics that we have in-
troduced in More specifically, we have shown in
on page [141] that every countable generator of an atomless measure space that
consists entirely of sets of finite measure can be made into a generator geodesic.

The class of countably generated measure spaces notably includes R” with
the Borel o-algebra (R") and the Lebesgue measure, which is one of the most
frequently occurring settings in ODE- and PDE-constrained optimization. It
also includes all finite subspaces of that measure space and all layerings of such
spaces.
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Let subsequently (X, X, u) be a countably generated finite atomless measure
space, let ([n]x X, £, u™) with

pRLE

{UemixX |{reX|G, veUex vieml,

n

Y u({rex|G, neu})

i=1

wr({):

be the layered measure space consisting of n Z-layers. Let u € L1(Z"*, ") with
u(i,x)€[0, 1] and

n

Z u(i,x)=1

i=1
for almost all x € X. The function u will act as our “relaxed” set membership
indicator.

According to there exists a generator geodesic y: [ — ¥~,.
Without loss of generality, let y be minimizing. Let g € 9(X, X, u, I) be the GLSF
of y. For each i € [n], let

ui: Xsx—u(i, x)eR

be the i-th layer of u. The o-algebra generated by «; is a sub-o-algebra of X.
Because 7 is a generator geodesic, we have

U(ﬁi)/~” c 2/~# = (T(g)/~y Viel[n].

We can therefore use the pushforward operator (see[Definition 2.3.43|on page|[113)

to “unravel” each #; into a function
ui=u;8g e LY (@), 1) Vielnl

This transforms our rounding problem in the layered space X" into a more
traditional one-dimensional rounding problem. We note that Manns and
Kirches [MK20] follow a very similar approach in their multi-dimensional
rounding scheme. They refer to so-called “order-conserving domain dissections,”
which are essentially hierarchial discretizations of generator geodesics. However,
discretization occurs prior to rounding in their scheme. With the pushforward
operator, we have the option of discretizing after our transition to the one-
dimensional setting, which makes it easier to define adaptive rounding schemes.
We begin with a simple meshless variant of the SUR algorithm which is stated in

on the next page.
[Alg is relatively straightforward. Compared to the regular SUR

algorithm presented by Sager [Sag06] (under the name SUR-SOS1), the primary
difference is the dynamic determination of time steps, which is not necessary in
the original algorithm because a time grid is given. The meshless algorithm has
to choose its own time time grid, which consists of a dynamically chosen number
of time points ¢, € I. Initially, it starts at ¢ty = a.

On each time interval [¢, ¢3.1) for & € Ny, the index of the active variable is
given by i € [n]. For each time interval, the algorithm first determines i; and
then calculates 1.1 dependent on its choice of i;. For each i € [n], the cumulative
error of the i-th variableise;: I — R

¢
ei(t)::f u;(s)—w;(s)ds Vieln], tel.
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3.2. Constrained Optimization in Measure Spaces

Algorithm 10 Meshless sum up rounding

Require: I =[a, b] non-empty compact interval, n € N, u; € LI(QB(I ),/1) such

that u;(¢) € [0, 1] almost everywhere for all i € [n], Z?:lui(t) =1 almost
everywhere, € > 0.

Ensure: Yields n functions w; € L'(%(I), 1) with

1:
2
3
4:
5:
6
7
8
9

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24:

25:

26:

27:

w;(t)ef0, 1} Vieln], tel,

n
Y wit)=1 viel,
=1

¢
‘f ui(s)—wi(s)ds|<e¢ Vieln], tel.
0

function MESHLESSSUR(a, b, (#;)ic[n], €)

(k,to,e1,0,...,en0) —(0,a,0,...,0) > Time and error accumulators
for all i € [n] do > Calculate switching times for each choice
for all je[n]\{i} do > Project time to first switch
%70 — sup{t €[to, b1| [} 1+uj(s)—ui(s)ds < 755}
end for
fi’() «— min({b} ] {Zi,j,() |] € [n] \ {l}})
end for
io — min{i € [n]|#; 0 = max{t;o|j € [n]}}
i1 —tig0
while ¢,,1 <b do > Main rounding loop
for all i € [n]\{i;} do > Update accumulators
eik+1—eik+ fttkk” ui(s)ds
end for
Cip ki1 Cipk+ [i wi,(s)— 1ds
k—k+1
ir —min{i € [n]|e;; =max{e;|j€[nl}}
for all je[n]\{i;} do > Find time to next switch
t, .k —sup{t€lty, bl|(e _eik,k)+ﬁk 1+uj(s)—ui(s)ds < 55}
end for
tp+1 —min({B}U{Z;, ;2 |j €I\ {ir}})
end while
for all i e[n] do > Assemble output functions

ifi =i, then
k
w; —t— xpy(t)+ Z Xltj, tj+1)(t)
=0

J=
1=1j

else
k
w; —t— Z XL, tj+1)(t)
Jj=0
i=ij
end if
end for

return (w;);e[n]

31: end function
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We will see that e; , = e;(¢;) for all i € [n] and % such that £ is defined.
The active control index ij, is determined using expressions of the form

min{i € [n]|%;; =min{Z; ;| j € [n]}}.

This may seem complicated, but it is simply a tie-broken variant of “arg min”
where the tie is always broken by choosing the smallest index. We choose this
over a bare “arg min” because it makes the algorithm fully deterministic.
Before we start the main induction argument, we should clarify the meaning

of the expression

t

(ejr— ei,k)+ft 1+uj(s)—u;(s)ds

k
for t = ¢;, and i,j € [n] with i # j, which forms the basis of our time grid choice.
Let us assume that ¢, € I and that it has been shown that e;; = e;(¢;) and
e;r = eji(ty). If we were to extend w; and w; such that w;(s) =1 and w;(s) = 0 for
all s e [ty, t), then we would have

t t
ej(t)—ei(t)z fuj(s)—wj(s)ds—f u;(s)—w;(s)ds
t

t
fkuj(s)—wj(s)ds+f uj(s)—w;(s)ds

17

=e;ztk)

k

t t
—f kui(s)—wi(s)ds—f u;(s)—w;(s)ds
a t

N

=e:'(rtk)
t
(ejr— ei,k)'*'f (uj(s)—ui(s)) — (wi(s)—w;(s))ds

tr ~——
=0 =1

t
= (ej,k_ei’k)-i‘f 1+uj(3)_ui(8)d8.
123

Thus, this expression is simply the difference between e; and e; extrapolated
forward in time under the assumption that the i-th variable becomes active.
Control switches are triggered when there is a j € [n] such that e; is greater than
e;, by a margin of at least 5. This margin exists so that a minimal difference
between time steps can be guaranteed. This margin is infinite for n = 1, which
is not a problem because there is only one variable to choose and no error can
accumulate over any period of time.
The mapping

t
t— f 1+uj(s)—u;(s)ds
tr
has some useful properties. The integrand satisfies
0=<1+uj(s)-u;(s)<2

for all s € [¢3, t). Therefore the difference in cumulative error is monotonically
increasing, but can never increase with a rate of more than 2, i.e., we have

ej(t)—ei(t)=(ejr—e;p)+2-(t—1p)
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3.2. Constrained Optimization in Measure Spaces

for ¢t = ¢;, assuming that the i-th control is active between ¢, and ¢. The mono-
tonicity and continuity of the extrapolated cumulative error difference is also the
reason why the algorithm is not problematic to implement. The times £; ;, can
be approximated to arbitrary precision with a bisection scheme.

Theorem 3.2.38 (Correctness of Algorithm 10).

Let I :=1a, bl be a non-empty compact interval, let n €N, let u; € Ll(%(l),/l) for
each i € [n] where A is the Lebesgue measure on 9B(I) such that u;(t) €10, 1] for
all i and Z?=1 u;(t) =1 almost everywhere in I. Let € > 0.

Then [Algorithm 10|terminates in finite time and returns integrable functions
wi: I —{0, 1} for i € [n] such that

™=

w;(t)=1 Vtel,

i=1

t
‘f u;(s)—w;(s)ds|<e Vieln], tel. <
0

PROOF. PART 1 (SIMPLIFICATIONS). For all £ € Ny prior to termination of
the main rounding loop, 7.1 is chosen as a minimum over a non-empty set
of numbers from [¢z, b]. Because ty = a < b, this guarantees inductively that
the sequence % — t; is monotonically increasing and bounded above by b. This
notably implies that the intervals [¢}, t;.1) are pairwise disjoint. Once i}, is fixed,
the value of each w; is fixed on [¢g, ¢3+1). We will not introduce separate symbols
for partial sums up to those grid points. Instead, once i; has been fixed for all
J <k, we can argue, for instance, that

n K-1 k-1 n

Zw O=2 2 Xt t0® =2 D Xty t5:0® = Kito, 150 ® =1
i= 1] 0N——— j=0i=1
ij=i =0 for j>k i;=i

for all ¢ € [, t+1) Wwhere K is some hypothetical index — possibly co — at which
the loop terminates. Similarly, we can argue that the cumulative error functions

¢
e;(t):= f u;(s)—w;(s)ds

are well defined on [#g, t;.1]. They satisfy

n n t
Yei)=Y | uils)-wi(s)ds
i= i=1Ja

_ fat (gui(s)) _ (iéwi(s)) ds

—_—
=1 a.e. =1 a.e.

¢
zf 1-1ds
a

=0

for all ¢ € [tg, t3+1]. This latter result is significant because the integrand of the
cumulative error function satisfies
<0 ifw,®»=1

uil)= wi(t){z 0 ifwi(t)=0.
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Thus, the cumulative error function is monotonically decreasing for the active
control and monotonically increasing for all inactive controls. We will use this
to show that none of the cumulative error functions can ever fall below ——%5.
Conversely, the upper bound on all ¢; then becomes

n
£
ei()=-) ejt) <(n-1)-—— =¢,
j=1 '~~~ n-1
JAiz-35

which is the central rounding guarantee. It is also important to note that, because
the sum of all cumulative errors is always zero, there are always at least one
i €[n]and j € [n] such that e;(#) <0 and e;(#) = 0. This will be at the root of our
argument for the global lower bound on the cumulative error.

PART 2 (MAIN INDUCTION ARGUMENT). We prove inductively that the fol-
lowing claims hold for all 2 € Ny prior to the termination of the main rounding
loop.

* e;r=ei(ty) Vieln];
® tre1=b 0T tpa1 2 tr + 55y
e for all t€ltz, tr41) and j €nl, we have e;(t) <e;, (¢) + %

We begin the inductive argument with 2 = 0. We have

a

¢
ei(tk)zfoui(s)—wi(s)dszf ui(s)-w;i(s)ds=0=e;, Vielnl

For each i,j € [n] with i # j, we have tg < f,-,j,o < b by definition. For all ¢ € I with
t<to+ 2(+_1), we have

t
f 1+u(s)— ui(s)ds < 20— tg) < ——.
to n-1

This implies that #; jo = ¢o + ﬁ For all i € Ny we have ¢; 9 < b with either
tio=bor

zi,O = min{fi,j’o |] €[n]\ {l}} ={o+ 2(’:_ D

From this, we can then infer that ¢;,1 < b and that we have either ¢,,1 =b or
th+1 =10+ ﬁ
Because 1,1 is no greater than the infimum over all Z; ».J,0 and because

t
ej(t)—e;, () =f 1+uj(s)—u;,(s)ds

a

is monotonically increasing, we have
¢ £
ej(t)—e;, (t)= f 1+uj(s)—u;,(s)ds< —
a n-1
for all j€[n] and ¢ € [#g, tp11)-
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Next, we turn to the induction step. Let & € Ny be such that the three
induction claims hold for all prior . The accumulator update sets

fttk“ui(s)ds ifi #ip,
eik+1=€ik T ., e
tk+ ui(s)—1ds ifi=1i,

¢ T+l 1, (o) — XN
:fkui(s)—wi(s)ds+{ftk ui(s)=0ds if i #iz,
a

Plui(s)—1ds ifi=ip

ty, th+1
=[ ui(s)—wi(s)ds+f u;(s)—w;(s)ds
a t

k
le+1

=f u;(s)—w;(s)ds

=e;i(tp+1)

for all i € [n].
The active control i1 is specifically chosen to maximize e; ;11 = e;(tz+1),
which means that

ejri1— €, k41 =0
for all j € [n]. Because the expression

¢
ej(t)—e;,,(t)=(ejpr1—€ip, | k+1) +f 1+uj(s)—uiy,,(s)ds
tp+1
is monotonically increasing for ¢ = #;,1 with a non-positive starting value and a
slope of no more than 2, we have

- €
fi o ipi1 = tpe1+ ——— Yj#ipi1,
ipsr. g b+l =kt 21 JZ k41

which then implies that ¢5,0 =b or tp 0 =ty 1+ ﬁ Because

t

(€jk+1 =€y, k+1) +f 1+u;(®)—u,, (8)ds
tp+1

is monotonically increasing on [{z,1, b) and t3.9 < ?ik+1’j’k+1 for all j #ip. 1, we
have

t
ej(t)—e;, ., (t)=(ejpr1—€ip, | k+1) +jtv 1+uj(s)-u;,,, (s)ds
k+1

£
<

n-1

for all j #iz.1 and ¢ € [£341, tr+2) by definition of Zik+1’j7k+1 as the supremum

over all times where the extrapolated difference in cumulative error is less than
£

n—-1°

This proves the induction claims for all £ until #;,1 = b, at which point the

loop terminates. Termination occurs after at most [W] iterations because
we have tp 1 =bortp1—tp = ﬁ for all &.

As we had noted before, the cumulative error e;(¢) can only decrease if the
i-th variable is active. However, there is always a variable for which e;(¢) = 0.
The third induction claim therefore implies that none of the cumulative errors
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can ever fall below ——£5. As we had shown previously, this then implies that no
cumulative error can rise above €. In summary, we have

- <eit)<e Vielnl, tel.
n—-1

This is sufficient to prove the approximation guarantee for n > 1. If n = 1, then
we have e;(t) =0 V¢ by default because there is only one possible active variable.
By extending the last active variable index into the nullset {6}, we additionally
ensure that

n
Zwi(t)Zl Vtel.
i=1 O

The layered set can then be reconstructed by taking the pullback functions
w; ® g (according to [Definition 2.3.43|on page[113) and defining w: [n]x X — R
with

w(i,x)=(w;®g)x) Vieln], xeX.

Here, w is a layered version of the rounded control functions w; and g is the

GLSF of the generator geodesic y. According to[Theorem 2.3.41] on page
w; ® g has values in {0, 1} because y is minimizing. [Theorem 2.3.41{also proves

that w; ® g is integrable.
Because TV(y) = X, we have g(x) < co almost everywhere in X, from which
we can infer that

n
w(i,x)=
i=1 i

n n
(wi®g)x)=) wi(gx))=1 almost everywhere in X.
=1 i=1
This guarantees that the layers of the set W := {w = 1} form an essential partition

of X. Further, [Theorem 2.3.41|guarantees the integrability of each w; ® g over
all preimages of Borel-measurable subsets of I under g as well as

fwid)L:f wi®gdu:f wi®gdy VBeZBU),
B g 1(B) Y(B)

which specifically gives us the approximation guarantee

t
[ ﬁi—(wi®g)d/l‘=’f (ﬁi®g71)—wids
y(t) 0

¢
f u; —w;ds
0

<E

for all i € [n] and £ € I. As we had noted, it is not easy to prove that this approx-
imation guarantee translates into a useful approximation in the optimization
objective. Such arguments are somewhat problem-specific and must likely be
based on the fact that y generates the entire similarity space ¥/~,. We point to the
extensive body of work of Paul Manns with various co-authorsE] IMK20; KMU21;
LMW21; Man+23] for a variety of weak-* convergence arguments for rounding
methods in multi-dimensional spaces.

IThe author has participated in [Man+23|, but considers his contributions to be limited to the
formulation of the binary trust-region framework.
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3.2. Constrained Optimization in Measure Spaces

3.2.2.3 MESH-AWARE ROUNDING

works completely without a pre-defined mesh. The minimal dis-
tance ﬁ means that the algorithm works with a fixed resolution, but the

chosen time grid points #; are not guaranteed to align with any particular pre-
defined time grid. This is acceptable for problems that work in a one-dimensional
domain. In fact, some numerical integration software, such as the ODE and
DAE solvers of the SUNDIALS suite [[Gar+22; [Hin+05], offer special facilities
to dynamically stop integration at the approximate time point when an inte-
grated quantity crosses a certain threshold value. Hairer [HWN93, ch. I1.6] gives
an account of how such a system can work in practice under the term “event
location.”

In multi-dimensional problems, this approach of leaving the rounding algo-
rithm completely free in its choice of time grid is problematic. Multi-dimensional
grids (or “meshes” more generally) are usually limited in how they can be refined
due to restrictions in the underlying data structures or design choices in the
refinement procedure. Often, such design choices are informed by significant
numerical concerns. For instance, they can be designed to avoid degeneration of
mesh cells, which can, for instance, lead to near singularities in relevant linear
equation systems, greatly damaging solver performance and solution quality.

This is a topic which greatly exceeds the scope of this thesis, as well as the
expertise of its author. We will therefore assume the following simplified setting:

1. There is a dense subset of “possible” grid points 7' € I =: dom(y) where y is
a generator geodesic;

2. There is an “order of preference” <, which is a well-order on T'.

The order of preference may require some explanation. We intend the order of
preference to encode the difficulty of realizing a certain grid point. For instance,
in a hierarchially refined mesh, some grid points may require advancing by
multiple levels of refinement while others may be reachable without any further
refinement at all. In almost all cases, the order of preference should be defined
according to the following principle:

For s,t € T, “s < ¢” should mean that realizing s as a switching time
is no more computationally demanding than realizing ¢. If both are
equally demanding to realize, then it means that s = ¢.

Breaking the tie in favor of the greater number makes it easier to ensure that
< is a well-order and will make it so that the modified SUR algorithm always
chooses the largest possible step among those easiest to computationally realize.

We should briefly define what a “well-order” is. A well-order < is a total order
on the set 7" such that every non-empty subset S < T has a minimum according
to x, i.e., an element s € S such that s <¢ V¢ €S. Because < is a total order, this
minimum is also always unique.

Demanding that < be a well-order on a countable subset 7' c I appears to be a
very strong restriction. It is easy to define a countable subset of even the bounded
interval I < R that has no minimum or maximum according to intuitive order
relations such as <. This is where our additional suggestion to prefer time points
that require smaller effort to realize becomes useful. Our assumption is that this
will naturally bound the level of refinement that a minimum according to < can
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require. Once the level of refinement is bounded, the number of time points is
much more likely to be finite and should therefore have a unique maximum and
minimum.

Hence, the well-order is likely not a strong restriction and provides a very
elegant way for problem experts to pass their technical knowledge about problem
implementation details into the algorithm. The question then becomes how we
can incorporate the grid T' and the order < into

We do so by splitting the cumulative error bound ¢ into two error bounds
€1 and g9 such that 0 < £1 < 9. Because the difference between the cumulative
error function e ;(¢) of some inactive variable and e;, (¢) monotonically grows at a
rate of no more than 2 and starts at ¢ = ¢, with a non-positive initial value, we
have guarantees that, after reaching ., the difference requires at least 52—
to cross the gap between the lower and upper error bounds. This gives us an
interval with a non-empty interior to choose the next time point from. Because T'
is dense in I, the intersection between 7' and the interval of allowed switching
times is always non-empty and we can choose its unique minimum according
to the order of preference < as the next time point. The resulting rounding
procedure is stated in on the facing page.

[ATgorithm 11]is largely identical to The only point where the

two differ is the selection of the time grid. We will therefore not replicate the

entire proof of[[heorem 3.2.38|and instead only briefly note the differences.
For each i, j € [n] with i # j and & € Ny prior to termination, we have

£1
20n-1)’
E9— &1
2(n—-1)°

T —
ik =2k T 9m 1)

€9 —€1
20n-1)

Zi,j,o =to+

tijo0=tijo+

Vk >0,

VEk >0.

i,k Z tip, ikt

The bound for  can be inferred using the same arguments as we had used for ¢
in The bound for £ follows from the bounded growth rate of the
cumulative error difference.

This means that the lower bound for differences between time points now
derives from €1, i.e., tp 1 = tp+ ﬁ, while the upper bound on inactive variables
cumulative error is

€2 ..
ej(t)seik(t)+_ V]7£lk’ te[tky tk+1)-
n-1

This then gives us the guarantee that

e;(t)e

Vieln], tel.

£2
-1’ 2
Bearing in mind that n = 1 implies that the cumulative error is always zero, this
ensures that the absolute value of the cumulative error of any of the control
variables never exceeds £2. The output functions w; can then be turned into a
layered control set by using the same process that we had described for solutions
of the meshless rounding algorithm.
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Algorithm 11 Mesh-aware sum up rounding

Require: I =[a, b] non-empty compact interval, n € N, u; € Ll(%’(I ),/l) such

that u;(¢) € [0, 1] almost everywhere for all i € [n], X7 u;(¢) = 1 almost
everywhere, 0 <e1 <éeg, TSI densein I witha €T and b e T, < well-order
relation on T'.

Ensure: Yields n functions w; € L' (%8(I),A) with ¥, w;(t)=1VteI and

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:

22:

23:
24:
25:
26:

27:

28:

29:

30:
31:

1
2
3
4
5:
6
7
8
9

¢
U ui(s)—w;(s)ds|<eg Vielnl], tel.
0

: function MESHAWARESUR(a, b, (¥;)ie[m], €1, €2, T, =)

(k, to, e10, ..., €n0)—(0, @, 0, ..., 0) > Time and error accumulators
for all i e[n] do > Calculate switching times for each choice
for all je[n]\{i} do > Project time to first switch

ti jo — supit € [to, b]|ft 1+uj(s)— u(s)ds<n Lt
tij0 — supit € [¢o, b]|ft 1+uj(s)-ui(s)ds < 25}
tz]O‘_mln<(Tn[t110’ tt_]O])

end for
tio—min({b}U{Z; jo|jenI\{i}})
end for
ig— min{i €[n] |Zi,0 = max{zj,o |je [n]}}
t1— tip0
while ¢;,,1 <b do > Main rounding loop
for allie[n]\{i;} do > Update accumulators
eikil —e€ik+ J}t,f“ ui(s)ds
end for
€i b+l €kt ft’;kﬂ uik(s) —1ds
k—k+1
ir —min{i € [n]|e;, =max{e;|j€[nl}}
for all je[n]\{i;} do > Find time to next switch

tiy.jr —sup{t€lty, b]|(e]k e,kk)+ftk1+uj(s) ui(s)ds < = L1
ti, ik —sup{t€ltr, bl|(e;r - elkk)+ftk1+u1(8) ui(s)ds < 74}
th]k <—m1n<(Tﬂ[tl“k, tl“k])

end for

th+1 — min({b} U {’tvik’j,k |] e[n]\ {lk}})

end while i

Wi, < t— X{b}(t)+ Z X[tj, tj+1)(t)
r
i‘;=ik
for all i €[n] do
k

wi —t— Y Xij, t;,)(8)
Jj=0
ij=i
end for
return (w;);en]

32: end function
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Chapter 4

Numerical Experiments

In the previous chapters, we have devoted considerable time to developing a
framework for optimization by iterative local improvement in similarity spaces.
In[Chapter 3] we have developed two concrete optimization algorithms: a steepest
descent method for unconstrained problems, and a quadratic penalty method
for constrained problems. In this chapter, we demonstrate that these methods,
which we had previously described in abstract form, are sufficiently concrete
to be implemented and used in practice. To this end, we discuss two different
optimization problems.

In we discuss an instance of the Lotka-Volterra fishing problem.
This is a classic example of an ODE-constrained optimal control problem with
a single binary control variable that varies over time. It does not have any con-
straints aside from the ODE itself and is therefore suitable for the unconstrained
steepest descent method that we have developed in

In we discuss a topology design problem based on the Poisson
equation. This is a PDE-constrained optimal design problem with one binary
design variable that varies over a spatial coordinate, and one simple scalar
inequality constraint. This problem is suitable to test the quadratic penalty
problem that we have discussed in

We solve both problems with a custom software package that we have
implemented in the Python programming language. The package is named
PYCOIMSET (short for “Continuous Improvement of Sets in Python”). The algo-
rithm implementations in that package are designed to be applied to arbitrary
user-defined optimization problems. Additional problems can be implemented by
using an interface that we describe in broad strokes in As part of
this thesis, we make the source code of PYCOIMSET available under the Apache
2.0 License at https://github.com/mirhahn/pycoimset. The results that
we present in this chapter are generated with release version 0.1.7EL which
has been archived at [Hah25al]. PYCOIMSET uses basic functionality from the
NUMPY package [Har+20|]. We cite additional packages used for the problem
implementations in the respective subsections of this chapter. We make the run
data from which all plots and tables in this chapter are generated available
separately [Hah25b].

LGit commit acf82bf85a10db37a97b7a0825a4345c794£2051.
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A pool of two test problems is likely too small to make an informed judgement
about the quality of our methods. However, as we will see, each problem requires
a non-negligible amount of theoretical consideration and implementation effort.
We limit the problem pool to keep this chapter reasonably short.

We will also not compare the performance of our solvers with alternative
methods by which the problems could be solved. There are multiple reasons for
this. Most off-the-shelf optimization solvers require the search space to be of
fixed, finite dimension and do not support adaptive error control. Comparing such
a fixed-discretization solver with a variable-discretization solver is inherently
difficult because the former does not incur any performance penalty from mesh
refinement and error control while the latter does. The comparison is further
complicated by the fact that it is not evident what mesh resolution to select
for the fixed-discretiztion solver to obtain a “fair” comparison. Especially in
mixed-integer problems, where the effort required to solve a problem can rise
exponentially with increasing resolution, picking a high resolution may bias
the comparison unfairly in favor of the variable-discretization solver. Even
though the variable-discretization solver needs to expend more effort for a single
function or gradient evaluation at higher resolutions, it can benefit from the
greater accuracy that comes with higher resolution. Furthermore, because the
algorithms in are stated mesh-independently, it is not evident that
their iteration count would increase at all when the mesh resolution increases.
On the other hand, low resolutions can unfairly bias the comparison in favor of
the fixed-discretization solver because it is unconcerned with the lesser accuracy
of its function value and gradients, while the variable-discretization solver will
have to perform more mesh refinement.

Even if we were capable of selecting a perfectly “fair” fixed resolution mesh
for a comparison, the informative quality of the comparison would still be ques-
tionable unless we could be reasonably sure that both solvers are close to being
“optimally implemented” in the sense that we could rely on any difference in
performance being due to algorithmic properties rather than inadequacies in
implementatiorﬂ Some performance comparisons avoid these problems by com-
paring more high-level performance metrics such as iteration counts. However,
our method is so dissimilar from traditional integer optimization algorithms that
it is questionable whether any such comparison would be meaningful.

In light of these problems, and bearing in mind the additional effort associ-
ated with writing additional problem implementations, we forego performance
comparisons and provide these problems as mere proofs of concept in order to
demonstrate that our algorithms can be applied in practice.

4.1 LOTKA-VOLTERRA FISHING PROBLEM

Our first problem is a standard instance of the Lotka-Volterra fishing problem.
The problem is based on the well-known Lotka-Volterra system of ordinary
differential equations. The Lotka-Volterra system was first put forward in [Lot25;
Vol26bj [Vol26all to describe the population dynamics of multiple co-existing
species.

A notable aspect of the Lotka-Volterra system is that it is conservative in
that its initial state imbues the system with a fixed “energy” and that, assuming

2The author would like to emphasize that he is not, in fact, an expert in numerical ODE and
PDE solution methods, or error control.
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4.1. Lotka-Volterra Fishing Problem

no outside influence, the system remains confined to fixed orbits around an
equilibrium. The goal of the Lotka-Volterra fishing problem is to force the system
into its equilibrium state by using a binary time-distributed control that increases
the mortality of both species when activated.

We adopt the specific problem instance presented in [Sag+06; Sag06]:

t
mf[ M-, »)?at
wx Ji,

st. X1 =x1-x1x2—cixiw a.e.in[Zg, trl,

. . 4.1)
X9 =X1X2 — X9 — CoXow a.e. in [tg, L‘f],

x(t0) = x0,

w(t) {0, 1} a.e. in [¢g, /]

with parameters

(to, t£)=(0, 12),
(c1, c2)=(0.4, 0.2),
x0 = (0.5, 0.7).

By fixing all coefficients of the regular Lotka-Volterra system to 1, the equilibrium
state is fixed to (1, 1). The Lotka-Volterra fishing problem is of theoretical
interest because the optimal solution of its canonical relaxation is known to
include a singular arc, i.e., a period of time where the control function assumes
intermediate values between 0 and 1. This provides a challenge to binary solvers
because the behavior of the relaxed solution has to be approximated by switching
between 0 and 1.

4.1.1 Theoretical Discussion

Before we discuss implementation details and results, we must first demonstrate
that Problem satisfies the theoretical preconditions for our algorithm. As a
set-valued optimization problem, the problem is unconstrained. Therefore, the
preconditions to satisfy are enumerated in [Assumption 3.1.9|and [Theorem 3.1.10|

on page and on page The solution algorithm at issue will be
on page with on page[242] as its step-finding method.

The underlying measure space is, quite naturally, the space of Borel-
measurable subsets of [o, ¢7] with the Lebesgue measure. Applying our usual
notation, we are working in (X, X, u) with X :=[z¢, t7], £:= B(X), and p:= A.
We note that restricting ourselves to Borel-measurable sets is not a signifi-
cant restriction from working with general Lebesgue-measurable sets. Every
Lebesgue-measurable set is equal to a Borel-measurable set up to a Lebesgue-
nullset, which means that the Lebesgue-c-algebra and the Borel-o-algebra
generate the same similarity space. Let 2. :=%/~,.

To generate a binary-valued control function w from a set U € #(X), we
simply map U to its indicator function

wU):=yyeLl'E,p YUeZ..

Let w — x(w) be the solution mapping of the initial value problem constraining
Problem (4.1). Then our objective functional takes the form

tf 2
F(U)::f |sw@)-a, v a vues..
to
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In [Section 2.4.3] we had developed a standardized way to demonstrate the
differentiability of such functionals. The conditions for this differentiability
argument are summarized in[Assumption 2.4.17|on page[173

4.1.1.1 STATE BOUNDS

Let x = x(w) for some w € LI(Z,H) with w(¢) € [0, 1] almost everywhere in X. We
first note that, assuming that for all £ € X such that both x;(w) are differentiable
in ¢ and satisfy x;(w)(t) > 0, the quantity

2
E =) (xi(w)—In(x;w)))
i=1

is differentiable in ¢ and satisfies

dE 2 dxi(w).(l_ 1 )

P =T x;(w)
=x1(w)- (l—xz(w)— c1 -w) . xl;?é—)w_)l
xo(w)—1

+29(w) - (-1+x1(w)—cg-w)-

x2(w)
= (xl(w) — 1) . (1 —x9(w)—cy- w)
+ (x2) - 1) - (-1 +x1(w) - c2 - w)
=x1(w)—1-x1(w)xg(w) + x2(w) —c1x1 (W) -w+cy-w
—x9(w)+ 1 +x1(w)xs(w) — x1(w) — caxg(w) - w +co - w
=c1- (1 —xl(w)) ‘w+cy- (1 —xg(w)) “w.
The quantity E is a well-known conserved quantity of the Lotka-Volterra system.
It can be thought of as the “energy” of the system. To account for the impact

of our control, we have to introduce an additional fictional state x3 with initial
value x3(¢9) = 0 and temporal derivative

x3(w)=—c1- [1 —xl(w)) ‘w-—cg- (1 —xg(w)) ‘w.

The state x3 acts as an external “energy pool” with which energy is exchanged
through the effect of our control. By adding x3 to E, we obtain

_ 2
E = xg(w)+ ) xi(w) - In(x;w)),

i=1

which is a conserved quantity of the Lotka-Volterra fishing ODE system. Since
both upper and lower bounds on the states x; and xg derive from upper bounds
on the species energy term x; — x; —Inx;, it is necessary to establish an a priori
lower bound on x3. We have x3(w)(¢¢) =0 and

x3(w)=_cl'(1_x1(w))'%_02’(1_352(10))‘\11%2_(Cl+(32)
<1 = <1 =

which means that, as long as x1(w) > 0 and x3(w) > 0, we have

x3(W)(t) = —(c1 +c9)- (£ —tg).
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Species Energy

10 T T ]
8, |
6, |
4, |
2, |
o \H\'\ —x—Inx |

el --- —Inx
-2 T T -1 .

T

| | | | | |

0 2 4 6 8 10

Figure 4.1: Plot of the single-species energy term x — x —Inx with the underesti-

mators x — —Inx and x — e;fl -X.

The single-species energy term is convex and bounded below.
depicts its graph. However, there is no straightforward closed-form expression
for solutions of equations of the form x —Inx = y with fixed y. Therefore, we use
underestimators. The energy term x — x —Inx assumes its minimum at x = 1,
where we have x —Inx =1-0=1. For x € (0, 1), the function is strictly decreasing.
Here, the logarithm dominates the behavior of the function and we have the
underestimator

—Inx <x-Inx.

This means that, for a given energy budget E, we obtain the estimate

Inx; > —(x; —Inx;)
=—(E —x3—(x; —Inx;))
=1
>-E-x3—1

where j is the population state index that is not i (i.e., j =2 if i = 1 and vice
versa). Because the natural logarithm is strictly increasing, we can infer that

xj>e Exls eiEf(ClJcm)'(tf’tO)’lA Vie({l, 2}

=X
For x > 1, the linear term begins to dominate the energy term. However, there
is no constant shift ¢ € R for which x — x + ¢ is an underestimator of x — x —Inx.
Instead, we make use of the fact that x — x —Inx is convex and underestimate
with a tangent. Describing the tangent in x¢ > 0 as an affine linear function
x— mx + ¢, the parameters m, ¢ € R must satisfy the equation
1 _ X0 — 1

d
—(mx+c)=m=1-—=
X X0 X0
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and
mxg +c¢ =x9—Inxo,
~—~—
=x0—1

which yields ¢ = 1 —Inxg. The general tangent function has the form

X
x— -x+1-Inxg

X0

Aside from the requirement that xg > 1, the choice of xg is arbitrary. We set
x0 := e > 1 and obtain the underestimator x — e%l -x. Indeed, we can verify that

-1
x—lnx—e cx=—x—-Inx=0 forx=e
e
and
d(l ) 1 1|<0 forx<e,
—|-x-Inx|=--—
dx\e e x|>0 forx>e.

From this underestimator, we can derive the upper bound

xi < Ll'(xi—lnxi)s ei;l-(E+X3+1)Sﬁ'(l_’j+(cl+02)-(tf—t0)+1).

~~

=X

Both upper and lower bound depend on the energy budget E, which is time-
invariant and can be calculated from the initial state:

E =x0,1— lnxo,l +x0,2 — lnx(),z.

This gives us relatively tight state bounds for the entire time horizon. We can
further relax them by ¢ := % -x to preserve a lower bound strictly greater than
zero while simultaneously establishing the margin between x and the boundary
of the state domain required by [Assumption 2.4.17} Our state domain is

D:=(x—¢,x+¢),

which is an open and convex subset of R2. Because the energy budget E is derived
from the initial state, the lower and upper bounds also apply to x¢. We therefore
have xg € D. Any absolutely continuous function with x(0) = xo that satisfies
the ODE system almost everywhere up to a point 7 € [¢9, ¢] then satisfies
B (x(t))cD.

4.1.1.2 DIFFERENTIABILITY OF F'
The right hand side of the ODE system has the form

folx) + f1(x)-w

with
[ x1-(A=x2) _[—c1-x1
o= 202, fw=(20),
_[1-x2 —x1 _[—c1 0
VfO(x)_( —1+4x1)’ Vfl(x)_( 0 —cz)'
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4.1. Lotka-Volterra Fishing Problem

Both fy and f; are quadratic polynomials, which guarantees that they are con-
tinuously differentiable and that their derivatives are Lipschitz continuous on
R2. Since f; is linear, f; is trivially Lipschitz continuous on D. To demonstrate
that fy is Lipschitz continuous on D, we have to make use of the fact that D is
bounded. For the individual components of fy, we can estimate that

|£0,10) = o1 ()] = |1 - (1 —x2) — y1 - (1 = y2)|
=|x1—y1+y1y2 —x1x2]

< (1+max{lysl, lezl} ) - 11 - 311
=1 +x)-lx1 -1,

|fo.2()~ foo()| = |*2- (=1 +x1) — ya - (=1 +y1)]
= |y —x2 +x12x2 — y1y2l
< {1+ max{lal, ly1l}) - 12 - 33l

=(A+%)-lxg —yol.

This then implies that

| fox) = fo(y)| = \/|fo,1(x)—fo,1(y)|2 + |fo,2(x)—fo,2(y)|2

< \/(1+§)2-(|x1—y1|2+Ixz—yzlz)
=(1+x)-lx—yll

which demonstrates the Lipschitz continuity of o with Lipschitz constant 1 +x.
The Lagrange term has the form /(x,w) = [o(x) with

lo(x) = (x1 — 1)% + (xg - 1),

2x1—2 0
Vip(x) = 0 99 2]
This is a quadratic polynomial and therefore straightforwardly continuously
differentiable with a Lipschitz continuous derivative.

With this, we have demonstrated that our setting satisfies all requirements
enumerated in[Assumption 2.4.17| We do not apply any scaling because doing
so complicates error control. By satisfying these assumptions, the entirety of
becomes applicable to the objective functional F, proving that F

is differentiable in the sense of [Definition 2.4.1| and that the gradient density
function gy of F in U € .. has the form

gu =01-2y0)-& - filxr)

where xyy denotes the solution of the initial value problem, which exists and
is confined to D according to[Theorem 2.4.19} and ¢y denotes the adjoint state
function, which exists and is bounded according to[Proposition 2.4.21] Because D
is bounded and f; is Lipschitz continuous on D, gy is also essentially bounded,
meaning that F is benignly differentiable.
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4.1.1.3 LIPSCHITZ CONTINUITY OF THE SET DERIVATIVE

In order to apply the limited curvature suboptimality estimator (see
tion 2.4.8/on page|[157), we have to show that the derivative of F is Lipschitz
continuous. This is relatively simple because we have an explicit expression for
the gradient density function. Let U,V € Z... For almost all te U AV, we have

leu®)+gv®)| = ((1 ~2xu(®) €50 f1(xu®) + (1 -22v(®) €T @)- f1 [xv(t)))
— —
-1 =(1-210)
= 5@ Al ®) - @ falav )|
For t e (UAV)C, we have

lgu () - gv(®)| = ((1 ~2xu(®) €50 f1(xu®) - (1-22v(®) 1@ f1 (xv(t)))
e(-1,1) =1-2yy(®)

= [F®- Al ®) - @ falav )|

This case distinction is to account for the local inversion of the gradient density.
The remainder of the estimate is common to both cases:

(f{,(t)-fl (xr(®) = EL(® - f1 (xv(t))|

G- (fl (xu®) - f1 (xv(t))) (v -¢u@®)T-f (xv(t))‘

< e @] - |1 (w0 ®) - A lv @) | + | 1 lv @) |- [ev® - v
< ev®| - L1+ [su® -2y @] + | falov @) |- [eo® - ev @]

where L1 = 0 is a Lipschitz constant of f1. As we have demonstrated in[Proposij
there exists a uniform constant M¢ such that ||cf U(t)” < M; regardless
of the choice of U. Similarly, because D is bounded and f; is continuous, | 1l
assumes its maximum My = 0 over the closure D. Because xy(¢)eD forall te 1,
we have

|7 F1 0w ®) - L) Fi (wv 1)

< lev®|-L- |av®) - xv @] + H f1(xv(®) ” Jev®-ev@)|

<M:L1 - |xu@®)-xv@®| + Ms- |éu@®) - Ev@®)].
The difference xyy —xy is an absolutely continuous function with xg7(¢9)—xv (¢9) =0
and
d c1
—(xy —xv) = folxr) — folxv) + (v —xv)
dt c2
and therefore

< | foer) = folxw)|| +

d
Hd—(xu—xv) lxv —xul
t —_——

Cl)
C2

=Xuav
SLO'”xU—an +\/C‘%+C§'XUAV
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4.1. Lotka-Volterra Fishing Problem

almost everywhere. Here, Lo = 0 is a Lipschitz constant of fy. By using a
standard argument based on a variant of Gronwall’s inequality, we obtain the
estimate

t
(O —xy (0] = /2 1 c2- ( ft tway dt) eLott0)
[ —

=u(UAV)

=y/c2+ - Lol U AV).

—C;

This estimate is very generous and likely exceeds the a priori bounds on the
distance between two points in D. It is therefore almost certainly unsuitable for
error estimation. However, it is theoretically relevant because it is proportional
to u(U AV). For the adjoint state, the situation is somewhat simplified by the
fact that Vf; is constant. We have

d
&(fU —¢v) = —(Vio(xr) = Vio(xy))

— (Vfoler) + V1) - xu) T -€u
+(Violay) + Vilay) - xv) " -év

= —2(xy —av) - (Violar)) Ty = &v) = (Volew) = Voley)) T - &v
—(VAG)" -G -&v —xv -&v)

= —2(xy —axv) — (Violer)) " - v = &v) = (Volxw) - Volay)) T - &y
—(VAG) " xv-Cu—é&v)— (V)T (v - xv)-év.

From this, we can infer that

d

N&(fu—fv)

<2|lxy —xv | + ||Violxr) | - Iéu — v il + | Vfolxr) = Volav) | - €V I
+[|VAG)| - lxvl- Iy = v il + | V)| - lxo = xvI-1€v |
<2C1-pUAV)+Lo- ¢y —évii+ Mg - Ly - llxy —xv |
+L1- €y —S¢vll+Mg-L1-yuav
<(@2+M;-Ly)-C1-p(UAV)+(Lo+Ly)-lIéy —¢vil
+M:-Ly-yuav

where L, > 0 is a Lipschitz constant for Vfy. We can once more invoke a variant
of Gronwall’s inequality to obtain the estimate

[ev@®) - &v@)|| = (@C1+Me-Liy-C1+Me-Ly)- (U AV)- Lol tr=0
<(2C1+Mg-Ljy-Cy+ Mg -Ly)- Lot tr=10 g A V).
=:Cy

We note that the exponent is ¢ — because we need to integrate backwards with
the “initial” datum {y(¢£)— &y (¢£) = 0. By applying both estimates to our initial
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inequality, we obtain

|70 £1 (60 ®) - L) f1 (ev 1)
< ef @ |1 (v ®) - A @) |+ | v o) | eh - o
— ~

<M; <Ly-lxy(D-xy @] =My
sM¢Ly 'J|xU(t) - xV(t)|[+Mf || Eu@®) —&v(@)
<C1-WUAV) <Co-uUAV)

< (M¢L1C1 +Mf02)-u(UAV).

For every W e Z_, we have

(VEW) o VF(V))(W)= f
UAvV

IgU+gVMN+j) lgu—gvidu
Wn(UAV) WNWUAV)

SfW|vflT,'f1(xU)—§‘T,-fl(xv)|d;u

s[ (M:L1Cy1+MCs)- (U AV)dy
w
< (M¢L1Cy+MsCy)- (U AV)- u(W).

This demonstrates that the derivative of F' is Lipschitz continuous in the sense

of Definition 2.4.41

4.1.1.4 NUMERICAL INTEGRATION AND ERROR CONTROL

We solve both the forward and adjoint initial value problems as well as all initial
value problems required for error estimation using the Dormand-Prince method
as implemented in version 1.15.0 of the SCIPY Python package [Vir+20|l. The
Dormand-Prince method is a Runge-Kutta method with seven stages that was
originally put forward in [DP80] under the name “RK5(4) 7M”. For the purpose
of sublevel set determination, we also require dense interpolants of the solution
trajectory.

The Dormand-Prince method is known to have a quintic polynomial inter-
polant with an interpolation error of fourth order that requires no additional
function evaluations, as well as a quintic interpolant with fifth-order interpo-
lation error that requires additional function evaluations (see, e.g., [HWN93|
Sec. I1.6]). Additionally, there exists an alternative quartic polynomial inter-
polant proposed by Shampine [Sha86] that achieves a local interpolation error of
fourth order. SCIPY uses the latter interpolant.

For error estimation we rely on residuals. Given an interpolated trajectory
X —I—R" theresidualin t €[ is

r(t) =%(t) - £ (X(1), w(®)).

Here, the time derivative of X can be calculated explicitly because X is a continu-
ous piecewise polynomial. In principle, because f is polynomial, the integral of r
up to a given point ¢ € I can be calculated exactly. However, this requires integra-
tion of eighth-degree polynomials, i.e., evaluation of ninth-degree polynomials, so
we perform a numerical integration instead. Let

ey =X—X
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be the difference between the known approximate trajectory ¥ and the exact
trajectory x. Then the time derivative of the error satisfies

6y =X%—f,w)=x—f&Ew)—V f&Fw) ex=r—V.f&w) e

We obtain a pointwise error estimator for the solution state by solving the initial
value problem

éx(t) =x(t) — f(x(8),w(®)) — Vo f (X(8),w(t)) -ex(t) fora.a.tel,
ex(tg) =(0, 0)

in a generalized sense. We evaluate our objective error estimator at the same
time by treating the integral as a third state with

fa(a,w) = | — (1, D|?,
x03=0.

The objective error estimator is then
ep = |ex,3(tf)|.

For the gradient error we obtain a similar pointwise error estimator. We have
to additionally take into account the impact of the error in x on the right hand
side of the adjoint ODE. For the approximate adjoint trajectory ¢ and the exact

adjoint trajectory ¢, the error e; := ¢ — ¢ is absolutely continuous and satisfies
br=E-¢
=&+ (Vael(,w) T + (Vo fla,w)) TE

=&+ (Vo l@,w)—e] - VZIEw)T + (Vo fF w)—el - V2 f & w)T(E-eg)
almost everywhere. Here, we integrate the pointwise error estimator backward
in time starting at e¢(¢7) = (0, 0) using dense interpolants for the forward error
estimator e, and the approximate adjoint state ¢. This gives us an approximate
trajectory of the pointwise error of the approximate adjoint solution ¢.
As a surrogate for the gradient density function, we approximate the trajec-
tory of
¢i= (Vo fx,w)T-&= (Vy f & w)T-E.
— ———
-3

This is essentially the gradient density function up to sign inversions. The
advantage of working with ¢ is that ¢ is an absolutely continuous function.
Rather than approximating ¢ using numerical integration, we interpolate ¢
using piecewise quartic polynomials on the coarsest joint refinement of the time
grids used to approximate x and ¢. On each interval of the time grid, the quartic
interpolant is fitted using function values ¢() on either end of the interval, the
function value ¢(t) at the midpoint of the interval, and the time derivative ¢(t)
on either end of the interval. This is similar to the interpolation approach used
by [Sha86] for the quartic interpolant of the Dormand-Prince solution.
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We make use of the fact that f is a quadratic polynomial and therefore, the
second derivatives of f are constant. The time derivative of ¢ is therefore

b= (V2 flae,w)z)T &+ (Vi fla,w)T &
———
=Vi.fEw)
= (Vau @ w) - £, 10)) T & + (Vi £ (6,0)) T - (= Vel (2, 10) = Vo f (3, 0) - €)
~ (vi)xf(ﬁcv’w) (f(i,w)_vxf(-%,W)ex))T '(E_ef)
~ (Vo @w) = Vi f@w)-ex) T+ Vel B w0) = VI L(E,w) - )
— (Vo f Gw) = V2, FEw)-ex)T - (Vof @ w) - V2 FFw)-ex) - E - ep).

With this approximation of the exact derivative, we can calculate a residual for
the derivative approximation of the interpolant ¢. We approximate the pointwise
error of ¢ by integrating this residual backward in time starting at ep(tr)=0.

In order to calculate an L™ error estimator for the approximate gradient
density, we interpolate the approximate trajectory of ey := ¢ — ¢ with a quartic
polynomial on each integration step interval, solve for the roots of the derivative
of each such polynomial, filter out the roots that lie outside of the interpolation
interval, and evaluate the polynomial at each derivative root as well as at
the interpolation interval bounds. We then collect the resulting values for all
interpolation intervals and select the maximal absolute value of that collection.
This is guaranteed to be the maximal absolute value of our interpolant of the
approximated pointwise error, which is approximately equal to the pointwise
error of the gradient density function because the sign inversion does not impact
the absolute value of the error. We apply a safety factor of 2 to compensate for
the numerous inaccuracies in this process.

4.1.2 Implementation Notes

Rather than fixing a control mesh and refining mesh cells, we encode similarity
classes as strictly increasing lists of switching times. At each switching time,
numerical integrators are interrupted and restarted to avoid numerical problems
that could arise from the discontinuity in the right-hand side of the ODE system.

All numerical integration is performed using the Dormand-Prince IVP solver
provided by the SCIPY module scipy.integrate. SCIPY provides dense inter-
polants through the 0deSolution interface. Because we interrupt integration at
each switching time, we obtain multiple such interpolants. We collect these into
larger “trajectories” that consist of one 0deSolution per switching interval.

By default, SCIPY does not provide facilities to calculate derivatives or
integrals of its interpolants. Rootfinding is also not supported by default.
To work around this problem, we inject additional code into the relevant
SCIPY classes that adds this functionality. This is implemented in the
lotka_volterra.ext.scipy module of the Lotka-Volterra fishing code inside of
the PYCOIMSET codebase. The practice of injecting patches into code at runtime
is generally ill-advised. This code is expected to break if a future release of SCIPY
modifies the internal data layout. For this reason, the code is developed for a
specific version of SCIPY. We choose this method because it is less time-intensive
than attempting to submit the code for proper inclusion in SCIPY.

We implement gradient measures using the aforementioned trajectory col-
lections. Projected descent is calculated by evaluating an exact integral of the
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4.1. Lotka-Volterra Fishing Problem

piecewise approximation polynomials. Sublevel sets are found by performing
rootfinding on the relevant piecewise polynomial. We find polynomial roots by
finding the eigenvalues of the companion matrix, which is the rootfinding method
used by the underlying NUMPY [Har+20] library. One of the advantages of this
approach is that it works for all polynomial degrees and that NUMPY can vec-
torize this procedure, which means that roots of many polynomials can be found
without the need for loops in Python. This can result in faster execution times
than “smarter” methods.

At the end of the step-finding process, we have to pick an arbitrary subset of
given measure from a similarity class. We always pick the earliest possible time
points and the largest allowed subset.

We regulate error using absolute and relative tolerances that are imposed
on the local truncation error by SCIPY’s integrator. Relative tolerance is always

set to the lowest allowed value, which is 100 times machine precision. Absolute
By

> tr—to

B¢ are the error bounds for objective and gradient, respectively, that are given by

the optimization loop. If the error estimate exceeds the requested bound, absolute

tolerance is halved as many times as is necessary to satisfy the requested bounds.

The local truncation error tolerance is shared between all integrator invocations.

tolerance is initialized to the minimum of 1076 , and ﬁf’ , where fr and
2(tf to)

4.1.3 Experiment

We solve the Lotka-Volterra fishing problem using the unconstrained optimization

loop (see on page[232) with the following parameters:
£:=0.002, 09:=0.2, 01:=04,
g9:=0.6, ¢5:=0.01, ¢g:=0.1,

& =0.1, Uy =9, Ao =12,

Our implementation uses a single main execution thread on an Intel Core i5-
10210U laptop CPU with 8 GB of total random-access memory. We note that the
underlying libraries, particularly NUMPY and SCIPY, may use multiple threads.
The test system is a desktop system and therefore should not be relied upon for
accurate benchmarking.

The solver terminates after 202 iterations with an execution time of 350.46
CPU seconds, a final objective of 1.344426, and an instationarity of 1.887439-1073.
Assuming convexity, instationarity is an upper bound on the optimality gap,
meaning that the real objective should be no greater than 1.342538, which aligns
with [Sag+06], where the authors give an optimal relaxed solution value of
1.34408 or 1.34466, depending on the solution method chosen. Even though
[[Sag+06] no longer reflects the state of the art in terms of approximate solution
methods for binary optimal control, we note that the authors obtain binary
solutions with objective function values no better than 1.34541. A rounded
solution with an objective function value of 1.34416 is noted in [Sag08|.

on the next page is a shortened solver log from the run. It shows
the log lines for every tenth iteration as well as for the final solution. The
column “Step Size” shows the step size for the immediately preceding step, while
“Rejected” shows the total number of rejections since the last iteration shown in
the table. For a more accurate account of the progression of step size over time,
we refer to on the following page, which juxtaposes instationarity
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Table 4.1: Abbreviated solver log for the Lotka-Volterra Fishing Problem. Step
sizes represent single iteration, number of rejected steps is accumulated over
multiple iterations.

# | Objective | Instationarity Step Size | Rejected | CPU Time
0 | 6.062259 7.917x10 % | 0.000x 10 © 0 | 0:00:00.15
10 | 1.622398 5.278 x107! | 1.875x 107! 9 | 0:00:03.23
20 | 1.378280 5.525x 1072 | 9.375x 1072 9 | 0:00:07.90
30 | 1.364264 5.272x1072 | 1.172x 1072 10 | 0:00:13.93
40 | 1.357410 2.951x1072 | 2.344 x 1072 7 | 0:00:22.76
50 | 1.351796 1.575x1072 | 2.930x 1073 9 | 0:00:35.63
60 | 1.350527 1.403x 1072 | 1.465x 1073 5 | 0:00:49.09
70 | 1.349387 1.104x 1072 | 1.172x 1072 3 | 0:01:04.60
80 | 1.347689 7.550x 1073 | 2.344 x 1072 6 | 0:01:21.02
90 | 1.347212 1.971x1072 | 1.172x 1072 6 | 0:01:37.39
100 | 1.346539 5.321x107% | 1.172x 1072 3 | 0:01:54.83
110 | 1.345980 7.538x1073 | 2.930x 1073 9 | 0:02:17.17
120 | 1.345557 6.701x1072 | 2.930x 1078 5 | 0:02:34.95
130 | 1.345238 | 4.920x1073 | 2.930x 1073 5 | 0:02:53.84
140 | 1.345071 | 4.113x1073 | 5.859x 1073 2 | 0:03:11.85
150 | 1.344843 5.242x 1073 | 2.930x 1073 5 | 0:03:31.61
160 | 1.344740 | 4.946x1073 | 2.930x 1073 2 | 0:03:50.69
170 | 1.344637 | 4.534x1073 | 2.930x 1073 3 | 0:04:14.41
180 | 1.344566 | 4.977x1073 | 1.465x1073 7 | 0:04:47.03
190 | 1.344515 3.029x107% | 1.465x 1073 2 | 0:05:12.86
200 | 1.344432 2.948x1073 | 1.465x 1073 7 | 0:05:45.23
202 | 1.344426 1.887x 1073 | 1.465x 1073 0 | 0:05:50.46
1 e -
10 ;) —— Instationarity
10° 4 \V\ Step Size
] A
107! 4 MI.J\
] | \,"\\a
1072 - A A el
e M\'W\jw wam
10_3 T T T T T T T T
0 25 50 75 100 125 150 175 200

Figure 4.2: Progression of step size and instationarity over time for the Lotka-
Volterra Fishing problem. Dashed line indicates upper bound for step size. Dotted
line indicates instationarity tolerance.
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4.1. Lotka-Volterra Fishing Problem

and step size over time. The vertical axis of the plot is logarithmic to make it
easier to recognize step rejections. Because every step rejection causes the trust
region radius to be halved, as long as steps are approximately as large as the
trust region will allow, a step rejection appears as a vertical jump by a constant
amount. Multiple rejections appear as a vertical jump by an integer multiple of
that amount.

indicates that, for most of the time, step size and instationarity
track very closely. This is not entirely unexpected. For an objective function with
constant curvature, the difference between the actual function value and the
projected function value calculated using the first-order approximation is a fixed
quadratic function. Projected descent is roughly proportional to the product of
instationarity and step size. For a function in R", we would roughly have

f)—f(x) _ +1'(y—x)TV2f(x)(y—x)
Vi@y-x) 2 Vi@(y-x)
1 IVF@I - lly -«

>1-=
2 IV -y -zl
2 vrwr Y

If we presume that the curvature in the step direction is always roughly the
same and ||V (x)|| — 0, then it follows that ””Vy f}ﬁu must roughly stay the same
to ensure that the step quality stays above the acceptance threshold. Therefore,
we would expect the step size to be roughly proportional to instationarity. This
is somewhat more difficult to formalize for set functionals, because we do not
have a good understanding of how second derivatives work, but it appears that a
similar principle is at work here.

Figure 4.3|on pages and [351] shows solution trajectories and gra-
dient densities for every fiftieth iterate as well as the final solution. Because
this aligns with our excerpt from the solver log, objective function values and
instationarities for these iterates can be found in The shaded back-
ground area in the plots indicates the times for which the control is active. We
note that, although it may appear as if the gradient density function assumes
multiple values at once at some points, this is merely a plotting artifact that is
caused by very fast switching.

We observe that the solver generates a very high number of switches. This
is not a failure of the algorithm because the Lotka-Volterra fishing problem is
designed to cause this type of behavior in nearly optimal solutions.
on page displays the number of distinct control intervals (both “on” and
“off”) prescribed by the control function w = yy in each iteration. We sort these
intervals into “bins” based on the logarithm of their size to get a more accurate
idea of the fragmentation of the control set. The graph suggests that, up to
around iteration 25, newly generated intervals are predominantly between 1072
and 10° in size. Afterwards, they appear to be mostly between 10~ and 1072.
This aligns roughly with the time at which step size drops below 1072 according
to This suggests that the algorithm tends to generate switching
intervals of its current step size. From this, we could infer that the algorithm
prefers creating isolated switching intervals over modifying existing ones. The
final number of switching intervals is slightly above 200, which aligns with
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Figure 4.3: Trajectory and gradient density plots at selected iterations.
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Figure 4.3: Trajectory and gradient density plots at selected iterations (cont.).
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Figure 4.4: Distribution of contiguous interval sizes (both on and off) over all
solver iterations as a stacked area graph. Length bins are logarithmically sized.
Empty bins have been removed.
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Figure 4.5: CPU time per iteration and number of switching intervals for the
Lotka-Volterra fishing problem.

the number of iterations. On average, every iteration generates roughly one
additional switching interval.

This behavior is not necessarily ideal because large numbers of switches can
be detrimental to evaluation performance. suggests that there is
an upward trend in per-iteration runtimes that appears to correlate with the
number of switching intervals, though it is not clear whether the increase in CPU
time per iteration stems from the increasing number of control intervals or from
the decreasing error tolerances. Runtime measurements can also be affected
by a multitude of environmental factors, which makes runtime measurements
a highly unreliable performance metric unless the algorithm is executed in a
highly controlled environment.
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4.2. Poisson Design Problem

In [HLS22], the authors (including the author of this thesis) suggest a scaled
measure for the Lotka-Volterra problem. This mitigates the fact that gradient
densities naturally become larger in magnitude with increasing distance from
the end of the time horizon. We can observe this in We forego this
option because it further complicates our error control scheme, which is already
very complex as it is. However, an error controlled problem implementation with
a scaling measure could outperform the problem implementation we present
here.

4.2 POISSON DESIGN PROBLEM

The second test problem is a classic topological design problem which dates back
at least as far as [GBS06], from where we draw most of our knowledge about
the problem. We originally adopt this problem from the example problems of the
DOLFIN-ADJOINT project [Far+13]| El Our numerical solution approach is also
based on that example.

The problem itself as described in [GBS06] is based around the partial differ-
ential equation

—div(kVy)=f

where y € C2(Q) N CL(Q) is a twice continuously differentiable temperature func-
tion on a bounded domain Q c R” that has a continuously differentiable extension
to Q, k: Q — R is the heat conduction coefficient, and f: Q — R is a volumetric
heat source term.

The boundary of Q is I := 0Q) and is essentially partitioned into the Dirichlet
boundary I'p and the Neumann boundary I'yy in the sense that I'p NI’y = @ and
I'pul'y =T. On I'p, we have a Dirichlet boundary condition

y=0 onIp.

The Dirichlet boundary simulates contact with a medium that has a fixed tem-
perature. On the Neumann boundary, we have a Neumann boundary condition

(kVy, i)=0 onTy

where 7i is the outer unit normal of Q. The homogeneous Neumann boundary
condition simulates contact with an insulator because it does not allow heat to
diffuse across the boundary. The objective is to minimize a compliance term

foydﬂ-

Intuitively, compliance quantifies the degree to which the “temperature” y
changes with the application of a volumetric heat source /. The variable through
which we “control” the system is the heat conduction coefficient 2. We have
two materials at our disposal: one has relatively high heat conduction (£ = 1)
and one has very low heat conduction (k£ = € € (0, 1)). The choice between both
materials is binary, i.e., we cannot place arbitrary mixtures of both materials. As

3The project has recently been renamed PYADJOINT and appears to be under new maintenance.
We cite an older publication because the example upon which we base our methodology was authored
by Patrick E. Farrell, who is not a co-author of the newer papers. We do not use PYADJOINT itself in
our code.
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an additional constraint, we have a limited amount of the better conductor at our
disposal, i.e.,
MEk=1)=M

for some constant M > 0.

We now want to rewrite this problem as a set-valued optimization problem.
We work within the similarity space associated with (X, Z, p) :=(Q, 8(Q), 1)
where %(Q) is the o-algebra of Borel measurable subsets of Q and A is the
Lebesgue measure in R%. Let 2. := ¥/~,. We define

kw)=e+(1-¢€)-w YwelL®Q):w>0a.e.

where the input function w is the indicator function of a set variable U. As the
authors of [GBS06] point out, it is common practice in topology optimization to
attach an arbitrary exponent p > 1 to the optimization variable. This type of “pe-
nalization” is not valid for our method because it violates|Assumption 2.4.25 (6)|
due to the fact that the derivative of 2(w) with respect to the value of w would be-
come zero in points outside of U. The specific problem instance under discussion
here has the following parameters:

Q:=(0, 1), I'p = ({0} x (0, 1]) U ([0, 1) x {1}),
Iy = ((0, 11x{0}) u ({1} x [0, 1)), e:=0.1,
M:=04.

on the next page illustrates the layout of the problem domain. Intu-
itively, we expect the algorithm to lay out its limited amount of the better heat
conductor in a pattern that best conducts heat away from the Neumann boundary
and towards the Dirichlet boundary. on the facing page shows an
example configuration returned by the penalty solver. We note that ¢ is relatively
high compared to the value suggested in [GBS06]. This is to mitigate numerical
challenges during evaluation.

4.2.1 Theoretical Discussion

Because our heat conduction coefficient % is discontinuous, we have no reasonable
expectation of there being a twice differentiable temperature function y that
satisfies the PDE. However, we can solve the boundary value problem in a weak
sense.

4.2.1.1 WEAK FORMULATION AND OPTIMIZATION PROBLEM

An in-depth derivation of the variational formulation of the underlying boundary
value problem is beyond the scope of this thesis. We refer to [KA21) Sec. 3.2]
and particularly Theorem 3.16 from that work for an excellent discussion of the
underlying theory.

The variational formulation is obtained by applying the divergence theorem
to the continuously differentiable vector field ZVy-v where v is an infinitely
smooth test function that is equal to zero on I'p. This yields

fdiv(kVy-v)d,uz[ (kVy-v, niydo
Q o)
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I'p

Figure 4.6: Illustration of the problem domain Q.
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Figure 4.7: Solution obtained by the Poisson design problem obtained by the

[Algorithm 8 with the approximate steepest descent step. Black color indicates
placement of better conductor.

355



4. NUMERICAL EXPERIMENTS

where o is the standard surface measure on Q2. We can then use the fact that

=—f a.e.
div(kVy-v)=(kVy, Vv)+div(kVy)-v
=(kVy, Vv)-fv

almost everywhere in Q, and that

(kVy-v, 11y =(kVy, ii)-v
{O-v on 'y,

(kVy, ii)-0 onTp
=0.

By applying this to the integral equation, we obtain

f(kVy, Vv)d,uz[ fvdu. (4.2)
Q Q

In general, this equation does not have a twice continuously differentiable solu-
tion. We can extend the search space to the Sobolev space H1(Q) = W1-2(Q). More
precisely, to satisfy the Dirichlet boundary condition, we choose the search space

Vi={ye H(Q)|Tylr, =0}

where T': HY(Q) — L%(3Q) is the trace operator in the sense of [RR04| Sec. 7.2.5].
Because y — T'yIr,, is the composition of the trace operator and a restriction, both
of which are continuous linear operators, V is the kernel of a continuous linear
operator and therefore closed. As a closed linear subspace of the real Hilbert
space HI(V), V is itself a real Hilbert space with the familiar W12(Q) inner
product

W, 2)v =, 2)p2q) + VY, Vadeq) VYy,2€V.
This is not a substantial search space extension. There exist results proving
that C*°(Q) is dense within H1(Q) if Q is a bounded Lipschitz domain (see, e.g.,
[RRO4, Lemma 7.49]). This proves, of course, that C>(Q) is also dense in V. We
will not discuss the impact of a restriction to y € C*°(Q) with y =0 on I'p here.
However, this does not appear to be a major concern in most literature discussing
the Poisson problem with Dirichlet boundary conditions on parts of the boundary.
Thus, our final optimization problem takes the form

min d

Uﬂﬁfyu

s.t.f(k()(U)Vy, Vv)dpzf fvdy VYveV,
Q Q

AU <M,
yev,
UeX..

(4.3)

Next, we discuss whether we can transform this into a reduced-space optimization
problem.
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4.2.1.2 EXISTENCE, UNIQUENESS, AND DIFFERENTIABILITY

To prove that the objective functional of Problem is differentiable as a set
functional, we invoke the argument from which requires that we
satisfy [Assumptions 2.4.25 (1)|to([2.4.25 (9)l Again, we work without a scaling
density function and the number of individual control functions is n, = 1.

We choose § := ﬁ as the radius for our differentiation environment. For

we 71/5" »(Q), we have w = —6 almost everywhere and therefore
e €

k(w)=€+(1—€)-w2£—§=§

almost everywhere, which is sufficient to guarantee the existence and uniqueness
of the weak solution of the boundary value problem. The solution spaceis Y :=V.
The space Z is Z(V, R). Both are Banach spaces.

To prove the existence and uniqueness of the solution, we can simply invoke
[KA21, Thm. 3.16], which is applicable because & € L™(%(Q), 1) with k> £ >0
almost everywhere, and because o(I'p) > 0. However, to prove differentiability,
we have to dive a little deeper into the solution theory of the boundary value
problem. We start with the fact that [KA21] Cor. 3.15] states that there exists a
constant Cz > 0 such that

Iylizz) =Cr-IVyleq) VYyeV.
The weak equation system has the form
a(y,v,w)=L{) YveV

where a: V xV x 7//5”’”((2) — R with
a(y,v,w):zf (k(w)Vy, Voydy V(y, v, w)eV xV x 7//5”‘”(9)
Q

is a bilinear form with respect to (y, v) that satisfies
la(y,v,w)| < k(1+8)-(Vy, Vv)2|
Sk(1+6)-IVylge-IVulige
<k(1+8)-lylv-lviv,

a(v,v,w)z[ (k(w)Vuv, Vu)ydu
Q —~—~

=

[T

—§'||Vv||L2
€ 2
= m “(IVolizz + Cr - IVullz2)
€ 2
= 2 1+Cr2 (IVvllz2 + llvllz2)
: F
€ 2
= 2.0+ CpR -lvlly

for all (y, v, w)eV xV x 71/5”’”(9). Thus, a is bounded and V -coercive. The linear
form L satisfies

IL@)| = I(F, vdp2l
<Iflizz-lvlze
<1fligz-lvly.
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The Lax-Milgram theorem (see, e.g., [RR04, Thm. 9.14] or [KA21}, Thm. 3.13]),
then guarantees that for every w € W(;L “(Q), the equation

a(y,v,w)=L{) YveV
has exactly one solution y,, € V and that

2-(1+Cr)-If g2

lywlv <

We note that this upper bound on |y, |y is independent of w, but can become
arbitrarily large for € — 0, which is why we choose a relatively high value for ¢ to
avoid numerical issues.
To align notation with the map f:V x 71/5"‘”(9) — £V, R)is
given by
fly,w):= (v — a(y,v,w)—L(v)) VyeV,we Wﬁnw(ﬂ).

Because a is a bounded, V-coercive linear form in (y, v), f is F-differentiable
with respect to y and the derivative has a bounded inverse. The derivative of a
with respect to w has the form

a,(y,v,w)dy, = f ({(1-¢€)d,Vy, Vu)du V(y, v, w)eV xV x %nw(ﬂ)
Q
and therefore satisfies

f dy-(Vy, Vu)du
Q

=(@-&)-1IVylgz-IVullgz - ldwllzeo
=@-o-lylv-lvllv-lldwlLe.

|aw(y,v,w)dy| =(1-)-

The objective j is simply given by
_](y,LU) = <f7 y>L2 :L(y)

It is independent of w and a bounded linear form in y. It is therefore F-
differentiable and its own derivative in both arguments.

With this, we have proven [Assumptions 2.4.25 (1)] to [2.4.25 (7)] [Assump]
ftion 2.4.25 (8)| presents some problems.

Remark 4.2.1 (Notes on Assumption 2.4.25 (8)).
In order to apply our set-valued optimization methods to Problem (4.2), we have
to show that the derivative of w — y,,, which exists only as a Fréchet derivative
from 7I/§n “(Q)) < L*°(Q) to V, behaves like a derivative from L1(Q) to V for steps
between indicator functions.

According to the implicit function theorem, the Fréchet derivative of w — y,,
has the form

Duyw =—(Dyf(,w)) oDy fy,w).

Reading the application of (D, f (y,w))_1 as solving an equation system, the
linearized change in solution for a perturbation d,, in control space is the solution
of the equation system

Dyf(y7w)dy =-Dyf(y,w)dy,
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or equivalently, the image d, € V of D, (w — y,,)(w)d,, is the unique solution of
f (k(w)Vd,, Vv)d,uzf (1-&)dyVyy, Vuydy YveV.
Q Q

If we have no additional information except that Vy,, and Vv are in L2(Q,R"?),
then the right hand side of this equation system would only be bounded with
respect to the L>*(Q) norm of d,,, which would not be sufficient for our purposes
because the the L*° norm does not gradually decrease to zero as the measure of
the step set decreases.

As a first step, we could exploit properties of the solution y,,. If the solution
could be shown to be twice weakly differentiable, i.e., if it were in H2(Q) rather
than HX(Q) (see, e.g., [Brell), Cor. 9.13] and [RR04, Sec. 7.4.3]), then it would be
equal almost everywhere to a Lipschitz continuous function. It would therefore be
differentiable almost everywhere and its gradient would satisfy [|Vy,lls <L <oo
almost everywhere for a suitably chosen Lipschitz constant L. This would mean
that |[Vyyll2 € L°°(Q), which would make the right hand side of the equation
bounded with respect to the L2 norm of d,,.

Such regularity results are generally difficult to prove and depend on both
the properties of the coefficient function k£(w), the shape of the domain boundary,
and the precise boundary conditions imposed thereon. There are numerous
such regularity results, most of which rely on smooth parameters or a smooth
boundary. For instance, [RR04, Sec. 9.5 and 9.6] permits coefficients in W1°(Q),
but assumes a C2 boundary and only deals with Dirichlet boundary conditions,
while [[Gri85| Ch. 3] deals with more general convex and polygonal domains, but
only permits smooth coefficients and only deals with the Dirichlet problem. There
exist results for pure Dirichlet and pure Neumann boundary conditions. However,
there are few results for mixed boundary conditions and almost none for mixed
conditions on general convex domains. Notably, [MPS00] deals with general L™
coefficients, but presumes a C2? boundary. We take this as an indication that
general L™ coefficients are not a fundamental barrier to H? regularity results.

The second and arguably more severe problem is getting from an estimate
with respect to the L2 norm to an estimate with respect to the L' norm of d,,.
This would technically require a restriction of the test function space from which
the test function v is drawn. Whether and under which circumstances this might
be valid is significantly beyond the scope of this work.

For the remainder of this section, we will make a technical assumption that
the unique solution dy of

f(k(w)de, Vv)d,uzf (1-&)dyVyy, Vuydy YveV.
Q Q

satisfies ||dyll 1q) = C - lldy 1 for some constant C > 0. For strong solutions of
the Poisson equation, estimates with respect to the L! norm of the right hand
side are discussed, for instance, in [RS19], though whether such results could be
transfered to this case is questionable.

It is important to understand the manner in which an L? estimate could
“break” our algorithms. Because all of our control functions are binary-valued,
differences between them satisfy

|dw|p = |dw|
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almost everywhere for 0 < p < co. Therefore, we have

1 1
P P 1
idutir = [ idul? au)" = [ iduldu)” =1,
Q Q

for all 1 < p <co. The problem here lies in the fact that for p > 1, the mapping
1

x— xP becomes infinitely steep for x near zero. This means that, for infinites-
imally small steps, the L? norm is not equivalent to the L! norm. If, however,
there is a fixed lower bound on step sizes, then the slope of the L? norm can be
bounded and the L! and L? norms become functionally equivalent as long as
steps remain above that fixed threshold.

Because the step acceptance criterion examines the actual descent based
on point evaluations of the objective, accepted steps would still be true descent
steps. We would, however, lose the guarantee that there can never be an infinite
sequence of step rejections. We can prepare for this by setting a minimal trust
region radius and aborting the main loop if the trust region radius falls below
that threshold.

It is not entirely clear how this affects the e-stationarity criterion. However,
we would expect the linearized model function to still be an accurate model for
all but the smallest of steps.

We note that this is not entirely beneficial. It implies that we may be able
to continue using our algorithms as local improvement heuristics for problems
where the derivative is not bounded with respect to the L' norm. However, it
also means that we may not be able to detect mistakes in our theoretical line
of argumentation by observing whether the optimization algorithm works as
expected. It may still operate as expected, even if the set functional in question
is technically not differentiable as a set functional. <

Under the given assumptions, the set differentiability of the objective func-
tional J: ¥~, — R follows from [Proposition 2.4.26] The derivative of the objective
functional has the form

VJU)D) = Dyj(ny,)(U)(Dyf(ny,)(U))_IDwf(yXUJCU)(XUAD -xu)
=D, j 3 X0 Dy F @y X17)) Do f G Xt UDNU = XDAD)

Instead of solving a variational equation for each possible perturbation, such
derivatives are generally evaluated using the adjoint method. The adjoint method
makes use of the fact that there exists a test function z € V* (where V* is the
dual space of V) such that

Dy f Wy xdy)@) = aldy, 2, xv) = LA2) = Dy j(yyyo xv)(2) Yy € V.

This test function is generally known as the “adjoint” solution because it solves
a variational equation involving the adjoint of the bilinear form a. In our case,
because the objective j is exactly the same as the linear form on the right hand
side of the variational equation (4.2), and because a is symmetric, the adjoint
problem is exactly the same as the original variational problem and the adjoint
solution z € V* is the element of the dual space that corresponds to the primal
solution y,,, € V. We can make use of this to substantially reduce solution times.

By applying the adjoint of —D,, f(y,;;, xvu) to z, we obtain a linear form that
maps a control space perturbation d,, to its corresponding linearized effect on
the objective function.
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The measure constraint has the form
GWU)=<0
with G: ¥~, — R given by G(U) := A(U) — M. The set derivative of G has the form
VGUYD)=AMD\U)-MDnU)=GU AD)-GWU) YU,De¥-~,.

There is no truncation error and the functional is plainly Lipschitz-continuously
differentiable with a Lipschitz constant of zero. This constraint is a prototypical
example of a constraint that behaves like a linear constraint in conventional
optimization. The density function of the derivative VG(U) is a difference of
indicator functions on disjoint sets and is therefore in L*>°, making G a benignly
and Lipschitz-continuously differentiable set functional.

The benign differentiability of the objective functional JJ can be proven using
the Lebesgue differentiation theorem (see, e.g., [BC09, Ch. 8]), where [Assump]
ensures that the ratio between the gradient measure and the
underlying measure p is uniformly bounded over all sets.

We omit discussions of continuity of the derivative here. Normally, these
would follow from the implicit function theorem. However, the implicit func-
tion theorem only yields continuity guarantees in Z(L*, R), not in (L1, R).
We make a technical assumption of appropriate continuity in the sense of [Re]
mark 4.2.1]

In order to approximate the derivative, we have to discretize the problem. We
partition Q into successively refined triangle meshes. If these meshes satisfy
[Assumptions 2.4.25 (10)]to[2.4.25 (14)] then the value of the density function of
VJ(U) can be approximated by the mean density of VJ(U) over the surrounding
mesh cell for almost all points in Q. We need not consider |[Assumption 2.4.25 (9)|
because we do not apply any scaling.

4.2.1.3 CONSTRAINT QUALIFICATION AND KKT CONDITIONS

In order to satisfy [Assumption 3.2.26| the problem must satisfy a constraint qual-
ification in all feasible points. Indeed, it is fairly trivial to show that the measure
constraint satisfies the Mangasarian-Fromovitz Constraint Qualification in the
sense of Definition 3.2.15|

Let U € ¥/~, be such that A(U) < M. If A(U) =0, then there are no active
constraints, because M > 0. Therefore, we can choose N :=[Q]., to prove that
the problem satisfies an MFCQ in U. If A(U) > 0, then we choose N :=U.

Evidently, this choice satisfies A(IN) > 0. For A(U) < M, the single constraint
is inactive. Therefore, there is nothing further to prove. For A(U) = M, every
D <) N satisfies

VGUXD)=AD\U)-AMDnU)=-MD).
=9 =D

This proves that the problem also satisfies an MFCQ in points where M(U) < M is
active.

Because there is only one constraint, there is at most one active constraint.
We can therefore invoke to show that the problem satisfies a
GCQ in all feasible points.
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4.2.1.4 NUMERICAL METHODS AND ERROR CONTROL

We numerically approximate solutions of Problem using finite element meth-
ods (FEM). For a general introduction to FEM, we refer to [Bral3; LB13]l. For
details on the practical implementation of FEM, we refer to [LMW12]. In partic-
ular, we want to point out the small catalogue of commonly used finite elements
provided in [Kir+12], in which all elements that we will use are explained.

The basic idea behind FEM is to approximate the solution space V with a
finite-dimensional approximation. To do this, the domain is partitioned into a
mesh of bounded, relatively simple “cells.” On each cell, the function is approxi-
mated with a relatively simple function drawn from a finite-dimensional local
function space. Elements of the local function space are described by their image
under a basis of the local function space’s dual space that is commonly referred
to as the “degrees of freedom” of the local function (see [KL12]).

This yields a finite-dimensional subspace of the actual search space to which
both trial and test functions can be restricted to obtain a finite-dimensional
equation system that can be solved using conventional equation solvers.

In FEM, there exist various approaches to error estimation and adaptivity. A
priori estimates are usually very inaccurate. They are mostly used for general
convergence proofs and can be found in most textbooks on the subject (see, e.g.,
[Bral3, Ch. 7]). There exist some a posteriori norm-based error estimates based
on residuals of the variational equation (see, e.g., [BRO1, Sec. 4]). However, we
will focus primarily on the so-called “dual-weighted residual” (DWR) method for
objective error estimates. More precisely, we adhere closely to the methodology
descibed in [BRO1, Sec. 3 and 5]. The DWR method is a so-called “goal-oriented”
error estimation and control method because it controls the error of a linear “goal
functional.” In our case, the goal functional is the objective functional, which
is linear. For nonlinear objective functionals, the goal functional could be the
linearization of the objective.

The DWR method derives error estimates from the residual of the variational
equation, but weighs them according to their impact on the goal functional.
Because the residual is accumulated from residuals on individual mesh cells
and their interfaces with one another, the estimated error can be attributed to
individual mesh cells, thus giving an indication of which cells most need to be
refined in order to lower the error. This allows for targeted local refinement.

We rely mostly on Remark 3.5 in [BRO1[| as both justification for the applica-
tion of DWR and as a source for residual terms. The error estimator put forward
there is

[J@) - JU)| = nolyn) = Y. prwk
KeT
where yy, is the discretized FEM solution of the variational equation system, T
is the set of all mesh cells, px is a cell-wise term that derives from the residual
of the actual variational equation on the cell K, and wg is a weight term that
derives from the error of the dual solution.
According to [BRO1], Prop. 3.1], the residual and weight terms have the form

ok = IR ey +hg Irylox VK ET,
g = 2 = @nll2ge) +hy” |z —wnllok VK ET,

where
R(yp)lk = f +div(k(w)- Vyp)
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is the residual of the equation in the interior of a cell K, and

L([kw)-Vy,], i1y ifT <K \0Q,
r(yplr=40 if'cIp,
(k(w)-Vyy, i) ifTcl'ny

is the residual associated with non-smoothess on a subset I' of the boundary 0K
of a cell K. Here, [k(w)-Vy}] is the jump term of the vector field £(w)- Vyy, across
the boundary I'. Because r only appears as an absolute value, the orientation of
7t and the sign of the jump term do not affect the error estimator.

The constant ~Ax represents the diameter of K, and z and ¢}, are the exact
adjoint solution and a mesh-dependent approximation thereof. Of course, the
exact adjoint solution z is not known. In Section 5.1, [BRO1|] proposes three
approaches for calculating the weights wg:

(1) Global higher-order approximation replaces z with a higher order adjoint
solution and calculates the weights from the difference of two approximate
adjoint solutions in a manner reminiscent of an embedded Runge-Kutta
method;

(i) Local higher-order approximation, which performs a higher-order interpo-
lation of the approximate solution in each cell separately;

(ii1)) Approximation by difference quotients, which uses a local finite-difference
approximation of the second derivative of z to calculate the weights and
only works for piecewise linear approximations.

Due to ease of implementation, we choose global higher-order approximation.
More precisely, we approximate

¢ Control functions w using discontinuous cell-wise constant functions;
* Lower order solutions yj; and ¢, using continuous cell-wise linear functions;

¢ Higher order solutions y and z using continuous cell-wise quadratic func-
tions.

Our mesh is a conforming triangle mesh. The finite elements that we use are
the Discontinuous Lagrange element of 0-th order, and the Continuous Lagrange
elements of first and second order, respectively (see [Kir+12]]). Here, the word
“continuous” indicates that degrees of freedom are shared between adjacent cells
to ensure continuity of the overall function. We refer to these elements as DGy,
CG1, and CGg, respectively.

With this, we have an error estimator for the objective function value that
allows for errors to be attributed to individual mesh cells. For the gradient
error estimator, we deviate from the proven methodology of DWR and improvise
slightly. We remember that, for a given control perturbation d,,, the linearized
change in objective for a given reference point (y, w) with adjoint solution z is

D f(y, 1)1 )2) = fQ (1=2)-du -Vy, V2)dp.
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For approximations yj of ¥ and zj, of z, we find that

f((l—s)-dw-Vy, Vz)du—f {(1—¢€)-dy-Vyp, Vzh)dp‘
Q Q

=(1-¢)-

fgdw-(wy, Vz) = (Vyp, VZh))du‘

[ (9= 95+ (952, Ve -20) .

Here, we make use of the fact that
(5000 5[ (252, i)

1 1 1 1
=5 (Vy, Vz) + 3 (Vy, Vzp) - 3 (Vyn, Vz) - §-<Vyh, Vzp)

=(l-¢)-

1 1 1 1
+§<Vy, VZ>—§<Vy, V2h>+§<vyh, VZ>—§<Vyh, VZh)
= <Vy, VZ>—<Vyh, vzh)

. . . . . . . y+y
We further simplify this expression by replacing the arithmetic mean 5™ and

“% with y; and zj, respectively. The reasoning behind this is that, for suffi-
ciently precise approximations, we expect the difference between the gradients of
the two to be of negligible magnitude compared to either value, which means that
the arithmetic mean will be close to both functions. For the difference between
them, such a substitution is not possible. Here, we approximate the difference
between the actual and approximate solution with the difference between the
higher and lower order approximations that we already need to calculate for
the DWR estimator of the objective error. This means that the gradient error
estimator can be assembled at relatively low additional cost.

For a perturbation between two indicator functions, the pointwise value of
dy, is either 0 or +1 almost everywhere and we find that

‘f ((1-€)-dy-Vy, Vz)d,u—f {(1-¢€)-dy-Vyp, Vzh)dy'
Q Q

S(l_g)f(d ¢0}Kv(y_yh), v(“;h)>+ <v(y+2yh), V(z-2p))|du

:(1—5)-[ V(= n), Vz1) +(Vyn, V(z —23))|du
{dw#0}

is actually a tight bound because we can adapt the sign of d,, to make the
integrand non-negative almost everywhere. By accumulating the error estimator
over all of Q, we obtain an overall L! error estimator for the gradient density
function.

In practice, the error estimator is difficult to compute because the integrand
is not itself within the finite element space. We use

Ngk =(1-¢)- fK((V(y—yh), Vzp) +(Vyn, V(z-z3)))du

as an approximate error contribution for each cell K and

Ng'= ) NgK
KeT
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Figure 4.8: Initial mesh for the Poisson problem.

as an overall error estimator. While this is not very precise, we expect that it will
yield sufficiently good approximations.

We start initially with a uniform triangle mesh. The initial mesh is displayed
in This initial choice certainly satisfies the bounded eccentricity
assumption (Assumption 2.4.25 (14)). For refinement, we select those mesh cells

whose error indicator exceeds % where f is the requested error tolerance and #7T'
is the number of cells. This is a refinement-only variant of the “error-balancing
strategy” used in [BRO1]. We additionally impose a restriction that each round
of mesh refinement may at most refine one tenth of all mesh cells. To avoid
over-refinement across iterations, refined meshes are only built upon once the
step for which they were generated is accepted. If a step is rejected or a gradient
is re-calculated, all refinements generated by evaluations that do not impact the
solver output are discarded.

Once the mesh cells to be refined are selected, the mesh is refined using a red-
green-blue refinement scheme as, for instance, described in [FS20] and as imple-
mented in the underlying finite element assembly library SCIKIT-FEM [GM20].
Here, the selected cells are refined using the “red” scheme and surrounding
cells are refined using other schemes as needed to create a conforming mesh.
We do not perform coarsening, although coarsening schemes for red-green-blue
refinements do exist (see, e.g., [FS21]). Conservation of the shape regularity
condition (Assumption 2.4.25 (14)) is demonstrated in [F'S20].

4.2.2 Implementation Details

For the assembly of the discretized finite element equation systems, we use
the SCIKIT-FEME] Python library [GM20]. In contrast to other, more feature-
complete libraries, SCIKIT-FEM is a pure Python library with a relatively small
dependency footprint and negligible setup cost. It does not support distributed
solving across multiple machines, but makes extensive use of vectorization
through the use of NUMPY and SCIPY for most internal computations.

4SCIKIT-FEM is licensed under an open-source 3-clause BSD license and available for download
onhttps://github.com/kinnala/scikit-fem.
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During refinement, control functions must be interpolated from the coarse
mesh to its refinement. This operation incurs a large amount of unnecessary
computational overhead because SCIKIT-FEM does not disclose information
about parent-child relations between cells in the coarse and fine mesh. We have
to reconstruct this information after the fact. This requires locating the coarse cell
containing the midpoint of each cell of the fine mesh once per refinement, making
refinement very costly and making runtimes almost certainly unrepresentative
of what is actually practically achievable.

Aside from the implementation details that we have already discussed in the
previous section, we apply a factor of 0.05 to all error estimates for the objective
functional. This is an empirically determined value that is meant to mitigate
over-refinement issues. We consider the use of a factor below 1 justifiable due to
inherent safety margins within the optimization algorithm as well as the self-
correcting nature of iterative optimization methods. For the gradient error, the
fact that norm-based error estimators are very likely to significantly overestimate
the error in the actual quantities of interest also plays a role. A higher factor is
desirable, but requires better estimators and more sophisticated mesh refinement
schemes.

During error bound apportionment for the penalty functional, we assign none
of the error bound to the constraint functional. We have discussed this as an edge
case in penalty error control in It is valid because the constraint
functional is evaluated without truncation error and because no division by zero
is caused by this choice.

4.2.3 Experiment

Because the optimization problem is a constrained problem, we perform
two different experiments. In the first experiment, we optimize the value of the
weighted sum

JU):=JU)+m-GU)

for a fixed weight m = 8.75-1075. The choice of m is somewhat arbitrary and
informed by the difference between the gradient terms of this regularization
term and the quadratic penalty term. We have

V(m-G)=m-VG,

V(5 max(o, 6] =m-maxio,a} -vG.

In order for the two terms to yield similar stationarity conditions, we must choose
m such that

m=m" -max{0, G{U")},

where m”* is the final penalty parameter chosen by the penalty method and
max{0, G(U*)} is the constraint violation at the penalty method’s final iterate.
The feasibility threshold for the penalty method is €, := 1072, Therefore, if the
final iterate is precisely at the feasibility threshold, m = 8.75-107° corresponds to
an anticipated final penalty parameter of m* = 8.75-1073. If the final feasibility
violation is only 8.75-1072, then the value corresponds to an anticipated penalty
parameter of m* = 1072. Conversely, this choice can be seen as minimizing
the difference between the termination conditions at an anticipated penalty
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parameter of m* = 1072 and a final constraint violation between 7.5-1073 and
1072

We solve the regularized problem with the unconstrained steepest descent
method described in with the following parameters:

e=107"%, 00=1075, o1=0.05,
09=0.9, &5=0.01, &g=0.9,
+=0.9, Ao =0.01.

We subsequently refer to this experiment as the “unconstrained run” because it
is performed using an unconstrained optimization algorithm.

In the second experiment, we use the quadratic penalty method described in
to solve the constrained problem with the measure bound M =0.4
and the algorithmic parameters

er=10"%, g =10"", £,=1072,
o0=1072, o1=0.05, 09=0.9,
¢s6=0.1, ¢g=0.9, ¢:=0.9,
&, =0.1, Ag=0.1, Minit = 1074,
m=1.
All controlled evaluation loops (see on page [215) are run with initial

bound Sy = oo and decay rate ¢ = 0.9 unless explicitly otherwise stated by the
calling algorithm. We fix the error apportionment parameters { and € to 0.1. We
subsequently refer to this experiment as the “penalty run” because it uses the
penalty method. Both runs start with the initial solution Uy := @, which is a
feasible solution.

In both experiments, step acceptance thresholds are very low and the tuning
parameters ¢, and ¢; are very high. Both of these are measures to reduce the risk
of over-refinement due to high gradient error estimates. Because the gradient
error estimate is a norm estimate, it cannot be expected to be very tight. We
raise ¢y and {; to increase the gradient error tolerance. On the other hand, we
keep 0o low to keep the trust region radius high. Because the gradient error is
controlled with respect to the L' norm, gradient error tolerances scale with the
trust region radius, which means that maintaining a high trust region radius
throughout the iteration also lowers the risk of over-refinement.

As before, we perform these experiments on an Intel Core i5-10210U laptop
CPU with 8 GB of total random-access memory. The CPU has four physical cores
and eight logical cores via Hyperthreading. While the Python code is still single-
threading, the PDE solver uses NUMPY and SCIPY for significant workloads.
These underlying libraries are capable of distributing over multiple cores and do
so more effectively for the Poisson Design problem than they did for the Lotka
Volterra Fishing problem.

The unconstrained run terminates after 43 iterations with a total execution
time of 424.03 CPU seconds, a final objective of 1.424346-107%, and a final
instationarity of 9.548901-107°. Throughout the optimization process, there are
no step rejections. The number of triangle cells increases from an initial cell
count of 8192 to a final cell count of 41595. The development of the cell count
over the iterations of the main loop is shown in on the next page. An
excerpt of the solver log is shown in on the following page.
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Table 4.2: Abbreviated solver log for the unconstrained run. Step sizes represent
single iteration, number of rejected steps is accumulated over multiple iterations.

# |  Objective | Instationarity |  Step Size | Rejected | CPU Time

0] 5.622x1074 4.973%x107% | 0.000x 10 © 0 | 0:00:02.70

5| 4.290x 1074 3.393x 1072 | 9.987x 1073 0 | 0:00:16.64
10 | 8.115x 1074 1.820x 1073 | 9.995x 1073 0 | 0:00:32.24
15 | 2.580x 107* 1.106 x 1073 | 9.995x 1073 0 | 0:00:47.82
20 | 2.097x1074 6.069x107* | 9.995x 1073 0 | 0:01:06.02
25 | 1.859x 1074 3.953x107% | 9.989x 1073 0 | 0:01:37.04
30 | 1.680x107¢ 2.449x107* | 9.995x 1073 0 | 0:02:14.39
35 | 1.569x 1074 1.729x107% | 9.998 x 1073 0 | 0:03:19.65
40 | 1.463x 1074 1.139x107% | 9.995x 1073 0 | 0:04:57.27
43 | 1.424x 1074 9.549x107% | 9.989 x 1073 0 | 0:07:04.03
40000 A
30000
20000
10000 -

0 10 20 30 40
Figure 4.9: Cell count over iterations of the unconstrained run.
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The penalty run terminates after 58 iterations with a total execution time of
480.60 CPU seconds, a final objective of 1.043635-107%, a final penalty function
instationarity of 5.140746-107°, and a final infeasibility of 5.300140-1073 with
an accompanying penalty parameter of 5.12-1072. Again, there are no step
rejections. The cell count increases from an initial value of 8192 to 35893. The
development over the iterations of the main loop can be seen in [Figure 4.10 on

page An excerpt of the solver log can be seen in on the preceding
page.

We note that in the unconstrained run, individual iterations take longer on
average than they do in the penalty run. There is also more refinement. Because
the measure bound is 0.4, the initial solution is the empty set, the trust region
radius is 0.01 throughout, and because increasing the amount of the better heat
conductor is generally beneficial to reduce compliance, we may assume that it
takes approximately 40 iterations until the constraint becomes active. Indeed,
a look at the detailed solver log, which is available as part of the run data
set [Hah25b|], shows that constraint violation becomes nonzero for the first time
after 41 iterations with an initial constraint violation of 6.219482-1073, which
is only slightly less than the step size of 9.918213-1073. Prior to this point, the
penalty run takes 175.49 CPU seconds for 41 steps. After this point, it takes
305.11 CPU seconds for the remaining 17 steps, which means that computational
effort per step rises dramatically as the constraint becomes active.

For the quadratic penalty method, this is to be expected because the penalty
term is quadratic and the model function is a “linearization” in the sense of
on page This is, in part, the motivation for choosing a low
initial penalty factor minit. The low penalty factor reduces the initial curvature
of the penalty term, thereby increasing the accuracy of the projected descent.
Once the penalty term becomes active, the curvature of the penalty term should
reduce the actual step quality and therefore likely also decrease the gap between
0 and the acceptance threshold g, which enters into the formula determining
the gradient error bound.

For the unconstrained run, the reason why steps require more effort is some-
what mysterious because the penalty term is not quadratic. It enters into the
objective linearly. Because the constraint functional is linear, it should be ac-
counted for perfectly by the linearization. As a result, it should shift both the
projected and the actual descent by the same value. If the decrease in the com-
pliance objective is small compared to its projected descent, then such a shift
could, if its sign was positive (i.e., if the measure of U would increase), move the
numerator of the step quality estimate towards zero faster than the denominator,
leading to a noticable decay in step quality. However, this is speculative and we
are unsure as to what causes this effect in the unconstrained run.

The solver logs show that no steps are ever rejected in either run. This
means that we have not observed the behavior of the algorithm under step
rejections. During trials, it was observed that step rejections often result in long
chains of gradient error control refinements, though whether this is caused by
inadequacies of the gradient error estimator or whether it might be an early
indication of problems that arise when one treats an L? derivative as if it was an
L! derivative is difficult to discern.

on the facing page shows the gradient density function from a
selected iteration during the penalty run. The boundary of the control set is
marked in black. We can see that the highest absolute values occur around
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[teration 35

Figure 4.11: Gradient density function at iteration 35 of the penalty run. The
bold black line marks the boundary of the control set.

the boundary. While the approximate values do not appear very large, it is
conceivable that they could become infinitely concentrated around the boundary
of the control set.

Finally, we examine the development of the control set over the course of
the optimization. [Figure 4.12)on the next page shows selected iterates from the
unconstrained run. [Figure 4.13|on page shows selected iterates from the
penalty run. Structurally, both solutions appear similar.

We observe that for both runs, the conductor “grows” gradually from the
Dirichlet boundary into the domain. This is in line with our prior observation
that low gradient densities are concentrated around the boundaries of the control
set and may indicate that shape optimization methods starting from the Dirichlet
boundary may be a more suitable optimization method for this problem.
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Figure 4.12: Control plots at selected iterations of the unconstrained run.
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Figure 4.13: Control plots at selected iterations of the penalty run.
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Chapter &

Discussion And Outlook

In this chapter, we look back on the results of the previous chapters. We discuss
some possible criticisms of these results. We also discuss how this work could
be expanded upon in the future. Finally, we give some conclusions and closing
words.

5.1 DISCUSSION AND CRITICISMS

The stated goal of this thesis is to develop iterative optimization schemes for
problems with spatially distributed binary variables. In order to do so, we have
developed theoretical tools to examine gradual improvement directions in the
continuum of distributed binary-valued controls. We were then able to transfer
traditional NLP methods to this setting with relative ease.

In summary, we consider this endeavor to be quite successful. Even when they
are used with inexact error estimators, the methods derived in this way appear
to be sufficiently resilient to still consistently produce iterative improvement.
With the theoretical toolkit developed in and parts of it
is very likely possible to go significantly beyond the two optimization methods
presented here. However, there are also some plausible criticisms of our work
that we will address here.

Lack of Comparison to Other Methods

In[Chapter 4] we have not compared our methods with any other solution method.
As we have noted there, this is primarily because of the implementation effort
necessary to compare solution methods and because we do not believe that such
comparisons can be made at this point in a manner that is not grossly misleading.

The main reason why such comparisons are necessarily misleading is that
our methods require error control and mesh refinement, while most alternative
methods work with fixed meshes and do not necessarily control for truncation
errors. This means that other methods have an inherent benefit in performance
comparisons because they do not incur the performance cost for error estimation
and control. In many cases, this is not because other methods do not need error
control. In principle, all discretizations of infinite-dimensional optimization
problems require error control. However, this is often neglected in discretize-
then-optimize methods.
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In order to mitigate the cost of error control, we could attempt to start
optimization with a sufficiently fine mesh such that error control becomes a
non-issue. However, this could unfairly bias a comparison in favor of our methods.
Discretize-then-optimize methods often use subproblem solvers whose perfor-
mance deteriorates for large numbers of variables. This is especially true for
methods that use Branch and Bound solvers, because the worst case performance
of such solvers is well-known to increase exponentially with problem dimension.
On the other hand, the performance of our optimization methods should only
change in terms of the processing time required for a single iteration. The total
number of iterations should not change by much as the degree of refinement is
changed. Therefore, a higher initial degree of refinement would likely bias the
comparison in our favor.

In summary, it is very difficult to make performance comparisons. In order
to do so, we would need very well-implemented and performant error control
methods for the test problems and we would have to be very careful in balancing
the solver parameters. As we have noted in[Chapter 4] this is significantly beyond
the scope of what we can do in this thesis.

Combinatorial Constraints

At first glance, continuous optimization in measure spaces appears very powerful.
The requirement of atomlessness gives the space a structure sufficiently reminis-
cent of vector spaces to allow for iterative nonlinear optimization. However, there
are some constraints that are of significant practical interest that are fundamen-
tally incompatible with our methodology because they violate atomlessness.

This applies to so-called “combinatorial constraints” (see, e.g., [SJK11]]) such
as variation bounds and dwell time constraints. For dwell time constraints or,
more generally, “contiguous measure bounds,” it is possible that these could be
turned into non-convex constraints that could be solved with suitable relaxation
methods. However, for variation bounds, this is a more fundamental problem.

A variation bound is a limitation on the surface area of a control set. We
can evidently design a sequence of step sets in R” whose Lebesgue measure
approaches zero while its surface measure stays constant or even grows to infinity.
This shows that variation bounds are plainly not differentiable constraints using
our concept of differentiability. There exists some work on methods to solve
problems with variation regularizations (see, e.g., [LM22]). However, solution
methods appear limited to solving discretized problems with finite-dimensional
discrete solvers.

Using finite-dimensional discrete solvers negates some of the benefits of
looking at the problem as an optimization problem on a continuum. It is also not
clear whether the resulting optimization method is transferrable to a solution
method for the infinite-dimensional problem. While it may be practically useful
to investigate such methods, we follow an optimize-then-discretize approach in
which optimization methods are first developed for an undiscretized problem and
their steps are then approximated in a discretized setting for practical purposes.
We consider this approach superior because it yields more theoretical insight
into the underlying problem and because the resulting methods tend to be less
dependent on the specifics of the discretization that is being used. For instance,
PYCOIMSET makes very few assumptions about underlying data structures and
other problem implementation details. If our algorithms were formulated with a

376



5.2. Future Research

specific discretization in mind, then PYCOIMSET would have to force the user to
use that specific type of discretization.

It remains to be seen whether variation constraints can be integrated into
our approach and how much of a change of setting would be necessary to do so.
It is possible that the following notes on generality factor into this question.

Generality

We chose measure spaces as a setting for binary-valued optimization because it
is, at first glance, a very natural setting. Binary-valued functions are indicator
functions. Furthermore, the fact that measurable functions can be used to
generate sublevel sets means that it is relatively easy to formulate a steepest
descent step finding routine.

All of this means that measure spaces are very appealing as a setting. How-
ever, we do not make much use of the underlying measure space structure in
We only use this structure to prove geodesicity of the search space
and to demonstrate properties of those geodesics.

Upon closer inspection, much of] could be transferred to any geodesic
metric space with a commutative group structure in which there exists an ef-
ficient way to solve trust-region subproblems. Such a generalization could po-
tentially expand the scope of our results and could allow for the inclusion of
non-differentiable constraints such as variation bounds. Due to time constraints,
we can, unfortunately, not attempt this generalization here. However, we leave
this as a promising research question for anyone who wants to investigate it.

5.2 FUTURE RESEARCH

This thesis only scratches the surface of a large amount of potential future re-
search. In this section, we want to highlight some research questions concerning
this subject matter that could be examined in the future. This is in addition to
the future research questions discussed in the appendices of this work.

We will proceed through these suggestions in the same order in which we had
previously proceeded through the subjects in the main part of the thesis.

5.2.1 Measure Space Geodesics

Measure space geodesics are a powerful theoretical tool. We have only made
sparing use of them in this thesis. Ignoring, for the moment, the theoretical
foundation of optimization with scalar inequality constraints, the optimization
algorithms that we propose are stated as trust-region algorithms and do not
strictly require measure space geodesics as either an algorithmic guideline or a
theoretical justification.

The amount of work that we have invested into their exploration may there-
fore appear exaggerated. However, this is out of a conviction that measure space
geodesics are a powerful and potentially indispensible tool for future steps in
algorithmic development.
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Iterative Construction

The first promising area of future research is the iterative construction of measure
space geodesics. In we develop an extensive toolkit to simplify the
construction of geodesics. At the foundation of this toolkit are these main pillars:

* geodesic interpolation (Theorems 2.3.18|and [2.3.22);

* geodesic level set functions (Theorem 2.3.28);
¢ geodesic composition (Theorem 2.3.34] and [Definition 2.3.35);

¢ and pushforward and pullback operators (Definition 2.3.43).

These pillars were originally devised to answer two open questions that we will
discuss in more detail later:

1. Can we use the secant inequality to define “convexity”?
2. Can we exploit second derivatives to obtain better search directions?

For either of these questions, an affirmative proof could potentially be based
on the construction of special geodesics for which we cannot give an explicit
“closed-form” expression.

We might therefore ask whether we could derive geodesics from implicit
descriptions by some manner of fixed point iteration. The toolkit that we have
developed allows iterative refinement of geodesics by the following scheme:

¢ using the pushforward operator, we can “unravel” an integrable function
(e.g., a gradient density function) into a function defined on the parameter
interval of the geodesic;

* using sparse interpolation, we can use the “unravelled” function as a quasi-
GLSF for a minimal mean “parameter geodesic” connecting the empty set
with the parameter interval of the original geodesic;

* using geodesic composition, we can use that parameter geodesic to reorder
the original geodesic and repeat the process.

More generally, we can use any “criterion function” on the original geodesic’s
parameter interval to reorder the geodesic. Pushforward allows us to derive such
criterion functions from density functions on the geodesic’s total variation. By
using generator geodesics as tie-breakers for the minimal mean geodesic, we may
even be able to overcome the unavoidable decay of the generated o-algebra that
would arise whenever the criterion function is not essentially bijective.

What is missing from this generic scheme is a convergence proof. The proce-
dure appears elegant and intuitive, but we do not yet know whether a procedure
such as this could be made to converge in any meaningful sense. Therefore, the
first major research question that we pose is:

Under which conditions, if any, can a limit geodesic with desirable
properties be derived from an iterative construction scheme such as
the one proposed in this section? What other iterative construction
schemes could be formulated?
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An extensible and adaptible framework for such convergence arguments could
open up the path to further research into the optimization of non-differentiable
functionals, the exploitation of second-order derivatives, and other fields.

A simple example of such an iterative scheme would be the “simultaneous

alignment procedure” proposed in though simultaneous alignment
does not require a convergence proof because it terminates after a finite number

of refinements.

5.2.2 Set Functionals

Our discussion of the theory of set functionals in and[2.5]leaves some
open questions, particularly with regard to the proper definition of certain terms.

Cauchy Guarantees Under Strict Convexity

In [Proposition 2.5.6) we have shown that for strongly convex set functionals,
any sequence of arguments whose instationarity approaches zero is a Cauchy
sequence. In “conventional” optimization in R?, the Cauchy property (and thereby
convergence) already follows from strict convexity and does not require strong
convexity. We do not yet know whether this argument is possible in our infinite-
dimensional setting.

It is possible that the argument breaks down due to the infinite-dimensional
nature of the space. However, we have not constructed a counterexample. Instead,
the absence of a proof for strictly convex functionals stems from the fact that
most straightforward proof methods use the optimum as a reference point. The
fact that we generally do not have an optimum prohibits arguments like this in
our setting.

Our question is therefore:

Is there a way to prove that instationarity approaching zero implies a
Cauchy sequence for strictly convex set functionals? If not, why does
the argument break down and what properties of the setting can be
exploited to construct counterexamples?

This question is mostly of theoretical interest. It hints at a significant gap in our
understanding of the setting and the answer could improve our ability to reason
about it.

Secant-Type Convexity

In|Section 2.5 we transfer the concept of convexity from functions to set func-
tionals. We base our definition there on the tangent inequality. This choice
is attractive because it is more easily transferrable than the secant inequality,
which is the traditional defining property for convexity.

The secant inequality states that a function f: X — R is convex if and only if

FAy+1-x)<A-f(P+(1-1)-fx) VxeX,yeX,Ael0, 11.

With geodesics, we have the ability to generate an analogue of the convex com-
bination 1y +(1—-71)-x. However, rather than having a single analogue of the
convex combination, there are many suitable geodesics that can replicate the
behavior of convex combinations that are all equivalent. This is a problem.
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We could naively demand that a convex functional should appear convex
along every geodesic. However, this breaks down for even the simplest of convex
maps: the signed measure. Let (X, X, u) be the space of Lebesgue measurable
sets on the bounded interval X =[0, 10] with the Lebesgue measure. We consider
the set functional F' with

F(U):zfx—5dx YU €eX.
U

This is clearly a signed measure that is absolutely continuous with respect to u
and has the density function x — x — 5. It is therefore the closest equivalent to a
bounded linear map that we have in our setting. It is differentiable (being its own
derivative up to sign changes) and satisfies the tangent inequality. Therefore F
is convex and should also satisfy the equivalent of the secant inequality.

Because we have access to the density function of F', we can formulate a
maximum-mean geodesic of the density function by taking a minimum-mean
geodesic of x — 5 —x. The map y: I — ¥~, with I :=[0, 10] and y(¢) :=[10—¢, 10]
is evidently one such maximum mean geodesic. By taking the composition of F'
and y, we obtain

t
(Foy)(t)zf x—5dx

10-¢
10
=|=x?-bx
2 10-¢
(10-1)2
=50-50— | ——— —50+5¢

1 2
= |50 -10¢+ 2 ¢* =50+ 5¢

_5t- 142

2
This function is not convex. It is strictly concave. We can do the same locally
with every continuously differentiable function in any point where its derivative
measure is not a scaled version of the underlying measure y. This means that
our naive definition yields a very small class of convex set functionals.

The next best approach is to demand that for any two arguments, there must
exist some geodesic connecting the two arguments along which the set functional
is a convex function. For signed measures, the constant mean geodesic (see
[Definition 2.3.56)) is specifically designed to fulfill this criterion. For other set
functionals, the question becomes what such a special geodesic would look like.

For convex differentiable set functionals, it is conceivable that we could design
an iterative process by repeatedly finding constant mean geodesics of the set
functional’s directional derivative along the preceding geodesic. We would then
have to prove that this process meaningfully converges to a limit geodesic.

This is not a viable approach for proving the secant inequality for non-
differentiable set functionals because it requires the existence of a directional
derivative.

We pose the following open research questions:

Is it always possible to construct (iteratively or not) a geodesic along
which differentiable set functionals that satisfy the tangent inequal-
ity appear convex? Can the same or a similar procedure be applied to
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certain classes of non-differentiable set functionals? If so, what addi-
tional assumptions would have to be made about these functionals?
Is there a better way to formulate the secant inequality in a measure
space setting?

The secant inequality is a fairly theoretical issue from our perspective because
we are primarily interested in differentiable set functionals. However, it closely
ties into the issue of iterative geodesic construction and directional derivatives
along geodesics. It may also factor into the finding of useful generalizations of
differentiability, which may be relevant to implementing common combinatorial
constraints. This group of research questions is therefore suitable as a starting
point for future research of significant value.

Generalized Concepts of Differentiability

In “conventional” NLP theory, there are generalizations of the derivative, such as
the subderivative. This question is a very open one because we have not done
much prior work on it:

Is there a viable analogue of subderivatives in measure spaces?
Could it be used to formulate optimization methods for convex non-
differentiable optimization problems? Are there other generalizations
of the derivative that could be transferred and what benefits could
they bring?

This is potentially of great value. It could allow us to optimize with non-
differentiable functionals or functionals whose derivative is not continuous.

5.2.3 Optimization Methods

The development of practical optimization methods is, of course, the central
goal of this thesis. The following are suggestions for future expansion upon the
optimization methods described in this thesis.

Step Finding Methods

We describe the main optimization loop in [Algorithm 4] as a “framework.” The
idea behind this term is that we could obtain different optimization methods by
using the framework with different step-finding routines. However, we have so
far always used the steepest descent step. We could design other step-finding
routines. As we have already pointed out, the barycentric constant mean geodesic
is a straightforward example of a geodesic that could be turned into a step-finding
routine.

Barycentric constant mean step-finding was briefly considered for inclusion
in this thesis. It could potentially avoid issues that arise when numerical errors
produce outlier values for the gradient density function. However, there are
some algorithmic difficulties with a step finding routine based on barycentric
constant mean geodesics. As opposed to the steepest descent step, which can be
found using a single bisection procedure, the constant mean descent step requires
that we simultaneously perform two bisections to determine two corresponding
levels. It is not entirely clear how one would best execute these two simultaneous,
interdependent bisections in practice. Particularly in the case of the final “fill out”
step, where we pick an arbitrary subset within a given size range from within
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the remaining candidate set, it is not clear how we could ensure that balance
is maintained between the upper and lower layers such that the mean does not
deviate too much from the desired mean.

This suggests that implementing such a step finding routine could be difficult.
Meanwhile, whether alternative step-finding methods would provide any practi-
cal benefit is questionable. Thus, we have to ask the following three questions:

Can we implement a step-finding method based on barycentric con-
stant mean geodesics? Can we find other viable step-finding methods?
Could such step-finding methods provide any benefit over the steepest
descent step?

Norm-Free Gradient Error Control

In[Chapter 4] we discovered that error control has a problematically large impact
on our algorithms’ performance. We suspect that this is because we control
gradient errors, which are generally influenced and compounded by errors in
objective evaluation, according to norm-based error estimates.

In general, the norm greatly overestimates the impact of errors on our algo-
rithm. This is because our algorithm is only concerned with the projected descent
associated with some steps, but norm-based error estimates always estimate the
maximal error over all possible steps. It would be much better to estimate the
error for steps of interest using methods like the dual-weighted residual error
estimator that we use for the objective error in our second test problem.

This would require an architectural overhaul of PYCOIMSET where error
estimates are evaluated and taken into consideration during the step finding
process. This, in turn, would pose a fundamental problem: if the step set is de-
rived from an approximate gradient density function, how does one estimate the
aggregate of both the error in step determination and the error in the calculation
of the projected descent over that step. Unless the combined error of both can be
controlled with reasonable effort, we do not gain much.

We condense this into the following questions:

Can we replace the norm-based error control for gradient density
functions with a system that only requires error estimates for indi-
vidual linear forms? How would this impact the complexity of the
step finding routine?

Linear Optimization and Trust-Region Sequential Linear Programming

We have repeatedly leaned on the analogous behavior of signed measures and
linear functionals. The next research topic we want to present is a compound of
two issues where the first flows almost directly into the second.
If we analogize signed measures to linear functionals, then a linear optimiza-
tion problem in a similarity space would take the form
l}reurju poU)

s.t. @; < b; Vieln]

where n €N, b € R”, and ¢; are finite signed measures with ¢; < u for all i € [n]p.
The question is:
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Are there efficient algorithms to solve linear optimization problems
in similarity spaces? Can they be made significantly more efficient
than their nonlinear counterparts?

The latter question is of particular interest because our trust region constraint
wl)=A

is itself a “linear” constraint and can therefore be simply added to any linear
optimization problem as a constraint.

This then opens up the possibility of using a linear solver as a step-finding
subroutine within a trust region framework. Doing so would allow us to add
linearizations of differentiable constraints to the step-finding routine, giving rise
to what is essentially a trust-region sequential linear programming method (see,
e.g. [BSS06, Sec. 10.3]). Therefore, we ask the following question as an extension
of the previous one:

Is there a viable trust-region sequential linear programming method
for optimization in measure spaces with differentiable scalar inequal-
ity constraints?

Such a method would obviously greatly expand the scope of our ability to optimize
with differentiable scalar inequality constraints.

Second Derivatives and Trust-Region Sequantial Quadratic Programming

In we briefly sketch how higher-order derivatives of set functionals
could be shown to exist and have density functions. Leaving aside whether it is
ever computationally feasible to calculate these higher-order derivatives, we do
not yet know how one would exploit the information contained within them in an
optimization algorithm.

In “conventional” NLP theory, the Hessian is used as part of the coefficient
matrix of a linear equation system. This approach is not valid in the measure
space setting because the optimality criterion is an inequality rather than an
equation. We would therefore have to solve an infinite-dimensional inequality
system.

It is not clear how we would solve such a system. We could attempt to base
our approach on algorithms that are used to solve linear equations with very
large Hessians. Matrix-free methods such as Krylov subspace methods seem
appealing, but their convergence proofs are often based on the finite dimension
of the underlying vector space. It may be possible to make arguments based on
discretization that such methods eventually converge in all “relevant” spatial
directions. However, it is not clear whether this approach is viable.

The questions are:

Can second order derivatives be incorporated into step finding? How
would one solve such step finding subproblems? Does their use pro-
vide any significant benefit over performing multiple first-order steps?

If we could find an approach to incorporate second derivatives into step-finding,
this could also open up the possibility of merging such a method with measure
space linear optimization to solve linear-quadratic optimization problems. These
could then potentially be used to solve step finding subproblems in a sequential
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quadratic programming (SQP) method (see, e.g., [INWO06, Ch. 18] or [BSS06,
Sec. 10.4]).

This field of research presents significant risks and promises substantial
rewards. It is possible that second derivatives cannot be incorporated without
accepting a performance penalty that makes them practically useless. This
would mirror a phenomenon observable in PDE-constrained optimization where
algorithms that use second derivatives are often ignored because Hessians would
become too great a resource burden in the high-dimensional spaces under discus-
sion.

Limited-Memory Quasi-Newton Methods

Among optimization methods that exploit second derivatives, we want to partic-
ularly highlight limited-memory quasi-Newton methods. This is a remarkable
category of optimization methods where a low-rank approximation of the Hes-
sians is derived from the observed behavior of the objective function during the
preceding steps.

We particularly highlight the limited-memory BFGS method (L-BFGS) which
can be implemented in such a way that it maintains an implicit representation
of an approximation of the inverse of the Hessian (see, e.g., INW06, Sec. 7.2]).
We can then multiply a vector with that approximate inverse using nothing
but vector-vector operations, which would completely eliminate the necessity of
finding an analogue of matrix operations.

The efficacy of L-BFGS is mostly argued on account of it approximating the
inverse of the Hessian. However, if we break down this variant of L-BFGS to
its algorithmic steps, the fact that they are beneficial to step-finding may be
arguable without the underlying approximation of the inverse of the Hessian.

If this is the case, then we could apply an analogue of L-BFGS in the measure
space setting without first having to find analogues to the inverse of a matrix,
which is potentially a problem in this setting.

We therefore pose the following questions:

Can limited-memory quasi-Newton methods such as L-BFGS be
transferred to the measure space setting? Can their efficacy be
argued without the extensive theory of linear operators and their
inverse that we have access to in more conventional vector space
settings?

Taking into account the standing of L-BFGS in the field of PDE-constrained
optimization, this may well turn out to be the only viable method by which
second derivative information can practically be incorporated.

Penalty Methods, Barrier Methods, and Augmented Lagrangian

We have already addressed the possibility of transferring SLP and SQP to the
measure space setting. These are constrained optimization methods that are
based on incorporating linearized constraints into the step finding problem.
However, there are also constrained optimization methods where the constraints
are incorporated into the objective and are not directly visible as constraints to
the step finding routine.

One such method is the penalty method, which we chose for this thesis because
it is very easy to implement a naive penalty method on top of our unconstrained
optimization method. However, penalty methods are usually not the best choice.
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There are several ways to expand upon this approach. We had to square our
penalty term in order to make the penalty function continuously differentiable.
This is regrettable because it discards the o-additivity of the measure. We have
essentially transformed a linear constraint into a quadratic objective term. If
we could learn to work with subgradients in our setting, then we could apply an
¢.like penalty term, which may lead to more desirable behavior. For a discussion
of nonsmooth penalty methods and their potential benefits, we refer to [NWO06,
Sec. 17.2].

Secondly, there is the question of interior point methods. A naive barrier
method in the spirit of [NW06, Ch. 19] was briefly considered as the constrained
optimization method for this thesis. However, the algorithm exhibited very
undesirable behavior near the boundary of the feasible region, likely due to
the large curvature of the barrier function in those regions. The benefit of
barrier methods over penalty methods is that they produce interior points. While
the solution returned by a penalty method will always slightly violate some
constraints, barrier methods yield interior points which always (within numerical
reason) satisfy the inequality constraints.

Thirdly, the fact that we can already use penalty methods suggests that
we may be able to augment these methods with a Lagrangian term to create
an analogue of the Augmented Lagrangian method (see, e.g., INWO06, Ch. 17]).
We have already pointed out that the concept of the Lagrangian relaxation is
transferrable to our setting. However, some care must be taken because Lagrange
multipliers are generally not unique in our setting and their values may become
very large unless properly controlled.

In summary, we pose the following questions:

How can we expand on the penalty method presented in this thesis?
Can we transfer other related optimization methods to our setting?

Hybrid Optimization

We develop a class of algorithms for infinite-dimensional binary-valued opti-
mization that replicate the behavior of “conventional” iterative NLP solvers.
An obvious next step could be to handle optimization problems with both set
variables and conventional vector space variables. We will refer to such problems
as “hybrid problems.”

We could simply attempt to solve hybrid problems by defining an algorithm
that applies both steps (a set step for the set variables and a vector step for the
vector variables) simultaneously or alternates between both in a manner similar
to coordinate descent or alternating direction methods. There is no real obstacle
to doing this. Our algorithmic correctness arguments would have to be adjusted,
but there is very little doubt that it is possible to do this.

The main obstacle that prevents us from dealing with hybrid optimization is
what kinds of constraints we would need to formulate “interesting” optimization
problems. It is quite possible that we would need to consider a form of vanishing
constraint where constraints to vector values are only applied when those values
are associated with points that are located within one of the set variables. Such
vanishing constraints would likely cause significant theoretical complications.

We therefore pose the following questions:
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Can convergence (or a reasonable approximation thereof) be proven
for hybrid optimization algorithms? In what contexts are vanishing
constraints required and how do they complicate the theory of hybrid
optimization?

Hybrid optimization is probably a requirement for a wide variety of practical
optimization problems. It is not evident that it would pose a significant theoretical
problem. Therefore, this is most likely one of the most straightforward extensions
to the theory presented in this thesis.

Combinatorial Constraints

One of the advantages that combinatorial integral approximation methods have
over optimization in measure spaces is the ease with which combinatorial con-
straints such as limits on the number of control switches or dwell time constraints
can be enforced in the rounding problem. This advantage diminuishes somewhat
in a context where CIA is applied on multi-dimensional domains, because it relies
heavily on “unravelling” the multi-dimensional domain onto a one-dimensional
interval. This process is likely equivalent to a pushforward through a generator
geodesic. When pulling the result back to the original domain, some combinato-
rial constraints, such as limits on the number of switches, can easily lose their
meaning.

There are some constraints, such as limits on total dwell time, that we can
already enforce because they are simply upper and lower bounds on the measure
of control sets.

Arguably the most interesting type of combinatorial constraint that we could
meaningfully enforce in our setting are dwell time constraints. Dwell time
constraints prescribe that, if a certain control is switched either on or off, then it
should remain in that state for either a certain minimal or maximal time. The
most direct translation of such constraints to our setting would be constraints
that apply an upper or lower bound to the measure of contiguous components of
sets.

The main problem with such constraints is that there are situations in which
an infinitesimally small step can cause these quantities to jump, e.g., by connect-
ing two contiguous sets together or splitting one contiguous set in two. Therefore,
these constraints are likely not continuous and certainly not continuously dif-
ferentiable. Even the introduction of subgradients may not help with such
constraints, because subgradients are only meaningfully defined for functions
that do not have jumps.

It is conceivable that we could relax these constraints into constraints that
have approximately the same effect while being continuously differentiable. Such
constraints could, for instance, be inspired by PDEs that model heat conduction,
electric potential, or the transmission of mechanical strain. If, for instance, we
modeled the heat exchange between two conductors with an insulator between
them, then that exchange is almost non-existent if the conductors are clearly
separated. As they grow closer to one another, heat would slowly start seeping
between them. Finally, when they are connected, the exchange would become
much stronger. Assessing contiguity through such a mechanism would effectively
treat sets that are almost connected as if they had “fractional connectedness.” It
would sacrifice accuracy but could turn the constraint into a differentiable one.
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Such constraints, even if they were differentiable, would likely never be
convex. There is the remote possibility that there may be an infinite-dimensional
Branch and Bound algorithm similar to the one that we will propose in the
next section that could rigorously solve problems with dwell time constraints by
branching on steps where sets are either connected or separated and treating
both subproblems in separate subtrees. This would very likely be difficult to
theoretically justify or practically implement.

We summarize this issue as follows:

What properties do combinatorial constraints such as dwell time con-
straints have within the measure space setting? Are there combina-
torial constraints that could benefit from subgradient methods? Can
some combinatorial constraints be weakened to approximate their
effect while turning them into differentiable constraints? Is it possi-
ble to solve problems with such constraints with infinite-dimensional
Branch and Bound methods?

The benefit of such constraints is questionable compared to the amount of effort
that would have to be spent to implement them. However, they could provide
a good testbed to learn more about infinite-dimensional optimization. The po-
tential use case for infinite-dimensional Branch and Bound appears particularly
interesting considering the other uses of such an algorithm that we will discuss
next.

Infinite-Dimensional Spatial Branch and Bound

Finally, there is the issue of nonconvex optimization. In “conventional” NLP the-
ory, there exist various approaches to solving nonconvex optimization problems.
Many of them are stochastic in nature and do not provide any sort of rigorous
quality guarantee for their solutions. One method that stands in contrast to this
trend is spatial Branch and Bound.

As the name suggests, spatial Branch and Bound is a Branch and Bound
method. In spatial Branch and Bound, the lower bound for each node of the
search tree is derived by minimizing a convex functional that underestimates
the actual objective under convex relaxations of the constraints. Upper bounds
are derived by evaluating the actual objective function. If the difference between
the underestimators and the actual functionals is deemed too great, then the
algorithm branches and calculates tighter underestimators for the child nodes.

The difference between spatial Branch and Bound and regular Branch and
Bound is that branching is not limited to integer variables. The algorithm can
branch on any variable and there is no guaranteed upper bound on the number
of times that it can branch on any given variable. This makes spatial Branch and
Bound much more complex than regular Branch and Bound.

One aspect in which most spatial and regular Branch and Bound methods
are similar is that they usually branch on single scalar variables. In infinite-
dimensional settings such as ours, this is not an option because our optimization
variables do not consist of distinct scalar components.

Although we do not have scalar components to branch on, our settings tend
to be “essentially finite-dimensional” in the sense that they can be discretized. A
discretization considers a finite-dimensional space that is very close to objects of
interest in the original space. The fact that we can use discretizations suggests
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that, at least situationally, we have a finite number of “variables” that are much
more significant to the quality of a solution than others.

If we could dynamically detect these significant branching directions as linear
forms (or signed measures for similarity spaces), we could still branch on them
even though we reside in an infinite-dimensional space where there are no
distinct scalar components. Such a branching could still yield good results if the
selection of branching directions is good enough.

Our questions are:

Can we dynamically identify good branching directions for spatial
Branch and Bound in infinite-dimensional vector spaces or similarity
spaces? Is this a viable path for nonconvex optimization in similarity
spaces?

This is not the most pressing research question that we present here. However, it
is certainly very interesting from a theoretical standpoint. Infinite-dimensional
Branch and Bound could be an exciting research topic. Even if it is not a viable
method for infinite-dimensional optimization, the branching methods that we
might discover during research could also feed back into finite-dimensional
Branch and Bound solvers and thereby improve our ability to solve conventional
nonconvex and mixed-integer problems.

5.3 CONCLUSIONS AND CLOSING WORDS

At this point, we are at the end of this expedition into the realm of iterative
optimization in measure spaces. We have seen that, by slightly relaxing the as-
sumptions made about the search space, very conventional and well-established
optimization methods can become powerful tools to efficiently tackle the complex-
ity of infinite-dimensional optimization with discretely valued variables.

We have seen that this does not require the use of discrete optimization
methods, but can instead be seen as an extension of conventional optimization on
continua. We have found an appropriate search space for this endeavor and have
developed an extensive theoretical toolkit for arguing within it. This toolkit is
the theory of measure space geodesics. We have then used this toolkit to transfer
two simple optimization methods, one unconstrained and one constrained, to the
measure space setting. Finally, we have tested them on two proof-of-concept test
problems.

As a by-product of this thesis, we have developed PYCOIMSET, a Python
library that is now available as open-source software that anyone can use to
apply the algorithms to their own problems.

As we had stated in the opening chapter, the goal of this thesis is not to
create entirely new algorithms, but rather to show the potential that can still
be unlocked in old algorithms. We have demonstrated that simple iterative
optimization schemes can be brought to bear on what is often spoken of as
“integer optimization” by applying them in a metric space instead of the usual
vector space setting.

This thesis document is hopefully not the end of that journey. I hope that
it can serve others as a pathway through the initial theoretical barrier into a
wide-open field of unexplored methods and new insights. After all, if the steepest
descent method and the penalty method can be transferred to this setting, then
why not all the other methods?
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5.3. Conclusions and Closing Words

I hope that this thesis will inspire others to continue where it ends. If you,
the reader, should feel inspired to continue beyond this point, then I wish you
good success on your journey beyond, and I hope that my work makes your path
a little easier than it would otherwise have been.
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AppendixA

Additional Theory

In this chapter, we develop additional theoretical ideas that are beyond the
scope of this thesis. The purpose of this appendix is to preserve unfinished or
unused ideas for future research. Therefore, the ideas presented in here are not
as rigorously argued and may depend on unproven assumptions or hypotheses.
Where this is true, we note such assumptions explicitly.

A.1 HIGHER ORDER DERIVATIVES

In [Section 2.4] we introduce the concept of differentiable set functionals. In
we use the Taylor criterion as the defining property of a differ-
entiable set functional. We stopped the Taylor expansion at the first derivative.
However, it is reasonable to ask whether this definition can be expanded to higher
orders of differentiability.

In Definition 2.4.1] we had defined derivatives as finite signed measures. The
set of all finite signed measures on a measurable space (X, X) along with the
total variation (see is a real Banach space. Because we are
generally only interested in gradient measures that have density functions with
respect to a measure p: X — Ry, i.e., that are absolutely continuous with respect
to y, for the remainder of this section we define

S(Z)={¢: Z — R|¢ is a finite signed measure},
Su(Z):={peSE)|p < u}.

It is known that, when paired with the canonical addition and scaling operations
and the total variation as a norm, S(X) becomes a real Banach space. It is easy
to demonstrate that S,(Z) is closed under addition and scaling. Therefore, S (X)
is a subspace of S(Z). In order to show that S,(X) is a Banach space, we have to
demonstrate that it is sequentially closed.

Because sequential and topological closedness are equivalent in metric spaces,
we can demonstrate the former by proving the latter. Let ¢ € S,(Z) and let
v € S(Z)\Sy(X). We can perform a Lebesgue decomposition (see, e.g., [BS20,
Thm. 3.9.5], [BK10, Prop. 9.3], [Kub15, Thm. 7.10]) of ¢ and v with respect to u.
This gives us unique signed measures ¢1,¢$2,v1,Vve such that

$=¢1+d2, P11 <, p2 Ly,
v=v1+va, Vi< U, vo L,
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where “a 1 B” signifies that a and § are “mutually singular.” This means that
there exists A € X such that, |a|(A) =0 and I,BI(AB) =0. Because ¢ € S;(Z) and
because the decomposition is unique, we know that ¢1 = ¢ and ¢2 = 0. However,
because v ¢ S,(Z), we know that ve # 0. Let A € Z be such that |u|(A) =0 and
Ival(AC) = 0. We have

lp—vi=Ild1—vi+ ¢P2 —vall
~—~—~
=0
=1 —vi—val
= b1 — v1—val(A) + |1 —v1 — v2l(AD)
———
>0
= |1 —v1—val(A).

Let IT< =N be the set of all countable measurable partitions of A. We have
=Vl =lp1—v1—val(A)

[e.e]

=sup )| p1(B;)—v1(B;) —va(B,)|
Bell j=1 Y——vu——
=0 because ((B;)=0

:supZ|vQ(Bi)|

Bellj=1
= |val(A)
= |val(A) + [v2l(AC)
——
=0
= vall
>0

This means that v is strictly separated from S,(X). Since this holds for all
vES(Z)\Su(Z), Syu(2) is a closed subspace of S(Z) and therefore a Banach space.
Because S,(Z) is a real Banach space, we can have vector measures that map
into S,(Z), which is the space in which all gradient measures reside. In the spirit
of Fréchet derivatives, where the second derivative is a bounded linear operator
that maps into the space of bounded linear maps, we can define the second set
derivative as a vector measure of bounded variation that maps to S,(Z).

Definition A.1.1 (Spaces of Vector Measures).
Let (X, Z, p) be a measure space, for every real Banach space V, we define

V(Z,V):={v: Z — V|v vector measure, ||v| < oo},
Vu(Z,V):={veV(Z,V)|v < pu}. <

We evidently have V(Z,R) = S(Z) and V,(Z,R) = S,(Z). To iterate to higher
orders, we require a result of the following kind.

Hypothesis A.1.2 (Completeness of Spaces of Vector Measures).
Let (X, X, ) be a measure space, and let V be a real Banach space, then V (Z,V)
is a real Banach space when equipped with the total variation norm. <

If this hypothesis is true, then the following definition becomes viable.

392



A.1. Higher Order Derivatives

Definition A.1.3 (Recursive Spaces of Vector Measures).
Let (X, Z, p) be a measure space, and let V be a real Banach space. We define

VLE, V) =V, (E,V),
VEU(E, V) =V (2, VI(Z,V)) VieN:i>1. <

Under this definition, the (i + 1)-st derivative of a set functional can be
conceived of as a vector measure in V:*1(Z,R) whose output locally approximates
the change of the i-th derivative. To formalize this definition, we introduce the
concept of a differentiable vector-valued mapping on a similarity space.

Definition A.1.4 (Vector-Valued Differentiability).

Let (X, X, p) be a measure space, let V be a real Banach space. We refer to a
mapping F: ¥~, — V as differentiable in U € ¥/~, if there exists an absolutely
continuous vector measure VF(U) € V,(Z,V) of bounded variation such that

F(V)=FU)+VFWU)YU AV)+o(uU AV)) VYV €¥-~,.

We refer to F' as differentiable on N < ¥/~, if F is differentiable in every U € N.
We refer to F' as differentiable if F is differentiable on ¥/~,,. <

Definition A.1.5 (Higher Order Differentiability).
Let (X, 2, u) be a measure space, let V be a real Banach space, let U € ¥/~ ,, and
let F': %~, — V. If F is differentiable in U, then we refer to VIF(U) := VF(U) as
the first derivative of F in U.

Let i €N, and let N < ¥~, be a neighborhood of U such that V:F(U’) exists for
all U’ € N and such that the mapping V'F: N — V(Z,V) is differentiable in U.
Then we refer to

VHFU) = VV'F)U) e Vi (E, V)

as the (i + 1)-st derivative of F in U. We refer to F as i times differentiable in U if
VIF(U) exists, as i times differentiable on N € ¥/~ if V'F(U’) exists for all U' € N,
and as i times differentiable if F is i times differentiable on ¥/~,. <

It is evident that [Definition 2.4.1|is a special case of with

V =R. Accordingly, we can use[Definition A.1.5|to define higher-order derivatives
of set functionals. When transferring the concept of continuous differentiability,

we have to take into account the local inversion behavior of set derivatives. We
had defined the locally inverted difference variation (LIDV, see [Definition 2.4.3)
with signed measures in mind. However, because the variation measure is an
equally valid concept for vector measures, the LIDV can straightforwardly be
applied to vector measures as well.

Definition A.1.6 (Locally Inverted Difference Variation).
Let (X, X, p) be a measure space, let V be a real Banach space, and let R € /~,,.
For ¢,v e V(Z,V), we refer to the measure ((ple% v) with

((pl? vID)=lp—-vID\R)+|p+vIDNR) VDeZX
as the R-locally inverted difference variation between ¢ and v. <
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Definition A.1.7 (Continuous Differentiability).

Let (X, Z, u) be a measure space, let V be a real Banach space, let N < %/~ be
open, and let F': ¥~, — V be differentiable on N. We refer to F' as continuously
differentiable in U € N if for every € > 0, there exists § > 0 such that

(VF(U)UgU’ VFU"NW)<e-u(W) YU',WeY~,: W(UAU")<6. 4

For continuously differentiable mappings, a result along the lines of Taylor’s
theorem may then be possible.

Hypothesis A.1.8 (Taylor’s Theorem).

Let (X, Z, p) be a finite atomless measure space, let n €N, let V be a real Banach
space, let N € ¥/~ be open, let U € N, and let F: ¥~, —V be n times continuously
differentiable on N. Then we have

FU)=FU)+ Y. %V‘F(U)(UAU’)...(UAU’)+o(,u(UAU’)") VU'€N.
i=1°% Y

i times <

Proving [Hypothesis A.1.8|is essential to demonstrating the merit of using
higher order derivatives in model functions for optimization. However, the
hypothesis is likely not straightforward to prove. By requiring N to be open, we
ensure that an e-ball around U is within N. This ensures that, for U’ within
that £-ball, the entirety of a connecting geodesic between U and U’ is within the
ball. This lays the groundwork for an error estimate based on a polygon chain
argument, which could be used to prove that the residual scales with the n-th
power of the distance. We do not perform this proof here.

Instead, we turn our attention to the second question that must be answered
before further investigation into higher order derivatives is warranted. That
question is whether such higher order derivatives, if shown to exist, are actually
useful for optimization.

At first, this may appear to be a trivial question. Of course, incorporating
second derivatives into our methods should improve the accuracy of our model
functions and, by extension, the quality of the steps made by iterative optimiza-
tion algorithms. However, rephrasing the question purely in terms of model
accuracy misses a crucial point: Improving the accuracy of the model function is
of no benefit unless we can formulate an algorithm for step determination that
can benefit from higher order derivatives.

The first step towards finding a way to benefit from knowledge about higher
order derivatives is to prove that they have a tractable form. For first order
derivatives, we chose the setting such that the derivative measure always has
a density function. Due to the way in which we have defined higher order
derivatives, it should be possible to prove that higher order derivatives also have
density functions.

Hypothesis A.1.9 (Higher Order Derivative Measures and Densities).

Let (X, Z, p) be a measure space, let n €N, let U € %/~,, and let F: ¥~, —Rbe n
times differentiable in U. Let

(X" , Z("), u(n))
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be the product measure space of n instances of (X, Z, ). Then there exists a
unique signed measure ¢: 2™ — R with ¢ < u'™ such that

VIF@)Dy)...(D1) =g X Di) V(Dicpn € 2.
— i=1

n evaluations <

A proof for this hypothesis would likely be based on an extension argument
where ¢ is first defined on an algebra of sets that consists only of the finite unions
of measurable rectangles:

m n
R = {U X Ai,j
i=1J=1

m €N, (A; j)ieim], jeln] € me"}-

For a measurable rectangle, we would define

(P(:Di) =V'FU)Dy)...(D1) YD)ien €Z".

1

We would then extend this to countable disjoint unions of rectangles. For all i e N,
let A;jeX” andlet R; == X;.LzlAi,j such that R; R = @ for i # j. Then we would
define

<p(GRi) = z(p(Ri).

The first challenge is proving that this is well-defined. To establish that, we
would have to show that a decomposition of a rectangle into disjoint rectangles
would yield the same value as the original rectangle. Expanding upon this, by
showing that every subdivision of a union of disjoint rectangles yields the same
value as the original union, we could show well-definedness over all of 2, because
any two unions yielding the same result would have the same value as their joint
refinement. For non-disjoint unions, we would have to rewrite them as disjoint
unions by subdividing the rectangles into their overlapping and non-overlapping
parts.

Once the definition is properly extended to arbitrary countable unions of
elements in £Z, an extension argument along the lines of Carathéodory’s extension
theorem would have to be used to extend ¢ to a signed measure on ™. Absolute
continuity with respect to ™ would likely follow from the definition of the outer
measure as the infimum over the measures of all encompassing sets in £ and
the fact that disjoint unions of measurable rectangles can only have measure
zero if each participating rectangle has measure zero along at least one axis.

A2 MFCQ IMPLIES GCQ

In we transfer the Karush-Kuhn-Tucker (KKT) conditions to our
setting. An important ingredient for KKT conditions are so-called constraint
qualifications. In our case, we primarily focused on the Mangasarian-Fromovitz
Constraint Qualification (MFCQ, see|[Definition 3.2.15).

We were able to prove that the MFCQ always implies equality between the
tangent cone and the linearized tangent cone. However, we were only able to
prove that this implies equality of the normal and linearized normal cone in the
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case in which at most one constraint is active. This is because we were only able
to demonstrate the inclusion

(T(;(U))o cNg(U)

for points U € . where at most one constraint satisfies G;(U) = 0. This is
a substantial restriction. In this section, we outline how a proof of the more
general [Hypothesis 3.2.20| could proceed. Before we begin, we have to prove some
preliminary results.

A.2.1 Preliminaries: Constant Mean Property

In [Section 2.3.5] we introduced constant mean geodesics. Constant mean
geodesics are specifically designed such that a specific signed measure will
behave like a linear functional along their path (see[Definition 2.3.56). As far as
we have seen so far, this is a specific property that only holds for some signed
measures along specifically constructed geodesics.

However, this is not quite true. The constant mean property is not a property
of the constant mean geodesic. Rather, it is a property that applies for all
elements of its generated similarity space (see [Definition 2.3.38).

Lemma A.2.1.

Let (X, X, 1) be a finite atomless measure space, let f € LY(Z, ), let I R be an
interval, let y: I — ¥~, be a constant mean geodesic of f, and let M € R be such
that

f fdu=M-u(y(s)Ay@) Vs,tel.
Y(s)AY(t)

Then we have
fAfd,u:M-u(A) VA eaoa(y).

PROOF. Let g€ ¥(X,Z,u,I) be a GLSF such that
{g<tley@®) Viel.

Let Cy = 0 be a geodesic constant of y. It is sufficient to show that for every
B e %(I), we have

f fdp=M-u(g™'(B).
g1i®
For every interval J <1,
f fdu=M p(g™(J)
g N(J)

follows from the fact that y is a constant mean geodesic and the definition of M.
Let U <R be an open set. Then U is a countable disjoint union of open intervals:

(o)
u=UJ;
i=1

~
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where J; SR is an open interval for each i € N. For each i € N the intersection
INndJ; is an interval that is a subset of I. Therefore, we have

[e.0]
du= f d
L*l(an)f K in g’l(IﬂJi)f g

=M-Y p(g I ndy)
i=1
=M -u(g I nD)).

Let F R be a closed set. Then FU is open and we have

[ fau=|  rau-| Fdu
o1 (InF) g~ 1) g~ 1(InFC)

=M (u(g™MD) - (g7 A nFY))
=M -u(lg H D\ g lI\F))
=M-pu(g ' nF)).

Let B € B(I) and let B* € Z(R) be such that B=B*n1I. Let € >0. Due to the
absolute continuity of the Lebesgue integral, there exists § > 0 such that

flfld/.tsf VAeX: u(A)<s.
A 2

Let 6* := min{5, m}, where m = oo for Cy-|M|=0. We know that
0" < oo because § < co. There exist an open set U R and a closed set F: € R
such that F, cB* c U, and

MUN\F,)<6".

This implies that
MU \B*)< 6",
——
CU\F;
MB*\F,)<6".
——
CU\F,

We have

fg 71(B)fdu—M‘u(g’1(B))‘

= f fdu—Mw(g*l(B*nI))‘
g 1(B*nI)

= f fdﬂ—f fdu—M~u(g_1(B*mI))‘
g~ U.nI) gL (U \B*)nI)
—_—

=M-p(g=(UnD)

f fdp—M~y(g‘1((U£\B*)mI))'
g~ H(U\B*)nI)

Fldu+ M- u(g ™ (W:\BINT))

=Cy-AUNBND)

A

fg’l((UE\B* nI)
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|f|d,u+Cy-|M|~)L((UE\B*)mI)
—_—

<AU\B*)<6*

fg‘l((Us\B* D

<

/ IFldu+Cy-|M|-5°
e W(UA\BHND —_——

=

Dol

&
du+—.
fl Bty

<

I
fg‘l((Us\B*)ﬁI)

At this point, we make use of the fact that p(g‘l((U‘S \B*)NI)) < MU \B*)<6* <o
because this implies that

f fdu-M-p(g™'(B)
g~ 1(B)

€
du+<
fl ptg

<

B fg*I«Ug\B*mI)
-c

(ST

<E.

Because this holds for every € > 0, we have
f fdu=M-u(g ' (B)) VBeBU).
g 1(B)
For each A € 0(g), there exists B € B(I) such that A = g~1(B). Therefore, we have
fAfd,u =M-u(A) VYAeo(g).

The claim then follows because o(y) = 0(gY~, and because the integral is well-
defined on similarity spaces. ]

The significance of is easily underestimated. It decouples the
constant mean property from a specific geodesic and transfers it to an entire

similarity space. This is especially significant in light of because
that theorem implies that the generated similarity space of any rearrangement
of y generates a subspace of o(y). This means that the constant mean property is
preserved under geodesic rearrangement.

A.2.2 Preliminaries: Simultaneous Alignment

Because the constant mean property is preserved under rearrangement, if we
can rearrange an existing geodesic such that it becomes constant mean, then
we could iterate that process to obtain geodesics that are constant mean with
respect to several functions at once. We will refer to this process as “simultaneous
alignment” because it realigns a geodesic such that it acts as a constant mean
geodesic for multiple functions simultaneously.

The alignment process for a single function is remarkably simple. We first
note that the integral of an integrable function along a geodesic is always abso-
lutely continuous. This is a simple consequence of the Lipschitz continuity of
geodesics in conjunction with the absolute continuity of the Lebesgue integral.
For a definition of absolute continuity, we refer to [BS20, Def. 4.3.1].
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Lemma A.2.2.
Let (X, X, u) be a measure space, let f € Ll(Z,,u), let I =R be an interval, and let
y: I —%~, be a geodesic. Then the mapping F: I — R with

F(t):= fdu vtel
y(t)

is absolutely continuous in the sense that for every € > 0, there exists 6 >0 such
that

Z'F(bi)—F(ai)l <€

i=1
for every sequence of pairwise disjoint intervals (a;, b;) €I with a; < b; for all
ieNand

b;—a;|<6.
L':Zi i i q

PROOF. Let g€ ¥%(X,Z,u,I) be a GLSF representation of y, and let C, =0 be a
geodesic constant of y. Let € > 0. Due to the absolute continuity of the integral,
there exists §* > 0 such that

flfld/.tSE VAeZX: w(A)<6".
A

If Cy = 0, then we set § := co. Otherwise, we set 6 := g— In either case, this

ensures that
Cy-MA) = 6" VAeRBU): MA)<6.

Let ((a;, b)) ;en e a sequence of pairwise disjoint intervals such that a; < b; and
(a;, b;)<I for all i e N, as well as

Z |b; —a;l<é.
i=1
We have

n o0
A(U(ai, bi)) = Z|bi -a;|<0
i=1 i=1
=:AeB(I)

and therefore
plg i) =Cy-UA) <67,

Because 7 is canonical and because the Lebesgue integral is countably additive,
Z|F(b )-F(a;)| = Z
i=1

we have
[, fan=[ rau
y(b;) y(a;)
o0
([ o PO
i=119y(a;)Ay ;)
= -[Y(a )AY(b; )

f Ifldu
“(ai, b;)

'[\’18 M8

399



A. ADDITIONAL THEORY

f Ifldu
g7 1(A)
€. O

IA

We note that the statement of is much stronger than that
required by the cited definition of absolute continuity. It does not require the
parameter interval to be bounded and works for countably infinite collections of
intervals. However, if the parameter interval is compact, then this is sufficient to
show that F' is absolutely continuous.

This is relevant because absolutely continuous functions are differentiable
almost everywhere in the sense that they have an integrable derivative function
whose integral can be used to calculate differences between function values at
different points in the parameter interval.

Theorem A.2.3 (Lebesgue’s Theorem [BS20, Thm. 4.3.7]).
A function f is absolutely continuous on [a, bl if and only if there exists a function
g integrable on [a, b] such that

t
f(t)=f(a)+f g(s)ds Vtela, bl. 4

If we have such a derivative g, then we can use it to generate a constant
mean geodesic and use that to rearrange the original geodesic.

Lemma A.2.4 (Single Function Alignment).

Let (X, X, u) be a measure space, let I :=[a, bl <R be a compact interval, let
y: I — ¥~, be a canonical geodesic, and let f € LY(Z,u) N L®(Z, ). Then there
exists a parameter geodesic p: [0, b —al — #Y~, such that the parameterization
Y©p of y by p is a canonical geodesic that satisfies TV(y © p) =TV(y) and

f fdu=M-pu(tyeop)s)Alyop)t)) Vs,tel0, b-al
(Yyop)(s)A(yop)(t)

for some constant M € R. <

PROOF. Let g € 9(X,%,u,I) be a GLSF representation of y, let C, =0 be a
geodesic constant of y. To simplify notation, let I’ := [0, b —a]. According to

Lemma A.2.2) the function F': I — R with
F(t):zf fdu Viel
y(t)

is absolutely continuous. According to there exists a function
G € LY (), ) such that

¢
F(t):F(a)+f GdA Viel.
S~~~ Ja

Let p: I' — %)~, be a constant mean geodesic of G with geodesic constant C, = 1
and TV(p) =1. Let M, € R be constant such that

f GdA=M, - Ap(s)Ap(t)) Vs,tel
p(s)Ap(t)
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Let ¢ := y © p be the parameterization of y by p. Because C, = 1, we know that
Cy is a geodesic constant of ¢p. Because constant mean geodesics are always
canonical by definition, we have

¢0) =g (p(0) = [g7H(2)]_ =2l
which means that ¢ is canonical. Because ¢ is canonical, we have
TV($) = p(b—a) = g (p(b —a)) = g L (TV(p)) = g7 1) = TV(y).

We still have to prove that ¢ has the constant mean property with respect to f.
We do so by an outer approximation argument. Let s,t € I'. We have

LS|
Ps)AP(2) g 1(p(s)Ag™1(p(t)
fdu.

fdp

L’l(p(s)Ap(t))

Let B € &(I) be a representative of p(s) A p(¢). Let € > 0. Because of the absolute
continuity of the Lebesgue integral, there exists §* > 0 such that
f fldu<E vAes: wa)<s*
A 2

If Cy = 0, then we set §1 := co. Otherwise, we set 61 := g—:. In either case, this

ensures that
Cy-MA) < 6" VAeBUI): MA)<6.

There also exists 69 > 0 such that
f IGldA < g VA € BU): MA) < 6.
A

Let 6 :=min{d1, 62}. Let U <R be an open set with B € U, such that A(U;\B) <§é.
Because U, is an open subset of the real numbers, it is a countable union of
pairwise disjoint open intervals ((ai, b;)) ;ien Without loss of generality, let
a; <b; for all i e N. For each i €N, let J; := (a;, b;)nI and let @; and b; be
maximally tight lower and upper bounds on J;, respectively, such that a; < Ei for
all i e N. We note that, because nullsets are irrelevant to integrals, it does not
matter whether these bounds are included in J;. Let subsequently

! ._ > .
B':=JdJ; e BU).
i=1

We now have

f fdu= f fdp
QYN ) g Hp(s)Ap(2)
= f L fdu
g 1(B)
- f Fau- f fdu
g 1(B") g~ 1(B'\B)
o0
=(Zf fdu)—f fdu
i=1Jg71(J;) g N(B'\B)
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= 3 d )—/ d

(izzify(amy@i)f H g-l(B'\B)f H

-S(F bi)—F(a;)) - f d
i;( (b;))-F(@,)) g_l(B’\B)f i

0
IR
i=1Yd; g 1(B'\B)
= f GdA- f fdu
U®, J; g 1(B'\B)
= f GdA- f fdu
! g‘l(B’\B)
:deAJr Gd/l—f fdu
B B'\B g 1(B'\B)

:f Gd/l+f Gd/l—f fdu
o(8)Ap(t) B'\B g 1(B'\B)

=M, -A(p(s)Ap(t))+f del—f
— — > JB\B ¢

=|s—t|

=M, |s—t|+ Gdﬂt—f fdu.
B'\B g 1(B'\B)

Because A(B'\B) < MU, \ B) < § < 83, we have

sf Glar< &,
B'\B 2

-1(B'\B)

Gda
B'\B

Furthermore, because

u(g ' (B'\B))=C,-MB'\B) < Cy- MU, \ B) < 6",

f 7
4~1(B'\B)

Together, this yields the estimate

'f fdu—M,-|s—t|
G(S)AP(E)

Because this holds for all € > 0, we have

f fdu=M,-|s—tl.
d(s)AP(E)

This is not quite the intended identity. For C, > 0, we can simply set M := Ag—:

we have

£
du Sf Ifldu<—.
g~1(B'\B) 2

=

Gda
B'\B

+ <E.

f ) fdu
g~ 1(B'\B)

and obtain

fdu=My-|s—tl=M-u(p(s) A ).
P(s)Ap(2)

For Cy = 0, we have to consider that F, y, and ¢ are all constant functions.
Because F' is constant, we have (G = 0 and therefore M, = 0. We can therefore set
M =0 and obtain the same identity. g

402



A.2. MFCQ Implies GCQ

Simultaneous alignment is then just an iterative application of

Theorem A.2.5 (Simultaneous Alignment).

Let (X, Z, p) be a finite measure space, let I :=[a, b] =R be a compact interval,
let y: I — ¥~, be a canonical geodesic, let n € N, and let f; € LY(Z, ) " L®(Z, )
for every i € [n]. Then there exists a canonical geodesic y': [0, b —al — ¥~, with
TV(y') = TV(y) such that for every i € [n], there exists a constant M; € R such that

f fidu=M; -u(y'(s)Ay'#)) Vs,tel0, b-al
Y'(s)AY'(2)

PROOF. We inductively construct a tuple (y;);e[,] of canonical rearrangements
Yi: [0, b —al — ¥~, of y with TV(y;) = TV(y) and of constants (M;);c[n] € R* such
that for each i € [n], we have

f fjd[.lZMj'[J(Yi(S)AYi(t)) Vs,t€l0, b—al,j<i.
Yi(s)Ay;(t)

To prove the latter, we demonstrate that
olypco(y)coly) Vi,jelnl:izj.

The claim then simply follows by choosing y' := y,,. To simplify notation, let
subsequently I' := [0, b —al.

PART 1 (INDUCTION START). According to |[Lemma A.2.4] there exists a pa-
rameter geodesic p1: I’ — %)~ such that the parameterization y; :==y© p1 of y
by p1 is a canonical geodesic that satisfies TV(y1) = TV(y) and

f frdu=Mi-p(y1(s) Ay1(®) Vs,tel
Y1(8)Ay1(8)

for some constant M; € R. Because y; is a rearrangement of y, we have
oy so(y).

PART 2 (INDUCTION STEP). Let i € [n—1]be such that y;: I' — ¥~, is a canon-

ical geodesic with TV(y;) = TV(y) such that o(y;) S o(y;) c o(y) for all j € [n - 2]
as well as

f fidp=M;-u(yi(s)Ayi(®) Vs,itel,j<i.
Yi(s)Ay;(t)

According to|Lemma A.2.4] there exists a parameter geodesic p;;1: I’ — 8I'Y~,
such that the parameterization y;,1 := y; © p;+1 of y; by pi+1 is a canonical

geodesic with TV(y;4+1) = TV(y;) =TV(y) and

| fiordu =My plyin® Ayia®) Vstel’
Yi+1(8)AY+1()

for some constant M;.1 € R. Because y;41 is a reparameterization of y;, we have
o(yir1)soly))co(yj)coly) Vjeli-1l
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According to[Lemma A.2.1}
[ fdu=Myulno) avi) Vsrelj<i
Yi($)Ayi(®)

implies that
[ Frdu=m;ua) vaeot,i<i

Because v;11(s) Ay;+1(t) € 6(y;+1) S o(y;) for all s,¢ € I', this means that

fidp=M;-u(yis1(s) Ayiz1() Vs, tel',j<i+1.

f}’iﬂ(s)AY;‘ﬂ(t) O

As we can see, the proof of is rather simple if is

available.

A.2.3 Proof Sketch for Hypothesis 3.2.20

As we had stated initially, the central hypothesis that we would like to prove is
[Hypothesis 3.2.20] which states that

(T(;(U)Y7 cNg(U)

in any feasible point U € %5 where an MFCQ is satisfied. We would likely prove
this indirectly, i.e., we would prove that for any signed measure ¢ that is not in
Ng(U), there exists a direction v € Tg(U) such that

UG

limsu
t—0
t>0

This is the negation of the defining property of the polar cone of a pseudo-cone

(see |Definition 3.2.6). By definition of the linearized tangent cone, this means
that v € Dir(¥~,) with

limsu
i—0
t>0

. (VGi(@)ov)(®)
limsup ————F—

t—0 t
>0

P (¢>°:)(t) >0,

<0 Vieln]: G;(U)=0,

where n € N is the number of scalar inequality constraints. Simultaneous align-
ment greatly simplifies this process. If we were to identify a similarity class
N € %/~ such that ¢(IN) >0 and VG;(U)N) < 0 for all i € [rn] with G;(U) =0, then
we could take an arbitrary geodesic connecting [#]., with N and align it for the
density functions of ¢ and the relevant VG;(U) to obtain the direction v. It is
therefore sufficient to find such a similarity class N.

We begin by clarifying the theoretical implications of ¢ “not being in NqU)?
For the purposes of this discussion, we work in the real vector space of benign
measures, which is a linear subspace of the Banach space of finite signed mea-
sures. Therefore, ¢ is a benign measure on the measure space (X, Z, u). The
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linearized normal cone N (U) consists of all benign measures that can be written
in the form .
¢-+2.qi-VGi(U)
i=1
where ¢b_ is a benign, non-positive measure and q is a vector of non-negative real
coefficients such that q; = 0 for all i with G;(U) <0. We can also write ¢ ¢ Ng(U)
as

n
$-> q;"VGU)eM (¥~,) YqeRL):Gi(U)<0 = q;=0Vie[n]
i=1
where M~ (¥/~,) is the convex cone of non-positive benign measures. Let sub-
sequently M be the closed convex cone of non-positive finite signed measures.
According to[Lemma 3.2.5] the closure of M~ (¥/~,) within the space of finite signed
measures is a subset of M .
We want to separate the set of all relevant

¢_ZQi'VGi(U)

i=1

from M . Because M ~(¥~,) is a cone, we can equivalently rewrite non-
membership in M~ (¥~,) as

q0-p— qu VGi(U) ¢ M™(F~) Vg eR™M: g4 >0 (Gi(U) <0 = ¢; =0 Vie[n])

i=

and restrict ourselves to a normalized subset of coefficients. Let

n
Q:={q0-¢- Y. ¢i-VGiU)|q € RUP, llgl1 = 1,40 > 0,¢; =0 Vi € [n]: Gi(U) <0}.
i=1
Because the problem satisfies an MFCQ in U, we can invoke|[Lemma 3.2.16] which
demonstrates that every convex combination of active constraint gradient mea-
sures assumes strictly negative values for some similarity classes. Accordingly,
the combination ,
q0-¢=) qi-VGi(U)
i=1

can never yield a non-positive measure if g = 0. Therefore, we can relax the strict
positivity of qo to non-strict positivity without losing separation from M~ (¥/~,).
Let

_ n
Q:={a0-¢= Y. ¢i-VG:iU)|q eRLY, gl =1,4; =0 Vi€ [n]: Gi(U) <0},
i=1

Because @ consists entirely of benign measures and does not intersect M (¥~ ),
Q consists entirely of benign measures that are not non-positive. @ is the image
of the unit simplex, which is the convex hull of all unit vectors and a compact set
in R**1, under a finite-rank linear operator. Therefore, @ is compact. Because Q
is compact, the continuous mapping ¢ — dist(¢, M ) assumes its minimum on Q.
Because all elements of @ are not non-positive, that minimum is strictly positive,
ie.,

dist(@, M )>0.
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Q is also convex. Because both M and @ are non-empty and convex, and
because their intersection is empty, we can invoke a variant of the Hahn-Banach
separation theorem (see, e.g., [Cla20, Thm. 8.10]) to show that there exists an
element of the dual space of the Banach space of finite signed measures that
separates M and @ in the sense that it maps all elements of the former to
non-negative numbers and all elements of the latter to strictly negative numbers.

The next step is to investigate this separating “hyperplane” in the space of
finite signed measures and attempt to derive an offending similarity class N
from it. This requires some discussion of the nature of the space of finite signed
measures. If we can appropriately restrict ourselves to the space of finite signed
measures with density functions, then the space is isomorphic to L. Because
we are operating exclusively in finite measure spaces, the dual of that space is
isometrically isomorphic to L*°, which means that we would have a function
f € L®(Z, ) such that

ffd(sz VoeM ,
X
ffd<p<0 Vpeq.
X

The former proves that f is non-positive almost everywhere. We would now have
to identify a way to derive the similarity class N from these properties of the
function f to prove the claim.

A.3 SET DERIVATIVE AND TOPOLOGICAL DERIVATIVE

The results in this section were developed in the time between sub-
mission and defense. They were not part of the original submission
version and are therefore subject to a lesser standard of review. They
are provided as a theoretical addendum for the interested reader.

The concept of using iterative optimization methods to optimize sets is not
novel. Such optimization problems have long been the subject of research under
the umbrella of shape and topology optimization. In we briefly
note the remarkable proximity between our approach and optimization methods
that utilize the so-called “topological derivative”. In this section, we will briefly
investigate this relationship.

The topological derivative is a concept that is commonly attributed to Es-
chenauer et al. [EKS94], though the authors of that work refer to the topological
derivative as a “characteristic function” for the positioning of “bubbles”. For a
more fleshed out definition of the topological derivative, we turn to more recent
work by Novotny and Sokolowsky [NS13|l. There, the topological derivative is
defined by a so-called “topological asymptotic expansion” (see [NS13| Sec. 1.1]) of
the form

F(A\w,®) =F(A)+ f(e)- T@ +o(f(e)).

Here, F: X — R is what we have previously referred to as a set functional. In
shape and topology optimization, this is often referred to as a “shape functional”.
The parameterized measurable set w.(X) := X + € - w represents a small hole based
on a measurable set w that is made within the set A. The function 7: A — R that
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maps an arbitrary point in A to a real number and can be written as

F(A\0:(®)) - F(A)

@ VxeA

T() =lim
e—0

is then referred to as the “topological derivative” of F with respect to the insertion
of a hole of the given shape within A.

The relationship between the topological derivative and our set derivative
appears evident. Let F be set differentiable in A. Because the definition above
applies only for insertions of holes within the current iterate A, the set difference
is equal to the symmetric difference. If we also define £ such that £ (e) = p(we(%))
for all ¥, then it is easy to see that under very mild additional assumptions about
w: (%), T is the gradient density function of F' in A. In this sense, the existence of
a set derivative implies the existence of a topological derivative.

A converse of this implication is much harder to establish. This is primarily
because of the very loose restrictions on f(¢) and w. The restrictions that the
authors impose (see [NS13| Condition 1.1]) are tailored to allow for the use of
so-called “nucleation methods”. Nucleation methods are methods that are similar
to the original bubble method proposed in [EKS94]. They use the topological
derivative to place individual “holes” and modify the shape of those holes using
the shape derivative. We evidently have to impose additional restrictions to turn
the topological derivative into a set derivative.

A.3.1 Theoretical Prerequisites

At the foundation of the relationship between the set and topological derivative,
there are two theorems: the Lebesgue differentiation theorem and the Vitali
covering theorem. For both theorems, we need to begin by introducing the concept
of “bounded eccentricity,” which is required for both theorems

Definition A.3.1 (Sets of Bounded Eccentricity [Leb10, Par. 25]).

A collection F of Lebesgue measurable subsets of R” is said to be of bounded
eccentricity if and only if there exists a uniform strictly positive constant C >0
such that for each A € &, there exists a Euclidean ball B with A € B and

AMA)>C-AB)
where 1 is the n-dimensional Lebesgue measure. <

We note that, although we cite Lebesgue in this definition, Lebesgue refers
to these collections as “regular families” rather than “collections of bounded
eccentricity”. We stress that the constant C has to be uniform across all members
of the collection &.

We first turn our attention to the Vitali covering theorem, which is discussed
by many textbooks as a prerequisite to proving the Lebesgue differentiation
theorem. One of the limiting factors in most treatments of the Vitali covering
theorem is that they only discuss cases where the covering consists entirely
of closed balls. This is insufficient for our purposes because the topological
derivative does not restrict the hole shape in this way. Therefore, we require a
more general variant of the theorem that can be challenging to find in modern
literature.
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Theorem A.3.2 (Vitali Covering Theorem|').
Let A < R" be a Lebesgue measurable set of finite measure, let V < L(R") be a
collection of closed sets of bounded eccentricity such that for every X € A and every
0 >0, there exists a set U € V with X € U and 0 < diam(U) < 6. Let futher B2 A be
a Lebesgue measurable superset of A that is also of finite measure and satisfies
UcBVUEeYV.
Then there exists a finite or countably infinite pairwise disjoint sub-collection
{Uj}; €V such that
A(aUuy)=o.
J <

The collection 7 in is commonly referred to as a “Vitali cover-
ing” of the set A. Later on, we will use finite sub-collections of Vitali coverings to

approximate arbitrary set changes with a finite number of disjoint “holes” in the
sense of the topological derivative. This will allow us to reduce the question of
whether a topological derivative also functions as a set derivative in our sense
to the much simpler question whether it is additive for finite disjoint unions of
holes.

The final theorem that we need in order to establish the relationship between
the set derivative and the topological derivative is the well-known Lebesgue differ-
entiation theorem. We cannot cite this theorem directly from Lebesgue, although
[Leb10] is commonly held to be the work from which the multi-dimensional vari-
ant of this theorem originates. This is because Lebesgue’s variant of the theorem
only extends to functions of bounded variation. Instead, we cite the generalized
variant of the theorem from Stein and Shakarchi.

Theorem A.3.3 (Lebesgue Differentiation Theorem [SS05, Sec. 3.1.2]).
Let Q < R" be open, and let f: Q — R be locally Lebesgue integrable. Let & be a
collection of Lebesgue measurable subsets of Q) that is of bounded eccentricity such
that for every x € Q), there exists a sub-collection 95z € F with x € B VB € 5 that
contains sets of arbitrarily small diameter. Then for almost all x € Q, we have

1 o
AgﬂomeV(x)—f(xﬂdx =0.
BeF <

The reason why we have to cite these specific versions of the two theorems
is because they allow for the use of arbitrary measurable sets of bounded eccen-
tricity. This is important because we will be using sets of whatever shape the
topological derivative has been developed for. That shape is arbitrary and largely
unrestricted by the definition of the topological derivative. If we were to use
more common variants of [Theorems A.3.2| and [A.3.3|that only use balls, then
this would generate the false impression that the relationship that we are about
to prove is restricted to cases where the topological derivative is developed for
ball-shaped holes. Such a restriction is not necessary.

I This is a minor correction of a variant of the theorem that can — to the author’s best knowledge
— only be found on [Wik25|]. It is derived from a variant for the Hausdorff measure (see [Fal85|
Thm. 1.10]). By making use of the fact that the Lebesgue and Hausdorff measures on R" are equal up
to a constant scaling factor, this variant can be transferred to the Lebesgue measure. An additional
edge case can be ignored because A is of finite measure and because the collection {U;}; is of bounded
eccentricity. The existence of the shared superset B of finite measure then ensures that the edge case
in which ¥ jdiam(U ;)" = co cannot occur. The original version on [Wik25] treats the existence of B as
implied, but does not properly justify that implication.
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A.3.2 Integrable Topological Derivatives by Measure (ITDMs)

As we had initially noted, it is necessary to restrict the definition of the topological
derivative in order to establish a relationship with the set derivative. Now that we
know the requirements of the two central theorems, we can formulate the precise
restrictions needed. To simplify this restricted definition, we first formulate our
restrictions on the holes with respect to which the topological derivative must be
generated.

Definition A.3.4 (Closed Holes of Bounded Eccentricity).
Let Q < R” be Lebesgue measurable, and let Z := £(Q2). We refer to a mapping
w: Qx(0, co)— X as a closed hole generator of bounded eccentricity if and only if

1. w(x,¢€)is closed VX e Q, e>0;
2. xew(X,e) VxeQ,e>0; and

3. there exist constants C; >0 and Cg > 0 and a mapping &, : Q — (0, co) such
that

diam(w(x,¢)) <C1-¢  VZeQ,e>0,
M@, €))>Co-" VXeQ,e€ (0, ,()). <

The primary purpose of |[Definition A.3.4]is to ensure that the holes generated

by w are always suitable for use with both the Lebesgue differentiation theorem
and the Vitali covering theorem.

Definition A.3.5 (Integrable Topological Derivatives by Measure).
Let Q < R” be a Lebesgue measurable set, let X := £(Q), let . :=%~,, and let
w: Qx(0, co) — X be a closed hole generator of bounded eccentricity.

We say that a continuous set functional F: . — R admits an integrable
topological derivative by measure (ITDM) with respect to w in U € X if there
exists an integrable function Ty € L1(Z, 1) such that

. .. FUAw®&e)-FU) _
Tyx) =1lim — for a.a. x € Q.
e—0 Aw(z,¢€)) <

Definition A.3.5|is a restriction of the generalized definition of the topological
derivative in the sense that:

1. it requires that £(e) = A(w(%,¢)) (it is “by measure”);
2. it requires that Ty be integrable;
3. it restricts the choice of the hole.

The restrictions on the hole w are the least straightforward part of
They exist largely to ensure the applicability of the Vitali covering
theorem and the Lebesgue differentiation theorem to the hole. Aside from the
additional restrictions, we also slightly relax the definition put forward by [NS13]
by allowing for hole shapes that vary based on location and on the scaling param-
eter ¢. This is in line with more recent work in the field of topology optimization
(see, e.g., [LOS24]), where derivatives for the subtraction of holes at the boundary
are calculated with modified hole shapes.
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Finally, we specify a Lipschitz-like continuity criterion that implies additivity.
This is to demonstrate that the additivity condition can also be understood as a
continuity condition on the topological derivative.

Definition A.3.6 (Lipschitz Continuous ITDMs).
Let Q € R” be a Lebesgue measurable set, let X = £(Q), let Z. := ¥~,, let
N < 2. be open with respect to the topology induced by the metric of .., and
let w: Q x (0, co) — Z be a closed hole generator of bounded eccentricity. Let
F: Z_. — R be a continuous set functional that admits an ITDM with respect to w
in every U € .

We say that F' admits a Lipschitz continuous ITDM with respect to w on A if
and only if there exists a constant L > 0 such that

[F(V A 0@,0) - F(V) - F(U A0(@,0) -FO)| < L-AU AV)

for all U,V € 4, all % for which the Taylor expansion in [Definition A.3.5 holds in
U, and all € > 0 such that w(x,e) and U AV are essentially disjoint. We refer to L

as a Lipschitz constant of the ITDM. <

We will use the Lipschitz continuity property to prove that a topological
derivative is “additive” in the sense that the linearized change in objective can
be added up over any finite number of disjoint holes without a qualitative loss of
precision beyond what would be expected due to the accumulated measure. As
we will see shortly, additivity is the central requirement that turns an ITDM into
a set derivative.

It is important to note that this kind of additivity is not an automatic property
of topological derivatives. For set derivatives, additivity follows directly from the
additivity of measures and integrals. However, the definition of the topological
derivative does not imply it. As we will note later on, this is both an advantage
and a major weakness of the topological derivative concept.

A.3.3 Set Derivatives are ITDMs

We begin by proving the simpler implication: if a set functional admits a set
derivative, then it also admits an ITDM and the topological derivative function
is equal to the gradient density function of the set functional. This implication
can simply be demonstrated by applying the Lebesgue differentiation theorem to
the gradient density function.

Theorem A.3.7 (Set Derivatives are ITDMs).
Let Q € R" be a Lebesgue measurable set, let = L(Q), let 2. :=%~,, and let
w: Qx(0, co) — Z be a closed hole generator of bounded eccentricity. Let F: 2. — R

be a continuous set functional that is set differentiable according to|Definition 2.4. 1|
on page inUeZ_, and let gy € LY(Z, 1) be the gradient density function of F

in U.
Then F admits an ITDM with respect to w in U and the topological derivative
function Ty € LY(Z, p) satisfies Ty = gu. <

PROOF. According to|Definition A.3.4} there exists a constant C; > 0 such that

for each x € 2, we have

diam(w(%,€)) <C1-¢ Ve>0.
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This ensures that for every ¢ > 0, there exists a ball Bz . SR" of diameter C; -¢
such that w(x,e) € Bz .. Because the measure of an n-dimensional ball goes to
zero as its diameter goes to zero, we have

e—0

Mw(®,€)) < A(Bz,e) — 0.

Similarly, according to[Definition A.3.4} there exists a constant C2 > 0 such that
for every x € Q, there exists €,(X) > 0 such that

M@, e))>Cso-e" Vee (0, ).

This has two effects. It ensures that A(w(%,£)) — 0 always implies ¢ — 0. However,
it also ensures bounded eccentricity in the sense that for each x¥ € Q and every
€€ (0, &®)), we have
Mw@,e))>Cq-e"
_ 2" .Csy (Cl-b‘)n

cr 2
:2"-02-1—‘(%4-1)‘ /2 .(Cl'&')n
Ct-n2 ‘r(g+1) 2
—:C>0 =ABz,)
=C-MBz,).

This demonstrates that the collection
F = {w(£,£)|£€ Q,z€ (0, fw@))} =
is of bounded eccentricity. Furthermore, for every x € 2, the sub-collection
Fei={0@,0)|ec (0, 2.@)} « #

satisfies ¥ € B VB € %; and contains sets of arbitrarily small diameter. Therefore,
F satisfies all requirements of the Lebesgue differentiation theorem (see

orem A.3.3). We define Ty := gy € L1(Z,1). Bearing in mind that A(0(,)) — 0

implies € — 0 and vice versa, we have

Ty(x) = guX)

fB gudx
= lim —/—m—47478—
AMB)—0 AB)
BEL@;
gg1 . FUAB-FU)- o(A(B))
MB)—0 A(B)
BeZz
_ i FUAB)-FQU)
T AB)=0 AB
BeZ;
. F(UAwR,e)-FWU)
=lim
e=0 Mw(Z,¢))

for almost all X. This demonstrates that F admits an ITDM with respect to w in
U and that Ty = gy is the topological derivative function. O
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demonstrates that set differentiable set functionals form a
subset of those set functionals to which the topological derivative concept can
be applied. This is relatively evident from the definitions of both derivatives.
However, it is useful because it allows us to quickly construct test functionals
for topology optimization algorithms. We will use this capability to construct an
edge case in

We note that, because the closedness of the holes generated by w is only
needed for the Vitali covering theorem, does not require it. We do
not make this theoretical distinction here because it would require an additional
definition.

A.3.4 Lipschitz Continuous ITDMs are Set Derivatives

Next, we come to the more interesting implication. As we have noted before,
the general statement that all topological derivatives are also set derivatives is
not true. Topological derivatives, in general, need not be integrable functions.
They need not even be measurable functions by definition. The function f can
incorporate boundary integrals and the topological derivative need not be additive
in the sense that we had discussed earlier. It is therefore almost certain that the
set of all set functionals that admit a set derivative is a strict subset of those that
admit a topological derivative. However, it is interesting to ask how large this
subset is.

In this section, we demonstrate that every set functional that admits a
Lipschitz continuous ITDM also admits a set derivative and that the gradient
density function is equal to the topological derivative function in that case. For
brevity, we do not repeat the same argument about the bounded eccentricity of
holes generated by w again.

Theorem A.3.8 (Lipschitz Continuous ITDMs are Set Derivatives).
Let Q € R"™ be a set of finite Lebesgue measure, let ¥ = L(Q), let T =%~ let
N € X be open with respect to the metric topology of 2, and let w: Qx(0, co) — Z
be a closed hole generator of bounded eccentricity. Let F': .. — R be a continuous
set functional that admits a Lipschitz continuous ITDM with respect to w on .
Then F is set differentiable in all U € & according to[Definition 2.4.1|and in
every U € N, the gradient density function of F in U is equal to the topological
derivative function Ty. <

PROOF. Let U € 4. Because ./ is open, there exists a constant R > 0 such that
Br(U) < A. Our goal is to prove that

FUAD)-FU)- [pTydx
0= lim .
MD)—0 AMD)

Equivalently, we can show that for every ratio bound p > 0, there exists a radius
6 > 0 such that

F(UAD)—F(U)—[ Tydx|<p-AMD) VDeZ_.: AMD)<é.
D

Let subsequently U* € U be a representative of U, let D € X be a step with an
arbitrary representative D* € D, and let p > 0 be an arbitrary ratio bound. We
will divide this bound into smaller fractions to compensate for five errors that
occur when we replace the step with an approximation by a finite union of holes:
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1. the change in F(U A D), which is bounded by continuity;

2. the change in [}, Ty dx, which is bounded by the absolute continuity of the
integral;

3. the error incurred by replacing the integral with a weighted sum, which is
bounded by the Lebesgue differentiation theorem;

4. the error incurred due to the change in topological derivative;
5. the linearization error of the asymptotic topological expansion.

Without loss of generality, let A(D) > 0. If A(D) = 0, then the claim evidently holds
for all 6 > 0.

PART 1 (STEP APPROXIMATION MARGINS). We begin by constructing an ap-
proximation D of the step D* that consists of finitely many pairwise disjoint
holes. In order to use the Lipschitz continuity of the ITDM of F, we have to
ensure that neither the original nor the approximate step move outside of the
neighborhood .#". We can achieve this by choosing § <67 := % and demanding
that the step approximation error not exceed 51 := @ < %.

Next, we have to bound \F(U*AAD*) -FU* A5)|. We can do this by using
the continuity of F'. There exists d3 > 0 such that

|FWU* AD*)-F(U* AD)| < g-/I(D) vD: MD* AD)<5,.

In order to bound | Jp-Tudx— [5 Ty dx|, we invoke the absolute continuity of the
Lebesgue integral, which guarantees that there exists d3 > 0 such that

f Tylde<? - AD) vD: AD* AD)<55.
D*AD 6

This yields the desired estimate because

'[ Tde—f~Tde :'f ~Tde—f~ Ty dx Sf |Tyldx.
D* D D*\D D\D* D*AD

Therefore, we have to find a step approximation D that satisfies

AD* AD)<min{b1, 69, 63}.
—_—
=6>0

According to the Lebesgue differentiation theorem (see [Theorem A.3.3), there
exists a nullset N1 such that

1
Ozlim—-f Tu(y)-Ty(x)|dy VYxeD*\Nj.
=0 A(a)(x,&‘)) m(x,£)| vy v | Y !

We note the equivalence between ¢ — 0 and A(w(x,£)) — 0 that we have already

demonstrated in the previous section. According to[Definition A.3.5] there exists
a nullset N9 such that

F(U Aw(x,e)) - FU)
Mo(x,e))

TU(x)=1in6 VxeD*\ N.
e
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The set Djj := D* \(N1UN?3) is Lebesgue measurable and satisfies (D* ADg) = 0.
Because D is a subset of (2 and Q is of finite measure, we can find an open set

G 2D and a compact set F < D such that (G \ F) < g.

PART 2 (VITALI COVERING). By subtracting N1 and Ns from D*, we have en-
sured that we can apply the Lebesgue differentiation theorem and the asymptotic
topological expansion around every point in F'. For each x € F, let €1(x,p) > 0 be
such that

_r
Aw(x,€))

(2] e

.f( )’TU(y)—TU(x)|dys Vee (0, e1(x,p)).

For each x € F, let further ea2(x, p) > 0 be such that
F(U Aw(x,e)) —FU)-Ty(x)- Mw(x,e)) < g Molx,e)) Vee (0, ealx,p)],

and let £3(x) > 0 be such that w(x,e) € G for all € € (0, 63(x)]. An appropriate
e3(x) can always be chosen because x € F' € G, because G is open, and because

diam(w(x,€)) 29 ). We define
€(x, p) = min{&,(x), £1(x, p), £2(x, p), e3(x)} >0 Vx€eF.
The collection
¥ :={w(x,e)|x€F, e <&(x,p)}

consists of closed sets of bounded eccentricity such that every x € F' is contained
within member sets of arbitrarily small measure. Furthermore, all members of
¥V are subsets of G, which has finite measure. Therefore, 7 is a Vitali covering of

F. According to the Vitali covering theorem (see [Theorem A.3.2), there exists a
finite or countably finite pairwise disjoint sub-collection {w(x i€ j)} ;€ ¥ such that

AF\Uot;,e)) =o0.
J

If the sub-collection is countably infinite, then we can truncate it after finitely
many elements to obtain a finite pairwise disjoint sub-collection with

w| )

AF\Uot,e)) <
J

We subsequently define
D =Jo(xj,¢€)).
J

PART 3 (STEP APPROXIMATION ERROR). We first examine the distance be-
tween D* and D. We have

MD* AD)< MD* AD)+MDy AD)
=0
=AMD{\D)+AMD\Dg)
N—— N——
<G\D cD\F
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<MG\D)+AMD\F)
——
<MG\F)

<2-MG\F)+ AMF\D)

IA
o
w| )

1
&)

As we had discussed earlier, this ensures that
|FU* AD")-FU* AD)| < g-A(D),

and that

‘ Tde—ﬁTde <P .
D* D 6

PART 4 (TELESCOPE SUM ESTIMATE). Having appropriately bounded the er-
ror incurred by substituting the actual step with a finite disjoint union of holes,
we can now prove the main estimate. We have

‘F(UAD)—F(U)— f Ty dx
D

= ‘F(U* AD*)—F(U*)—[ Tydx
D*

< |FW*AD*)-FU* AD))

+

FU* Aﬁ)—F(U*)—ﬁTde
D

ﬁTde—f Tde
D D*

2.
sTp-)L(DH

+

F(U*Aﬁ)—F(U*)—fN Ty dx
D

For the final component estimate, we make use of the particular form of the
approximate step D. To simplify notation, let NV € A" be the cardinality of the
finite sub-collection selected by the Vitali covering theorem. We define

k
U}: =U"A U w(xj,€;5) VEk €[N]p.
j=1

These are the intermediate sets generated by nucleating the selected holes
sequentially. We note that for all k£ € [N], we have
k
MU AU =AU otje)))
i=1
N
cD
< MD)
<AMD)+AMD* AD)

<5+6
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| &

R
+_
4

=

<R.

Therefore, we have U, € A/ Vk € [N]o. Let L >0 be a Lipschitz constant for the
ITDM of F with respect to w on 4. We can now make the following estimate:

'F(U* AD)-FU*) - ﬁ Ty dx

N
<Y [FUD-FW; - f Ty
Jj=1
N
F(U, Awlxje) - FUL) - Ty dx
J=1 w(xj,€5)
N
=Z( ’F(U*Aw(xj,ej))—F(U*)— Ty dx
j=1 o(xj,e5)
+|F(U} Doty,e)) -FUT)-F(U* Dote)) )
<L-AU_,AU*)
mN
= Z( L-MU;_AU")
j=1

P A o,ep) - FU - Ty Aot )

|

+ TU(xj)'/l(w(xJ',Ej))—f Tydx

w(xj,e5)

N
SZ( A(U* lAU )
+ |F(U* Aw(xj,gj)) —F(U*)—TU(xj)'/l(w(xj,Ej))|

-~

<&-Mw(xj,e;))

+f |TU(y)—TU(xj)|dy)
w(xj,5)

=& Molxj.€)

Mz

; 5.
L- /I(U w(xk,fk)) + Tp'/l(w(xj’fj)))
1 E=1

J

w|h

AD)? + 2:p S -AMD).

At this point, we make use of the fact that A(D* AD) < % A(D), which yields the
estimate
~ ~ 3
AMD)< AMD*)+MD* AD) < 3 -AD).

By making an appropriate substitution in the above estimate, we obtain

FU* Aﬁ)—F(U*)—f~ Ty dx| < % D)+ 3%-&(1)).
D
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We can then introduce an additional bound on the step length in the form of

8:p

6562:: m,

which gives us the following overall estimate for the telescope sum:

‘F(U*AD) FU")- fTde <— /1(D)+ /I(D)— /l(D)

By substituting this into the main estimate, we obtain

‘F(UAD)—F(U)— f Ty dx
D

=

-AD) +

FU* Aﬁ)—F(U*)—f~ Ty dx
D

2:p
6
20 1y Lt

< 5 MD) + 5 MD)
=p-A(D).

PART 5 (SUMMARY). In conclusion, we have demonstrated, that for every p >0,

there exists R s
0
0= m1n{51,62}—m1n{ 3’ B4, L}>

such that for every D € .. with A(D) <, we have

F(UAD)—F(U)—] Tydx| < p-AMD).
D

This shows that F' is set differentiable according to|[Definition 2.4.1{in U with a

derivative measure of
VF(U)D) = f Tydx VDes.
D

Evidently, the gradient density function of F in U is Ty . ([l

We stress that[Theorem A.3.8|only requires the Lipschitz continuity of the
ITDM to justify that the holes making up the approximate step D can be nu-
cleated sequentially without rendering the topological derivative invalid. It is
possible that this kind of additivity can be established under milder assumptions.
We also note that, because the individual holes in the approximate step are closed
and disjoint, any additivity argument need not consider cases where the holes
touch, as they are always separated by some strictly positive distance.

The fact that additivity of an ITDM implies set differentiability is also in-
teresting because it implies a converse implication: any ITDM that is not a set
derivative is also not additive for finite disjoint unions of closed holes. This means
that if an ITDM is not also a set derivative, then there is some finite disjoint
union of holes for which it does not accurately predict the change of the functional
value. This substantially reduces the usefulness of the topological derivative
for optimality conditions, because a solution that looks optimal according to
the topological derivative may not be optimal with respect to the simultaneous
nucleation of even as few as two holes.
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A.3.5 Notes on Methods of Topology Optimization

We close this section with some general notes on existing methods used in the
field of topology optimization. Topology optimization is a well-established field of
research with a history of several decades. Given the evident link between the
set derivative and the topological derivative, it is legitimate to question why it is
nearly absent from the discussions in the main part of this thesis.

One reason for this absence is the difficulty involved in rigorously establishing
the link even under substantial restrictions to the generalized concept of the
topological derivative. [Theorems A.3.7|and [A.3.8] clearly demonstrate that this
argument is not straightforward. It could be argued that the modern topological
derivative concept as presented in [NS13] is over-generalized, which makes it
very difficult to make general statements about topological derivatives. Here, we
have addressed this issue by making our own definition of a kind of topological
derivative — the ITDM. By restricting the most nebulous aspects of the definition
of the topological derivative, we create a scenario where it is possible to make
such general statements at the cost of losing some of the concept’s generality.

The other reason why topology optimization is mostly absent from our dis-
cussion is that the methods of topology optimization are sometimes justified
empirically. This means that some optimization methods in the field are not
rigorously demonstrated to work at all. One notable example of this is what the
authors of [NSZ19] present as Algorithm 1. This is a first-order method with a
level-set representation of the solution based on the topological derivative and
is similar to earlier methods proposed by [AA06; Ams11]. The idea behind this
algorithm is very simple:

¢ the current iterate is encoded as the sublevel set {¥; <0} of a function ¥
that is iteratively improved;

¢ the sign of the topological derivative is inverted inside of {¥; < 0} to com-
pensate for the natural sign flip of the topological derivative;

¢ improvements are made by adding a multiple of the sign-corrected topolog-
ical derivative function to ¥;.

There are many pitfalls in this algorithm as it is presented in [NSZ19]. First,
we note that level-set function adjustments of the sort that is used here do not
create individual holes in the precise shape for which the topological derivative is
developed. This means that there is no theoretical guarantee that the topological
derivative has any predictive capability for the kinds of changes made by the
algorithm. In Section 3 of their paper, the authors of [NSZ19] state that a
parameter determining the step size “is a step size determined by a line search
performed in order to decrease the value of the objective function”. However, they
never argue that such a step size can actually be found.

This is a general problem with level-set algorithms that use multiples of
the topological derivative as steps to adjust the level-set function. Because
the topological derivative cannot be relied upon to predict objective changes for
arbitrarily shaped set adjustments, there is also no guarantee that a descent step
can be found. The authors acknowledge shortfalls in the theoretical justification
of their algorithm in Section 5 of [NSZ19].

In cases where the topological derivative is also a set derivative, the possible
non-existence of a descent step “in the direction” of the topological derivative
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disappears. However, even in this case, the first-order algorithm presented in
[NSZ19] falls short. To demonstrate this, we consider the set functional

JW) =1 (A@)-1)°

2
on ([-1, 11, 2(-1, 1]),A). This functional is evidently a composition of the
Lebesgue measure A, which is benignly differentiable according to [Defini]
tion 2.4.1} with the polynomial A: x — % -(x—1)2. According to rl heorem 2.4.6L J
is benignly set differentiable in all U € £([-1, 1]) and the derivative satisfies

VJ(U) =h'(M1)) - VAU) = (MU) - 1) - VA).

For each step D, we have

VJWU)D) = (MU)-1)-(MD\U) - AU \ D)) = ngl ~2- 3 (MU) - 1) dx.

=8U

Evidently, J is minimized by any subset of [-1, 1] that has Lebesgue measure
1. An example of this would be [0, 1]. Next, we make use of
which states that J admits an ITDM in every U with respect to any closed hole
generator w of bounded eccentricity and that the topological derivative function
of J in U is equal to the gradient density function gy .

After applying the sign correction proposed by the authors of [NSZ19], we
obtain the constant function gy = A(U) — 1. The fact that this sign-corrected
topological derivative is a constant function presents a substantial problem to
the first-order algorithm proposed by the authors of [NSZ19]. If we were, for
instance, to start with any constant level-set function ¥ (representing either
the empty set or the set [-1, 1]), then there would be no step size that did not
either make no changes at all, or replace the current iterate with its complement.
The algorithm would therefore keep oscillating between the starting set and its
complement with no hope of ever progressing towards the optimum.

The issue is that the algorithm put forward in [NSZ19] does not provide
for a tie-breaking step such as the one performed in Line 18 of] on
page The need for such a procedure is readily apparent in an in-depth
theoretical discussion of the algorithm. However, it is quite easy to miss such
edge cases when the algorithm is only justified empirically, because topological
derivative functions with actual plateaus are rare in practical applications.

Another major class of topology optimization methods are nucleation methods
such as the bubble method [EKS94] or its more modern descendants. For both
the original paper proposing the modern form of this algorithm and a more
recent example, we refer to [AJ05; [LOS24]l. Nucleation methods only use the
topological derivative to place holes of the particular given shape and use the
shape derivative for all other changes. They are therefore on a much more solid
theoretical foundation with respect to their use of the topological derivative than
the previous method. However, as we had discussed at the end of
in cases where the topological derivative is not additive, the sense in which such
methods can achieve optimality is somewhat questionable.

In conclusion, while the field of topology optimization provides veritable riches
of theory concerning the nature and calculation of topological derivatives, due to
its empirical approach, the optimization methods derived from this concept are
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difficult to incorporate into rigorous theoretical frameworks. Many publications
in the field make unstated and unjustified assumptions about the topological
derivative that can easily trick the unprepared reader into drawing unfounded
conclusions. For this reason, we make a conscious choice to not discuss results
from topology optimization in the main part of this thesis.

A.4 FRACTIONAL PERIMETER AND CONDITIONALLY
DIFFERENTIABLE FUNCTIONALS

The results in this section were developed in the time between sub-
mission and defense. They were not part of the original submission
version and are therefore subject to a lesser standard of review. They
are provided as a theoretical addendum for the interested reader.

One of the primary weaknesses of our approach is that the set derivative
cannot capture changes that are happening on the boundary of a set. For instance,
the perimeter or boundary integrals of a set are not set differentiable. This is a
substantial weakness because boundary integrals are of great interest in PDE-
constrained optimization. However, as we will see in this section, it is possible to
approximate boundary integrals with set differentiable expressions.

This is not entirely unexpected, because boundary integrals are defined using
the trace operator, which implicitly averages functions over small volumes near
the boundary. It is therefore quite evident that boundary integrals could be
expressed as limits of volumetric integrals.

In this section, we will focus exclusively on the perimeter and an approxi-
mation known as the “fractional perimeter”. Demonstrating that the fractional
perimeter is, in principle, accessible to our theoretical framework opens up
the possibility of designing solvers that work with the true perimeter through
adaptive approximation.

A.4.1 On Regularization of the True Perimeter

Before we begin, we first recapitulate why incorporating the true perimeter into
the set derivative is not possible. This is not a conceptual weakness of the set
derivative, but rather a property of the perimeter. To simplify, we will assume
that “perimeter” is equal to the total variation of the indicator function of a set
and that, for sufficiently benign sets, it can be thought of as the “surface area” of
a set.

Let A € R” be a Lebesgue-measurable set of finite perimeter, and let € > 0.
By an adjustment of A of volume less than or equal to 5, we ensure that there

exists an /*° ball B of /*° diameter '\‘/g such that B is either fully contained or

disjoint from the modified set A’. This modification can change the perimeter of
the set. However, it cannot increase the perimeter by more than the perimeter of
B, which is finite. Therefore, A’ is still of finite perimeter.

Let M > 0 be an arbitrary constant, and let N := [L-‘ . Depending on

n—1

2:(e/2) 7
whether B is a part of A’ or disjoint from A’, we now either remove or add N
truncated hyperplanes (obtained by intersecting hyperplanes with B), spaced
equidistantly along one coordinate axis inside of B. We then thicken these
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truncated hyperplanes such that the resulting construct has strictly positive
measure not exceeding g, and that the thickened hyperplanes do not touch.

The resulting combined adjustment has a volume of less than €. However, the
perimeter of the resulting set is at least as large as the sides of the N thickened
truncated hyperplanes, which have an n — 1 dimensional measure of

oN - (Ver2)" L= 2-(e/2)" - Ll =M.
2-(e/2) n
Because this holds for all € > 0 and all M > 0, around every set A of finite
perimeter, within any distance € > 0, the perimeter exceeds every positive real
number. Therefore, the perimeter is discontinuous in every point and cannot
be accounted for via the set derivative. For this reason, it was not taken into
consideration during the research for the thesis.

It may be possible to accommodate perimeter bounds through specialized
step finding routines, though it is not clear whether this would cause issues
with the geodesic connectedness of the feasible set or convexity of the objective.
Here, problems may arise due to the more counterintuitive structural aspects of
similarity spaces. We will further elaborate on these issues when discussing the
fractional perimeter.

We note that perimeter regularization is not as simple as adding the perimeter
to the objective function. Unless treated with the utmost care, regularizing the
perimeter yields extremely mesh-dependent solutions. To illustrate this, consider
the set that minimizes the ratio between perimeter and volume. In R” with the
Lebesgue measure and its n — 1 dimensional counterpart, it is well known that
this ratio is minimized by the Euclidean ball. However, if we approximate sets
via unions of entire cells in a mesh made entirely of axis-aligned rectangles, then
the ¢°° ball of the same radius has the same perimeter and a larger volume. This
means that if we optimize with a regularization of the true perimeter on such a
mesh, then our solutions will tend to have large axis-aligned rectangles in them
because this shape accommodates the largest possible volume with the smallest
possible perimeter. Other mesh geometries favor other shapes. However, it is
very difficult to account for and control the impact of these effects.

Therefore, perimeter regularization should only be attempted with very so-
phisticated mesh control. At minimum, a perimeter-regularized optimization
method should employ some sort of combined mesh movement and refinement
or at least a level set encoding for the solution. Many level set encodings are,
unfortunately, not capable of straightforwardly modelling the symmetric differ-
ence. Mesh movement comes with many numerical pitfalls and is significantly
beyond the capabilities of the thesis’ author. We will further elaborate on mesh
dependency when discussing the fractional perimeter.

A.4.2 On Regularization of the Fractional Perimeter

Perimeter being somewhat problematic as part of the objective function, the
question of how perimeter regularization might otherwise be achieved arises. In
some recent publications in the field of optimal control, regularization based on
the so-called fractional perimeter has been put forward as an alternative (see,
e.g., [AM24]).
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The fractional parameter of a Lebesgue-measurable set A < R” is given by

1
P,(A):= —dyd
a(4) fA[AC lxc—ypnra

for @ € (0,1). In this section, our primary goal is to show that, for a given fixed
a €(0,1), a suitably chosen feasible set, and appropriately constrained steps, the
difference of P, over a given step D would likely admit a second-order Taylor
expansion in a lifted search space.

First, we note that, for a given point x € A\ A, we can bound the inner
integral from above by

1 1
—d :f —d
.[AC le—ylme 7 Jye ymnre

f 1
R™\Bgigt(x, 4Ly ¥ 17F¢

o0 1
_ f f — ds()dr
dist(x,AC) Jgp-1 P F

<

dy

f"o vol(S?‘l)d

= —ar

dist(x,AC) rte
272 (oo 1

= . T dr
I'(n/2) Jaist(x,aC) rite®
27.[71/2 —a 100

T T(n/2) L re st A%

27.[n/2a

" T(n/2)- dist(x, AT)’
We therefore must observe the following during our reformulation:

¢ the iterated integrals under discussion should be assumed to not be finite
unless the inner and outer integration domain are essentially disjoint;

¢ regardless of whether it is set differentiable, the fractional perimeter is
unlikely to be benignly set differentiable because its density goes to infinity
near the boundary of the sets under discussion;

* because of this, if we exchange the order of integration, the prerequisites
of Tonelli’s theorem must first be ensured by showing that the iterated
integral is dominated by the fractional perimeter of either input set (which
we will assume to have finite fractional perimeter).

In light of the last point, we must assume that our feasible set is a subset of
Fq={A€Z_|Pa(A)<oo}.

To simplify the following reformulation, we introduce the shorthand notation

1
“ ?e= ——— dydx.
foY foY lx—yfnra &

for disjoint X and Y. We also allow for sums of integrals on the inner level
with an analogous notation. Let A,B € &,. The fractional perimeter of A can be
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decomposed into

JuLe= LU L)
=l Jecae)* Lol s}

We note that these individual integrals are all dominated by [, [4c, which is
finite. Therefore, Tonelli’s theorem allows us to freely exchange the order of
integration for all four integrals as need arises. We can similarly argue that

R L N

The previous remark on the applicability of Tonelli’s theorem applies here as well
with [ [pc as the dominating integral. To clarify the following reformulation, we
will mark equalities based on Tonelli’s theorem with an asterisk (x). We observe
that

Py(A)-Py(B)

il b

“Jealh Lie) - foslhis fonas)* Loalla )
gL PR R N B NP R N

gF LT AR Y At A
~Jallrse i) sl s L)

Next, we use the fact that A AB = (A\B)U(B\A) and (AAB)¢ = (AC~BC)uAnB)
to aggregate these integrals into

1- -(1-
Po(A)—Po(B) = f A-ys@)-A-yx8(H) dydz.
AABJ(AAB)E lloc =yl te
=:AP, g(AAB)

We note that the density function in the integral on the right hand side depends
only on B. While the integral does not behave like the simple set derivatives
discussed in the thesis, this means that we can, in principle, incorporate a
pre-calculated approximation of this density function in the step finding process.

The iterated integral representation of AP, g shows interesting parallels to
the way one would intuitively expect a second derivative to work. Indeed, as
the thesis’ section on logical constraints demonstrates, it is possible to optimize
multivariate problems whose variables are subject to “partition constraints”. If
we interpret AP, p as a functional in two set-valued variables, then we obtain
the functional

Gap(X,Y):= f A= 1BC)- A= xp 0D g

xJy lx — ylm*e
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which is only defined for essentially disjoint X and Y. Then AP, g can be seen
as the restriction of G, g to the feasible set of a partition constraint. In this
restricted search space, AP, g would then likely be the equivalent of a quadratic
function whose second derivative has the density function

(1-xp(x))-(1-yB(y))

XxX3(x,y)—
fl = ylm+e

To account for the fact that the inner integral has to extend to all of R”, irrespec-
tive of whether the problem domain Q is a true subset of R” or not, a first-order
term with the density function

f 1-yxp(x)

x— —=——dy

rRAQ [l =yl +e

would have to be added to account for the integration mass outside of (2. Because
B c X, we can simplify 1 - yg(y) =1 here.

In conclusion, a mesh-agnostic step finding solver for problems with fractional
perimeter regularization can possibly be constructed on the foundation of the
work presented in the thesis. Such a step-finding solver would have to approx-
imately infimize a quadratic set functional subject to simultaneous partition
and measure constraints. This requires a combination of the theories of set dif-
ferentiability, scalar-valued inequality constraints (for the measure constraint),
and logical constraints (for the partition constraint). In addition, it would likely
require elaboration on the theory of higher order set derivatives sketched in
Section A1l

An additional concern is the likely necessity to restrict step choice to sets D
with AP, p(D) < co. Directions y that satisfy

limsup APy g(y(#)) < oo
t—0

or the stricter
AP, p(y(¢)) <oco Vi

form a pseudocone. To ensure that AP, p decays to zero as the underlying
measure U (likely a weighted version of 1 in this case) decays to zero, it may be
desirable to further restrict admissible search directions to
APy p(y(2)) }
— <00

limsup
t—0

>

@2‘?3 = {y e Dir(X.)

or the more restrictive

. APa,B(Y(t))
limsup ———

M, = {y e Dir(Z.)
’ t—0

o

for M > 0, where t = u(y(¢)) because directions are minimizing by definition.
Because all of these sets are pseudocones, they can be integrated into the KKT
framework developed in the thesis, though the results of this are uncertain. It
would then have to be investigated how all of these cones relate to the radial
pseudocone of %, in B to ensure that all points within the feasible set %, remain
reachable under such a restriction of search direction. We note that there is likely
some sort of “topology of pseudocones” under which @g‘:B is open and @%B isa

closed approximation that converges to @2’13 for M — oo.
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The fractional perimeter is likely the first practical example of a class of
set functionals that we have not properly addressed in this thesis: functionals
that are only set differentiable along certain search directions. In general, the
derivatives of such functionals would come with a pseudocone of admissible
search directions. KKT theory would have to account for this by using the polar
cone of that pseudocone in place of the polar cone of the universal pseudocone.

A further, less obvious issue with such search direction restrictions is that
weakly secant convex functionals may not appear convex along any of the admis-
sible search directions. This may cause some weakly secant convex functions to
always appear non-convex to the optimization algorithm. As the concept of secant
convexity is not yet sufficiently explored, the precise impact of this is unknown.

Due to the breadth of different areas touched upon in the thesis that are
combined in this problem, the thesis should be understood as only performing
preliminary work for the development of a mesh-agnostic step finding solver
for problems with fractional perimeter regularization. It also appears evident
that the additional amount of work necessary to consider fractional perimeter
regularization in this thesis would be substantial.

It is conceivable that perimeter regularization could be better adressed in a
metric space with a metric that combines measure and perimeter into one metric.
However, this may require discarding the immensely powerful tool of density
functions. Therefore, it may be difficult to solve step finding problems in the
resulting metric space. We will address this possibility in [Section A.5]

A5 GENERALIZED DERIVATIVE FOR GEODESIC METRIC SPACES

The results in this section were developed in the time between sub-
mission and defense. They were not part of the original submission
version and are therefore subject to a lesser standard of review. They
are provided as a theoretical addendum for the interested reader.

In and we have briefly touched upon alternative derivative

concepts that apply to functionals that are not necessarily set differentiable in

the sense of [Definition 2.4.1|on page These concepts are

¢ the generalized topological derivative, which can incorporate perimeter
and boundary integrals through the choice of the function f, but requires a
specific hole shape to be prescribed around each point;

¢ the shape derivative, which can deform set boundaries, but cannot change
set topology;

¢ conditional set derivatives, which apply only along a limited pseudocone of
search directions, but can potentially be used to approximate the perimeter
and other boundary integrals.

In this section, we briefly contemplate a generalized derivative concept that may
be able to unify all three of these concepts. At the foundation of this concept is
the geodesic metric space.

Definition A.5.1 (Geodesic Metric Space).

A metric space (X, d) is called geodesic if and only if for every x,y € X, there exist
an interval I € R, a geodesic y: I — X, and parameters a,b € I such that y(a) =x
and y(b) =y. <
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The definition of a geodesic measure space in[Section 2.3.6|is based on this
concept. We now have to generalize the pseudocone concept to arbitrary metric
spaces.

Definition A.5.2 (Directions and Pseudocones).

Let (X, d) be a geodesic metric space, and let x € X. We refer to a minimizing
geodesic y as a direction anchored in x if and only if 0 € dom(y), if there exists at
least one € > 0 with ¢ € dom(y), and if y(0) = x. We refer to a set C of directions
anchored in x as a pseudocone anchored in x. <

By demanding that a directions’ parameter interval include both 0 and some
strictly positive number, we ensure that each geodesic’s parameter interval
includes not only 0, but also some relative neighborhood of 0 within the non-
negative numbers, which allows us to make the types of limit arguments that
are essential for KKT theory and the theory of iterative optimization.

Specifying the anchor point of a pseudocone avoids the need to demand that
X must have a group structure. While this is true of measure spaces, it is not
always possible to create such a structure in arbitrary metric spaces.

Definition A.5.3 (Geodesic Derivative).
Let (X, d) be a geodesic metric space, let x € X, and let f: X — R. We refer to
f as geodesically differentiable in x along a pseudocone C that is anchored in x
if and only if there exists a mapping Vf(x): C3y— Vf(x)(y) € Ll(dom(y)) such
that

FOO)=re+ [ VG ds o

conv{0, £}

for ¢ € dom(y). <

This definition is very general. It incorporates all conditional set derivatives,
including the unconditional set derivative, which is essentially a conditional
derivative that applies along all directions. Furthermore, it subsumes all topo-
logical derivatives that use hole shapes that can be expressed as geodesics. It
can likely be argued to subsume shape derivatives, conventional vector space
derivatives, and even vector space semi-derivatives.

As opposed to the set derivative, it can be applied with alternate metrics. This
likely makes it capable of incorporating perimeter and boundary integrals. As
opposed to the topological derivative, the geodesic derivative allows us to assign
different derivatives to different geodesics, which obviates the need to specify a
single hole shape around each point. It could be argued that is
close to being a minimal requirement for the definition of iterative optimization
schemes with line search globalization strategies.

The power of’ comes at a substantial cost. An optimization
scheme using the geodesic derivative would have to use a two-stage step finding
procedure. In the first step, it would have to identify a descent direction within
the cone of allowed search directions C. In the second step, a traditional line
search procedure would have to applied to find the step length. The first step is
much more problematic than the second.

In the main part of this thesis, we were able to explicitly derive a descent
direction: the min-mean geodesic of the gradient density function. We were able
to do this because we had the gradient density function as a tool that allows for
the construction of the geodesic. In topology optimization, nucleation methods
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A.5. Generalized Derivative for Geodesic Metric Spaces

artificially create a similar situation by limiting themselves to nucleating holes
around points where the topological derivative exists and has the correct sign. In
general metric spaces, there is no unified way to find descent directions. Finding
descent directions requires in-depth study of the structure of geodesics in each
individual metric space, similar to what we have done in[Section 2.3] In general,
there is no guarantee that the construction of descent directions is possible
or easy. If optimality conditions do not take a sufficiently large subset of all
possible directions into account, then they may be meaningless from a practical
standpoint.

In light of all of these problems, [Definition A.5.3may not be practically viable.
However, it could be worthwhile to investigate how much of optimization theory
can be transferred to this derivative concept. It is likely that any theoretical result
proven within such a general framework would transfer to most optimization
settings.
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Appendix B

Additional Algorithms

B.1 POINTWISE MERGESORT

In we discuss partition constraints, which are a special form
of logical constraints. There, we point out that all logical constraints can be
transformed into partition constraints, though doing so requires enumerating
all boolean vectors that satisfy the underlying boolean formula, which may not
always be practical.

To devise a step-finding procedure that works for arbitrary boolean functions
in DNF, we would have to identify those feasible configurations which offer the
best ratio between transition benefit and transition cost. Then, if additional
measure “budget” is available within the trust region, we can switch to configura-
tions whose cost-benefit ratio is worse, as long as doing so increases the overall
projected descent.

Because boolean formulae in DNF are disjunctions, each clause of the formula
has its own set of feasible configurations. In these feasible configurations, those
variables that appear in the clause are “fixed.” We cannot choose the setting
for these variables. All other variables are free. To transition to a feasible
configuration for a given clause, we must first set all fixed variables to the correct
value. We then have to choose which of the free variables to switch.

It would stand to reason that we would switch these free variables in an
order that is determined by the cost-benefit ratio of the switch, starting with the
variables that promise the steepest descent. The cost-benefit ratio depends on
gradient measures and is therefore different across the domain. The order in
which we would perform switches in the free variables is therefore also different
depending on where in the domain we are.

This means that we would need a sorting algorithm that sorts a list of density
functions pointwise almost everywhere based on their value. In this section, we
design a variant of the well-known MERGESORT algorithm (see, e.g., [Knu98,
Sec. 5.2.4]) that does this. For brevity, we will not perform detailed proofs here.
However, the general idea of the algorithm is easily understood.

The reason why we can transfer the MERGESORT algorithm is because it is a
comparison-based sorting algorithm and because measurable functions support
pointwise comparison through the determination of sublevel sets. We now proceed
to lay out the basic operations necessary for MERGESORT’s merge operation. In
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on the following page, these operations are symbolically depicted to
make them easier to understand. Without loss of generality, we sort all lists in

ascending order.

We begin with the simplest operation: Given two measurable functions f and
g return their pointwise minimum and maximum. To do this, we first determine
{f = g}, which is the same as {f — g < 0}. We then create an output function which
is equal to f on {f < g} and equal to g everywhere else. This is the minimum of
both functions. Similarly, the maximum is equal to g on {f < g} and equal to f

everywhere else. This is formalized in [Algorithm 12|and depicted in

Algorithm 12 Pointwise Two-Way Merge

Require: n €N, tuple f of measurable functions f;: X — RU {oo}, and measur-
ablei,j: X —[n].

Ensure: Yields measurable £,/: X — [n] such that {k(x),l(x)} = {i(x), j(x)} and
e () < f1)(x) everywhere.

1: function MERGE-1-1(f, i, j)
2 81=Xy_1Xi=k[r

3 82=Xy_1Xy=ky [

4 A—{g1—-g2<0}

5: kB—xa-i+yxat-j

6: L —xa-j+yxat-i

7: return (%, [)

8: end function

We note that we choose a slightly different notation. Instead of sorting two
functions directly, we instead generate index functions that indicate how to
combine functions from a pool of measurable functions to obtain the minimum
and maximum. We do this because, in practice, we need to retain the index
information to know which variables (i.e., which layers of the layered similarity
space) the functions correspond to.

The second operation that we need to implement is the three-way merge. This
is the basic operation of MERGESORT’s overall merge operation. It takes three
input functions. In practice, two of these input functions come from the two lists
to be merged. The third is the maximum from the previous merge step, which
is carried over to the next step. The three-way merge takes these three input
functions and outputs the pointwise minimum, median, and maximum functions.

The three-way merge consists of three two-way merges. We first select any
two inputs and perform a two-way merge between them. We then perform a
two-way merge of the minimum with the remaining input. The minimum of that
merge is the overall minimum. The third two-way merge is between the maxima
of the two preceding two-way merges. Its minimum is the overall median, while
its maximum is the overall maximum. This operation is formally described in
Algorithm 13|on page[431]and depicted in [Figure B.1b]

With these two elementary merge operations, we can proceed to merging
larger lists of functions. The first larger merge that we discuss is the “1-n merge,”
which merges a single function f into a pointwise sorted list of measurable
functions (g;);e[»)- This is essentially just a sequence of two-way merges. In
the first merge, we merge f and g1. The minimum of the merge becomes the
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fi

fi

fr
fi < max
oSO
min min mid
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(c) 1-n merge of f into sorted (g;);c[p] to obtain sorted (h;);c[n+1]
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(d) n-n merge of sorted (f;);c[,] and (g;);¢[n] to obtain sorted (2;);c[2n)

1 2 fn fn+1 fm

L L 1]

|

hl hz h3 h2n—2

n hn+m—1

n-n merge 1-n merge

(e) m-n merge of sorted (f;);c[,] and (g;);e[,] With m = n to obtain sorted (2;);e[+m]
Figure B.1: Symbolic representation of the pointwise merge operation used by

the MERGESORT algorithm to merge two pointwise sorted lists of functions into

one pointwise sorted list. Location of arrows relative to operation nodes indicates
role of function in operation.
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Algorithm 13 Pointwise Three-Way Merge

Require: n €N, f n-tuple of measurable f;: X - RuU{oo}, i,j,k: X — [n].
Ensure: Yields measurable [1,l9,/3: X — [n] such that

{l1), L), 130} = {ix), jx), @)},
F1@ (@) < f110) (%) Vme{l, 2}.

1: function MERGE-1-1-1(f, i, j, k)

2 (m1, mg) — MERGE-1-1(f, j, k)

3 (I1, mg) — MERGE-1-1(f, i, m1)

4: (lg, I3) — MERGE-1-1(f, mg, mg)
5 return (I1, Io, I3)

6: end function

first element of the output list. The maximum gets carried over into a two-way
merge with g9, whose minimum becomes the second element of the output list.
This continues until we obtain the maximum of the final merge with g,, which
becomes the (n + 1)-st element of the output list. The transitivity of the order
relation “<” ensures that the maximum that is carried over to the next two-way
merge is always pointwise greater than or equal to all prior elements of the list,
which is essential to proving that the output list is pointwise sorted. The 1-n

merge is formally described in and depicted in

Algorithm 14 Pointwise 1-n Merge

Require: m €N, f m-tuple of measurable f;: X — RuU{oo}, j: X — [m] measur-
able,n €N, i: X — [m]® componentwise measurable such that

fi;(x)(x) < fil+1(x)(x) Vielm-1]

almost everywhere.
Ensure: Yields componentwise measurable k: X — [m]**! such that

(k@)1 elm + 11} = {j@} u{i;@) |l € n},
Fri®) < fry,10(®) vie[n]

almost everywhere.

1: function MERGE-1-N(f, i, j)

2 l—1

3 while / <n do

4 (k;, j) — MERGE-1-1(f, j, i;)
5: l—1+1

6 end while

7 kn+1 —J

8 return &

9: end function

The primary merge operation is the “n-n merge,” which we address next.
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It merges two lists of equal size. Like a 1-n merge, it begins with a two-way
merge between the leading elements of both lists. The minimum becomes the
first output element. The maximum is carried over. For all subsequent steps,
however, we perform a three-way merge between the two next elements in the
input lists and the carried maximum. The minimum and median are appended
to the output list in the correct order, while the maximum is carried over to
the next three-way merge. After both lists are exhausted, the final maximum
becomes the final element of the output list. The n-n merge is formally described

in ATgorithm 15|and depicted in [Figure B1d)

Algorithm 15 Pointwise n-n Merge

Require: m €N, f m-tuple of measurable f;: X - Ru{oo}, n €N, j: X — [m]"*
and i: X — [m]"” componentwise measurable such that

fi0(®) = fi) @) Viel[n—-1],
Fi@w@) <[ &)  Vieln-1]

almost everywhere.
Ensure: Yields componentwise measurable &: X — [m]?" such that

{kl(x)|l € [Zn]} = {jl(x)|l € [n]} U {il(x)ll € [n]},
Fr0 @) < [y, ) () vie[2n]

almost everywhere.

1: function MERGE-N-N(f, i, j)

2: (k1, r) — MERGE-1-1(f, i1, j1)

3: [ —2

4: while [ <n do

5: (koj_9, koj_1, r) — MERGE-1-1-1(f, r, i7, j1)
6: l—1+1

7: end while

8: kop —r

9: return %

10: end function

Finally, we combine the n-n merge and the 1-n merge to obtain the more
general m-n merge which is capable of merging sorted lists of differing length.
This is quite simple. If m = n, then we perform an n-n merge on the first n
elements of both lists. We then carry the maximum of that n-n merge into a
1-n merge with the remaining m — n elements of the longer list. This is formally
stated in on the next page and depicted in

Now that we have defined all necessary merge operations, we can state the
full MERGESORT algorithm. We do so in[Algorithm 17]on the facing page. The
algorithm starts with a tuple MV of n single-element tuples of index functions,
each of which is initialized with a constant corresponding to its index in MP. In
each step of the main loop, MU*D is generated by merging two adjacent index
tuples with an m-n merge and the variable m is updated to keep track of the
length of M. In each step, this length is roughly halved, until only one element
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Algorithm 16 Pointwise m-n Merge

Require: ny €N, f ng-tuple of measurable f;: X — RU{oo}, m €N, n € N with
n=m,i: X —[ng]™ and j: X —[nr]" componentwise measurable such that

fi@ =fi, &)  Vielm-1],
Fiiw@ = fj 0w  Yieln-1]

almost everywhere.
Ensure: Yields componentwise measurable k: X — [n¢]™"" such that

{ki@) |1 elm +nl} = {ji@) |1 € [nl} U {i;(x) |1 € [m},
Fri®) = fr 1) viem+n-1]

almost everywhere.

1: function MERGE-M-N(f, i, j)

2 k' — MERGE-N-N(f, in], Jin])
3 k" — MERGE-1-N(f, i[m\[nl k,2n)

4 Let % be the concatenation of k,, ;, and k" in that order.
5 return &

6:

end function

Algorithm 17 Pointwise MERGESORT

Require: n €N, f n-tuple of measurable f;: X — RuU {oo}.
Ensure: Yields £ € X — [n]" componentwise measurable such that

{ki(x)|i € nl} =[n],
friw@®) < fr, &)  Vieln-1]

almost everywhere.

function MERGESORT(f)
MY — (X 3x— 1))
mi—n
je—1
while m; >1 do
for all k€ [|m;/2]] do

(G+1) 0)) 0))
M, «—MERGE-M-N(f, Mg, ., MZk)

i€[n]

end for
if m;j=1 (mod 2) then
end if
mji1 < %-‘
=i+l

end while

k—M

return &

end function
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remains. Due to the guarantees for the output of the m-n merge operation, the
output is pointwise sorted.
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Appendix C

PyCoimset
Continuous Improvement of Sets
in Python

As part of this thesis, we develop a reusable software package called PYCOIMSET,
which aims to be a reusable and flexible framework that third parties can use to
apply iterative set-valued optimization algorithms to their own problems.

At the time of writing, PYCOIMSET is at version 0.1.7. The package follows
semantic versioning guidelines, which means that the interface is currently
considered immature and subject to future change. The full source code for
PYCOIMSET is available under the Apache 2.0 Licenseﬂ Version 0.1.7 has also
been archived under [Hah25all.

C.1 DESIGN CHOICES

The design of PYCOIMSET follows some overarching principles that are intended
to maximize its flexibility for future extension and application.

Implementation Agnosticism

PYCOIMSET is designed to not force its user into any particular way of imple-
menting the underlying set and density function encodings as well as functional
evaluations. This is achieved by following the overarching paradigm of imple-
mentation agnosticism.

The software is roughly divided into two segments, which we will call the
problem implementation layer and the algorithmic layer. The problem implemen-
tation layer is the lower level layer where, ideally, all code specific to the problem
implementation resides. The algorithmic layer operates on top of the problem im-
plementation layer and interacts with problem-specific code exclusively through
a defined interface exposed by the problem implementation layer.

1Tt can be downloaded at/https://github.com/mirhahn/pycoimset]
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C. PYCOIMSET

Python as Implementation Language

We choose Python as the implementation language because it allows for rapid
prototyping and has a very low barrier to entry. The Python ecosystem already
has a wide variety of mature numerical software, such as, e.g., NUMPY, ScCIPY,
or the PDE solver library FENICS. Python is also known to have very mature
tools to generate bindings to C/C++ code, such as CYTHON and PYBIND11, which
allows for Python code to interface with high-performance problem implemen-
tations written in nearly every other language that can interface with C/C++.
Other languages, such as Julia, also provide facilities to bind directly to Python
to make use of its rich ecosystem of pre-existing packages.

Python is a weakly typed language with strong support for so-called “duck
typing.” Duck typing is an object-oriented programming paradigm in which
objects do not formally have to inherit from a base type in order to be used by an
interface. Instead, they only have to implement the necessary functionality in
order to be used. This makes problem experts much more flexible in how they
design their type hierarchies. With version 3.8, Python has introduced so-called
protocols, which provide a way of defining type requirements for an interface
without the need for inheritance. Protocols are designed to be used in conjunction
with static type checkers to ease error diagnosis and avoidance in a duck typing
context. PYCOIMSET defines the interface of the problem implementation layer
using protocols.

The choice of Python as an implementation language is not without drawbacks.
Python is known to have irreconcilable difficulties with multithreading and to
have very poor performance when processing large amounts of data in pure
Python code. This is offset when much of that work can be outsourced to natively
compiled extensions such as NUMPY. However, it is not clear whether a pure
Python implementation is a long-term viable path for PYCOIMSET. At current
time, having a Python interface is almost inevitable for any piece of scientific
software and it is always possible to move the library to C/C++ and provide the
Python interface through a binding in the future.

C.2 PROBLEM IMPLEMENTATION LAYER

The problem implementation layer of PYCOIMSET consists of a system of inter-
dependent duck typing protocols. These protocols define the behavior of

¢ similarity classes;
* signed measures;

¢ similarity spaces;

and set functionals.

These protocols are declared in the pycoimset.typing module.

Similarity Classes

Similarity class types are used to encode solutions of the optimization problem
as well as steps between such solutions. Their behavior is prescribed by the
SimilarityClass protocol. This protocol requires the following functionality
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* “set.space” yields the underlying similarity space, which must be an
object implementing the SimilaritySpace protocol;

* “set.measure” yields the class’ measure using the underlying space’s de-
fault measure;

* “set.subset(lb, ub, [hint])” yields a similarity class with measure
between 1b and ub that is an essential subset of set with hint providing
an optional signed measure that the algorithm should (but does not need
to) try to minimize;

* basic set operations:

- “~set” yields the complement of set,
- “set | other” yields the union of set and other,
- “set & other” yields the intersection of set and other,

- “set - other” yields the difference between set and other,

«

- “set ~ other” yields the symmetric difference of set and other.

Similarity classes are assumed to be immutable, i.e., a given similarity class
cannot be modified after it has been created. This is meant to prevent inadvertent
corruption of solutions and steps after they have been stored. It also simplifies
caching logic. Many internal caches used by PYCOIMSET solvers are indexed
using object references rather than the content of those objects.

Users are free to implement several different types of similarity classes for a
given problem. This can, for instance, be used to simplify the encoding of specific
classes such as a similiarity space’s universal and empty classes. However,
all similarity classes that share the same underlying similarity space must
implement all basic set operations.

Implementers are encouraged to use copy-on-write and lazy evaluation to
avoid unnecessary work. However, they should bear in mind that such methods,
particularly lazy evaluation, can also slow down execution if they are imple-
mented in pure Python.

Signed Measures

Signed measures are primarily used to encode gradient measures. All signed
measures are assumed to be absolutely continuous with respect to the native
measure of the underlying similarity space. The signed measure object must
have access to a representation of the measure’s density function and provide
level set generation operations.

The SignedMeasure protocol requires the following functionality:

* “meas.space” yields the underlying similarity space, which is an object
implementing SimilaritySpace;

* “meas(set)” yields the measure of a similarity class set with the same
underlying similarity space as meas;

* “meas.norm(’L1’)” and “meas.11_norm” yield the L' norm of the density
function;
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* “meas.norm(’Linfty’)” and “meas.linfty_norm” yield the L* norm of
the density function;

¢ basic linear arithmetic:

“-meas” yields the additive inverse of meas,

- “num * meas” yields a real scalar multiple of meas,
- “meas / num” yields the quotient of meas by a nonzero real scalar num,

- “meas + other” yields the sum of signed measures meas and other
that share an underlying similarity space,

- “meas - other” yields the difference between signed measures meas
and other that share an underlying similarity space;

* level set generation (other can be a scalar or another measure):

- “meas < other” yields the strict sublevel set relative to other,
- “meas <= other” yields the sublevel set relative to other,
- “meas > other” yields the strict superlevel set relative to other,

- “meas >= other” yields the superlevel set relative to other.

We note that all norm-related code is only needed as part of the penalty solver
and can be omitted. The protocol offers a default implementation of the L! norm
and a version of meas.norm that caches its outputs as default mixins.

As with similarity classes, signed measures are immutable and must be
compatible with every other signed measure or similarity class type within the
same similarity space.

Similarity Spaces

Similarity spaces are relatively lightweight representations of the underlying
spaces from which similarity classes are drawn and on which signed measures
are defined. Their primary function within PYCOIMSET is that their object ID
marks similarity classes and signed measures that are compatible with one
another.

As such, it is essential that similarity space objects persist throughout the op-
timization process and are never re-created or replaced. They are not immutable,
but must satisfy certain invariance requirements.

The SimilaritySpace protocol requires the following functionality:

* “spc.measure” yields the measure of the universal similarity class under
the space’s native measure and must never change;

* “spc.empty_class” yields an encoding of the empty similarity class;

* “spc.universal_class” yields an encoding of the universal similiarity
class.

The objects returned by spc.empty_class and spc.universal_class may
change over time and should reflect global refinement decisions as they are made.
However, spc.measure is not allowed to change and must always be an upper
bound on the measure property of all similarity classes within the space.
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Set Functionals

Finally, set functionals encode objective and constraint functionals. They accept
similarity classes as input and produce signed measures as gradient outputs. Set
functionals must implement the Functional protocol.

Set functionals are not immutable, because they have a central role in
PYCOIMSET’s caching strategy. Each functional retains a reference to its last
evaluation argument as an attribute. This allows it to compare new arguments
to the last argument and delete cached results only when the argument changes.
This caching interface is very intrusive and may be abandoned in favor of a less
intrusive one in a future release.

At the moment, the Functional prescribes the following interface for a given
function func:

* “func.input_space”isthe SimilaritySpace from which arguments must
be drawn,;

* “func.grad_tol_type” is a read-only enum value from the enumer-
ation pycoimset.typing.ErrorNorm that is either ErrorNorm.L1l or
ErrorNorm.Linfty to indicate that gradient error is controlled using the
L' or L™ norm, respectively;

* “func.arg” is the current input SimilarityClass (or None) and is set via
func.arg = set;

e “func.val_tol” is the current functional evaluation tolerance, which is a
settable floating-point property;

* “func.grad_tol” is the current gradient evaluation tolerance, which is a
settable floating-point property;

* “func.get_value()” evaluates the functional value at the current argu-
ment and tolerance and returns a tuple (val, err) of value and error
estimate;

* “func.get_gradient ()” evaluates the gradient at the current argument
and tolerance and returns a tuple (grad, err) of gradient and error
estimate.

In addition to this interface, the following expressions must be defined for
floating-point numbers num and are implemented as mixins for classes that
inherit from the protocol:

e “func <= num” returns an object of type pycoimset.typing.Constraint
that represents a scalar inequality constraint of the form G(U) < b;

e “func >= num” returns an object of type pycoimset.typing.Constraint
that represents a scalar inequality constraint of the form G(U) = b.

The basic evaluation procedure for a functional is stated in [Listing C.1|on the
next page. Generally, both tolerances are set to some value before any evaluation
is done. This is to increase the likelihood of intermediate results being reusable.
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Listing C.1: Evaluation template for set functionals in PYCOIMSET.

# Set arguments and tolerances before evaluation
func.arg = my_set

func.val_tol = vtol

func.grad_tol = gtol

# Perform evaluation
fval, ferr = func.get_value()
gval, gerr = func.get_gradient ()

C.3 ALGORITHMIC LAYER

The algorithmic layer is centered around the solver implementations in the
pycoimset.solver module. At the time of writing, there are two solver imple-
mentations: UnconstrainedSolver and PenaltySolver. Both of these take the
objective functional, constraints (if applicable), and initial solutions as construc-
tor arguments. In addition, they accept a variety of algorithmic parameters and
an optional implementation of pycoimset.typing.UnconstrainedStepFinder,
if the user wants to specify an alternative step finder. Currently, the only imple-
mentation of that protocol is pycoimset.step.SteepestDescentStepFinder,
which is used by default if no step finder is specified.

Once constructed, both solvers provide the method solver.solve (), which
solves the optimization problem to the tolerances specified in the algorithmic
parameters.

Retrieving Solution Information

Once the solver is finished, the termination status can be retrieved through the
solver.status attribute, the precise meaning of which differs between solvers.
The solver’s current iterate is retrievable through solver.x. Some statistics
about iteration counts, step sizes, and objective functionals can be retrieved
through solver.stats, though the precise format differs between solvers.

Monitoring through Callbacks

Both solver variants have a callback interface that allows the user to inject a
callable through the solver.callback attribute. This callable is called once per
iteration and receives only the solver itself as an argument. This can be used to
preserve intermediate solutions and progress information for later evaluation
that would otherwise be discarded.

Functional Helpers

PYCOIMSET provides three simple proxies that adapt functionals in some way.
These are located in pycoimset.helpers.functionals. The helper transform
applies an affine linear transformation to the output of an existing functional,
with_safety_factor applies a safety factor to error estimates and bounds, and
weighted_sum combines multiple functionals into a single functional whose
output is a weighted sum of the input functionals.

440



C.3. Algorithmic Layer

These helpers are somewhat non-trivial to implement because they change
error bounds and estimates and perform arithmetic with multiple gradient
measures.

Usage Example

To illustrate the usage of PYCOIMSET, we provide and on the
following page and on page These are adapted from the main solver file of the

test problem in They are substantially simplified and include none
of the code implementing the relevant functionals. They are merely intended to
illustrate the usage of the solver classes in conjunction with functional helpers.
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Listing C.2: Simplified evaluation code for the penalty run of the test problem

from

# Import sctkit-fem
import skfem

# Import types from problem implementation
from space import BoolArrayClass, SimilaritySpace

# Import pycoimset types and functions
from pycoimset import PenaltySolver

# Construct initial mesh using scikit-fem.
initial_mesh = skfem.MeshTri().refined(6)
space = SimilaritySpace(initial_mesh)

ctrl = BoolArrayClass(space, space.mesh)

# Set up solwer.

sol_param = PenaltySolver.Parameters()
f = ObjectiveFunctional (space)

g = MeasureFunctional (space)

solver = PenaltySolver(
# Objective
with_safety_factor(f, 0.05),
# Constraint

g <= 0.4,

# Parameters

x0=ctrl, # Initzal solution

mu=0.01, # Initial penalty parameter
err_wgt=[0.0, 1.0], # Tolerance apportionment
param=sol_param # Additional parameters

# Solve the problem.
solver.solve()

from functionals import MeasureFunctional, ObjectiveFunctional

from pycoimset.helpers.functionals import with_safety_factor
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Listing C.3: Simplified evaluation code for the unconstrained run of the test

problem from

—

W N

© O 9w

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42

# Import scikit-fem
import skfem

# Import types from problem implementation
from functionals import MeasureFunctional, ObjectiveFunctional
from space import BoolArrayClass, SimilaritySpace

# Import pycoimset types and functions

from pycoimset import UnconstrainedSolver

from pycoimset.helpers.functionals import (
with_safety_factor,
weighted_sum

)

from pycoimset.solver.unconstrained.solver import (
SolverParameters

)

# Construct initial mesh.

initial_mesh = skfem.MeshTri().refined(6)
space = SimilaritySpace(initial_mesh)
ctrl = BoolArrayClass(space, space.mesh)

# Set up solwer.

sol_param = SolverParameters()
f = ObjectiveFunctional (space)
g = MeasureFunctional (space)

solver = UnconstrainedSolver(
weighted_sum(

L
with_safety_factor(f, 0.05),
g
1,
[1.0, 8.75e-5],
[1.0, 0.0], # Tolerance apportionment (value)
[1.0, 0.0] # Tolerance apportionment (grad)
),
initial_sol=ctrl, # Initzal solution
param=sol_param # Additional parameters

# Solve the problem.
solver.solve()
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