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Abstract

The optimal transportation network problem consists in constructing a pathway intercon-
necting two measures i, i to the lowest possible costs. The structure of the optimal
network depends on the definition of the cost functional. Within this work, we want to
consider functionals which promote branching structures in the desired solution, where
the grade of ramification is controlled by a branching parameter ¢ > 0 and whose most
famous representatives are the branched transport and the urban planning problem. Typi-
cally, the corresponding energy landscape is highly non-convex and as a consequence, the
identification and construction of a global minimizer is a challenging task.

Despite these difficulties, the aim for numerical optimization methods for branched trans-
portation problems is beyond all question, since there exists a variety of interesting
applications such as the development of a blood vessel system or the construction of a
public transportation network. In recent years, researchers came up with several ideas
successfully tackling the problem of numerically finding an optimal transportation path,
however, most of these methods suffer from certain drawbacks of practical or theoretical
nature.

In this work, we present two novel numerical treatments based on different formulations of
the branched transport and urban planning problem. The first one is based on a convex
relaxation achieved via an image-based Mumford-Shah-type reformulation and subsequent
functional lifting of the energy. The resulting convex optimization problem can be solved
efficiently via an adaptive finite element approach, where a specific class of finite elements
is designed to efficiently handle the particular problem structure. The second approach
exploits the ideas of Ambrosio and Tortorelli to formulate a phase field approximation of
the generalized urban planning model featuring multiple phase fields and a possible diffuse
component allowing additional transport outside of the desired network.

This thesis deals with the numerical treatment of the previously mentioned relaxed en-
ergy functionals, discusses the numerical challenges, designs an appropriate discretization
framework and presents simulation results.
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1 Introduction 1

Introduction

The concept of optimal transport dates back to the very beginnings of the human civilization.
In every phase of historical development, people were confronted with various kinds of
transportation issues, whether in travelling, trade or construction, just to name some
examples. Here, the term transport can be related to different questions, such as an optimal
assignment of measurable objects or the design of an optimal travelling path. Moreover,
the term optimal refers to a specific definition of the transport costs, which is usually
related to the amount of transported mass as well as the length of the transport path.
In this thesis, we aim at investigating a specific class of transportation problems, where
the object of interest is a transportation network interconnecting two prescribed measures
under the assumption that mass is preferably transported in bulks instead of each particle
travelling individually, causing the occurrence of a branching structure. The cost function
of this network penalizes the length of each network segment as well as the amount of
mass flowing along this segment. There exists a variety of practical examples where
branching networks occur. Plenty of natural transportation paths such as the blood vessel
distribution or the water supply system in plants admit a ramified structure. A public
transportation system is typically designed to interconnect most city districts while being
as short as possible to reduce the maintenance costs.

In mathematical terms, one way to describe such a network in a discrete setting is via a
weighted directed graph G consisting of a set of vertices V(G) and edges F(G). Denoting
by I(e) the length of an edge e € E(G) and by w(e) the amount of mass flowing through e,
the cost of the graph is then defined as

E(G)= > le)e(w(e)),

e€E(G)
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which is to be minimized over graphs which connect a given initial and final measure. The
function ¢ : [0,00) — [0, 00) is continuous, non-decreasing, concave and satisfies ¢(0) = 0.
The essential property demanded in this work is the concavity, which is the very factor
enforcing a branching structure in the desired network. For a mass w € R, the function ¢
typically satisfies ¢(2w) < 2¢(w), which essentially means that transporting twice as much
mass along one network edge is cheaper than transporting two times the mass w along
two different edges.

Since the optimal network problem has a quite practical background, the aim for suitable
numerical optimization approaches stands to reason. Unfortunately, the problem typically
does not clearly suggest a straightforward discretization, such as a restriction to any simple
finite-dimensional function space describing the network. In addition, the energy functional
turns out to be highly non-convex, possibly comprising several local minima which cause
any numerical treatment to be a challenging task. This makes it commonly impossible to
derive the truly optimal network, but limits most simulations to the construction of an
almost optimal path.

Despite the mentioned difficulties, there exist several numerical optimization approaches
in the literature, surmounting the obstacles in quite different ways. While some of them
restrict themselves to a kind of manual construction of an almost optimal transportation
path in a discrete setting, others aim at relaxing the problem by representing the network
by a smooth function in the manner of the Ambrosio-Tortorelli [4] or Modica-Mortola
[47] approximation of the Mumford-Shah functional [50]. Although all approaches admit
interesting and well applicable features and lead to nice approximation results, the research
on numerical methods for transportation network is still far from being complete. On the
one hand, many numerical solutions cannot be rigorously proven to represent a global
optimum due to the lack of convexity. On the other hand, some variants of the problem
above, such as the urban planning problem, where particles are allowed to travel outside
of the network as well, have never been treated numerically to the best of our knowledge.
This work aims at providing some solutions to the problems mentioned in the last paragraph
and is focussing on the production of satisfactory numerical simulation results. In this
sense, the main contributions of this thesis are

o two different numerical discretization approaches for a convex image-based reformula-
tion of the branched transport and urban planning energy introduced by [19], where
the first one is based on a simple finite difference scheme and the second one consists
of a more efficient adaptive finite element implementation specifically designed for
functional lifting problems including non-local constraints,

e a novel numerical optimization strategy for a phase field approximation of the
generalized urban planning energy functional introduced by [33], including a diffuse
component corresponding to transport outside of the network.

The rest of this work is organized as follows. In Chapter 2, we start with some basic
notation and a selection of relevant definitions and mathematical concepts. This includes



a short review of functions of bounded variations, the main idea of I'-convergence and
a brief review of the Mumford-Shah image segmentation problem, which is related in
slightly different ways to both main chapters of this thesis. Furthermore, we present a
construction of a suitable finite element space for three-dimensional imaging problems
arising from a functional lifting approach of the latter. In Chapter 3, we provide an
overview of the relevant models and concepts of optimal transport and transport network
problems. We also review some of the existing numerical methods introduced in the
literature. The following two chapters contain the main contributions as stated above.
Chapter 4 starts with a description of an image-based reformulation of the branched
transport and urban planning energy and a convex relaxation of the latter. After an
investigation of the differences between the original energy and its relaxed counterpart,
we describe in detail two different optimization approaches, solve them with a suitable
algorithmic framework and present some simulation results. For the second approach
based on adaptive finite elements, we discuss the challenges arising from the involved
non-local constraint set, perform some runtime efficiency tests to prove the benefit of
adaptivity and compare different refinement strategies. Thereafter, Chapter 5 addresses
a phase field approximation of the generalized urban planning energy. Starting with a
short model description, we cite some analytical results such as existence of a solution and
I'-convergence of the relaxation, followed by a presentation of the numerical optimization
strategy and several simulation results. We complete this work by a short summary of the
main results and an outlook to possible future projects in Chapter 6.






2 Mathematical preliminaries 5

Mathematical preliminaries

Before we present the results of this work, we want to introduce some basic notation
and review some mathematical concepts the following chapters are based on. Starting
with a review of the space of functions of bounded variation, we will establish the notion
of I'-convergence and equi-coercivity. Furthermore, we will explain and investigate the
Mumford-Shah image-segmentation functional as a representative of an interesting class
of problems which are going to play a major role in this thesis. Finally, we review the
concepts of the finite element method and present a novel class of custom-designed finite
elements for a special type of discretization problems.

2.1. Basic notation

In the following, if not specified otherwise, let n, N € N be positive integers, N > 1 and
) C R™ an open bounded subset. Throughout this thesis, we make use of the following
standard notation.

e Euclidean norm and scalar product. For z,y € R", we denote by |z| the
standard Euclidean norm and by (z,y) the Euclidean scalar product.

e Scalar product on Hilbert space. For a Hilbert space X, we denote for z,y € X
the scalar product of x and y by (z,y)x.

« Borel subsets. Let 5(£2) be the family of all Borel subsets of €.

« Finite Radon measures. We denote by M(, RY) the space of finite R¥-valued
Radon measures on §2. For N = 1, we write M(Q2) and define M (Q2) as the set
of non-negative finite Radon measures on Q. For a measure u € M(Q,RY), the
corresponding total-variation norm is denoted by |u|.
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Lebesgue, Hausdorff and Dirac measure. By £" we denote the Lebesgue mea-
sure in R and by H* the k-dimensional Hausdorff measure for k¥ € N. Additionally,

we define
1 if B
5. (B) — I x e .
0 otherwise

for all B € B(Q2) as the Dirac measure for a point = € 2.

Discrete measure. A measure p is called discrete, if p is a (possibly infinite) sum
of Dirac measures, i.e. there exists a sequence of points (x;) C R™ and weights
(a;) C R such that p =3, a;0,,.

Support of a measure. The support of a measure u € M(Q) is defined as
spt p:={x €Q : u(B) > 0 for every open neighbourhood B € B(Q2) of z}.

Spaces of continuously differentiable functions. We set C(Q,RY) as the
space of RN-valued continuous functions and C*(2, R") as the space of R¥-valued
continuous functions which are k-times continuously differentiable for £ € N. For
N =1, we write C(Q) and C*(Q2). By C¥(€), we denote all functions in C*(2) with
compact support in €.

L? spaces. By LP(Q2,RY), we denote the space of RV-valued p-integrable functions

with respect to the Lebesgue measure for p € N. For N = 1, we write LP(Q). LP(2)

is a Banach space and we denote the corresponding LP-norm by || - ||z». L*(Q) is

a Hilbert space with the scalar product denoted by (-,-)z2. In the special case of

p = oo, we define || f||z~ = ess sup |f(z)| < oo for f € L=®(Q,RN). By L7 (Q,RY)
€

we denote the space of Lebesgue—measurable functions f such that for every compact
V CQ, felLP(V,RN).

Sobolev spaces. We define W#*?(Q) as the space of functions in LP(Q) with p-
integrable weak derivative up to order k for k,p € N. For p = 2, Wk2(Q) is a
Hilbert space with the scalar product denoted by (-, -)ye2. By W2P(Q) we denote
the space of functions f € LP(Q) such that for every compact V C Q, f € WFP(V).
By W{P(€), we denote all functions in W*?(Q) with compact support in €.

Lipschitz-continuous functions. We define the space of Lipschitz-continuous
functions on € as

COMQ) i={uecC(Q) : IL>0st. |u(z)) —ulx)| < Lz — 22| V 21,29 € Q).

Unit ball. We define B,(z¢) := {z € R" : |x — x| < r} as the open unit ball with
radius r and midpoint xy, € R™.

Unit sphere. We define 5" := {x € R" : |z| = 1} as the unit sphere in R".
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Characteristic/indicator function. For a set A C Q, we define

1 ifxeA, 0 if x € A,
xa(x) = { ta(x) = {

0 otherwise, oo otherwise.

X 4 is called the characteristic function of the set A, ¢4 is called indicator function of
A. Note that if A is a convex set, ¢4 is a convex function.

» Restriction of a measure. For a measure space (X, A, ) and some YV C X
with Y € A, the restriction of the measure p onto Y is a measure defined as
plY (A) := u(ANY) for every A € A.

« Pushforward measure. For a measure space (X, A, 1), a measurable space (Y, )
and a mapping 7' : X — Y, the pushforward measure of p is defined as T#u(B) :=
w(T=YB)) for all B € N.

« Weak-* convergence. The weak-* convergence on the space M(Q, RY) is denoted
by —*.

o Subdifferential. For a convex function f : 2 — R, the subdifferential of f in a
point zg € Q is defined as the set 0f (zo) :=={g € R" : f(z) > f(xo) + (g, — x0)}.

e Orthogonal projection. For a convex set C' C R" and x € R" we define the
orthogonal projection of z onto C' as Pc(x) := argmin |z — y|.
yel

« Volume of a set. For a set A € B((2), we denote the n-dimensional volume of A
by |A] == LP(A).

o Convex hull. For a finite set X = {xy,...,z,,} C Q, m € N, we define the convex
hull of X as

ZO&L’:L OJZEO\V/ZIL,TH,}

i=1

m
convX = { Z ;T
i=1

2.2. Functions of bounded variation

In this section, we will introduce the basic concepts of functions of bounded variations and
state some important properties. We start with the definition of the space BV (2) for an
open bounded set {2 C R™ based on the Radon measure representation of the distributional
derivative. For more details, we refer the reader to [3].

Definition 2.2.1 (The space BV(Q)). A function v € L'(Q) is called a function of
bounded variation, if its distributional derivative is a finite vector-valued Radon measure,
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i.e. there exists Du = (Dyu, ..., D,u)t € M(Q,R") such that

96 N
/Quaxida:——/ﬂqﬁdDiqubeCo Q), i=1,...,n.

The space of all functions of bounded variation on (2 is denoted by BV ().
BV (Q) equipped with the norm

[ullsv = [lullr + [Dul(2)

is a Banach space. Furthermore, the following standard result shows the density of smooth
functions in BV (Q2) ([3], Theorem 3.9).

Theorem 2.2.2 (Density of smooth functions). Let u € L' (). Then, u € BV () if and
only if there exists a sequence (uy,) C C™(Q) with u, — u in L*(Q) and khm |Vugl|rr < oo.
— 00

In particular, this means that any function of bounded variation can be approximated by
a sequence of smooth functions whose gradient is uniformly bounded in L!.

An interesting property of BV -functions is the characterization of their distributional
derivative. Let us first investigate some properties and introduce some notation. For more
details, we refer the reader to [3], Chapter 3.

Definition 2.2.3 (Approximate discontinuity set). A function u € L} () is approzimately
continuous in a point x € €2, if there exists z € R such that

1
|Be(z)| /B (x)

lim u(y) — z|dy = 0. (2.1)
We define the set S, of all points where u is not approximately continuous as the approximate
discontinuity set.

The value z € R from the previous definition is uniquely determined by equation (2.1),
thus z will be denoted by @(z) and called the approximate limit of u in z. For a function
u € L,.(Q), one can show (see for instance [3], Proposition 3.64) that £"(S,) = 0, i.e.
S, is a Lebesgue-negligible Borel set and thus, u is approximately continuous in £"-a.e.
x € ). Those points belonging to S, can be further distinguished by their affiliation to
the set of approximate jump points defined in the following.

Definition 2.2.4 (Approximate jump set). Let u € L} (2). A point z € Q is an

loc

approzimate jump point of u if there exist a,b € R,a # b and v € S*! such that

. 1 .
lim fuly) — aldy = 0, lim

—bldy =0
=0 | B (z,v)] JBf @) u(y) — bldy = 0,

1 / ‘
|B- (z,v)] /B: (@)

where B := {y € B.(x) : (y —x,v) 2 0}. The set of approximate jump points of u is
denoted by J,.
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Obviously, if z € ) is an approximate jump point, = is also an approximate discontinuity
point, hence we have J, C S, and J, is a Borel set. Moreover, the triplet (a,b,v) is
uniquely determined for every z by the definition (up to a permutation of a and b and
the sign of v) and admits a quite graphical intuition: If z € J,, then u has a jump in
function value from a to b in the direction of v, which can be shown to equal the direction
of the unit normal on S, in x. Therefore, for x € J,, we denote the triplet (a,b,v) by
(u™ (), u™(z), vu()).

Outside of the set S,, we can further define the set of approximate differentiability as in
[3], Definition 3.70.

Definition 2.2.5 (Approximate differentiability). Let u € L} (). u is called approzi-

loc

mately differentiable at a point = € Q\ S, if there exists a vector L € R™ such that

: 1 luly) —a(z) —(Lyy—=)|
2 1B.@)] Jo.o : dy=0 (22)

If w is approximately differentiable at x, the vector L is uniquely determined by (2.2) and
denoted by Vu(x), which is called the approximate gradient of u in z.

Now we can employ the previous definitions in order to characterize the distributional
gradient of a BV-function. From the Radon—-Nikodym theorem (see for instance [3],
Theorem 1.28), we obtain that Du can be decomposed into an absolutely continuous part
vL™ and a singular part D®u with respect to the Lebesgue measure such that

Du =vL" + D?u,

where v € L}(Q,R") is the density of Du with respect to £". By the Calderén—Zygmund
theorem (see [3], Theorem 3.83), u € BV({Q) is approximately differentiable almost
everywhere in €2 and v = Vu. Furthermore, the remaining part D*u can be decomposed
into a so-called jump part Diu and a Cantor part D¢u, which are defined as (see [3],
Definition 3.91)

D’u = D*ul_J,, DU := D*ul_(Q\ S,).

Let us have a closer look at the first part. By the Federer—Vol'pert theorem (see [3],
Theorem 3.78), J, is a countably H" !-rectifiable set, which yields by [3], Theorem 3.77,
that

Diu(B) = /

BNJy

(u (z) —u” (2))vu(z) dH" ' = / (uh (@) — v (2)vu(r) dH"

BNSy,

for all B € B(Q2), where the second equality comes from the fact that H" (S, \ J,) =0
for u € BV(Q). In other words, we have Diu = (u™ — u™ ), H" 'L S,. Altogether, we
obtain the decomposition

Du = Vul" + (ut —u ), H" 'S, + D°u.
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The space of functions of bounded variation seems to be practical for investigating problems
involving piecewise differentiable functions with a certain discontinuity set such as the
Mumford-Shah problem, which will be further introduced in Section 2.4. Unfortunately,
the distributional derivative still involves the less intuitive Cantor part Du. To overcome
this problem, De Giorgi and Ambrosio introduced the space of so-called special functions
of bounded variation.

Definition 2.2.6 (Special functions of bounded variation). A function u € BV (Q2) is a
special function of bounded variation, if the Cantor part D u of the derivative vanishes, i.e.

Du = Vul" + (ut —u )y, H" LS,

by the above decomposition. The space of special functions of bounded variation is denoted
by SBV ().

2.3. I'-convergence and equi-coercivity

For several numerical or analytical purposes, it might be of interest to consider a relaxation
of a certain energy guided by a parameter € in order to obtain more practical properties
such as smoothness or convexity. Instead of an energy functional F', which might be
somehow difficult to handle, one can introduce a family of relaxations F. to perform
simulations or investigate features of the problem. A famous example is the Ambrosio—
Tortorelli approximation of the Mumford—Shah functional, which will be further introduced
in Section 2.4. Mathematically, one is interested in analysing the limit behaviour of F. for
€ — 0 in order to verify that F. is in some sense a good approximation of the functional F'.
Such a verification is provided by the notion of I'-convergence as first introduced in [37].
In the following, we want to formulate the definition of I'-convergence and state some
fundamental properties. For more details, we refer the reader to [16] or [43].

Definition 2.3.1 (I'-convergence). Let (X, d) be a metric space. A family of functions
F.: X — RU{—00, 00} for a parameter ¢ > 0 I'-converges with respect to d to a functional
F: X = RU{—00,00}, if for every u € X the following two properties are satisfied:

(1) (I-lim inf inequality.) For every sequence (u.) C X with d(u.,u) — 0 if ¢ — 0,

F(u) < lim inf F_(u.).

e—0

(2) (I-lim sup inequality.) There exists a sequence (u.) C X with d(u.,u) = 0if e — 0
such that
lim sup F.(u.) < F(u).

e—0

We then write F; 5 F and F is called T-limit of F..
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With the definition of I'-convergence, we obtain a useful tool for approximating functionals.
A point which has not been taken care of so far is the question whether minimizers of F;
also approximate minimizers of F'. Suppose that (u.) C X is a minimizing sequence for F.
in the sense that

e—0

lim (Fs(us) — élel)f(FE(u)) =0.
If u. converges to some u € X, then we easily see that

. : < < F(3) < T i < T inf i
hrg_}soup ;g)f( F.(u) < ulg)f( F(u) < F(u) < hr€n_>10nf F.(u;) < hran_>10nf ;g}f( F.(u),
thus it follows that

F(u) =min F(u) = lim inf F.(u).

ueX e—=0 ueX

The crucial part is the verification that the minimizing sequence (u.) converges in X (at
least up to subsequences). This requires some compactness of the functionals F., which
directly leads to the definition of equi-coercivity.

Definition 2.3.2 (Equi-coercivity). A sequence of functionals (F}) is called equi-coercive,
if for every t € R, there exists a compact K; such that {F. <t} C K, for every e.

The equi-coercivity of (F.) leads to the fundamental property of I'-convergence, as stated
in [16], Theorem 1.21.

Theorem 2.3.3. Let (X,d) be a metric space, (F.) with F. : X — RU{—00,00} a

sequence of equi-coercive functionals and F LF for a functional F': X — RU{—00,00}.
Then
min F(u) =lim inf F.(u)

ueX e—0 ueX

and if (u.) C X is a minimizing sequence for F., then u. converges (up to subsequences)
to a minimizer of F.

2.4. The Mumford—Shah image segmentation problem

An interesting problem in the field of mathematical imaging and a famous example for a
free-discontinuity problem is the so-called Mumford-Shah image segmentation problem,
presented by D. Mumford and J. Shah in [50]. Given an image f € L*(f2) on some
image domain 2 C R", one aims at finding a piecewise smooth approximation u of f,
which involves an unknown discontinuity set K. The Mumford-Shah energy functional
MS : D — [0,00] is defined by

MS(K,u) = /Q 0= P [VuPda 5 (K 0 9), (2.3)
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with D = {(K,u) : K C Q closed, u € W-2(Q\ K)} and parameters o, 3 > 0. The first
term of the functional guarantees that w is close to the original input f and smooth outside
of K by the second term, while the length of the discontinuity set K is penalized on the
other hand.

Existence of a minimizer was first shown in [36]. The proof requires some work since the
direct method of calculus of variations fails due to the fact that the mapping K — H" (K
in general is not lower semi-continuous with respect to the Hausdorff metric

d(Kl,Kg) = inf{r >0: K; C BT<K2), K, C BT<K1)}

Instead, the authors choose a relaxation of the original energy, which is also referred to as the
Mumford—Shah problem in the literature, by defining a functional M.S : SBV (Q) — [0, o],

MS(u) = /Qoz(u — [)? + |Vul’dz + BH"H(S,).

The existence result is then obtained by showing that  inf MS(u) = inf MS(K, u)
u€SBV(Q) (K,u)eD

(see [36] or [3], Chapter 6, for a detailed proof), since M S has a minimizer in SBV ()
thanks to a general compactness result in SBV(Q) [3].

Note that this relaxation approach gives a natural justification for the definition of the
space of special functions of bounded variation. Intuitively, one would look for a minimizer
in BV (2), but this space turns out to be too large: By defining the set of Cantor-like
BV-functions BV¢(Q2) := {u € BV(Q) : Du = D}, meaning those functions whose
gradient only consists of the Cantor part, one can see that

inf MS(u) < inf MS(u)= inf a/(u—f)de =0,
uweBV () ueBV () uweBVe(Q) Jo

where the last equation comes from the fact that BV¢(Q) is dense in L*(2).

Although the existence of minimizers of M S is assured, identifying them remains the more

complicated task due to the non-convexity of the energy [2] (except some situations where

the problem can be reduced to one space dimension [3]). This is especially a crucial issue

for all numerical purposes and automatically raises the question for any kind of relaxation,

which in the optimal case should yield a convex reformulation.

The Mumford—Shah functional defined on S BV -functions is often seen as a model for a

more general class of free-discontinuity problems. Since other functionals belonging to this

group share the same behaviour in some aspects, it can be useful to investigate so-called

Mumford—-Shah-type functionals.

Definition 2.4.1 (Mumford-Shah-type functionals). Let Q@ C R™, g : Q@ x RxR" — [0, 0o,
h:QxRxR xS —[0,00]. The functional F': SBV(Q2) — [0, 00] defined as

F(u) = /Qg (x,u(z), Vu(z))de+ [ h (x, utuT, z/u> dH" ! (z)

Su



2.4 The Mumford—Shah image segmentation problem 13

is called Mumford-Shah-type functional, where u™,u™, v, are defined as in Definition 2.2.4
and the subsequent paragraph.

One can easily see that MS is a special case of F' with g(z,u(z), Vu(z)) = a(u(z) —
f(2))? + |Vu(z)|? and h(z,u™,u",v,) = B.

2.4.1. Phase field approximation of the Mumford—Shah functional

Since the difficulty of computing an optimal pair (K, u) of the original Mumford—Shah
functional (2.3) lies mainly in the non-regularity of the discontinuity term, a natural idea
is to approximate K by something more regular. This idea has been implemented by the
Modica-Mortola theorem [47]: Given a set E C €2, the perimeter of E can be approximated
in the sense of I'-convergence via the sequence of functionals MM, : L*(Q) — [0, 0],

JoelVol2 + W (v) dz  if v € WH3(Q),

. (2.4)
00 if v e L2(Q)\ Wh2(Q),

MM, (v) = {

where W is a so-called double well potential, a continuous non-negative function vanishing
only at two points, such as W (t) = t*(t — 1)? for instance. The result of Modica—Mortola
is stated in the following theorem [47].

Theorem 2.4.2 (Modica—Mortola). The sequence MM, in (2.4) T-converges in L*(Q2) to
the functional

F(v) = {cPe'r(E, Q) ifv=xg for some E € B(Q),

o0 otherwise,

where ¢ = 2 [} /W (s)ds and Per(E,Q) is the perimeter of the set E in ().
Proof. See for instance [17], Theorem 7.3. O

Graphically, v provides for some kind of phase transition: While the first term in M M,
guarantees the smoothness of v, the second term causes v to preferentially stay in its
two “phases” specified by the minima of the double well. However, without an additional
constraint, the minimizer of the functional (2.4) obviously satisfies v = 0 or v = 1 almost
everywhere. The connection to the discontinuity set of a piecewise smooth image is drawn
by some additional linker terms between the phase field v and the image u by the so-called
Ambrosio—Tortorelli functional AT, : L*(Q) x L*(Q) — [0, 00| defined as

Joa(u — g)* + v?¥|Vul* + 6/2(5|VU|2 + (v — 1)2) dz if (u,v) € D,

00 otherwise.

(2.5)

AT (u,v) =
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where D = {(u,v) : u,v € WH3(Q), 0 <wv < 1}. Note that the double well potential W
in the Modica—Mortola functionals has been replaced by a single well (v — 1)%, however,
the role of the second well is assumed by the term v?|Vu|?. The following I'-convergence
result was proved by Ambrosio and Tortorelli in [4] (see also [3]).

Theorem 2.4.3 (Ambrosio—Tortorelli). The sequence of functionals (2.5) I'-converges in
L*(Q2) x L*(2) to the functional

Joa(u—g)*+ |Vul* dz + SH"1(S,) ifue SBV(Q), v=1 a.e.,
00 otherwise.

F(u,v):{

Proof. See [4]. O

Via a heuristic explanation of the terms in (2.5), it becomes clear that v can indeed be
interpreted as a smooth representation of the discontinuity set S,: The factor v? in front
of the gradient term of u must tend to zero very close to the discontinuity set of u to
ensure the boundedness of the terms. On the other hand, if ¢ — 0, the factor % in front of
the term (v — 1)? becomes very large, thus v has to go to 1, the only point where (v — 1)?
vanishes. As a consequence, v has to admit some kind of phase transition, which becomes
sharper for ¢ — 0. Figure 2.1 shows an example for a piecewise smooth approximation of
an image obtained via minimization of the Ambrosio—Tortorelli functional.

Figure 2.1.: Numerical simulation of the Ambrosio—Tortorelli approximation of the
Mumford—Shah functional. Left: Original image f. Middle: Piecewise smooth approxima-
tion u of f. Right: Approximation v of the discontinuity set S,,.

The Ambrosio—Tortorelli functional naturally finds sustainable use in numerical applications.
From Theorem 2.4.3, for small ¢, one can expect a minimizer u. of AT, to yield a good
approximation of the minimizer u of the Mumford—Shah functional. Additionally, one can
prove that under certain conditions on the lattice size of a discretization, the I'-convergence
result still holds on a discrete version of the functionals (see for instance [8] for a finite
element approximation or [6] for finite differences). However, the Ambrosio—Tortorelli
functional remains non-convex in the pair (u,v), which raises the problem of finding a
suitable minimization algorithm.
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2.4.2. Functional lifting of Mumford—Shah-type problems

In a series of articles [1],[2] the authors introduced a new representation for the non-convex

functional

J(u) = /Q (Vulde + BH™(S,).

By defining the characteristic function of the subgraph of u € SBV (),

1 ifu(z) >t

1, : QxR —={0,1}, 1, (x,t) :=
{0,1} (1) {0 otherwise,

they show that for every u € SBV (2),

J(u) = sup ¢-dD1,
PpeK JOXR

with
K= {ng: (¢%,6°) € C° (2 x R,R” X R) :

|67 (2, 5) | < 46° (2, 5) V(z,5) € QX R,

/:2 ¢° (x,s)ds

/()

<1Vz e, 31,52€R}.

X

X

Figure 2.2.: Illustration of functional lifting from a scalar to a two-dimensional function.

Left: Graph of a function u, right: Lifted function 1,.

This idea can be extended to more general functionals of the form

F(u) = /Qg (x,u(z), Vu(z)) dx + . h (x, utuT, 1/) dH" ()

(2.6)

as defined in Definition 2.4.1 for u € SBV (£2). The main result from [1],[2] is stated in
the following theorem. We will give a sketch of the proof here, for more details we refer

the reader to [2].
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T T

Figure 2.3.: Illustration of functional lifting from a two-dimensional to a three-dimensional
function. Left: Image u, right: Lifted function 1,. The height of the lifted function 1, in a
point x € {} corresponds to the value u(z).

Theorem 2.4.4. Let Q C R*, F : SBV () — [0, 00| and S,,u*,u~ be defined as above.
Then

F(u) = sup ¢-dD1, (2.7)
gk JIR

with
K={6= (46" € CF @XRR" xR) :

" (r,8) = g" (x,8,¢" (x,8)) V(z,8) € D xR,

f © 6 (x,9) ds

< h(z,s,8,v) Ve, 8 {SZ,FESH_I}. (2.8)

Proof. Let I, be the graph of u, i.e. the singular set of the lifted functional 1, (I', is
well-defined since the subgraph of u has finite perimeter in 2 x R, cf. [2], Definition
2.7). Since the characteristic function 1, is piecewise constant for u in SBV (£2), its
distributional gradient 1, has no Lebesgue and Cantor part, hence

Dly=wr, - H"LTy,

where 1 ]
ra(,5) = {W (Vu(z), 1] forz€Q\S,,

(vu(z),0)" for z € S,,

is the inner unit normal of the subgraph of u (extended to (! x R) and 1, is the unit
normal on S, pointing from u~ to u*. As a consequence, we can write the right-hand side
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of the inequality (2.7) as

J 0@s)-dDL (w.9) = [ 6 (e, u(e)) - vr, (@) AR (2)

ut(x)

= Jons, ¢ (z,u(x)) - vr, (z)de + /Su </u($) ¢ (z,5) ds> vy (z) dH" T ()

= | ¢ (@u(@) Vu(z) - ¢ (z,u(r))de + /S ] ( / (()) ¢" (z,9) ds> v (z) dH" (2)

Q\ Sy,

Now let us regard the two parts separately and compare with the original functional J.
From the constraint set I we obtain

¢° (x,8) > g" (v,5,¢" (x,5)) = sup (0% (z,8) - ¥ —g(z,5,9) V (z,5) e A xR

= ¢ (x,u(x)) = ¢" (z,u(x) - Vu(z) — g (z,u (), Vu(r))
& ¢ (z,u(x) Vu(z) = ¢ (z,u(z) < g(z,u(r), Vu(z)). (2.9)

For the second part we have

< h(z,s1,8,0) Ve eQuveS s <s

/:2 " (x,8)ds

ut

> /7 " (x,8)ds - vy. (2.10)

/uu+ ¢° (x,s)ds i

= h (:c,u*,u’,yu) >

The inequalities (2.9) and (2.10) together result in (2.7). O
For a given u € SBV(Q), one can easily derive conditions for equality in (2.7) (cf. [2]).

Corollary 2.4.5. For a given u € SBV(Q), let ¢ = (¢*,¢°) € Cg°(2 x R,R" x R) be a
vector field which satisfies the following assumptions:

e 9"z u(z)) = " (2, ule), 6"(x, u(2)) V 2 €

e ¢"(x,u(z)) € dg(x,u(x), Vu(z)) ¥V x € Q, where g denotes the subdifferential of g
with respect to the last variable,

. (f;j((j)) " (, s)ds) vy = h(z,u (x),ut (x), v, (x) ¥V z € 5,.

Then we have

Fu) = [ ¢-dD1,.

Remark 2.4.6. The existence of such a vector field satisfying the conditions in Corollary
2.4.5 is a crucial issue in the general case. In [2], Remark 3.3, the authors state that for the
Mumford—Shah functional, one can construct a vector field ¢ such that (2.9) and (2.10)
are almost equalities up to an arbitrarily small error, such that one obtains equality in
(2.7).
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Based on this idea, in [54] and [55] the authors develop an algorithmic framework to handle
the non-convexity of the Mumford—Shah functional. Although the lifted problem (2.7) is
still non-convex due to the binary function 1,, it is straightforward to find a convexification
by substituting 1,, by a function v :  x R — [0, 1]. To this end, we introduce the set

C={veSBV(QxR/0,1]) : lim v(z,t) =1, tli}mv(x,t) =0}

——00

and define the functional F : SBV(Q x R) — [0, 00| as

F(v) = sup ¢ -dDw.
pckk JOAXR

The set C can be seen as an extension of the set containing all binary functions v = 1, for
some u € SBV (£2). With this relaxation, the original problem can be rewritten as

inf F(u)> inf sup ¢-dD1, > 1161(f3 F(v), (2.11)

ueSBV (Q) u€SBV(Q) ek JOXR

where the right-hand side is a convex problem in v.
Definition 2.4.7 (Functional lifting problem). The saddle point problem

inf sup ¢ -dDv
veC oek OxR

with C, IC defined above is referred to as a functional lifting problem.

The inequality in (2.11) states that the convex relaxation might come along with some
“loss” of accuracy concerning the original problem of minimizing F'. This raises the question
whether under certain conditions the inequality can be turned into an equality such that
the minima of F' and F coincide. As shown by the following result, this question is closely
related to the existence of a divergence-free vector field ¢ realizing the supremum in (2.7).

Theorem 2.4.8 (Equality of the minima). Let & € SBV () be a minimizer of F'. If there
exists a divergence-free vector field ¢ € KC such that

F(t) = sup ¢-dD1, = ¢ -dD1,,
ek JOXR OxR

then we have

in F(u)=inf F
e = 1T

where

C={veSBV(QxR,[0,1]): lim v(z,t) =1, limo (z,6) =0, v=1; on 92 x R},

t——o00
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Proof. From 1, € C, we obtain

F(1;) = sup ¢'dD1ﬁ:AR$'dD1ﬁ:F<a>: min  F(u) > inf F(v)

ek JOXR ueSBV(Q) vel
= inf sup / ¢ -dDv > sup inf / ¢ -dDv > inf ¢ - dDuv. (2.12)
veC ¢k JOXR oek veCc JOXR veC JOXR

By the divergence theorem and due to the fact that @ is divergence-free, we obtain

6-dpv = [

OOXR

Ug{%yd?—[n*l—/

QxR

v div(¢) deds = / v G-y AR

QxR ONXR

=0

where v is the outer unit normal to 9 x R. Since every v € C coincides with 1; on 9Q x R,
we have

inf ¢-dDv = inf 1y ¢ v dH" = F(1a). (2.13)

veC JOXR veC JOOUXR
Hence by combining (2.12) and (2.13), we conclude

min  F(u) = inf F(v).

ueSBV(Q) vl

2.5. Adaptive finite elements for functional lifting
problems

In this section, we want to introduce some basic definitions and concepts of adaptive finite
elements for problems arising from functional lifting, i.e. on a three-dimensional domain
Q) x R, where the additional dimension potentially requires a special treatment. We will
restrict ourselves for the sake of simplicity to [0,1]? = Q C R? and a three-dimensional
domain G = [0,1]%.

In the past years, adaptive grid refinement of simplicial n-dimensional grids has been
extensively studied (e.g. [64], [62], [45], [63]). In three space dimensions, a finite element
grid typically consists of tetrahedrons, which can be locally divided into two subelements
by bisection. These grids form a suitable basis for numerically solving partial differential
equations which require a different resolution in different parts of the domain. Tetrahedron
elements are practical due to several reasons. On the one hand, one can easily define
piecewise polynomial, for instance piecewise linear, basis functions which are globally
continuous and only have very local support. On the other hand, simplicial grids allow for
local refinement without necessarily creating so-called hanging nodes.
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However, a severe disadvantage that does not play a role in most applications, but does
in case of a problem domain created by functional lifting, is the fact that all spatial
dimensions are treated in a similar way. In other words, thinking of a two-dimensional
image domain lifted to the three-dimensional space, a projection of an adaptive grid onto
the zy-plane would in general not provide a two-dimensional simplicial grid, which makes
the process of functional lifting and delifting more difficult. From Theorem 2.4.4 we obtain
that a method dealing with the lifted saddle point problem needs to handle line integrals
along the lifted dimension, which requires simple communication between consecutive
points in this direction. Summarizing, a proper finite element grid for functional lifting
problems should provide two discretizations for the original image domain 2 as well as for
the lifted domain 2 x R together with a straightforward way of communication between
both.

2.5.1. Triangular prism finite elements

In order to include the desired properties as described above, we propose a novel discretiza-
tion class consisting of a simplicial grid for the image domain © = [0, 1]? coupled with an
additional partition of the image range [0, 1]. The resulting three-dimensional grid contains
triangular prism-shaped elements and admits a suitable refinement technique which allows
for inheritance of some useful properties. For a more detailed understanding, we want
to introduce the basic concepts of triangular prism finite elements within this section.
Throughout the rest of this thesis, we will make use of a special notation concerning
the coordinates related to the three-dimensional domain arising from functional lifting
of a two-dimensional function. To emphasize the difference between the original image
domain and the image range, for a point # € R?, we denote its first two coordinates as
xy-coordinates and the third one as s-coordinate with respect to the standard basis of
R3. In the same way, we will use the notation of zy and s when speaking of any relating
concept.

We start by recalling the definition of a two-dimensional simplicial grid (see [63]).

Definition 2.5.1 (Simplex, simplicial grid in 2D). A two-dimensional simplex (xo, x1, T2)
is a 3-tuple with nodes g, 1, x5 € R?, which do not lie on a one-dimensional hyperplane.
The convex hull conv{xg, z1, x5} is also denoted as a simplex. A two-dimensional simplicial
grid is a connected set of two-dimensional simplices with pairwise disjoint interior.

Based on a two-dimensional simplicial grid for the image domain €2, we define a [lifted
counterpart consisting of triangular prism-shaped elements.

Definition 2.5.2 (Triangular prism element). A triangular prism element (zo,...,xs)
is a 6-tuple with nodes wy,...,z5 € R?, such that (Pu,,(20), Pu,, (1), Pr,,(22)) =
(Pu,,(x3), Pu,, (1), Pu,,(v5)) is a two-dimensional simplex and h(zo) = h(z1) = h(zs),
h(z3) = h(zy4) = h(xs), h(zo) < h(xs), where H,, denotes the set of all points in R* whose
s-coordinate equals zero and h(z;) denotes the s-coordinate of a point z; € R3. For a
triangular prism element 7', we define
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o N(T) :={xo,..., x5} is the set of nodes

o En(T) := {conv{xg, z1}, conv{zy, z2}, conv{zg, x2}, conv{zs, x4},
conv{xy, x5}, conv{rs, r5}} is the set of horizontal edges

o E)(T) := {conv{xg, x3}, conv{z, x4}, conv{zy, x5}} is the set of vertical edges
o E(T) :=&,(T)UE(T) is the set of edges
o Fu(T) := {conv{xg, x1,x2}, conv{zs, x4, 25} } is the set of horizontal faces

o Fo(T) :={conv{xg, x1, w3, 24}, conv{zy, T, T4, 5}, conv{zg, xo, x3, 25} } is the set of
vertical faces

o F(T):= Fu(T)UF,(T) is the set of faces.

The domain of a triangular prism element 7' = (xy, ..., z5) is also denoted as T, as far as
ambiguity is beyond question. T can be written as T = T}, x T for a two-dimensional
simplex T}, = conv{wzg, 1,22} and an interval Ty = [h(zo), h(x3)].

Proposition 2.5.3. The nodes xg, . ..,x5 of a triangular prism element T are listed in an
ascending order by their s-coordinate first (where the secondary ordering does not play a
role). Each pair (xg, x3), (z1,x4) and (2, x5) has the same xy-coordinates. h(T) = |xz—x|
(= |x4g — x| = |x5 — x2|) defines the height of an element.

Next, we define a regular grid partition of the three-dimensional domain consisting of
triangular prism elements.

Definition 2.5.4 (Regular triangular prism grid). A regular triangular prism grid T is
a set of triangular prism elements such that G C U{T' : T € T} and for every pair of
elements 7', S € T, one of the following relations holds:

e TNS=0

e TNSeN(T)and TN S € N(S)
e TNSe&(T)and T NS €&(S)
e TNSeF(T)and T NS € F(S)
e T'=S5.

The conditions above are denoted as reqularity conditions. The set of nodes of T is denoted
by
N(T) = U N(T).

TeT
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o A

Figure 2.4.: Possible neighbouring relations of two elements in a regular triangular prism

SN S

Figure 2.5.: Examples for neighbouring relations that are not allowed in a regular
triangular prism grid.

Definition 2.5.4 introduces conditions about the neighbouring relations of two elements
in a regular grid. In particular, these conditions prohibit elements with partially shared
edges or faces (see Figure 2.4 and 2.5) and thus prevent the occurrence of so-called hanging
nodes.

Definition 2.5.5 (Hanging node). For an element 7' € T, a node N € N(T) is called
hanging node, if there exists an element S € 7 with N € S and N ¢ N (S). A hanging
node N is called zy-hanging, it N € £,(S), and s-hanging, if N € £,(5). The set of hanging
nodes of 7 is denoted by H(T).

Note that one can easily show that a regular triangular prism grid cannot contain any
hanging node, as stated by the following lemma.

Lemma 2.5.6. A regular triangular prism grid T does not contain any hanging node.

Proof. Let T, S € T with N e N(T), N € Sand N ¢ N(S). Then TNS #0, T # S and
obviously TNS ¢ N(S). Additionally, if TNS € £(T), then there exist z;,, 25, € N(T) such
that TNS = conv{x;,, z;,}, hence N = x;, or N = x;,. If also TNS € £(S), with the same
argument there exist z;,,x;, € N(S) such that T'NS = conv{z,,,x;,} = conv{x; ,x;, }. It
follows that w.lo.g. z;, = z; and x;, = x;,, thus N € N(S), which gives a contradiction.

The statement follows with the same argument for the fourth condition in Definition
2.5.4. ]

We now want to introduce an appropriate refinement routine preserving the regularity
of a triangular prism grid. The routine can be derived as a direct consequence from the
standard bisection method of a two-dimensional simplicial grid (see for instance [63]) with
some additional steps concerning the third dimension.
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Proposition 2.5.7 (Local refinement). Let T' = (zg,...,x5) € T and let w.l.o.g. E =
conv{zy, za} € EL(T) be the longest horizontal edge. Then T can be subdivided in xy-
direction (also called xy-refined) along the edge E, called the refinement edge, into two
subelements

Y
Tl - (.To,l'l, 92 , L3, L4, 2 )7
” 1+ X Ty + 25
T2 - (xo,l'g, 2 y L3, T, 2 )

Furthermore, T can be subdivided in s-direction (also called s-refined) into two subelements

To+ T3 T1+ Ty To+ T5

),

S .__
T1 = ($0,$1,$2,

2 72 72
TS . To+ X3 T1+ Ty T2+ 2T5
2 ( 9 ) 9 ) 92 ,x3,$4,$5).
T5 Ty
N
€3 T4 I3 T4

owe?" A
€T T
0 2 0 T

Figure 2.6.: Left: Subdivision of an element T in zy-direction into T7Y and T5Y (zy-
refinement). The refinement edge Ejpper (Eupper respectively) equals the longest horizontal
edge. Right: Subdivision of an element 7" in s-direction into 77 and T3 (s-refinement).

In order to prevent degenerating prism elements, the refinement edge for xy-refinement is
fixed as the longest horizontal edge of an element. Note that if T" is subdivided along an
edge E = conv{xzy,x2} € E,(T), T is also subdivided along the corresponding upper edge
E = conv{xy, z5}. Thus, there exist actually two interrelated refinement edges E = Flgyer
and E = E\pper With the same length (cf. Figure 2.6).

Before we introduce the proposed refinement routine, we need to give a definition of the
neighbours of an element.

Definition 2.5.8 (Neighbours of an element). Let 7 be a regular triangular prism grid.
An element S € T is an edge neighbour of another element ¢ € T along an edge E € £(T),
if £ € &(S). S is called face neighbour of T along a face F' € F(T), if F' € F(T).

We now have the tools to introduce the proposed refinement routine. The routine refines
a number of elements without violating the regularity conditions from Definition 2.5.4,
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which can be achieved by refinement of the corresponding neighbour elements.

Algorithm 1 Local refinement routine (xy)

function REFINE_ XY(T")
Find longest edges Flower, Eupper € En(T)
Subdivide T" along edges Fiower and Fypper
for all neighbours S € 7 along edge Ejgwer and Eypper dO
Find longest edges Flower, Eupper € &En(S)
if Elower = Flower then
REFINE_XY(95)
else
REFINE_XY(S)
Find subelement S; of S that contains Ejgwer 0T Eypper
REFINE_ XY (S;)
end if
end for
end function

Algorithm 2 Local refinement routine (s) for a regular triangular prism grid

function REFINE_ S(7T)
Subdivide T in s-direction
for all neighbours S € T sharing a vertical face with 7" do
REFINE_S(S)
end for
end function

Theorem 2.5.9. Let Ty be a regular triangular prism grid, and T' € Ty. Then REFINE_XY(T)

yields the minimal reqular triangular prism grid, where T is refined in xy-direction. The
same holds for REFINE__S.

Proof. The minimality follows directly from the definition of the refinement routine, since
only those elements are refined, which share the refinement edge with 7. Thus, it is
sufficient to show that each pair of elements T',.S € T; satisfies the regularity conditions.
We distinguish between the following cases:

(1) T, S € Ty (nothing to show).

(2) T €Ty, SeTi\To: There exists S € Ty such that S C S, ie. S is a child of S. We

assume w.l.o.g. that 7N S £ 0, thus TN S # 0. For TN S we have the following
possibilities:
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(a) HTNS € N(T)and T NS € N(S), there is nothing to show.

(b) T NS € &T)and TNS € £S), then T and S can share a vertical or a
horizontal edge. If T" and S share a vertical edge, so do T and S. If T" and S
share a horizontal edge, then this cannot be the refinement edge (since otherwise,
T would have been refined), thus 7' and S share the same edge as T and S.

(¢) The case T NS € F(T) TNS e F(S) follows with the same argument.

(3) T,S € T; \ To: There exist T, S € Ty such that T C T and S C 51 The proof then
follows with the argument by regarding all possible relations for 7N S.

The result for REFINE__S can be obtained with a similar argumentation. O]

Graphically, Algorithm 1 simply subdivides all neighbours of an element T which share
the refinement edge E (or its lower or upper counterpart). Consequently, some elements
are refined twice due to the fact that the shared edge is not necessarily the longest edge
for all neighbouring elements. Note moreover that all elements which share a horizontal
face with T stringently contain the lower or upper refinement edge and thus need to be
refined subsequently.

While the zy-refinement satisfies the requirements to an adaptive refinement routine
by only locally increasing the grid resolution, the s-refinement needs to be performed
globally (meaning that every other element with the same s-coordinates needs to be refined)
to preserve regularity. However, in some cases it might be more practical to relax the
regularity conditions to be able to perform local s-refinement, accepting possible s-hanging
nodes. To this end, we introduce the concept of a semi-reqular triangular prism grid.

Definition 2.5.10 (Semi-regular triangular prism grid). A semi-regular triangular prism
grid T is a set of triangular prism elements such that G C U{T : T € T} and for every
pair of elements 7,5 € T with T' = (x¢,...,25), S = (Yo,...,¥s), one of the following
relations holds:

o T'N .S satisfies the regularity conditions

« 3i€{0,1,2} s.t. TN S = conv{z;, 252} € £,(S) or
TNS =conv{®F3 gz, 31 € £,(S) (or with exchanged z,y, respectively)

e Jiniz € {0,1,2}, 1 # iz s.t. TN S = conv{z,,, 0% 4, Tty ¢ T (Q)
orTNS = Conv{%,xiﬁg, Tttty 4.3} € Fu(S) (or with exchanged z,y,

2
respectively).

It is straightforward to check that every regular triangular prism grid is also semi-regular.
The definition allows, in addition to the regular neighbouring relations, that the intersection
of two elements consist of a half-edge or half-face of one element in vertical direction (see
Figure 2.7). As a consequence, the occurrence of one s-hanging node per vertical edge is
possible, while xy-hanging nodes are still permitted. Note that the limitation of s-hanging
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nodes to one per edge is a natural convention to prevent too many successive hanging
nodes, which are typically not treated as degrees of freedom (see Section 2.5.2).

Lemma 2.5.11. A semi-reqular triangular prism grid T does not contain xy-hanging
nodes.

Proof. Let T, S € T with N e N(T), N € S, N ¢ N(S). In addition, assume that there
exists £ € &,(5) with N € E, i.e. N is a xy-hanging node. From Lemma 2.5.6 we obtain

that T'N .S does not satisfy the regularity conditions, so one of the additional conditions
has to hold.

(1) Assume that there exists i € {0, 1,2} such that TN S = conv{z;, 252} € £,(9).
Then z;, 2352 € N(S), and since N € TNS and N € N(T), it follows that N = x;,
which gives a contradiction.

(2) Assume that there exists j € {0, 1,2} such that 7'N .S = conv{y;, %} € &(T).
Since N € N(T) and N € TN S, it follows N = Y+ (N = ¢, would be a
contradiction to N ¢ N(S)). Consequently, there is no F € &,(S) with N € E,
which is a contradiction to the initial assumption.

All other semi-regularity conditions can be handled in a similar way. O]

If an element is refined in s-direction, only neighbours which are larger in the sense of a
their height (the difference between the s-coordinates of upper and lower nodes) need to
be refined subsequently in order to prevent more than one hanging node per edge.

v4 X V4 X X

Figure 2.7.: Examples for allowed and permitted neighbouring relations in a semi-regular
triangular prism grid.

As in case of a semi-regular triangular prism grid, the semi-regularity is preserved by the
refinement routine, which is stated by the following result.

Theorem 2.5.12. Let Ty be a semi-reqular triangular prism grid and T € To. Then
REFINE_XY(T) yields the minimal semi-reqular triangular prism grid, where T is refined
in xy-direction. The same holds for REFINE S (T ).

Proof. The proof follows the same strategy as for the regular case, therefore we will not
provide any details here. O
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Algorithm 3 Local refinement routine (s) for a semi-regular triangular prism grid

function REFINE_ S,,.(T")
Subdivide T in s-direction
for all neighbours S € T with h(S) > h(T) do
REFINE_S(95)
end for
end function

Remark 2.5.13. The xy-refinement routine for a regular and a semi-regular grid is basically
the same method. The only difference lies in the execution of the neighbour refinement.
While in a regular grid, only one element is allowed to share a vertical face with the
element to be refined, there can be two smaller elements (in the sense of their height) on
top of each other, which both will be refined consecutively by REFINE XY.

Finally, we note that the projection of a semi-regular triangular prism grid onto the
xy-hyperplane H,, naturally yields a two-dimensional simplicial grid by construction, so
does every horizontal slice of the grid.

2.5.2. Finite element function spaces

In the previous section, we have introduced a suitable spatial discretization for the
three-dimensional domain G = [0, 1]*. In order to obtain a finite element formulation of a
functional lifting problem as defined in Definition 2.4.7, we can now think of a discretization
of the underlying function spaces. A typical and practical choice on a two-dimensional
simplicial grid is the space of piecewise linear functions, where the degrees of freedom
correspond to the set of nodes of each simplex and thus the dimension of the discrete
function space equals the number of grid nodes. We take up this idea and adapt it to the
case of a triangular prism grid 7 by introducing the spaces

SUT) :=={w € C(G) : w|r(-,-,s) € PT,,) V s € Ty,
wlr(z,y,-) € PH(TL) Y (v,y) € Ty VT = Tyy x T € T}

S1(T) is the space of bilinear polynomials on each prism element 7' € T with dim(S*(7)) =
IN(T)\ H(T)|. Thus, the degrees of freedom in the finite element formulation correspond
to the set of all non-hanging nodes of each prism element.

For some problems, it might be practical to further simplify the discrete function space by
considering piecewise constant functions in the lifted dimension. To this end, we introduce
the space

SYT):={w:G = R:wlp(,-s) € IP’l(Txy) VseT,,
wlr(z,y,) € PUTL) YV (2,y) € Toy VT =Ty x To €T,
w(-,-,s) € C([0,1]*) V s € [0,1]}
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of functions which are piecewise linear in (x,y) and piecewise constant in s.

Remark 2.5.14. In order to guarantee well-posedness of the definition of S1°(7), one would
have to define every T' € T as half-open in s-direction, otherwise every w € S¥°(T) must
automatically be constant along s. However, since any two-dimensional hyperplane is a
null set with respect to the three-dimensional Lebesgue measure, we neglect this problem
here and associate the lower three nodes x, 1, xo with the local degrees of freedom of an
element T' = (xg, ..., w5) in case of functions defined on S*O(T) (cf. Proposition 2.5.15).

The constancy assumption in the context of functional lifting problems basically has two
reasons: On the one hand side, piecewise constant (and especially not overall continuous)
functions in s-direction are a natural choice to represent the binary piecewise constant
characteristic functions of the subgraph of an image. Although in our case, the basis
functions are still continuous in zy-direction in order to allow for differentiability in the
classical sense, the s-constancy makes the representation more natural and the lack of
differentiability can be tackled by a finite difference interpretation. On the other hand
side, any discretization should preferably reduce the number of constraints in the set IC
as defined in (2.8) to a finite count, namely those where the values s;, sy correspond to
the degrees of freedom of the system. For some particular cases, one can easily construct
an example with piecewise linear basis functions which violates this desirable property
(Remark 4.2.4), while piecewise constant functions still work (Theorem 4.2.3).

While for S1(7T), the dimension equals the total number of non-hanging nodes in the grid
T, for SYO(T) we have dim(S™(T)) < |N(T) \ H(T)|. The following proposition fixes
the degrees of freedom to equal the lower nodes of an element T € 7.

Proposition 2.5.15 (Degrees of freedom for SY0(T)). The local degrees of freedom of an
element T = (xo,...,x5) € T for a triangular prism grid T correspond to the lower nodes
To, 71, T2. Hence, the number of degrees of freedom (i.e. the dimension of S™°(T)) equals
the number of lower nodes in T minus the number of hanging nodes. The set of degrees of

freedom associated with a grid T is denoted as D(T). Note that D(T) C (N(T)\ H(T)).

A simple set of basis functions for the space S°(7) can be constructed in a similar way as
for the standard Lagrange finite element case: For each N; € D(T), we define a function

Y; € 51’0(7—) as

0 otherwise

for all P € D(T). Then, (¢1,...,1,) for ¢ = |D(T)| being the total number of degrees of
freedom is obviously a basis of the space SYO(7) and dim(S*°(T)) = q.

The concept of a (semi-)regular triangular prism grid 7 in combination with S%0(T)
functions admits another useful property in the context of functional lifting problems.
Any numerical treatment of the underlying saddle point problem (2.4.7) involves some
kind of constraint handling concerning the set IC (cf. (2.8)), consisting of a set of integral
inequalities for every point x € [0,1]2. In the absence of xy-hanging nodes, the sets for



2.5 Adaptive finite elements for functional lifting problems 29

Ty :
: s]
T3 : Ty
|
l
| L 4 @ @
|
|
|
l 3 ° ®
|
|
3
! ® @ @ L
1'2.
"/ ® @ @ @ *—
Zo T l'/y

Figure 2.8.: Left: Local degrees of freedom (marked by e) for an element 7" in the space
SLO(T). Right: Global degrees of freedom for a two-dimensional grid assuming piecewise
constant basis functions in s-direction.

different = can be treated independently, which simplifies a constraint projection and
increases its efficiency. More precisely, we fix the following definition.

Definition 2.5.16 (Ground node, s-line). A node N = (N1, N2, N3) € N(T) for a
triangular prism grid 7 is called ground node, if N3 = 0. For a ground node N € N(T),
define

Ly :={P=(P,P,P) e N(T) : PL=N;j, P,=N,}.

L is denoted as s-line.

Remark 2.5.17. One can easily show that for every node P € N (7) in a semi-regular grid
T, there exists a ground node N such that P € Ly, thus the set of all s-lines contains
every node in the grid.

The main property of a semi-regular grid concerning s-lines is their independence in the
sense of horizontal interpolation. Since Ly does not contain any zy-hanging node, changing
the values of nodes (including hanging nodes) within one s-line does not directly affect the
neighbouring s-lines. For some special examples of constraint sets K (as those regarded in
the later course of this work, see Chapter 4), this property is essential for an improved
efficiency of the projection onto I (cf. Section 4.4).
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Review of methods for

transportation network problems

In order to understand the tasks and challenges concerning a numerical treatment of
transportation problems, in this chapter we would like to introduce the concepts of
optimal transport and optimal network problems. Starting with the original famous model
formulations by Monge and Kantorovich, we lead over to the fundamental definitions of
branched transport, urban planning and some related versions, concluding with a brief
summary of the existing numerical approaches.

3.1. Optimal transport and transport networks - A brief
overview

Optimal transport or optimal transportation problems arise naturally in several fields of
application. What is the most effective way to transport a pile of sand into a hole in the
ground? Which path should a travelling merchant follow to deliver his goods? How to
establish a public transportation network connecting people’s homes with their workplaces?
Across all different formulations and practical backgrounds, the main question asked in this
context is: How to move mass from some initial distribution to a desired final distribution
such that the costs (associated with a certain cost functional) become as low as possible?
Here, different choices of the cost functional accompanied by different solution spaces lead
to various optimization problems, comprising all prior knowledge about the structure of
the desired solution.

The history of mathematical formulations that nowadays are referred to as “optimal
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transport problems” started in 1781 with a famous paper by Monge [48], [65]. He was
motivated by the task of transporting a certain amount of soil to a specified area for
construction purposes. The problem can be reformulated in an economic fashion: Given a
number of bakeries in the area of Paris that produce a certain amount of bread every day,
assume that the bread has to be transported to a number of cafés. If the exact number
of bread consumed in each café is known, how to determine which bread unit should go
to which place such that the transport costs become minimal? In a general framework,
Monge formulated the problem as follows [66], [60].

Definition 3.1.1 (Monge’s problem). Let Q C R™, py, u_ € M, () be two non-negative
finite Borel measures on €, ¢ : Q x Q — [0, 00] a cost functional and T": Q@ — Q a transport
map. Then the Monge problem is defined as

ir%f /QC(QT,T(J’))d/LJ,.(.’L’) st. TH#Huy =p_.

In the bakery setting, () represents the area of Paris, i, and p_ the distribution of bakeries
and cafés, respectively. The functional ¢(x,y) defines the cost of transporting one unit
of bread from a bakery at position x to a café at position y. A typical choice of the cost
function is ¢(x,y) = |z — y|? for some p > 0, which simply penalizes the distance between
the two locations.

Several questions concerning Monge’s problem remained unsolved for a long time. It is
unclear if a solution exists a priori. Furthermore, a transport map 7" is not able to model
all conceivable situations, in particular, mass cannot be split up. In other words, it is
impossible to describe the transport of bread from one bakery to two different cafés (which,
in a more general setting, would be desirable). This problem was addressed by Kantorovich
in 1942 [39]. He changed the point of view by looking for a transport plan on the space
2 x Q instead of a transport map 1" [60].

Definition 3.1.2 (Kantorovich problem). Define the set of transport plans between piy
and p_ as

(g, o) ={y € Mo (2% Q)+ mo#y = py, m#y =p-}

where m, 1 @ 2 x Q — Q denote the projection onto the first and, respectively, second
component. Then the Kantorovich problem is defined as

emtt /QX o @ y)dy(@,y).
In contrast to the Monge problem, the Kantorovich formulation does not ask for a map
specifying which particle goes where, but gives a plan 7 such that v(z,y) indicates how
much mass is transported from x to y. As a consequence, mass can be split up easily and
the model is able to display more general mass rearrangements.

Although the Kantorovich model is more flexible than the one introduced by Monge, it
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still cannot handle transportation problems where branching structures play an important
role. The transport map c¢(z,y) only encodes the travelling distance between two points
x and y, thus the Kantorovich cost functional is linear in the amount of transported
mass. Consider the situation where a single Dirac measure with mass 1 is transported
to two Dirac measures with mass 3 and define the function ¢(z,y) as the distance of
two points z,y along a one-dimensional network ¥ (for x,y € ). Then the Kantorovich
costs related to a “V-shaped” network would be cheaper than those related to a “Y-
shaped” network, although in many cases, the latter would be desirable. In order to
address this problem, researchers introduced the so-called Branched Transport problem
in 2003: Xia [68] developed a model based on transport of atomic measures (which can
also approximate more general measures) via weighted directed graphs. At the same time,
a similar model was introduced by Maddalena, Solimini and Morel [42], which follows a
Lagrangian formulation where paths are represented by trajectories of particles. Since
these models form a part of the basis of this work, we will present both in detail in Section
3.2.

Another model belonging to the family of optimal transportation network problems was
first studied in 2005 by Brancolini and Buttazzo [18]. Here, the optimal path has the
interpretation of a public transportation network: People can either choose to travel on
the network or, for a higher cost, on their own expense outside of the network. This leads
to a cost functional whose general structure is comparable to the branched transport case,
but where the cost functional takes into account the costs associated with the network as
well as the costs of passengers travelling on their own. We will outline the details of this
model in Section 3.3.

The main focus of this work lies on the numerical treatment of the branched transport
and urban planning problem. Nevertheless, note that both models can be regarded as the
most common representatives of a larger family of problems, namely those which aim at
minimizing a cost functional which is sublinear in the amount of transported mass. There
exist other examples belonging to this general class of problems, for example the classical
Steiner tree problem [56], where only the length of the graph is penalized. This can either
be seen as a limit case of the branched transport problem (see Section 3.2) or as a special
variant of the urban planning model (see Section 3.3). Furthermore, one can easily extend
the urban planning costs for transported mass by a more general minimum of piecewise
affine functions.

3.2. Branched transport

In this section, we present two different formulations of the branched transport problem.
Like in the mathematical characterization of a flow field, the two variants can be regarded
as a flux-based Fulerian and a particle-based Lagrangian formulation [20]. Note that there
exist even more ways to describe the problem (also in case of urban planning), such as a
formulation via flat 1-chains (see [21]). Throughout the rest of this chapter, we consider a
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region 2 C R™ and two measures i, u_ € M ().

3.2.1. Eulerian formulation

The Eulerian formulation from [68] starts with the definition of a mass flux and the
associated cost functional between discrete finite measures. Hence, let py, p— be given by

k l
Kt = Zaiéww H— = Z bjoy,
i=1 j=1

for a given set of pairwise distinct points z;,y; € R", a;,0; > 0,i=1,...,k,j=1,...,1,
where p and p_ have the same mass,

A discrete mass flux between p, and pu_ can be defined as follows.

Definition 3.2.1 (Discrete mass flux between p, and p_). A discrete mass flurz between
py and p_ is a weighted directed graph G, consisting of a set of vertices V(G), a set
of edges E(G) and a weight function w : E(G) — [0, 00), satisfying the following mass
preserving conditions:

¢ Ui = YeeB(G) e = W(€) = Xecp(G)etms w(e) fori=1,...k

o bj =Y ecn(@)etr=y, W(€) = Xecn(@)e=y, w(e) for j=1,...1

o 0= ccn@)et=o W(€)—Xeep(@).e—o w(e) forevery v € V(G)\{z1, ..., 24,41, .., Ui}
Here, e~ and et denote the initial and final point of the edge e € E(G).

T i) T3 T i) T3

U1 Yo Y3 Ya U1 Yo Y3 Ya

Figure 3.1.: Two possible transport paths between discrete measures p; = 37 a;0,,
and p_ = Z?Zl bjoy, -

In other words, the transport path between the two measure can be identified with a set of
edges and vertices, where w(e) indicates the amount of mass flowing through an edge e €
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E(G) and no mass is created or lost at any interior vertex v € V(G)\{x1,..., Tk, Y1, ---, Ui }-
The cost of such a graph associated to branched transport is given by the following
definition.

Definition 3.2.2 (Discrete branched transport cost). Given a discrete mass flux G between
two discrete measures py and p_, the discrete branched transport cost for a given branching
parameter o € (0,1) is given by

MAG) = > w(e)lfe),

e€E(GQ)

where [(e) denotes the length (associated with the one-dimensional Hausdorff measure
H'Le) of the edge e.

The parameter « is responsible for controlling the grade of ramification or branching.

The branched transport cost functional directly ties on the fact that a “Y-shaped” or a

“V-shaped” path from one Dirac measure to two Dirac measures with half of the mass have

the same costs related to the Kantorovich model. As opposed to this, one can easily verify
1

that for a parameter o = 3, the “Y-shaped” graph is preferred by the branched transport

cost functional, as shown by the following example.

Example 3.2.3. Let Q C R? and 21,91, y2 € § three points with equal distance d > 0,

o =3 and py =0y, po = 30, + %(592. Let v = %(xl + 41 + y2) be the midpoint of the

triangle with vertices x1,y1,y2. We define two graphs GGy and Go by
° V(Gl) = {mlayhyQ}a E(Gl) = {€$17y1>€w1,y2}7 w<€$17y1) - w(€x1ay2) = %

® V(G2) = {$1aylay27v}a E(GZ) = {exl,vaev,yla ev,y2}7 w(exl,v> = 17 w(ev,yl) = w(ev,y2> =

N =

where e, , denotes the edge with starting point z and ending point y. G; corresponds
to a “V-shaped” and G4 to a “Y-shaped” graph with a branching point located at the
arithmetic mean of the three points (cf. Figure 3.2). Then the costs of the two graphs can
be computed as

. M(Gy) =2d(})* = v2d
o MO(G) = Ld1™ + 234(L)> = Ld(1 + /2).

One can easily verify that M(G2) < M*(Gy) for the particular choice of a, although the
point v was chosen manually and G5 is not necessarily the minimizer of M*®.

In order to proceed to a more general formulation of the branched transport cost for a
general class of measures, let us replace the graph by a vector-valued measure indicating
the mass flux.
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x x

Gl G2

U1 Y2 Y1 Y2

Figure 3.2.: Two graphs representing a possible transport path between pu, = d,,,
H— = %5311 + %5312'

Definition 3.2.4 (Mass flux associated with graphs). Let G be a weighted directed graph

with a set of vertices V(G) and a set of edges E(G) and let é = Eiiiw denote the direction

of the edge e € F(G). Then the mass flux associated with the graph G is a vector-valued
measure

Fo= Y wle)(H'Le)e.

e€E(Q)

F¢ is a mass flux between py and pu_, if divFg = py — p— (in the distributional sense).

Here, all mass-preserving conditions from Definition 3.2.1 summarize to divFg = py — p_.
Using this representation of a mass flux, we can formulate the cost functional in the case
of py, p_ being general (non-discrete) finite Borel measures.

Definition 3.2.5 (Continuous mass flux between py and p_). Let pi, u_ € M (Q2) be
two non-negative finite Borel measures of equal mass. A vector measure F € M (€, R™)
is a mass flur between p, and pu_, if there exist two sequences of discrete measures
(1), (uh) € My (Q) with

ph = g, gt =t
and a sequence of discrete mass fluxes Fg, between pf and p* with divFg, = pb — p”

and
-FGk —* F.

One can easily verify that indeed, F satisfies the mass-preserving condition divF = puy —pu_,
following by continuity with respect to the weak-* topology. As a consequence, the cost
functional of a mass flux between general measures is defined as follows, finally leading to
the definition of the general branched transport problem.

Definition 3.2.6 (Continuous branched transport cost). Let F be a mass flux between
two measures py, - € My () with equal mass. Then the continuous branched transport
cost functional is defined as

Ma(f) = lnf{hglnf Ma(Gk> : (:uiuu’li)ka) -7 (:u+7lu’—)f)}
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with 4%, 4% | Gy as in Definition 3.2.5.

Definition 3.2.7 (Branched transport problem). Let py, u_ € M, (Q) be two measures
with equal mass, and set

M(F) it divF = py — p_,
00 otherwise.

MOtk (F) = {

Then the branched transport problem is defined as
inf M®HHH=(F).
f

It can be shown that a minimizer of the branched transport cost functional exists [68].
Furthermore, if a mass flux F has finite costs, it can be written as

F =Fe(H'LY),

where & C  is a rectifiable one-dimensional set, F': ¥ — [0, 00) a weight function encoding
the amount of mass flowing through ¥ and é : ¥ — R" with |é] = 1 the orientation of the
network (see for instance [68]). Then the continuous cost functional reads

M(F) = /EF“dHl, (3.1)

which gives a natural continuous extension to the discrete cost functional as in Definition
3.2.2.

Remark 3.2.8. The term “branched transport” sometimes refers to a more general class of
problems in the literature. Instead of fixing the cost per transported mass as c(m) = m®,
the branched transport problem is often defined via any cost functional ¢, where ¢ is a
continuous concave function with ¢(0) = 0, leading to a branching structure of the optimal
network. Note that the chosen formulation with a specific ¢(m) = m® is still practical,
since it is a common representative of the more general formulation and also covers some
well-known transportation problems as its limit cases. For a = 1, the problem becomes
linear in the transported mass and therefore equivalent to the Kantorovich problem as
in Definition 3.1.2 for a choice of the Kantorovich cost function ¢(z,y) = | — y|. The
problem of minimizing (3.1) for a = 1 is also known as Beckmann’s problem [60]. On the
other hand, if o = 0, only the length of the network is penalized, with no regard for the
amount of transported mass. This problem is referred to as the Steiner tree problem.

Remark 3.2.9. The branched transport cost functional in general is highly non-convex.
Although a global minimum is known to exist, the minimizer does not even have to
be unique (as in case of transportation between two measures py = (0, + 05,) and
fi— = 3(8y, + 0y,) for some specific choice of the parameter «, as shown in Section 4.2.1)
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and any approach to computationally obtain a solution might easily get stuck in local
minima. Additionally, the optimal network can involve quite complicated ramification
structures. Hence, the numerical treatment of this type of problems requires some careful
considerations, which will form the main focus of this work.

3.2.2. Lagrangian formulation

The branched transport problem has been derived from a different point of view in [42]
and in a slightly more general setting in [11]. Instead of describing the network via a graph
or a corresponding vector measure, this formulation considers trajectories of particles as
so-called irrigation patterns. The two corresponding cost functionals were shown to be
equivalent in [12]. Since we will further focus on the formulation by Xia given in the
previous section, we will only briefly describe the idea of the Lagrangian Ansatz at this
point.

In the Lagrangian formulation, the network is represented by a measurable function
indicating the position of each particle that has to be transported from a measure p to
(_ at each time point. This function is called an irrigation pattern.

Definition 3.2.10 (Irrigation pattern). Let I" be a separable uncountable metric space
together with the Borel o-algebra B(I') and a positive finite Borel measure P € M ()
(containing no atoms) and let I = [0,1]. Then, a measurable function x : I' x I — R"
with x, = x(p, ) : I — R™ absolutely continuous on I for almost every p € I' is called an
rrigation pattern.

The space I' represents the set of transported particles and X, can be seen as the trajectory
of the particle p as a function in time. The Borel measure P indicates the amount
of transported mass, which becomes clear with the following definition, leading to a
formulation of the branched transport cost functional with respect to irrigation patterns,
following the notation of [20].

Definition 3.2.11 (Branched transport cost (Lagrangian formulation)). Let x be an
irrigation pattern. For any point z € R" we define

[z]y ={qel: zex,)}

as the set of all particles flowing through z. The total mass of all those particles is denoted
by my(x) = P([z]y). Let o € (0,1). Then the Lagrangian formulation of the branched
transport cost functional is defined as

M) = [ si06®)u(OldPE)L,

where sX(z) = [m,(2)]*"! and sX(z) = oo if m,(x) = 0.

The branched transport problem in its Lagrangian setting is then defined as follows.
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Definition 3.2.12 (Branched transport problem (Lagrangian formulation)). Let py, pu_ €
M () and x be an irrigation pattern. Define ip,4; : I' = R" as ig(p) = x,(0) and
i1(p) = Xxp(1). Then the Lagrangian formulation of the branched transport problem is
defined as

inf{Ma(X) D Gg#P = py, hW#HP = /L}.

The existence of a solution of this problem was shown in [41], while a proof of the
equivalence to the previously introduced Eulerian formulation as stated in the following
result was provided by [12].

Theorem 3.2.13 (Equivalence of the minimization problems). Set

Ma(X) ZfZO#P = U+, ZI#P = H—,

00 otherwise.

MEHEH= () = { (3.2)

Then the Eulerian and Lagrangian minimization problems are equivalent in the sense that
Tr%in MOHEER=(F) = W’gcm MEOHEE= (),

Proof. The proof has been given in [12]. O

3.3. Urban planning

In this section, we want to provide more details about the urban planning problem, which
was first introduced in a rather general setting in [18]. Similar to the branched transport
case, the urban planning problem aims at finding an optimal path transporting mass from
ft+ to p—. The major difference lies in the fact that the urban planning cost is divided into
two components: Particles are allowed to travel along a network as well as outside of the
network at higher costs. As a consequence, the minimizer has the common interpretation
as a public transportation network in a city area, where people can choose to travel on their
own or on the network to reach their destination. We will start with a general introduction
to the urban planning problem, which was first formulated via a Wasserstein distance
[18]. We will discuss this formulation in more detail in Section 3.3.1 and afterwards show
that the functional admits a flux-based (Section 3.3.2) and a pattern-based formulation
(Section 3.3.3) similar to the branched transport problem [20].

3.3.1. Wasserstein formulation

Let gy, i € M4 () be two non-negative finite Borel measures representing the population
density and the workplace density, respectively, and let the transport network be given
by a one-dimensional set > C €2 with finite length. Now each person can choose to travel
outside of the network > at a cost a > 0 per travelling distance, or on the network at
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a cost b > 0 with b < a, such that the latter is cheaper. If a person’s travelling path is
denoted by a curve 7 : [0,1] — R", the costs of v consist of the two parts

aH' (Y \ ) + bH (v N).

This definition induces a metric (associated with a given transport network ) describing
the minimal transportation costs to travel from a point x € € to y € ) via

ds(z,y) = nf{aH' (Y \ Z) + bH (v NE) : v € Cuyl,
where
Cry = {'y :[0,1] = R™ : # is Lipschitz, v(0) =z, (1) = y}

represents the set of admissible travelling paths. In order to reduce the number of
parameters, one typically chooses b = 1 and introduces the additional requirement a > 1.
The metric ds; induces a Wasserstein distance between the measures p, and p_,

Wag (s, p-) = inf / ds(z,y)dp(z, y),
R xR"”

PE(pipy1—)

where the infimum is taken over all transport plans connecting p, and p_ given by

Mg ) = {1 € M@ %)+ mofbs =y, miftn = o,

where 7; : €2 X Q — ) denotes the projection onto the i-th component. We now define the
urban planning problem in its formulation given by [18], which involves the Wasserstein
distance induced by the metric dx, as well as an additional penalization of the total network
length, associated with some maintenance cost € > 0.

Definition 3.3.1 (Urban planning cost (Wasserstein formulation)). Let ¥ C € be a

one-dimensional subset, py,u_ € M, () be two measures with equal mass. Then the
urban planning cost functional is defined as

EX(X) = Wy (prg, o) + eHH (D),

Definition 3.3.2 (Urban planning problem (Wasserstein formulation)). Let py,u_ €
M (Q) be two measures with equal mass, the urban planning problem is defined as

inf {5“’5(2) : 2 admissible network }

> is called admissible network, if 3 C € is a closed one-dimensional subset with finite
length.

Remark 3.3.3. Definition 3.3.2 does not require an admissible network Y to be connected.
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Two proofs of existence of a minimizer have been stated in [22], where only one requires
connectedness of the network.

Similar to the case of branched transport, the urban planning cost can be reformulated
in an Eulerian and a Lagrangian fashion equivalent to the previous definition. In order
to obtain a unified setting for this work, we will again focus on the flux-based Eulerian
framework in Section 3.3.2, only briefly describing the idea of the pattern-based approach
(see Section 3.3.3).

3.3.2. Eulerian formulation

As for the branched transport model, we start with g, being discrete measures and
formulate the discrete urban planning problem with respect to graphs, following the course
of [20]. Let G be a discrete mass flux between py and p_ (cf. Definition 3.2.1) and
Y} C G a subgraph. Since travelling outside of the network X is allowed, the discrete urban
planning cost functional is defined with respect to both G and ¥, with G \ 3 representing
the travelling path outside of the network.

Definition 3.3.4 (Discrete urban planning cost (1)). Given a discrete mass flux G between
two discrete measures ., 4 and a subgraph ¥ C G, the discrete urban planning cost for
given parameters a > 1 and € > 0 is given by

EGE) = > aw(e)lle)+ > (w(e)+e)l(e),

e€E(G)\E(Y) e€E(D)

where [(e) denotes the length (associated with the one-dimensional Hausdorff measure
H'Le) of the edge e.

One can easily express the above cost functional with respect to the discrete mass flux G
only. Since a is associated with the cost for travelling outside of the network (on G\ X)
and b =1 on X, any optimal pair (G,X) must satisfy

aw(e) <w(e) +eife € E(G)\ E(Y),
aw(e) > w(e) + ¢ if e € E(X),
since otherwise one can find another pair which has lower costs than (G, %). Consequently,

the cost for an edge e € F(G) summarizes to ¢**(w(e)) = min{aw(e), w(e) + €}, leading
to a reduced definition of the discrete urban planning cost.

Definition 3.3.5 (Discrete urban planning cost (2)). For G, a, < as before, the discrete
urban planning cost with respect to G is given by

EY(G)= > min{aw(e),w(e) + }(e).

e€E(Q)
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Note that for a finite optimal mass flux GG, one can recover the edges belonging to the
public transportation network ¥ as the set of edges whose cost is associated with w(e) + ¢,
that is

EX) = {e € E(G) : aw(e) > w(e) + 5}.

Furthermore, the function ¢*° is subadditive in the transported mass w(e), similar to the
function ¢(m) = m® in the branched transport case. Thus the urban planning model
promotes branching structures in the optimal network as well, though in a slightly weaker
form.

Example 3.3.6. The relation between the parameters a and € determines the branching
structure as well as the range of the corresponding network. Let  C R? and 1, 22, y1, 92 €
Q2 be four points defined as the vertices of a rectangle with side lengths 1 and d, i.e.

Ty = (O7d>7 Ty = (17d)7 n = (070)7 Yo = (170)7

and let p, = %(5901 + %59&2 and pu_ = %5y1 + %(53,2. We fix a = 2 and compare the
optimal network structure for different values of € and d. For every edge e € E(G) of a
minimizing graph G we have w(e) € {%, 1}. Hence, G can either transport each particle
independently (case A) or gather all the mass by admitting two branching points (case B).
The transportation network > can adopt the following configurations, depending on the
general structure of the minimizer G:

o Case A: X =0 (case A;) or ¥ = G (case Ay),
« Case B: ¥ C G (case By) or ¥ = G (case Ba).

Figure 3.3 shows the possible network structures depending on the choice of € and d for
fixed a = 2.

In order to obtain a definition for general (non-discrete) measures iy, u—, we follow the
same pathway as in the branched transport case, defining a mass flux as a vector-valued
measure JF associated with a graph G (cf. Definition 3.2.4) and approximating a finite
Borel measure by a sequence of discrete measures. For the sake of completeness, the
corresponding definitions are given in the following.

Definition 3.3.7 (Continuous urban planning cost). Let F be a mass flux between two

finite Borel measures pu,,pu_ € M, (Q) with equal mass. Then the continuous urban
planning cost functional is defined as

EY(F) = inf{lilgn inf £5(Gy) : (pf, u¥, Fa,) = (u+,u_,.7-")}.

with p%, %, Gy, Fe, as in Definition 3.2.5.
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X1 Xo X1 X2 X1 X2
Y1 Y2 B4 Y2 n Y2

(a2) (b1) (b2)

0 02 04 06 038 1 €

Figure 3.3.: Optimal network structures for the urban planning problem defined in
Example 3.3.6 for a = 2. Left: Graphical illustration of the optimal network structures
depending on the choice of ¢ (z-axis) and d (y-axis). Right: Structure of the optimal
graph G for d =3 and ¢ = 0.8 (a1), € = 0.1 (a3), € = 0.55 (by), ¢ = 0.4 (bs). The network
>’ is displayed in red.

Definition 3.3.8 (Urban planning problem). Let py, u_ € M () be two measures with
equal mass, and set

EW(F) divF =py —p_,

00 otherwise.

ga’s’pﬁ»ay‘* (f) — {

Then the urban planning problem is defined as

inf £1H I (F).
f

Existence of a solution of the urban planning problem has been shown in [20]. As in case
of branched transport, it is known that an optimal mass flux decomposes to

F=Fe(H'LY) + F*

for a weight function F : & — [0,00), an orientation é : ¥ — R"™ and a H'-diffuse part
F*, which consists of a Lebesgue-continuous and a Cantor part. Then the urban planning
cost functional can be written as

£%4(F) = [ minfaF, F + c}dH' + ol F*|(@).

Remark 3.3.9. Since a part of F might correspond to a mass flux outside of a transportation
network, a minimizer F can be locally continuous with respect to the Lebesgue measure
L™ and thus does not necessarily coincide with a finite graph. As an example, consider
py = L]0,1] x {0} and p— = L£'L[0,1] x {1} in a two-dimensional space. Then, for a
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suitable choice of the parameters a and ¢ such that 1+ & < a (in other words, transport
of mass 1 is cheaper on the network instead of outside), the minimizer is expected to be
locally Lebesgue-continuous near the source and sink terms and contain a network of finite
length in between (Figure 3.4, cf. [20]).

K4

.

Figure 3.4.: Mass flux between two Lebesgue-continuous measures p and p_.

3.3.3. Lagrangian formulation

We want to briefly introduce the urban planning problem in its pattern-based notation. We
make use of the same principles as in the corresponding branched transport formulation
with respect to an irrigation pattern x : I' x I — R™ (see Definition 3.2.10).

Definition 3.3.10 (Urban planning cost (Lagrangian formulation)). Let x be an irrigation
pattern. The Lagrangian formulation of the urban planning cost functional is defined as

&) = [ raLo®)o(b)dPEp)L,

I'xI

where

< (1) min{1 + mxa(m),a} if m, () > 0,
rX_(x) =
“ a if m,(x) = 0.

Definition 3.3.11 (Urban planning problem (Lagrangian formulation)). Let p,,pu_ €
M (Q) and x be an irrigation pattern. Then the Lagrangian formulation of the urban
planning problem is defined as

inf{S“’E(X) D GoHP = py, W#P = u}.

For completeness, we state the equivalence between Wasserstein, the flux-based and the
pattern-based formulations in the following theorem.
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Theorem 3.3.12 (Equivalence of the minimization problems). Set

gorst (X)) — {5“’5(2) if ¥ admissible network,

00 otherwise,
@sEs ot s H— — gCL,E(X) ZfZO#P = H+, 7J?’%’éf) = H—,
€ () = ,
00 otherwise.

Then the Wasserstein, the Fulerian and the Lagrangian minimization problems are equiv-
alent in the sense that for measures p.,pu_ of equal mass and with bounded support we

have

Wgn EWE sl (Z) — m]_@n EGE 41— (}“) _ Tr&m EWE M= (X)

Proof. A proof can be found in [20]. O

3.3.4. Generalized urban planning

The urban planning problem is commonly associated with a cost function ¢ : [0, 00) — [0, 00)
for the amount of transported mass given by ¢(w) = min{aw,w + ¢} for parameters a > 1,
e > 0. However, one can extend this cost functional in a straightforward way to a more
general class of functions ¢(w) = min{agw, ayw + by, ..., axyw+ by} for values ag, a;, b; > 0
for+=1,..., N. This covers the urban planning problem as a special case and moreover
entails another subdivision of the optimal network ¥ into parts >;,..., %y corresponding
to the single terms of the cost function c¢. Since we will study numerical methods for
this generalized urban planning problem within this work, we want to state the discrete
and continuous generalized urban planning functional (in its Eulerian formulation) at this
point.

Definition 3.3.13 (Discrete generalized urban planning cost). For a discrete mass flux G
between two discrete measures iy and g and parameters ag,a;,b; >0 forv=1,..., N,
the discrete generalized urban planning cost is given by

EXNG) = z(: )min{aow(e), ajw(e) + by, ..., ayw(e) + by }H(e).

Definition 3.3.14 (Continuous generalized urban planning cost). Let F be a mass flux
between two finite Borel measures p,, u_ € M () with equal mass. Then the continuous
generalized urban planning cost functional is defined as

&) = inf{lip inf E17(G) + (15,15, Fo) = e )}

with p%, %, Gy, Fe, as in Definition 3.2.5.
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As before, we obtain with F = Fé(H'LX) + F*
EE(F) = [ elF)aH! +¢(0)|F*|(@),

where ¢(0) = ag. For completeness, the generalized urban planning problem is defined in
the following.

Definition 3.3.15 (Generalized urban planning problem). Let puy, u_ € M (Q) be two
measures with equal mass, and set

EWNF) i divF = py — p_,
00 otherwise.

5;,b,u+7u— (]:) — {

Then the generalized urban planning problem is defined as

inf Epbib=(F).

3.4. Existence and properties of minimizers

The branched transport and urban planning model are common representatives of a wide
class of problems involving a cost functional for the amount of transported mass of the
form 7 : [0, 00) — [0, 00) such that 7(0) = 0, 7 is non-decreasing, subadditive and lower
semi-continuous. Given these requirements, in [21] the authors proved that for g, u—
with compact support, either a minimizer of the corresponding problem exists or the cost
functional is infinite everywhere ([21], Theorem 2.10). In addition, every discrete mass
flux has to satisfy some interesting properties:

« Acyclicity of discrete mass fluxes: For any discrete mass flux GG there exists a
discrete mass flux G which contains no cycles and has lower or equal costs ([21],
Lemma 2.5).

« Tree structure of discrete mass fluxes: For any discrete mass flux G, there
exists a discrete mass flux G which admits a tree structure and has lower or equal
costs ([21], Lemma 2.6).

« Boundedness of transported mass: Any acyclic discrete mass flux G satisfies
w(e) < g () = u—_(9Q) for all edges e € E(G) ([21], Lemma 2.9).

Finally, although existence of a minimizing transportation network is guaranteed, unique-
ness cannot be achieved in the general setting due to a lack of convexity of the minimization
problem. To the contrary, it is straightforward to construct examples where a problem
admits several minimizers with a completely different topology but with exactly the same
costs. Among others, this aspect causes the numerical treatment of optimal network
problems to become a challenging task.
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3.5. Numerical approaches

The main focus of this thesis will be a detailed study of numerical approaches suitable
for the branched transport and urban planning problem introduced in Sections 3.2 and
3.3. Since both models are originally motivated by several applications, it is obvious that
one is interested in solving the problems in some numerical framework in order to obtain
transport paths for specific examples. Therefore, the models have not only been studied
theoretically, but there also exist some considerations about how to computationally
address the problem of finding an optimal path.

Every numerical treatment needs to face some technical difficulties arising from the non-
convexity of the cost functional and the general structure of the problem in its different
formulations. The first fundamental question one has to ask in this context is which
formulation is suited best for a numerical treatment and how to represent and discretize
the problem variables. For instance, taking in account the flux-based formulation, the
flux variable could be represented explicitly as a discrete graph in terms of vertices and
edges. While in case of small numbers of sources and sinks, the possible topologies of an
optimal network for different parameters can be easily constructed by hand, for larger
numbers this structure is not clear a priori and neither is the exact number of vertices.
Hence, it is hard to verify if an obtained graph yields the global optimum or is only an
approximation of unknown precision. Generally, the non-convexity of the cost function
makes the application of several standard numerical methods challenging, which naturally
brings up the question if there exists a suitable convexification.

In this section, we want to outline some existing numerical approaches to the branched
transport and the Steiner tree problem. Note that to the best of our knowledge, we were
the first to address the urban planning and generalized urban planning problem numerically
in [19] and [33]. These approaches will be presented in Chapter 4 and Chapter 5. There
exists a wide variety of numerical approaches to the branched transport problem and the
Steiner tree problem in particular. Since a detailed presentation of each of these would be
beyond the scope of this thesis, in the following we confine ourselves to a brief overview of
the different strategies.

3.5.1. Branching point optimization

In case of discrete measures jy, i as a given set of n points in total, the optimal network
> simply consists of a set of vertices and edges. Thus, a straightforward minimization
approach is the optimization of the vertex positions, provided that the topology of the
minimizer and thus the number of vertices is known in advance. Since for very small n,
the number of possible topologies is reasonable, this approach often leads to the exact
global minimum by computing the optimal vertices for each topology independently and
choosing the one with the minimal costs afterwards. However, for large n this strategy
would involve a large number of non-linear equations for the vertex positions and the
number of possible topologies becomes vast.
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In the context of presenting the branched transport model in its flux-based formulation,
the authors introduced an initial approach for numerically finding an optimal path between
two measures [68],[70]. This local optimization technique was extended to a minimization
algorithm in [69], which in some numerical examples seem to yield almost optimal networks
in case of transport between a single source point and a fixed number of N sinks. The
method makes use of the fact that the optimal network can be decomposed into several
smaller transport network problems, which can be solved directly by a branching point
optimization as described above. It was shown in [69],[70] that, although not necessarily
leading to a global minimizer of M®, this optimization algorithm provides an approximately
optimal transport path which comprises a natural structure and is applicable even in case
of a large number of sinks (N ~ 400). However, the algorithm does not necessarily provide
the global optimal network, hence it cannot be shown that the method converges to a
minimizer of the cost functional. Two heuristic approaches based on stochastic optimization
techniques on graphs were presented in [44] and [53]. As before, these method are capable
of providing almost optimal network structures, but cannot guarantee global optimality
either.

The limit case of the Steiner tree problem in two space dimensions was treated more
extensively in the literature. Due to the independence of the cost functional of the
transported mass, there exist very efficient algorithms providing a globally optimal Steiner
tree (see for instance the GeoSteiner method [38] or Melzak’s full Steiner tree algorithm
[46]). These methods are often restricted to the planar case, for a dimension greater than
two, there exist fewer approaches which are less efficient. [31] provides an overview of
some methods concerning the Steiner tree problem in n dimensions, where the main listed
approaches trace back to [35], [61], [40], [34].

Since a more general cost functional such as in the branched transport case is concave in
the transported mass, these methods commonly cannot be extended easily.

3.5.2. Phase field approximations

A widely used approach to tackle the branched transport problem numerically was inspired
by elliptic approximations of free discontinuity problems. These problems typically consist
in finding an optimal function (in the sense of some energy functional) which is smooth
outside of a discontinuity set >, which is unknown as well. Common examples are the
Modica—Mortola approximation of the perimeter of a set or the Ambrosio—Tortorelli model
as an approximation of the Mumford-Shah functional (see Section 2.4.1). These methods
minimize with respect to a smoothed version of the desired output, where the grade of
smoothness is governed by a parameter ¢, such that the relaxed functional I'-converges to
the original formulation as ¢ — 0.

A similar approach can be applied to the branched transport problem as shown in [51] and
[49]. In the following, we briefly repeat the main ideas presented by the authors. Recalling
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the explicit formulation of the continuous branched transport cost functional, we define

N Jg F*dH' if F = Fé(H'LY) and F has finite divergence,
MG(F) = .
00 otherwise
as in equation (3.1). The vector measure F is concentrated on a one-dimensional rectifiable
set ¥ CR™ Let n=2and 2 C R? be an open set containing the support of p; and p_
such that  is compact. The main results of [51] are given by the following two theorems.

Theorem 3.5.1 (I'-convergence for branched transport for a € (3,1)). Let o € (1,1) and
n = 2. Define a functional M : L'(Q) — [0, 00] as

Joe® Hu(@)]? + e Vu(z)Pdz if u € WH(Q),

M (u) =
=) {oo otherwise,
da—2

. Then we have
a+1

where =
M?Z 5 cMy  for € =0,

with ¢ = o~ (22)1=a oy — [£3/tB — tdt.

l—«

Theorem 3.5.2 (I'-convergence for branched transport for a € (0, 3)). Let oo € (0,3) and
n = 2. Define a functional M>B . L}(Q) — [0, 00] as

Jo 2 B(|Ju(x)]) + e [ Vu(z)2dz if u € W (S),
0o otherwise,

M () = {

where f = 25:11 and a continuous function B : [0,00) — [0,00) with B(0) =0, B(z) >0

for all x >0, tlj}m% =1 and B'(0) > 0. Then we have

r
MEE S e MG for e — 0,

with ¢ = a7 (322) 1= ¢y = [ VIF —tdt.
Proof. The proofs of Theorem 3.5.1 and 3.5.2 can be found in [51]. O

Remark 3.5.3. The difference between Theorem 3.5.1 and 3.5.2 comes from the fact that
the construction and proof of the first result only work for o« > 1 — % If a < %, the integral
involves the term |u(z)|® with 8 < 0, which causes the minimization of the functional to
become more challenging. Some additional work is required in order to prove the second
theorem, where « is allowed to be smaller than %

Remark 3.5.4. Theorems 3.5.1 and 3.5.2 do not include the constraint div;F = pu, — p_,
since M§ only enforces F to have finite divergence. The extension was provided by [49]
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via introducing a relaxed constraint version, where the measure p, — p_ is smoothed by

convolution with a kernel p.(z) = e ?/p(e7z) for some p € CL(Q,RT) and [, p(x)dz =1

and v = ‘“TH Hence, setting f. = pe * (uy — p—), the author shows that
M? + Ldiv u=f. £> CMS + bdivF=py —p_ for e =0

for some constant c.

Remark 3.5.5. The intuition behind Theorem 3.5.1 becomes clearer by considering the
idea of the Modica—Mortola approximations [47]: Let us regard the functional

Ra= iW(u(m)) + £ |Vau(2)2dz
for u € W1?(Q) and W being a double well potential with W (0) = W (1) = 0. By
minimizing this functional, the first term will enforce u to take either values in {0, 1},
the so-called two phases, while the second term will prefer smooth functions. Together
with some constraint forcing v not to be a constant function, the minimizer will most
likely admit a phase transition from one phase to the other, where the smoothness of this
transition depends on the parameter . If € tends to zero, the transition will become sharper
until it converges to a piecewise constant function (cf. Section 2.4.1). Now returning to
our functional defined in Theorem 3.5.1, the first term |u(z)|® plays the role of the double
well potential with wells at 0 and oo (from « < 1 we obtain § < 1, hence the first term is
a concave function). Thus, |u| wants to be either equal to 0 or as large as possible, being
bounded by the finite divergence constraint.

Similar to the case of I'-convergence for the Mumford—Shah functional, this result can be
exploited for numerical purposes. Instead of minimizing the original branched transport
energy functional, one can solve the relaxed functional with a small parameter €. Roughly
spoken, the minimizer now has the structure of a smooth grey value image and is not
restricted to a one-dimensional set >, but lives on the whole image domain 2. As
a consequence, the functional can be treated with standard numerical differentiation
approaches such as finite differences in combination with some minimization algorithm. In
[51], the authors also observe that for large ¢, the functional is even close to being convex,
hence starting with a large value and then slowly decreasing ¢, in each iteration starting
with the solution from the previous step, reduces the chances of getting stuck in local
minima. For small ¢, the solution u should then yield a good approximation of the vector
measure F.

The phase field approximation presented by [51] and [49] is just one example for a bunch
of related problems, such as [52],[13],[14]. An example of special interest is a comparable
numerical treatment of the Steiner tree problem (which acts as a limit case of the branched
transport problem for o — 0) presented in [24]. On the basis of [14], the authors present a
slightly different phase field approach, where the phase field is introduced as an additional
variable coexisting with a relaxed version of the vector-valued measure F. More precisely,
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the authors define a functional S : M(Q,R?) x LY(Q) — [0, 0] as

1+ aF)dH! ifp=1, 0 =Fe(H'LY), divo = py — -
SQ(U,QO):{IE( +a )H e y O €<H|— )a v.o K+ H—,

00 otherwise
and state their main I'-convergence result as follows:

Theorem 3.5.6 (I-convergence for the Steiner tree problem). Define a functional F :
M(Q,R?) x LY(Q) — [0, 00] as

Jo5@%lol? + 51Vl + (1 —@)’de if (0,9) € Vo(2) x W(),
00 otherwise

F€(0-7 ‘20) = {

with

Vo(Q) = {o € LX(QR?) : divo= (s — p) *pe},
W.(Q)={pecW™Q) : n<p<1 inQ, p=1 on N}

Then we have
F. 58 on M(Q,R?) x L'(Q),

in the sense of the weak-* topology on M(Q,R?) and the classical strong topology on L(Q).

Proof. The proof can be found in [24]. O

Remark 3.5.7. Note that the cost functional S¢ is not exactly the Steiner tree problem,
but is linear in the transported mass (instead of constant). Numerical simulations in [24]
are obtained for a small parameter «, such that the results approximate the Steiner case
quite well.

Remark 3.5.8. The approximating functional F. seems even more intuitive at this point
having a closer look at the single terms. The second and third part of the functional
correspond to a Modica—Mortola-type component, while the first part acts as a linker
between phase field ¢ and vector field 0. For ¢ = 0 (or very small values of o), ¢ is
drawn to 1, since the first part does not play a role and the second and third part prefer
constant functions ¢ = 1. For o larger, hence at those points where the (relaxed) transport
network has support, the first part draws ¢ to 0. The second part provides for a smooth
transition between the values 0 and 1 of ¢, while the grade of smoothness is governed by
the parameter e: Roughly spoken, for smaller ¢, the gradient term becomes less important
and thus the transition between the two phases becomes sharper.

We use the approach presented by [24] to develop a phase field approximation of the
generalized urban planning model, which covers a larger class of problems including the
Steiner tree case. The method will be described in more details in Chapter 5.



52 3 Review of methods for transportation network problems

3.5.3. Time-dependent PDE-based methods

In [28], the authors propose a PDE-based formulation of the classical Kantorovich problem
as in Definition 3.1.2 with ¢ being the Euclidean distance. In some recent works [29],
[30], this idea has been seized in order to define a time-dependent system of equations
whose long-time solution is conjectured to yield a solution to the Kantorovich problem.
The resulting partial differential equations have been further extended by a branching
parameter o > 0 in [9]. Therein, the authors introduce the system

V- (€(t 2)Vult 2)) = (@) — pi_(2)
Bié(t, ) = (&(t,2) | Vu(t, 2)|)* — &(t, )
§(0,2) = 14(x) (3.3)

equipped with zero Neumann boundary conditions. Here, £ denotes the density of trans-
ported mass and u corresponds to the transport potential, i.e. the optimal u for a = 1
maximizes the Kantorovich dual problem [66], [28]. The system of equations (3.3) is then
solved in two space dimensions via a finite element triangulation combined with an explicit
Euler discretization in time.

By presenting some numerical simulation results, the authors experimentally show that
for a > 1, the obtained transport density admits a branching structure and thus resembles
a solution to the branched transport problem.

3.5.4. Discussion

Although there exists a variety of promising numerical approaches to the branched transport
problem and some extensions, the complexity of the methods shows that the problems
do not admit a straightforward computational treatment. One reason certainly is the
non-convexity of the cost functional (in the general case), which causes many common
numerical methods to get stuck in local minima easily. Another reason is the rising
complexity of the underlying network topology as the number of sources and sinks (in
case of atomic measures) increases. This can be seen exemplarily by studying the method
proposed by [69]. Although the algorithm provides a high quality result and skilfully
exploits several facts about the network structure, it could not be shown that it converges
to a global minimizer. In addition, the method does not work in case of a source consisting
of more than one point. As shown by [71], the exact construction method for an optimal
network can be extended to this case, but requires some knowledge about the possible
network topologies. As a consequence, such methods easily become computationally
inefficient.

In order to avoid the incorporation of prior knowledge about the network structure, phase
field approximation methods are a promising tool. The constructed energy functionals
usually allow a simple numerical treatment and are even close to being convex (as shown
by [51], for instance). However, the method still bears some disadvantages, such as a
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possible strong dependence on the choice of the initial values and the parameters. As
shown in [6], the I'-convergence of a finite difference discretization of the energy functional
depends strongly on the choice of the discretization step size.

Since the existing methods, although admitting promising results, do not cover the whole
class of problems involving a concave cost functional in a satisfactory way, this work
is devoted to the investigation of some novel aspects about the numerical treatment of
transportation networks. We introduce a completely new approach making use of the
principles of functional lifting in order to obtain a novel numerical framework in Chapter
4. Additionally, based on past works, we extend the phase field approximation approach
to the case of a generalized urban planning problem, both methods also admitting one of
the first numerical treatments of the urban planning problem to the best of our knowledge
(see Chapter 5).
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Numerical optimization of
transportation networks via

functional lifting

Although the branched transport and urban planning energy functionals have been ex-
tensively studied and analysed, it still remains a challenging task to compute optimal
networks numerically. After reviewing some properties such as the non-convexity of the
energy (see Chapter 3) as well as some existing numerical approaches (cf. Section 3.5), we
have learned that one still lacks a simple mathematical model allowing to apply iterative
methods leading to a global minimizer.

In this chapter, we present an approach that ascribes the task of finding an optimal
transportation network to a mathematical imaging problem, which was first introduced in
[19]. The method reformulates the energy functionals in terms of functions of bounded
variation, which opens the door for some well-studied mathematical imaging techniques.
Precisely, the new energy admits a convex reformulation via so-called functional lifting
(see Section 2.4.2), where the original model is lifted to a higher-dimensional space. In
the course of this chapter, we will derive and analyse the resulting imaging problem in
respect of its numerical implementation. We review some straightforward discretization
methods and suggest a novel general treatment of problems arising from functional lifting
via special adaptive finite elements.
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4.1. Model

First, we want to provide a detailed description of the functional lifting approach as
introduced in Section 2.4.2 applied to the branched transport and urban planning model
and the resulting convex minimization problems.

4.1.1. Reformulation as image inpainting problems in two dimensions

Let us recall the definitions of the branched transport and urban planning energy derived
in Chapter 3 with respect to the continuous mass flux 7 € M (R",R"),

Mosbi (F) = Jo FUdH + 1o(|F*]) if Fis 'a mass flux between p and p_,
o0 otherwise,
Jemin{aF, F + e}dH' 4+ a|F*|(Q) if F is a mass flux between py and p_,

%) otherwise,

5‘1767“-‘1-7#— (f) — {

where F = Fé(H'LY) + F' with a real multiplicity F : ¥ — (0,00), an orientation
€:3 — R, |é| = 1, a diffuse part F*+ and

0 if xt =0,
Lo(x)Z{

oo  otherwise.

Following the course of [19], Chapter 3, we show that in two dimensions the energy admits
a reformulation as a Mumford-Shah-type imaging problem and hence the task of finding
an optimal network can be regarded as an image inpainting problem.

In the following, we set n = 2 and Q C R?, V C R? be an open bounded convex domain
with Q CC V. For simplicity, we shall assume that 2 = (0,1) x (0,1), V = B; (2) and

sptuy C 082, sptu_ C 0S.

Note that a generalization of the image domain as well as of the restriction of initial and
final measure to the region boundaries is possible (see examples in Section 4.3.4), however,
for the clearer understanding we restrict ourselves to the simpler case of initial and final
measure on the domain boundaries. Let u € BV (V) be a grey value image. As seen in
Section 2.2, the derivative of u can be decomposed into a Lebesgue-continuous part, a
discontinuous jump part on a set 5, and a Cantor part Du

Du = Vul?LV + [u]vH'LS, + D‘u,

where [u] = u™ — v~ denotes the height of the jump across S,. Via this gradient

decomposition, we can define a mass flux F, associated to u as the rotated gradient of the
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Fu

Figure 4.1.: Comparison between a grey value image u (left) and the mass flux F,
associated with u (right) on a domain Q. The discontinuity set S, can be regarded as the
transportation network, the jump in function value across 5, encodes the amount of mass
flowing through the corresponding network segment.

image, which then points to the direction of the network orientation (cf. [19], Definition
3.1.1):

Definition 4.1.1 (Mass flux associated with an image). For an image u € BV (V), we
define the mass flur associated with u F, € M(V,R?) as

Fu = Dut = VurL2LV + v H'LS, + Dut,

where superscript L denotes the counterclockwise rotation by 7.

The optimal network associated with the mass flux F, can be interpreted as the discon-
tinuity set S, and the height of the jump across 5, in some point x € V indicates the
amount of mass flowing through z (cf. Figure 4.1). Note that, as we will see shortly,
in case of branched transport, the image has to be piecewise constant, while in urban
planning, the diffuse component of the cost functional admits regions with a non-zero
Lebesgue-continuous gradient Vu.

Remark 4.1.2. For F, representing a mass flux on the domain V' one requires that no
mass is created or lost within the transport region. Indeed, F, is divergence-free in the
distributional sense: Let ¢ € C5°(V') be a smooth test function, then we have (cf. [19])

/Vso d(divF,) = — /vao ~dF, = /VWL -dDu = — /Vdiv(vg%)u dz = 0.
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Similar to the definition of the set of admissible fluxes
Ar (e, p-) = {F € M(V,R?) : sptF C Q, divF = py — p_},

we want to define the set of admissible images. To this end, we need to reformulate the
divergence constraint for the mass flux in the sense of images. As mentioned before, we
restrict ourselves to py, p_ with support on 0€2, which without loss of generality can be
assumed to lie in the right halfplane of R?. Then we can define a parameterization of 9
by

v [0, H! (092)) — 99

with v(0) = 0 and 02 := 7 ([0,t)). Furthermore, we define the orthogonal projection of a
point z € R? onto 0f) via

Toq : R? = 08, x> argmin{|z — y| : y € 00}

Note that the closest point might not be unique since €2 is not strictly convex in many
applications; in this case, we pick the lexicographically first point (in the sense of the
parameterization ). Even for convex regions €2, it happens that for z € Q, mpq(z) is not
unique. Note that for the optimization problem, only the definition of u(p, u—) outside
of €2 is important, since €2 takes the role of the inpainting region.

Definition 4.1.3 (Admissible image). Given finite Borel measures i, i, we define the
function

upg, po) :R2 = R, 2 (g — o) (091 a) ) -

Then the set of admissible images is given as
Au (e, p) = {u € BV(V) + u=u(ps,p) on V\ Q}.

Before we can translate the branched transport and urban planning cost functional to
the image setting, we have to make sure that the relation between images and fluxes is
one-to-one, which implicates that every admissible mass flux can indeed be identified with
a unique grey value image and vice versa. Hence we state the following result [19].

Theorem 4.1.4 (Bijection between admissible fluxes and images). The mapping u
FuLQ from Ay (g, ) to Ar (py, p—) is one-to-one.

Proof. The proof can be found in [19], Lemma 3.1.4. O

Remark 4.1.5. The reason why this method only works in two spatial dimensions is that a
mass flux on a higher-dimensional domain does not admit an interpretation as an image
gradient [19]. In other words, the gradient of a higher-dimensional grey value image is not
a one-dimensional set, as required for the interpretation as a mass flux.

Now we have the tools for reformulating the energy functionals M“ and £%° with respect
to u within the following definition.
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Figure 4.2.: Sketch of u (py,p—) for py = $(6s, + 0,) and p_ = 3(d,, + 0y, + Jy,).

u (puq, i) is a grey value image taking values in {0, 3, 3, 2,1}. Note that u (p4, u—) is also

defined in the interior of {2, but the set of admissible images Ay (4, 1) only requires a
definition of u (p14, p—) on V' \ €.

Definition 4.1.6 (Image cost functionals). We define the functionals M®, €% : BV (Q) —
[0, 00] as

M (u) = /Sum[u]ad’]-[l(x) + 1o ((Vu£2 + Dcu) I_ﬁ) ,
£ (u) = a/ﬂ\su | Du|dx + /Squ min{alu], [u] + e}dH' (z),
where

oo  otherwise.

0 ifp=0,
LO(N):{ .

Furthermore, for two measures ., u_ € M, (Q) of equal mass with support on 9Q we

define M@tk Easiri- BV (V) — [0, 00] as

Me(u) i€ A, (g pe).,

00 otherwise,

E%(u)  ifu € Ay (p4, p-)

00 otherwise.

Mot H— (u) — {

EWE M+ 1~ (u) — {

The following results expresses the relation between the flux-related and the image-related
cost functionals.
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Theorem 4.1.7 (Lower bound on transport energy). For any flur F € Ag (4, ) and
the corresponding image ur € A, (4, p_), we have

Mav/iﬁ*uu‘* (f) Z Ma7“+n“‘* (u]__>, ga,c‘:,ﬂﬁ»,ﬂf (f) Z 8&,€,ﬂ+,/147 (u]__>

Proof. The proof can be found in [19]. It follows from a few preliminary results (also
shown in [19], namely the bijection between fluxes and images, the sequentially weak-*
lower semi-continuity of M® and £%¢, the equivalence for discrete measures (see Theorem
4.1.9) and

M (F) = inf{liginfM“(Gk) (et Foy) = (e, e, F), sptojuy,sptope C 89}

for an approximating graph sequence Gy, as in Definition 3.2.5 (the same result holds for

£9(F)). O

Remark 4.1.8. The authors believe, but so far could not prove, that the opposite inequality
holds as well. This would imply that both energy functionals are equal and the branched
transport and urban planning energy can indeed be reformulated as Mumford—-Shah-type
image inpainting problems. So far, it has only been shown that the original flux-related
energy is bounded from below by the Mumford—Shah-type energy, which can still be used
for numerical issues. The proof would require that the functionals M@#H+#H- and E»eH+H-
are the sequentially weakly-* lower semi-continuous envelopes of their discrete versions
with respect to graphs.

In the case of discrete measures, one can show that equality in Theorem 4.1.7 holds true
(cf. [19], Lemma A.0.2).

Theorem 4.1.9. Let p,pu- € M (Q) two measures of equal mass with spt p, C
00, spt p C 0Q and let G be a transport path between puy and p_. Let Fg =
Yeere) wle)(H'Le)é. Then we have

MO(G) = M (uzy), E°(G) = £ (uz).

Proof. For the sake of readability, we set u := uz,. Since the mapping u — F,LQ from
Au(py, o) to Ar(py, p_) is a bijection (Theorem 4.1.4), u € A, (puy, p_) and

Fo= Y wle)(H'Le)e=Du'LQ = DulLQ= > wle)(H'Le)e"
c€E(G) €B(G)

Thus, u is a piecewise constant constant function with discontinuity set

S,NQ = U e

e€E(G)
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with jump height [u] = w(e). By inserting this into the definition of the image-related
energies for branched transport and urban planning, we obtain

MO (u) = /Sm[uJad%l(x) — eeEz(G)w@)aue) = M*(G),

E¥E(u) = /S _min{afu], [u] + e}dH'(z) = D l(e)min{aw(e), w(e) + e} = E*(G).

w2 e€E(G)

O

The image-related energy functionals defined in Definition 4.1.6 for branched transport
and urban planning admit an interpretation as image inpainting problems: The image
u is prescribed on V' \  and unknown inside Q and has to be reconstructed such that
the energy becomes minimal. This minimization problem is comparable to the task of
image inpainting via total variation regularization (see for instance [27]), where the cost
functional is linear in the height of the jump along the discontinuity set. In our cases,
the integrand of the jump set 5, is subadditive, while the part away from S, is convex,
which is similar to the behaviour of the Mumford-Shah image segmentation problem.
This is the key observation for the numerical treatment presented in the following: It was
shown (cf. Section 2.4.2) that the Mumford-Shah energy functional, although non-convex,
admits a convex higher-dimensional reformulation, which can be used as a starting point
for numerical simulations.

4.1.2. Functional lifting of the branched transport and urban
planning energy

We want to apply the functional lifting approach introduced in Section 2.4.2 to the image-
related branched transport and urban planning energy. For given initial and final measures
fii, pio € My (R?) we define 1,(,, , ) as the characteristic function of the subgraph of the
function u (g4, p—) defined in Definition 4.1.3. Note that both Mt and Evebb-
can be written in the general framework of (2.6) (after restricting the image-related energy
functionals to the slightly smaller space SBV (V'), which does not severely affect their
behaviour) with the specific choice of g and h as

+

g(z,u,p) =1 (p), h(aj,u ,u‘,u) =|ut —u|*

in case of branched transport and

g(x,u,p) =ap, h (a:, utuT, u) =min{aju” —u |, |u" —u"| + &}
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for the urban planning energy. Consequently, the sets C and I for the lifted saddle point
problem become in our case

C={veSBV(VxR,[0,1]) :

Jim v (x,t) =1, Jim v (x,t) =0, v =1y yon (V\ Q) x R} (4.1)

Ki={0=(¢"¢") € C (V x R,R* xR) : ¢* >0,
/52 ¢° (x,s)ds

Ko={0=(¢"¢") € C (V xR,R* xR) : ¢* >0,

< sy — 51" Vr € V, 51,80 € R} (4.2)

|¢"| < a, / : ¢° (x,s)ds| < min{|sy — s1| + £, alse — 51|} Vo € V51,80 € R}
(4.3)
and the optimization problem for branched transport and urban planning reads
inf sup ¢ -dDv (4.4)

veC deK QxR

with K = Ky for branched transport and I = Ky for urban planning respectively. Both
cases yield convex optimization problems in v. Although v is allowed to take values in
between 0 and 1, in some cases the optimal v still satisfies v = 1,, for some v € SBV (V);
however, some numerical examples show the discrepancy between the original image-related
formulation and its convex relaxation (cf. Section 4.2). We will further investigate the
behaviour of the relaxation and its impact on the optimal network in Section 4.2.1.

4.2. Analysis

In this section, we aim at pointing out some analytical aspects regarding the numerical
treatment of the previously described model. In particular, we investigate the tightness
of the convexification by reference to a particular example in order to obtain a better
understanding of the involved energies. Furthermore, we show that the convex set /C only
contains a finite number of constraints in case of discrete functions.

4.2.1. Original formulation versus convexification

We have shown that the original flux-based formulation of the branched transport and
urban planning problem admits a convex reformulation as an image inpainting problem
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via functional lifting. Putting together all the exhibited inequalities, we obtain

min  M>HH(F) > min MR- (ur)

FeAFr (g p—) uF€Au (p 11— )
> min sup ¢-dD1,, > infsup ¢ - dDw,
ur€Au(pt,n-)pek; JOAXR veChek, JOXR
mi EVEHTH—(F) > min  EVSHH- (ur)
FEAF (s p-) uF €Ay (Kt 11— )
> min sup ¢-dD1,, > infsup ¢ - dDw.
ur€Au(pit,n—)peky JOXR veCyek, JOXR

This correlation naturally raises the question whether some of the inequalities can be
replaced by an equality under certain conditions.

The first inequality was shown in [19] as stated in Theorem 4.1.7. As mentioned, the
authors were not able to prove the opposite inequality, but believe that it holds as well.
However, for the special case of discrete mass fluxes, equality is obtained by some simple
calculations (cf. Theorem 4.1.9).

The second inequality arises from the functional lifting approach. Equality can be achieved
if one is able to construct a vector field ¢ € IC such that the value of the functional on the
right-hand side of the second inequality equals the one of the left-hand side. While for
some special cases, such as the Mumford-Shah functional, the existence of such a vector
field is well established (see for instance [54]), the explicit construction remains a quite
technical issue and depends on the particular choice of the integrands. In [2], this subject
is revised in more details, additionally an exemplary construction of ¢ for the minimal
partition problem is provided.

The most interesting case for numerical purposes is the last inequality, arising from the
convex relaxation of the binary characteristic function 1, to functions which are allowed to
take values in between 0 and 1. On the one hand, we have already observed in Section 2.4,
Theorem 2.4.8, that the existence of a divergence-free vector field ¢ guarantees equality of
the minima of the original and the relaxed minimization problem (note that in our case,
the convex set C naturally contains the necessary conditions of v being prescribed on the
boundaries on 92 x R). On the other hand, it still remains an open question whether a
minimizer of the relaxed functional also admits a minimizer of the branched transport or
urban planning energy.

In case of the one-dimensional Mumford-Shah functional, in [23] it was shown that there
exists a an equivalent convex representation consisting of a slightly more precise version
of the functional lifting approach. However, this idea could not be extended to higher
dimensions so far [23], so that in particular it cannot be applied to the branched transport
and urban planning energies. Hence, we will investigate the tightness of the convex
relaxation for these problems within this section.

The question of equality of the minima is related to the task of finding an optimal
divergence-free ¢ € K which realizes the supremum on the right-hand side of the inequality.
In order to gain a better understanding of the problem structure, in the following we want
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Figure 4.3.: Transport from two to two mass points in R? as described in Example 4.2.1.
Left: Topology of the graph G;. Right: Topology of the graph Gs.

to restrict ourselves to the branched transport case and investigate the particular example
of transport from two source points to two sinks of equal mass.

Example 4.2.1 (Branched transport cost for transport from two to two mass points). Let
Q=10,1%, V = Bi(Q) and P;, P, Q1, Qs € 00 be the four vertices of a rectangle with
side lengths 1 and d < 1 (see Figure 4.3). Let py = m(dp, + 0p,), p— = m(dg, + d¢,) for
some m > 0. Depending on a € (0, 1), there exist two possible topologies for the optimal
graph G minimizing the branched transport cost M*(G) (Figure 4.3). Denoting 1 as the
graph consisting of two straight lines and G, as the single tree and F; (F» respectively)
the discrete mass flux associated with the graph G (G5 respectively), then we have

Ma<.F1) = 2m°‘, Ma(fg) = 2O‘mal1 —+ 4ma12,

where [y, 15 are the lengths as shown in Figure 4.3, depending on the positions of the
branching points. For « small, the single tree has the lower costs, whereas for « close to
1, the two straight lines will be preferred. Thus, there exists a bifurcation point & where
both topologies have equal costs (depending on the distance d between the mass points).
In the following, for fixed m and d, let a = & be chosen such that

puin M(F) = MO (F1) = M (F2)
and JFp, Fo (where the exact structure of F; depends on «) be the two optimal fluxes
related to the two topologies (indeed, one can easily verify that such an « exists). Due to
Theorem 4.1.9, we have

min Mo‘(u) = ./\;la(ul) = M (u),

ue.Au
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where u1, us denote the images related to the mass fluxes Fi, Fo.
Now we define a functional J : SBV(V x R) — [0, 0] as

J(v) = sup ¢ - dDv + c(v)

ek JOXR

and set v = Al,, + (1 — A\)1,, for some A € [0,1]. Under the assumption that we can
achieve

M(uy) = sup ¢-dD1,,, (4.5)
PEK OxR
if u; and uy are minimizers of M?, 1,, and 1,, are minimizers of the right-hand side.
Since J is convex, it follows that

J(U) < J(1u1) = J(1u2>'

If now we were able to construct a ¢ € Ky which satisfies equation (4.5) and is additionally
divergence-free, then Theorem 2.4.8 would yield

min J(v) = min M®(u),

vel u€Ay
and as a consequence, v = Al,, + (1 — A)1,, for every A € [0, 1] would be a minimizer of .J.
Unfortunately, the task of finding such an optimal vector field g5 that incorporates the
desired properties is a crucial issue which results in a rather technical construction. One
approach, leading to an almost optimal vector field is deferred to Appendix A. Although
we were not able to determine a truly optimal QAS, we believe that it is nevertheless possible
and as a consequence, the relaxed minimization problem in some cases yields the convex
envelope (at least in some subset of the domain of J) of the original image-related problem.
On the other hand J is not necessarily strictly convex, which is also reflected by some
numerical examples (cf. Figure 4.4).

If the construction of an optimal ¢ could be achieved, Example 4.2.1 would suggest that in
a discrete setting, there exist at least some cases where the relaxed energy corresponds to
the convex envelope of the original branched transport functional. Although still lacking a
rigorous proof, by transferring the construction strategy locally to all (at least discrete)
transportation networks, one might be able to extend this result to the more general
setting. However, a further investigation of this issue goes beyond the scope of this thesis
and might be a subject of future work.

Remark 4.2.2. In [23], the author investigates the addressed problem in a very general
framework and is able to prove that in one space dimension and under certain assumptions,
the Mumford—Shah-type functional admits an equivalent convex representation in the
sense that the relaxed functional indeed equals the convex lower semi-continuous envelope
of the original functional. As a consequence, if u is a minimizer of the latter, then 1, is a
minimizer of the relaxed problem. Unfortunately, the proof could so far not be extended
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Figure 4.4.: Numerical examples for transport from two to two mass points as defined
in Example 4.2.1. Left: Plot of the manually computed minimal energy for different
€ = 1 — a. The line type indicates the optimal network topology. Right: Numerically
computed optimal fluxes for three different values of a. Example @ corresponds to the
critical value of a, where M® has two minimizers. The numerical result corresponds to a
linear combination of both minimizers.

to the case of non-scalar functions u such that it does not provide a solution for our case.

4.2.2. Reduction of the set K for piecewise constant functions

With regard to the numerical realization, the projection onto the convex set K is challenging.
On the one hand, both sets contain for every ground point x € V an infinite number
of inequality constraints. On the other hand, at first there exists an infinite number of
ground points for which the sets of inequality constraints do not necessarily have to be
independent. The following theorem shows that in case of piecewise constant functions
along the lifted dimension, the number of inequality constraints for a fixed x € V is finite.

Theorem 4.2.3. For any function ¢ : V x [0,1] — R? x R which is piecewise constant
in the third variable, i.e. ¢(x1,22,s) = Ci(x1,x2) for all (x1,x9) € V', s € [ihs, (i + 1)hs),
peN, hs:]%, 1=0,...,p— 1, we define

Ki={6=(¢"¢") € L*(V x [0,1,R* xR) : ¢" >0,

/82 ¢° (z,s)ds
Ko={6=(6"¢") € L(V x [0,1,R* x R) : ¢* >0, |¢*| <a,

/:2 ¢° (x,s)ds

< |sg — s1|* Vo € V51,82 € {0, hg, . .. ,phs}},

< min{|sy — s1| + €, alsy — 51|} Vo € V51,89 € {0, I, . .. ,phs}}.
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Then we have

¢€’€1 = ¢€]€1>
pey = ¢eKky,

where we define

Ki={¢=(¢"0) € L®(V x [0,1,R* xR) : ¢ >0,
/82 ¢° (x,8)ds| < |so— 51| Ve € V,s1,89 € [0,1]},
Ko ={p=(¢"¢") € L(V x [0,1,R* xR) : ¢ >0, "] <a,

/:2 ¢° (x,s)ds

< min{|sy — 51| + &, alse — s1|} Vx € V51, 82 € 0, 1]}

as the spaces Ky, Ko without the smoothness requirement.

Proof. We denote by ; := th, for i = 0,...,p the limit points of every constant region of
¢ in s-direction. Since ¢ € Ky, respectively ¢ € Ky, and ¢(z1, 2, s) = C;(z1, x2), we have

y o BR= hs(G = D)1 for (BT),
/ti ¢" (v,5)ds| = hskZ:iCk(xl,xz) < {min{hs(j_i)+s,ahs(j—i)} for (UP)

for all t; < t; for all x = (x1,22). Due to the independence of the sets with respect to z,
we need to show for a fixed x = (21, x2)

/52 ¢*(x, s)ds

S1

< ’82 - 81’a for (BT),
T | min{|se — s1| +e,a|s2 — 51|} for (UP)

for arbitrary s, se € [0,1]. We will apply the following notation (cf. Figure 4.5):
o C;=Cyi(xy,12) €R*for s € [ty ti41),i=0,...,p—1,
o t; <51 < tiga, tivgo1 < 82 < tigg for ¢ < p,
o hy=1tit1 — 51, hog =59 — Litg—1-

Let us now consider the branched transport and urban planning case separately.

Proof for branched transport:
We want to show
i+q—2

[P1Ci+ s > i+ haClygor| < (ha + halg = 2) + ho)® (4.6)
k=i+1
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¢*(x, s)
Oi+q71
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to tl' S1 ti+1 tiJrq,l S92 ti+q tp
— —
ha hy

Figure 4.5.: Sketch of the profile of ¢*(z, s) for a fixed = as a one-dimensional function
(note that Cy € R? for all k).

for 0 < hq, hy < h,. We define

itq—2
f(ha, he) = \thi + hy Z Cr + hoCit g

k=i+1

. g(h1, he) == —(h1 + hs(q — 2) + hy)“,

and show equivalently that f(hy, he) + g(hy, he) < 0 for all 0 < hy,hy < hs. Set h =
(h1, o), then f has the form f(h) = F(Ah+0b) with F(x) = |z|, a matrix A = (C}, Ciyq-1)
and a vector b = hy Zﬁ;qu C%. The function F is twice differentiable almost everywhere,
thus we compute the Hessian of f as

D?f(h) = AD*F(Ah + b)AT.

Since F is convex, D?F(Ah + b) is positive semi-definite, thus D?f(h) is positive semi-
definite and as a consequence, f is convex in h. Additionally, one can easily verify that
g is twice differentiable and its Hessian has the form D?g(h) = (5&) for a ¢ > 0, thus
g is convex as well. Consequently, the function f(hy,hs) + g(hi, hs) is convex on the
domain defined by [0, hs] x [0, hg]. Additionally, from the given constraints we have that
f(h1,h2) 4+ g(h1, he) <0 for the domain vertices (hq, he) € {(0,0), (hs,0), (0, hy), (hs, hs)},
which proves the desired statement.

Proof for urban planning:
Similar as before, we want to show

i+q—2
|PCi+ he D7 Ch+ haClygor| < min{hy + ha(q — 2) + ha + £, a(ha + ha(g — 2) + ho)}
k=i+1

for 0 < hy, he < hs. Defining f as before and g(hy, ho) = —min{hy + hs(q — 2) + hy +
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e,a(h1+hs(q—2)+ hy)}, it remains to show that g is convex on the domain [0, hs] X [0, hs],
which can be achieved easily by applying the definition of convexity and some technical
computation and case analysis. The proof then follows with the same argument as in the
branched transport case. O

As a consequence, a piecewise constant approximation of the variables in the lifted direction
makes sense and is easy to handle. Additionally, Theorem 4.2.3 does not hold for piecewise
linear functions in s-direction, which can be shown by constructing a counterexample.

¢"(z,s)
ol

—C'

Figure 4.6.: Sketch of the function ¢*(xy,z9,s) for a fixed (z1,x9) € V as defined in
Remark 4.2.4, C' = C(x1, ).

Remark 4.2.4. Let p € N, hy = % and t; := ihg for all t = 0,...,p. We define a function
¢ € C(V x[0,1],R* x R) as

20(z1,22) (s —t;) — C(x1,22) if i even,

(21,29, 8) = he
(25 ( 1, L2 ) {20(;2@2)(@, _ S) —|—C(CL’1,«T2) if 7 odd

for all s € [t;,tiv1], (x1,22) € V for C(z1,25) independent of s (see Figure 4.6). Then it
follows that

tit1 .
/t' ¢ (171,1’2,3) ds

- ‘%hs(c(%wz) - O(x17$2))‘ =0

and therefore

t
]qu(xl,xQ,s) ds

t

=0

tj+1 b
/ ¢°(r1,x9,8) ds + ... + ¢° (1, x9,5) ds
t

j ti—1

for all 7 <, thus, all constraints between points ¢; and ¢; are satisfied. On the other hand,
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we have for § = ﬁ;“ € [ti, tis1]

3
‘/tz ¢$($1,$‘2’5> ds| = %

C(.Tl,ﬂfg)’ )

and the right-hand side can become arbitrarily large.

4.3. Numerical optimization with finite differences

In this section, we describe and discuss a finite difference discretization approach to the
three-dimensional problem (4.4). This method comes along with several advantages: On
the one hand, the interpretation of the variables as three-dimensional matrices makes the
arising operators easy to handle, which keeps the implementation clear and simple. On the
other hand, the problem naturally involves only a finite number of inequality constraints,
since all variables are piecewise constant on voxels by definition (cf. Theorem 4.2.3). This
also enables a straightforward communication between the two-dimensional image and its
lifted counterpart.

4.3.1. Discretization

Let us for the sake of simplicity and without loss of generality assume V C R? to be a
rectangular domain with bottom left corner at the origin. Then we can discretize the
domain V' x R by a finite three-dimensional (n + 1) x (m+ 1) x (p + 1) grid

G = {(ihy,jho,lhs): i=0,...,n,7=0,...,m,l=0,...p},

where hq, ho, hy > 0 denote the grid size in each direction. Then we can define the
discrete counterparts of the variables v € SBV (V x R, [0,1]) and ¢ € C5° (V x R,R?* x R)
as v" G — [0,1] and ¢" : G — R? x R. For every (ihy,jhs,lhs) € G, we write
vf‘jl = 0" (ihy, jho, lhs) and @&, = @" (ihy, jho, lhs). We discretize the gradient operator by
forward finite differences,

igl —

Uh h

h h h h
B\ Yir140 — Vi B\ Yig+11 — Vgl B Yigi+1 — Vi
(DIU )ijl N hy ’ (DQU )ijl N ho ’ (DSU )ijl N h
and set D = (Dy, D», DS)T. Hence, the discrete form of the saddle point problem for
branched transport and urban planning defined in (4.4) reads

min max Zgbwl ( )Zﬂ = (¢", D" (4.7)

vheChphekh -
7]7
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where the discrete versions of the convex sets C, K; and Ky are given by

150 P

Ch:{vhzg—>[0,1]: ol =1, vl =0V, 7, Uh:lz(;u,u—) ong\(ﬁxR)}
= {0 = (¢h o) : G > RExR: g 20,

|hs 32026, (00)iji] < hglsa — 51+ 1] Vi, j, 51 < 52} ;
h = {0 = (6hol): G 5 R xR: gl 20, ¢l <a

e 352 (@")in] < min{hylsy — s1+ 1] + &, ahlsy — 51+ 1]} Vi, j,s1 < 52} .

Above, 1Z(u+,u7) denotes the discretization of the function 1, )y with respect to the

Mt s —
grid G. Note that in K and K the infinite number of constraints has now reduced to a
finite number of inequalities, which was shown by exploiting the piecewise constancy in

Theorem 4.2.3.

4.3.2. Algorithm

Since the optimization problem already has a classical saddle point form, a straightforward
choice is the well-known first order primal-dual algorithm for convex problems initially
introduced in [54] and further investigated in [26]. To this end, we write problem (4.7) as

rnvin quiiX ‘C(U7 ¢) = <¢7 DU) + Len (U) — Uik (QS) ) (48)
where we dropped the superscript h in the variables for the sake of readability. The
proposed algorithm then alternatingly performs a gradient descent step in v and a gradient
ascent step in ¢, with an additional overrelaxation and step sizes 7 and ¢. Denoting by v*
and ¢* the k" approximation of v and ¢, the next iterates v**! and ¢**! are computed as

¢ =P (¢* + o DV*)
AR 2% (vk - TD*ngk) ,

Rl =kt g (Uk-i-l . Uk;) :

starting with an initial approximation (v°, ¢°), v° = v°. Here, Pen (and Pyen, respectively)
denotes the orthogonal projection onto the convex set.

While the projection onto the set C* is straightforward to implement, the projection onto
K" remains more challenging since it involves a large set of non-local constraints. We
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rewrite the convex sets K and K} as

K= () K, K = ( N /C") N

51<s2 51<s2

with

i {0 = (67.6) G R R 68 20, b Y (67),] < Alsa =1+ 117 Vi,

l=s1

= {0 = (67,016 > R xR+ ¢ 20,167 < )

h,s1,s2 .
Jchsrse

{
{6=(6"0): 05 R xR: ¢ 20

By $5324, (6%)5 | < min{halss — 51+ 1] + &, ahy[s, — s1 + 1]} Vz’,j}.

The orthogonal projection onto each K1*2 can be computed directly. Since the integral
inequality constraints are independent for each 7, 7, we can compute the projection for a

fixed (i,7). For I ¢ {s1,...,s2}, we set

(Plch»%sz ( ¢x))ijl = (¢x)ijl :

Now let q := sy — 51 + 1 > 1 and define vectors ¢!, 9%, 0, 6% € R? with

W= <¢z‘1jl)l251 . v* = ( ?ﬂ)z:sl

77777
7777

Then we can write

(6,6%) = Pe(v',¢*) = argmin |w — ¢

wek

with ¢ = (!, 4?) and

5 a
K:={we R : |h > wl|* <C?}
I=1
for C' = he|q|* for KI"**** and C' = min{h,|q| + ¢, ahs|q|} for Ky***2. The corresponding

optimality conditions for the minimization problem read

q q
0=0; — o} + uhs S 06], O:u<|h8201|2—02>, >0, peR
=1 =1
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for r = 1,2. Summing up the first condition over all k£ yields

k=1

1+quhsk ]

which leads to an explicit formula for the 6}, as

Or = U1, — sz

1+q,uhsl .

For y, we have p = 0 if |h, X!, 6> < C? or

l hs| i | = C
he Y 0> = C* =0 ===
| Z 1| = M Chag
Together, we obtain
hs C
M:min{o ‘Zl(;;L q‘ } (4.9)

Consequently, the projection of ¢* onto K"*1*2 can be computed component-wise as
Y J

2\ _ o fihs
(P’Ch,SLSQ (¢ ))ijl - (bijl - (1 + ,U,h <S2 s+ 1 Z ¢zgk> Xl6{81 582}

k s1
(Pichosi.o (¢s)>zjl = max{0, ¢7; }

with y;; as in (4.9) (depending on ¢, j).

For the projection onto the whole set K, K} respectively, we make use of an iterative
approach known as Dykstra’s projection method [15], which employs the fact that the set
can be decomposed as described above. Suppose that we have a convex set C' = C1N...NC,,
where each () is closed and convex. Consider the sequence () forany 0 < k <7, 0<[1<r
defined by the following iteration process:

Set Z’Q7r:i', d071 =... :d07r20
for k=1,2,3,...

Tro = Tk—1,r

forl=1,...,r

Tgr = Pcl (xk,l—l - dk—l,z)
iy = T — Thy—1 + dp—1,
end
end

Then, the authors have shown that for any 1 < k < r, the sequence converges strongly to
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|zg — 2*| — 0 for k — oo.

Roughly spoken, Dykstra’s projection method alternatingly projects onto all single sets
containing only one integral inequality independently, after removing the previous increment
from the last projection round.

Summarizing, the full primal-dual algorithm is given in Algorithm 4.

Algorithm 4 Primal-dual algorithm for urban planning and branched transport

function OPTIMALTRANSPORTNETWORKFED (u°,7,0,0)
Set v0 = 1,0, 00 =00, ¢¥ = (¢, ¢9,0%) =0
while Not converged do
P = Pin(¢F + o DU")
Uk:—‘rl — Pch (’Uk _ TD*(ﬁk—H)
PR = L ot — k)
k+—k+1
end while
end function
return v°"¢, ¢end

4.3.3. Convergence of the algorithm

In [26], the authors prove convergence of the primal-dual algorithm for 7o|DJ* < 1 and
0 = 1, where | D| denotes the operator norm. However, the proof assumes that the single
updating steps are computed ezactly, which as a consequence requires convergence of
the Dykstra subroutine for the projection onto K" in our case. Since this projection is
computationally expensive, we would like to restrict ourselves to only a few subiteration
steps and briefly investigate the convergence behaviour of the primal-dual method in case
of an inexact projection of ¢.

This problem was handled in [58] in a rather general setting for different types of errors in
the proximal updates. Picking up the notation introduced in their article, we define

y =~ Pn(w) & [y—y" [ <0

for a § > 0 and y* = Pir(x) being the exact projection, where we allow that the computed
projection lies within a d-ball around the exact value. Note that this includes the case of
an infeasible solution 3, which does not necessarily lie in X". We consider the following
algorithm

P s, Pron(¢F + o D(20% — oF 1)
VP = Pon (VP — 7D, (4.10)
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which corresponds to a choice of § = 1 in the general method and set v~! = v°. In the
following we briefly apply the method introduced in [58] to our saddle point problem and
state their convergence result for this special case.

Since allowing an error within the first projection step implies that the iterate is not
necessarily feasible, an explicit convergence rate in the sense of an upper bound on the
primal-dual gap in each iteration cannot be achieved easily [58]. Instead, the authors
suggest to shift the error in the first step to a slightly simpler error in the second update,
resulting in a an estimate on the exact projection. Precisely, we let

S = POk 4+ o D(20F — oY)
be the true projection, which gives
"+ — @M < 6
by definition. Setting 1)*+!1 := ¢*+1 — ¢*F*1 for the second update we obtain

VF = Pon (VP — 7D QM)
— Pch (Uk . TD*(¢*’k+1 + wk-‘rl))
= Pen(v® — 7D* " — DY),

Set dFt! = 7D*y**+1 then d**! satisfies
(Y = 7D Y < 7| DF| [ < TL6
with L = |D|. By defining
Yy X5 Pen(x) & y = Pen(xz+d) for a |d] <9,
we can replace the algorithm in (4.10) by

¢*,k+1 —_ PKIL(¢*’k + O’D(ka o Ukil))

Uk—l—l QTLék Pch (Uk: o TD*¢*’k+l>.
Finally, we obtain the following result for £(v, ¢) = (¢, Dv) + ten(v) — ticn ().

Theorem 4.3.1. Let L = |D|, 7,0 > 0 such that o7L? + 78L < 1 for 3 < 1 and set
VV = LW of, &N o= LN otk Let (v*,¢%) be a saddle point of (4.8), then we
have
1 T N ?
LN, ¢*) = L0*, @) < —— [ Jo* —2° \f -+ 270> Ok |
%) = 0l 8 < 1 (= o - 0 2rn o

Proof. The proof is a simple application of [58], Theorem 4.9 and Corollary 4.27. ]
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4.3.4. Results

We implemented the algorithm described above in MATLAB® and simulated the trans-
portation networks for different sets of sources and sinks. In a first test, we defined a simple
geometric setting with four evenly-spaced sources of equal mass at the top of a rectangular
domain €2 and four evenly-spaced sinks at the bottom. In order to test the reliability of the
proposed method, we computed the resulting optimal network for different parameters «
(a, e respectively) by hand. Then we compared the numerical results with the true global
minimizers. Figures 4.7 and 4.8 show that in almost every case, the algorithm converged
to the correct solution, except for some boundary cases, where the energy gap between
two different topologies is very small. This discrepancy might be caused by the vertical
alignment in the grid, which slightly prefers vertical network structures over others.

2 | T
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® 3
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1.2 - ©) 5 .
9//
1 | | | | |
0 0.1 0.2 053 0.4 0.5 0.6
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a=0.98 a=0.93 a=0.88 a=0.83 a=0.78

it

a=0.73 o = 0.68 a=0.63 a=0.58 o =0.53

Figure 4.7.: Parameter study for branched transport. Top: Plot of the manually computed
minimal energy for different values of ¢ = 1 — . The line type indicates the optimal
network topology. Bottom: Numerically computed optimal fluxes for evenly spaced values
of o in the same range. The numerically obtained network topologies match the predicted
ones except for example Q.
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Figure 4.8.: Parameter study for urban planning. Top: Plot of the manually computed
minimal energy for different values of € and fixed @ = 5. The line type indicates the optimal
network topology. Bottom: Numerically computed optimal fluxes for evenly spaced values
of € in the same range. The numerically obtained network topologies match the predicted
ones except for example @. Note that the fifth topology is never optimal for this choice of
a = 5, but can be for different values of a.

If the parameters are chosen such that the global optimal network lies very close to a
bifurcation point, where the topology suddenly changes, the resulting variable v might not
be binary. Figure 4.9 shows an example where v takes values in {0,0.5,1}. This behaviour
probably results from the convex relaxation as shown in Section 4.2.1. If the optimal
network is not unique for some choice of parameters, the optimal network obtained via
the functional lifting approach might consist of a combination of two network topologies.
Indeed, one can easily check that the non-binary solution in the example in Figure 4.9
consists of a convex combination of two topologies with equal costs (also shown in Figure
4.9).

In a second test, we simulated more complex branching structures in a test with 16
evenly-spaced sources and sinks respectively, where all points have equal mass. Since in
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Gy Go

Figure 4.9.: Example of a numerical optimization for urban planning, resulting in a
non-binary solution v (the images show different cross-sections). This indicates the effect of
the convex relaxation for the chosen parameters (a = 2.13 and € = 0.5). Bottom: Optimal
topologies with exactly the same costs for the chosen parameters. The non-binary result is
a convex combination of the two minimizers.

case of branched transport, the degree of branching is governed by the parameter a, one
would expect more bifurcations in case of a small a and less for a being close to one. In
urban planning, a small value of ¢ is expected to result in a higher number of single trees,
whereas for increasing ¢, the degree of branching should increase likewise. This effect is
reflected by the numerical simulations in Figure 4.10.

For the functional lifting approach, we assumed for simplicity a rectangular image domain
(). However, one can easily extend the approach to more general cases such as a circular
shape. Figure 4.11 shows an example with some sources and sinks of different mass on
the boundaries of a circle. Furthermore, the transport from a single source in the middle
to 32 almost evenly-spaced points on the boundaries is displayed in Figure 4.12. Here,
one has to face the additional difficulty that the initial and final measure have to satisfy
spt fi4, spt p— C 0S2. This can be achieved by setting the image domain 2 = B;(0) \ {0}
and assuming the image u to take values in S*. Here, we used a periodic colour coding to
visualize the image range of w.

4.3.5. Discussion

In this section, we presented a finite difference discretization approach to tackle the
transportation problem arising from functional lifting of the branched transport and urban
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Branched
Transport
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Planning

e =0.015 e=0.2 e=0.8 e=1.5

Figure 4.10.: Numerical optimization results for transport from 16 more or less evenly
spaced point sources of same mass at the top to 16 evenly spaced point sinks (of same
mass as well) at the bottom (a = 5 in case of urban planning). Instead of the optimal flux
we show the corresponding optimal image w.

planning energies. We presented a simple algorithmic framework based on the well-known
primal-dual method by [26] and, according to their proof, state convergence of the method
even in case of an inexact projection. Finally, we presented some results obtained on
different image domains.

A finite difference approximation is in most cases easy to handle and seems to be a natural
choice in mathematical imaging since an image usually appears in the form of a matrix.
This has the advantage, among others, that neighbouring relations of image pixels are
directly obtained by the matrix form, which is a useful feature for the inequality constraint
handling.

On the other hand, the matrix representation does not tackle the problem of the high-
dimensionality arising from the functional lifting. Regarding the structure of the primal
solution to the saddle point problem naturally suggests to adopt a locally varying image
resolution, which is higher close to jump parts in order to define clear network pipes, and
lower in constant regions. Compared to a uniform high resolution, this approach would
decrease the number of degrees of freedom and, as a consequence, the runtime of the
algorithm. Hence, we want to dissociate from the matrix form of the image and instead
implement the ideas of adaptive finite elements.
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Branched
Transport

Urban
Planning

- o + = + = + £
e=04 e=1 e=2 e=0.2 e=0.7 e=15
Figure 4.11.: Numerical optimization results for branched transport and urban planning
with different parameters (a =5 in case of urban planning). In the left column, the

prescribed masses are +— —g +— —5 +— —= (counterclockwise from top), in the right
column +3, — 4, 4%, — ,—% +1.
Branched
Transport
a=0.99 a=0.95 a = 0.75
Urban
Planning
e =0.05 e=04

Figure 4.12.: Numerical optimization results for branched transport and urban planning
for a single point source at the centre of the circular domain to 32 point sinks on the
boundary (a = 5 in case of urban planning). The discontinuity set of the image corresponds
to the optimal network. For this geometry, the image u takes values in S*, which is here
indicated by the periodic colour scale.
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4.4. Numerical optimization with finite elements on
adaptive triangular prism grids

In this section, we will describe and analyse in detail another approach where the dis-
cretization relies on a finite element scheme defined on an adaptive triangular prism grid as
designed in Section 2.5 for the purpose of optimizing functional lifting problems. The basic
idea is to overcome the disadvantages of functional lifting, like the high-dimensionality
and the large number of inequality constraints, by a local grid refinement in image and
lifted dimension independently. Hence, on the one hand, one can keep a low resolution
in regions where the image is constant and a higher resolution at edges or affine parts.
On the other hand, one hopes to reduce the large number of constraints to a minimum
without violating those involving “non-grid points” (cf. Theorem 4.2.3).

Whereas the idea of adaptive finite element methods in general bears the possibility to
vastly decrease the programme’s runtime, it also entails some difficulties in our case. As
mentioned before, a triangulation of the whole three-dimensional domain into tetrahedrons
is not suitable due to the structure of the integral inequality constraints. In case of an
adaptive discretization, a separation into rectangular elements automatically leads to the
appearance of so-called hanging nodes, which (especially with regard to the constraint set)
have to be treated carefully. In the second place, one has to think of a suitable refinement
criterion which guarantees the convergence of the method to the same solution as in the
non-adaptive case.

In the course of this section, we present a discretization of the lifted branched transport
and urban planning formulations based on triangular prism elements as introduced in
Section 2.5. We describe the algorithmic framework including the projection onto the
convex set K" and discuss different refinement criteria. Furthermore, we present some
promising simulation results and discuss the advantages and drawbacks coming along with
this type of discretization.

4.4.1. Discretization

In the following, we want to restrict ourselves to a three-dimensional image domain [0, 1]°.
This implies that V' = [0, 1]? and the original image u € SBV (Q) only takes values in [0, 1]
(note that this can be achieved for any real-valued image with bounded range by simple
rescaling). In order to reuse the result of Theorem 4.2.3, we decide for piecewise constant
Ansatz functions in the lifted dimension. Thus, we chose a semi-regular triangular prism
grid 7 and a function space S™(T) (cf. Section 2.5).

For a basis (¢1,...,%,) as defined in Section 2.5.2, the discrete solutions v", ¢ can be
written in terms of basis functions as

Uh(xa 8) = zq: ﬁ2¢k<x7 S)a
k=1
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h ol ¢l respectively, for a coefficient vector o" € RY (~}1‘,q~5’21,<;~52 € R?), and where ¢
denotes the total number of degrees of freedom. Hence we have ©(P;) = oF for all
Based on this finite element discretization, we can now reformulate the convex saddle point
problem (4.4) in terms of the coefficient vectors o, @":

: Th ~h
M 411
Jnin, max (6", MT"), (4.11)

where M = (M*, M?, M*)T denotes the mixed mass-stiffness matrix, i.e.
ML= [ -V, deds, M2 = / bp - Vasthy dads, M2 = [ - Dyaby dads.
[0,1]3 (0,1 (0,1

The gradient in s-direction Dy is interpreted in a finite difference sense, i.e.

¢r($7 s+ hxs) - wr(% 5)

Dsl/}T(x? S) = h

(4.12)

with h,s := {h(T") : (z,s) € T} being the height of the corresponding triangular prism
element that contains (z, s).

In order to define the discrete constraint sets C* and K", we recall the definition of an
s-line Ly for a ground node N = (N', N2 N*) € N(T) (cf. Definition 2.5.16)

Ly={P=(P,PLP)eN(T) : PL=N' P>=N?%

and set additionally

® S2

® ®

E ® S1
Ly Ly \H(T) Ly Ly

Figure 4.13.: Comparison between an s-line Ly (all nodes with the same xy-coordinates
as the ground node N), Ly \ H(T) (s-line without hanging nodes), Ly (all degrees of
freedom along Ly) and L}** (all degrees of freedom along Ly which lie in the interval

[51,52))-
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EN =LyN D(T), ZE’SQ = EN N [81, 82)

and for every P = (P!, P?, P*) € Ly, we define hp := _ min _ |P — P| (see Figure
PeLN\H(T), Ps>Ps

4.13). Then the constraint set C", K and K% can be defined as
ch={o"eRT: o €[0,1), op =1if P{ =0, o} =0if Py =1,
,{}II;L = 12(#.,_,#_) if Pk € D(T) no ([07 1]2) X [07 1]}7
Kl ={d" = (! dl) e R)*: g >0,
’ > hpk(&ﬁ)k‘ < sy — 51|*V ground nodes N € N(T)V s; < 32},

Pkel_/j\}’s2
Ky = {3" = (@131 e R ¢ >0, |3 <a,

| e (@] < minflsy — 51| + e alsy — i}
PkGE;}’SQ

V ground nodes N € N(T)V s; < 82},

where, as before, (¢1), = ¢"(P) for a P, € D(T).
Remark 4.4.1. In Section 2.5.2, we stated the independence of s-lines in the absence of

xy-hanging nodes. Now that we defined the constraint sets K and K% in terms of s-lines,
we can benefit of this property: By setting

Kl o (30— @) € R s 30,
‘ > hpk(qz;g)k’ < |s9 — 51|V ground nodes N € N(T)},

PeLy*?
Kyt = {8 = (4, 81) € (RY)*: gl =0,
) S hp (9 ‘ < min{|sy — s1| + ¢, alsy — s1|} V ground nodes N € N( )}
PLel "2
Kyt = {o" = (0%, 8L) € (RY)* : |dh] < a},
we obtain

m ’C;lysl,SQ’ ’Cg _ ( ﬂ IC3751752> m,cgﬂ?

s1<82 §1<82

thus, the projection onto the sets can be performed independently from each other, resulting
in an increased efficiency of the overall method.

Remark 4.4.2. 1f the triangular prism grid is designed as a partition of the image domain
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[0,1]3, the set of degrees of freedom as defined in Section 2.5.2 does not contain any point
with s-coordinate equal to 1, due to the fact that triangular prism elements must be
formally defined as half-open in order to guarantee well-posedness of the function space
SLO(T). However, to include nodes with s-coordinate 1 in D(7T), one can simply add
another horizontal “slice” of prism elements such that the full grid contains the region
[0,1]3 as a proper subset.

4.4.2. Algorithm

Similar to the case of a finite difference discretization, we apply a primal-dual algorithm
[26] to the discrete saddle point problem and perform the projection onto the convex set
K" via an iterative Dykstra routine [15].

Starting on a uniform low-resolution grid 7y, we iterate until a certain convergence criterion
is satisfied. Afterwards, some selected grid elements are refined with respect to a specified
refinement criterion (which will be further discussed in Section 4.4.4) to obtain 7; and
the solution (v", ¢") is interpolated to the new set of degrees of freedom in 7;. Starting
with the result from the first round, we repeat the iteration on the new adaptive grid.
For the sake of simplicity, in the following we will denote the coefficient vector with v", if
ambiguity is beyond question.

The whole procedure is presented in Algorithm 5. The crucial difficulties of this method
appear in the projection onto the convex set K.

4.4.3. Projection onto K"

Let us have a closer look at the projection in the update of ¢ within Algorithm 5. In case
of a full uniform grid 7y, the projection routine stays the same as in case of the finite
difference discretization (cf. Section 4.3). Since we maintained the piecewise constancy of
the variables along s-direction, it is straightforward to show that, as before, it is sufficient to
consider constraints between degrees of freedom (Theorem 4.2.3, with the simple extension
that within one element the finite element function is linear in x, and one can easily show
that for any z € [0, 1]*> which does not coincide with a degree of freedom, the corresponding
constraints are satisfied).

In case of an adaptive refinement 7;, the situation is slightly changed by the occurrence of
s-hanging nodes (we refer to Section 2.5 for a clear definition of a hanging node in case of
a semi-regular triangular prism grid). As mentioned before, these nodes are not treated
as degrees of freedom, but are interpolated from the finite element function within the
corresponding element. Thus, these nodes are simply not considered within the discrete
version of the constraint sets K, K&, As a consequence, the projection routine roughly
stays the same as in case of finite differences, where only the space between consecutive
degrees of freedom within one s-line might vary (cf. Figure 4.14).

Remark 4.4.3. Note that the projection method would change significantly in the presence
of zy-hanging nodes. On the one hand side, the independence of different s-lines is lost,
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Algorithm 5 Adaptive primal-dual algorithm for urban planning and branched transport

function OPTIMALTRANSPORTNETWORKFE(u*"" 7 0,0 numRe finements)
Set Ustart — 12“[”“ ¢start — (Qbitart, Start’ ¢§tart) — 0
for run =0, ..., numRefinements do
Set matrix M = (M*, M? M*)T
if run=0 then

UO — Ustart7 ¢0 — qbstart
else

Interpolate results: v0 = Int(v'@stfun) @0 = [n(glosthun) 50 = 40
end if

while Not converged do
PFT = Pyen (@8 + o M)
VP = Pon (VP — T M*PF )
PRl — f+1 + Q(UkJrl _ Uk)
k+—Fk+1

end while

last Run end lastRun __ _end
v ) ¢ - gb

=
v = Uend’ QS — ¢end
if run < numRefinements then

Refine grid
end if
end for
end function
return v, ¢

h
T

on L470

—6S—0—0—06 o0 —0—— 0

Layg z Ly s
Figure 4.14.: Left: Two-dimensional adaptive grid with s-hanging nodes. All s-lines are
independent of each other. Right: Possible values of ¢ on s-line Ly in the grid on the
left. Hanging nodes are interpolated from the node below.
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which causes the refinement routine to become much more inefficient since s-lines cannot
be treated separately. On the other hand side, the function ¢ might have jumps in
s-direction at points which are neither a degree of freedom nor a hanging node. Thus, it is
no longer sufficient to test the integral inequality constraints between degrees of freedom
only (not even if hanging nodes are included).

4.4.4. Refinement criteria

In the last step of Algorithm 5, certain elements of the current grid are refined. The goal
of any adaptive refinement technique naturally is to achieve the same solution as computed
on a fully uniform grid on the finest desired resolution. Hence, the choice of a suitable
refinement criterion is crucial.

For different classes of partial differential equations, there have been several suggestions
of local error estimates which admit lower and upper bounds for the true error under
the assumption that the true solution is known (see for instance [64]). In the context of
variational problems, a posteriori error estimates for uniformly convex energy functionals
were introduced ([59], [10], among others). Unfortunately, the requirements for these error
estimates do not hold in the case of the lifted branched transport and urban planning
functionals.

Another natural and intuitive idea is to refine elements where the local gradient of the
three-dimensional solution is high, in other words, where the solution is not close to being
constant. Restricting ourselves to the variable v", we define

1
nr(v") == |T|/T|thh| dz ds

with the operator D" = (V,,, V,,, Ds)" as in (4.12) and refine elements 7" where
nr(v") > A max ng(v")

for a A € [0,1]. Although this strategy is computationally cheap and easy to handle,
gradient refinement only takes the current grid structure into account and neglects any
information about proximate steps (possibly leading to redundantly refined elements).
In order to obtain the same result as on a fully uniform high resolution grid 7, one would
need to compare the result on a locally refined grid 7; with the solution on 7 and identify
those regions where the local refinement needs to be improved. This strategy indeed would
annihilate the advantages taken from grid adaptivity. In order to relax this approach, one
can take one step backward and approximate a solution on a grid 7~Z+1, which arises from
T; by refinement of every element in every direction. Instead of performing a complete
primal-dual algorithm on 7,1, we want to exploit a local version of the primal-dual gap in
order to identify elements which have to be refined.

To this end, we recall the definition of the primal-dual gap and afterwards define a localized
version. Let X, Y be two Hilbert spaces and M be a continuous linear operator M : X — Y.



4.4 Numerical optimization with finite elements on adaptive triangular prism grids 87

Then we consider a general saddle point problem

inf sup (Mz,y)y + G(z) — F*(y), (4.13)

zeX yey

where G : X — R and F' : Y — R are two convex, lower semi-continuous functions and
F* denotes the convex conjugate of F,

F* (@) =suw ((5.9)y = F()))

yey

The primal-dual gap for the saddle point problem (4.13) is given by
Alz,y) = G(x) + F(Mz) + F*(y) + G"(=M"y).

We can rewrite A(x,y) by inserting the definition of the convex conjugate and F = F**
(since F'is convex and lower semi-continuous) and obtain

Ax,y) = G(x) + F*(Mz) + F*(y) + G*(—M™"y)

= G(z) + sup <<3J, Mz)y — F*(@J)) + sup <<9?"> —M*y)x — G(f))

gey FeX

= sup ((g], Mzx)y — F*(g) + G@)) -

jey

nf <<y, M#)y + G(&) — F*(y)>.

i
TeEX

For a primal-dual optimal pair (z*, y*), the primal-dual gap equals zero. Thus, the discrete
primal-dual gap can be used as a stopping criterion for the convergence of a primal-dual
algorithm. If the algorithm converged, the discrete solution (2", 9") € X" x Y satisfies

At y") = sup (5 M)y F*()+G(a") )~ inf, (", M)y G@)=F (")) =0.

GEY R FeXh

Here, X" € X and Y" C Y are finite-dimensional spaces, for instance the spaces of
piecewise polynomial continuous functions as in the standard finite element case. Note that
the occurring supremum (and the infimum, respectively) is taken in y" (2") by definition
of (z",y").

The idea is now to replace the function spaces X" and Y in the occurring infimum and
supremum term by larger function spaces X" and Y" with X" ¢ X", Y" ¢ Y". By this
we obtain

sup (@, Ma")on — F*(§) + G(xh)> — inf (@%M@W L G(F) - F*(yh)> > 0. (4.14)

ge?h FeXh

Since the subproblems are solved on a larger space, the variables  and ¢ have more degrees
of freedom and thus might yield a better result than 2" and y". In terms of adaptive
finite element spaces, if all terms involved can be evaluated locally (i.e. on each element
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independently) and if X" and Y" are chosen such that the underlying grid is a uniform
refinement of the one from X" and Y", (4.14) might be used to decide whether a finer
element leads to a better solution in some sense.

To be more precise, let us go back to the saddle point problem (4.11). Let (v,¢) €
SHO(T) x (SMO(T;))? be the discrete primal-dual optimal pair on an adaptive grid 7;. If
Ti+1 is a refinement of 7;, then obviously SY0(7;) € S19(7;,1). For the sake of readability,
we set S; := SHO(T;). Then, by (4.14) we have

sup (6 Do)y, +1cr(0) (@) = int (6, D" sy, +100(0) = 1r(9) ) 2
es,, = reT e

where the second and last term vanish because of (v, ¢) being an optimal pair. Assume
that the supremum (the infimum, respectively) is taken in ¢ (v°?*). Thus we obtain

s (46, D", =0 (@) = it ({6, D", + 100 (0))
= <¢0pt’ Dh,U>St3+1 - <Dh*¢7 UOPt)SH-l + <¢7 DhU)SE’ - <¢a th>5?

— <¢opt o ¢’ Dh’U>S?+1 - <Dh*¢,’1}0pt - U>St+1

= (¢°P' — @) - D"v — D™ ¢ - (vP' — v) dads

QxR

= 5 [0 = 6) Do DP- (0 — ) dads

TeT;

where we added zero in the second line. Let us fix the following definition.

Definition 4.4.4 (Local primal-dual gap). Let (v, ¢), 7; and T;41 as above, then for every
element T' € T; we define

Ar(v,0) = [ (6™ = ¢) D'v = D6 - (1" — v) dads,
with

vP! = argmin <<¢, Dhﬁ)sfﬂ + ton (27))

VESt4+1

¢ = argmax ((gz;, th>5?+1 — L,Ch((lg)).

peSE |

Ar(v, ) is called local primal-dual gap.

Note that v°P* and ¢! live on a finer grid than v and ¢.
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Figure 4.15.: Optimal network for branched transport from one mass point at the top
to two mass points at the bottom of the domain. Left: Profile of the three-dimensional
solution v. Middle: Two-dimensional solution obtained by delifting of v. Right: Optimal
network structure.

4.4.5. Results

We implemented the algorithm described above in C++, where the grid and corresponding
finite element classes are based on the QuocMesh library [57], where we added some
additional features such as the adaptive prism grid and the corresponding operators. As in
the case of finite differences, we simulated different network structures for both branched
transport and urban planning problems. For all the results which will be presented in the
following, we chose 8 =1 and o0 =7 = MLP with |M| denoting the Frobenius norm of the
finite element matrix M. Furthermore, the applied refinement criterion is a combination
of large gradient and local primal-dual gap refinement as explained in Section 4.4.4.

In order to illustrate the adaptive grid structure in both three-dimensional and two-
dimensional image, we created a simple example with one mass point at the top and
two mass points at the bottom of the domain €2 and computed the optimal branched
transportation network. Here, one can clearly see that the algorithm keeps a coarse
resolution in regions where the lifted image remains constant and refines adaptively close
to the edge set (see Figure 4.15).

To compare the results obtained on an adaptive triangular prism grid with the finite
difference approach introduced in Section 4.3, we repeated the study of transport between
four evenly-spaced points at the top and bottom of the domain (cf. Figures 4.7 and 4.8)
for different parameter sets. The optimal networks are shown in Figures 4.16 and 4.17. As
expected, most of the results equal the finite difference solutions except for example @
in the branched transport experiments, where the parameter « lies close to a bifurcation
point, where the topology of the optimal network changes. While the finite difference
algorithm preferred four straight lines over the true optimal network, the method based on
triangular prism grids converges to a three-dimensional solution which contains values of
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0.5 and so does not correspond to a characteristic function of the subgraph of a piecewise
constant two-dimensional image. This behaviour suggests that the minimizer of the relaxed
energy functional can indeed be non-binary (cf. Section 4.2) and the discretization might
suffer from some kind of grid bias.
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Figure 4.16.: Parameter study for branched transport. Top: Plot of the manually
computed minimal energy for different values of ¢ =1 — . The line type indicates the
optimal network topology. Bottom: Numerically computed optimal fluxes for evenly
spaced values of « in the same range. The numerically obtained network topologies match
the predicted ones except for example @, where the three-dimensional solution is not
binary, but a convex combination of the binary solutions to the topologies consisting of
four straight lines and three trees, where the latter possibly represents a local minimizer.

In order to simulate more complex branching structures, we repeated the test with 16
evenly-spaced sources and sinks respectively as well as the transport from a single source in
the middle to 32 sinks on the boundaries of a circular domain (Figures 4.18 and 4.19). The
higher complexity of the network structures requires a relatively high spatial resolution,
which is a very crucial issue in case of the previously introduced uniform finite difference
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Figure 4.17.: Parameter study for urban planning. Top: Plot of the manually computed
minimal energy for different values of € and fixed @ = 5. The line type indicates the optimal
network topology. Bottom: Numerically computed optimal fluxes for evenly spaced values
of € in the same range. The numerically obtained network topologies match the predicted
ones. Note that the fifth topology is never optimal for this choice of a = 5, but can be for
different values of a.

discretization (cf. Figures 4.10 and 4.12). Due to the adaptive grid refinement, one can now
easily achieve a local resolution of (21%)? grid nodes in two dimensions without drastically
extending the overall computation time. We will discuss the impact of adaptivity in more
details in Section 4.4.6.

A disadvantage of the functional lifting approach lies in the fact that the given measures
(o, i— need to have support on the boundaries of the image domain. In case of transport
from a single source in the middle to sinks on the boundaries of a circle, this can be overcome
by additionally defining some parts of 2\ 9 as “boundaries” and, as a consequence,
reducing the inpainting region by fixing the image values in some elements. A similar trick
can be applied in order to handle examples where both the given initial and final measure
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Figure 4.18.: Numerical optimization results for transport from 16 almost evenly spaced
point sources to 16 point sinks of the same mass. For the urban planning results, we chose
a=>5.

live in the interior of the image domain. In [13], the authors propose a method where
an initial backwards transport path from p_ to py is predefined and fixed during the
iteration process. In terms of the functional lifting approach, this is equivalent to fixing
some parts of the interior of Q which correspond to the backwards path ¥ as “boundaries”.
This procedure allows an interpretation of the desired transport network as a circular
flow, where only the forward part is optimized. We made use of the approach in order to
simulate the transport form one source to two, three, four or five evenly distributed sinks,
respectively. We approximated the Steiner tree problem by choosing a value of « close
to zero in case of branched transport and compared the results with the urban planning
network structure for a cost functional which is affine in the transported mass (see Figure
4.20). In the later course of this work, we repeat this experiment making use of a phase
field approximation approach described in Chapter 5.

4.4.6. Uniform versus adaptive grid

In the course of this chapter, we introduced an adaptive grid approach to tackle the
functional lifting problem arising from the branched transport and urban planning problem.



4.4 Numerical optimization with finite elements on adaptive triangular prism grids 93

Branched
Transport

Urban
Planning

e =0.05

Figure 4.19.: Numerical optimization results for transport from one source in the middle
of a circle to 32 almost evenly spaced point sinks of the same mass on the boundaries. For
the urban planning results, we chose a = 5. The two-dimensional results are displayed
using a periodic colour coding, the discontinuity set corresponds to the transportation
network.
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Figure 4.20.: Numerical optimization results from one point source to two, three, four or
five point sinks respectively. The result for branched transport correspond to the parameter
a = 0.001 and for the urban planning results we chose a = 10'°, ¢ = 1.

It thus remains to accumulate evidence that the presented ideas are suitable in some sense,
that is

(a) the obtained adaptive grid solution should qualitatively equal the solutions obtained
on a fully uniform grid with the same resolution,

(b) the programme runtime is severely decreased by adaptivity depending on the problem
size.

Concerning equality of the solutions, a comparison of the result in Section 4.3.4 using the
finite difference method on a uniform grid with those presented in Section 4.4.5 already
suggests that there is only a minor grid structure effect on the qualitative behaviour of the
optimal network.

In order to reduce the comparison to local grid size effects (and thus exclude any effect
arising from the discretization method), we performed some additional numerical examples
using finite elements on triangular prism grids for both adaptive and uniform experiments.
Figure 4.21 displays the results for two different branching parameters. As expected,
although the grid structure is significantly different in some regions, it roughly coincides
along the transportation network edges and as a consequence, the resulting solutions look
very much alike.

In order to compare the efficiency of the adaptive grid approach, we performed numerical
experiments for a particular example on multiple different problem sizes. As a test case,
we used the example of branched transport from four to four mass points with a branching
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adaptive (run 0) adaptive (run 4) adaptive (run 8) adaptive (result) uniform (result)

a=0.8
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Figure 4.21.: Comparison between between an optimal network obtained on an adaptive
and a uniform grid for branched transport from four to four mass points with different
branching parameters. Columns one to three show the result on an adaptive grid after a
certain number of refinement steps, columns four and five compare the result (without
showing the grid) on the resulting adaptive grid and the corresponding uniform grid with
the same final resolution.

parameter a = 0.5, such that a transportation network consisting of a single tree is clearly
favoured (cf. Figure 4.16). In order to decrease the runtime even further, we additionally
applied a preconditioning step in each refinement round by adjusting the finite element
operators with locally varying step sizes as described in [25]. In the adaptive case, after
every iteration round we computed the absolute value of the local gradient of the primal
variable and refined all elements where the value is higher than 15% of the overall maximum.
The number of iterations in each round was fixed to 10000 in the primary rounds and
100000 in the last adaptive round and in the uniform case respectively. The maximal
number of projection iterations was set to 100, where the projection stops if the dual
solution satisfies every constraint. In order to quantify the final results, we computed the
primal-dual gap after the iteration process was completed and compared the resulting
transport network with the underlying ground truth.

We tested the result obtained on a fully uniform grid on different resolutions with the
corresponding adaptive result, where we distinguish between refinement of the image
domain (zy) only, the image range (s) only and both at the same time. The grid resolution
is described by its level, where a uniform grid of xy-level [; € N and s-level ls € N consists
of 22i+1 . 212 prism elements in total. In case of adaptivity, we started with a fixed low
resolution and performed as many refinement rounds as necessary to obtain the same
minimal element size as in the uniform case (note that two refinement rounds are necessary
to proceed from a xy-level [; grid to an adaptive zy-level [; + 1 grid, since zy-refinement
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Uniform Adaptive
xy | numEls numDofs time error | runs numEls numDofs %Els  %Dofs time error
4 4096 2601 26 sec.  0.0225 | 0 4096 2601 100 100 26 sec.  0.0225
5 16384 9801 96 sec.  0.0192 | 2 8400 5112 51.3 522 53 sec.  0.0096
6 | 65536 38025 375 sec. 0.0165 | 4 15856 9486 24.2 249 101 sec. 0.0048
7| 262144 149769 1333 sec. 0.0017 | 6 32904 19431 126 129 211 sec. 0.0022
8 | 1048576 594441 7769 sec.  0.0009 | 8 70096 40914 6.7 6.9 441 sec.  0.0012
9 | 4194304 2368521 28042 sec. 0.0007 | 10 142976 82881 34 3.5 987 sec.  0.0007
10 - - - - 12 347800 200025 2.1 2.1 2448 sec. 0.0003

Table 4.1.: Comparison between uniform and adaptive grid iteration for a fixed s-resolution
of level 3, where only the image domain (xy) is refined. For each adaptive experiment, the
initial xy-level is 4. The first column refers to the xy-level of the uniform grid and highest
local zy-resolution of the final adaptive grid respectively. The computed error equals the
primal-dual gap in the last iteration. The experiment on a uniform grid of zy-level 10
resolution is omitted due to its high runtime and memory consumption.

is accomplished via bisection of an element). For all results, we stated the number of
elements, the number of degrees of freedom (dofs), the overall runtime and the final error
corresponding to a numerically computed primal-dual gap using the MOSEK optimization
software [5]. All experiments were executed on an Intel Core i7 6 x 3.60 GHz CPU with
hyper-threading, where the projection onto the convex constraint set K; is parallelized.
The results are displayed in Tables 4.1 to 4.3. Figures 4.22 to 4.24 visualize the overall
runtime for different problem sizes on a logarithmic scale.

— » 100
O c
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level (xy) level (xy)

Figure 4.22.: Left: Runtime comparison between a uniform grid and an adaptive refine-
ment for a fixed s-resolution on a logarithmic scale. Right: Percentage of the number of
elements in each adaptive experiment compared to the total number of elements in a fully
uniform grid of the same level. The values correspond to the numbers in Table 4.1.

The results clearly prove the superiority of the adaptive refinement approach compared to
the iteration on a uniform grid in this particular example. While the resulting optimal
network looks similar, the adaptive iteration is significantly faster and, referring to very
high zy- or s-resolutions, allows for a suitable solution in the first place. Especially in the
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Uniform Adaptive
numEls numDofs time error | runs numEls numDofs %Els %Dofs time error
8192 5445 50 sec. 0.0021 0 8192 5445 100 100 50 sec.  0.0021
16384 9801 96 sec. 0.0192 1 10453 6743 63.8 68.8 63 sec. 0.0067
32768 18513 230 sec.  0.0192 2 12983 8296 39.6 44.8 81 sec. 0.0239
65536 35937 756 sec.  0.0175 3 15912 10066 24.3 17.0 104 sec. 0.0091
4
5
6

131072 70785 3893 sec.  0.1529 19202 12049 14.7 170 148 sec. 0.0590
262144 140481 54715 sec. 0.0238 22969 14301 8.8 10.2 166 sec. 0.0084
- - - - 27290 16892 5.2 6.0 218 sec. 5.1695

0~ OOk W N®m

Table 4.2.: Comparison between uniform and adaptive grid iteration for a fixed xy-
resolution of level 5, where only the image range (s) is refined. For each adaptive
experiment, the initial s-level is 2. The first column refers to the s-level of the uniform
grid and highest local s-resolution of the final adaptive grid respectively. The computed
error equals the primal-dual gap in the last iteration. The experiment on a uniform grid of
s-level 8 resolution is omitted due to its high runtime and memory consumption. Note that
the very last adaptive experiment did not seem to converge as stated by a relatively high
primal-dual gap, which we believe is caused by a slow convergence of the dual problem,
however the result looks as expected.
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level (s) level (s)

Figure 4.23.: Left: Runtime comparison between a uniform grid and an adaptive refine-
ment for a fixed zy-resolution on a logarithmic scale. Right: Percentage of the number of
elements in each adaptive experiment compared to the total number of elements in a fully
uniform grid of the same level. The values correspond to the numbers in Table 4.2.

case of an adaptive s-refinement, the runtime increases linearly instead of exponentially,
which is probably due to the scaling of the number of constraints of order O(n?) for n
nodes in one s-line. The acceleration is explained by the decreasing percentage of the total
number of elements and degrees of freedom compared to the uniform grid of the same
level, which falls below one percent in some examples. Note also that in most experiments
the primal-dual gap is roughly of the same order in the uniform and adaptive case after a
fixed number of iterations.

Naturally the displayed results depend on the structure of the given initial and final
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Uniform Adaptive
xy/s | numEls numDofs time error | runs numkEls numDofs %Els %Dofs time €error
4/2 2048 1445 14 sec. 0.0069 | 0 2048 1445 100 100 14 sec.  0.0069
5/3 | 16384 9801 96 sec. 0.0192 | 2 7111 4576 434 46.7 44 sec.  0.0101

6/4 | 131072 71825 855 sec.  0.0165 | 4 30961 18800 23.6 262 184 sec.  0.0431
7/5 | 1048576 549153 20014 sec. 0.0013 | 6 91391 53596 8.7 9.8 632 sec.  0.0027
8/6 | 8388608 4293185 224221 sec. 0.0047 | 8 146825 84749 1.7 2.0 1405 sec.  0.0019
9/7 - - - - 10 295227 167030 0.4 0.5 3438 sec. 0.0008
10/8 - - - - 12 667289 370570 0.1 0.1 9767 sec. 0.0003

Table 4.3.: Comparison between uniform and adaptive grid iteration. For each adaptive
experiment, the initial zy/s-level is 4/2. The first column refers to the xy/s-level of the
uniform grid and highest local xy/s-resolution of the final adaptive grid respectively. The
computed error equals the primal-dual gap in the last iteration. The experiments on a
uniform grid of zy/s-level 9/7 or higher are omitted due to their high runtime and memory
consumption.

measures. A higher network complexity such as in case of transport from 16 to 16 mass
points requires a higher number of refined elements in each round and as a consequence,
the runtime of the adaptive algorithm deviates less from the uniform iteration. However,
even for more complex examples there always exists a level threshold from which the
adaptive approach starts to pay off eventually.
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level (xy/s) level (xy/s)

Figure 4.24.: Left: Runtime comparison between a uniform grid and an adaptive refine-
ment on a logarithmic scale. Right: Percentage of the number of elements in each adaptive
experiment compared to the total number of elements in a fully uniform grid of the same
level. The values correspond to the numbers in Table 4.3.

4.4.7. Comparison of different refinement strategies

In order to obtain the results presented in Section 4.4.5, we employed a combined gradient
and local primal-dual gap refinement strategy. However, since both methods come along
with certain advantages and drawbacks, we want to investigate the impact of both
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approaches separately.

The first aspect which comes to mind considering the differences of the two strategies is the
fact that the gradient refinement is static, meaning that it can only incorporate information
from the current state of the primal variable, neglecting information concerning the dual
variable as well as any future perceptions. In general, if the primal variable does not
admit a large gradient within one element, this element will not be refined although it
might contain some parts of the exact transportation network. Thus, there is no guarantee
that a successive gradient refinement yields the optimal solution on a fully uniform high
resolution grid. Additionally, gradient refinement certainly leads to redundantly refined
elements especially concerning the lifted dimension, since any element containing a jump
from 1 to 0 in s-direction will be refined regardless of the necessity of an additional grid
layer.

On the other hand, the local primal-dual gap by definition is unable to look more than one
refinement step ahead. As a consequence, one can explicitly construct examples depending
on the underlying grid structure where the gradient refinement is of certain advantage
for obtaining sharp edges in the primal variable. In Figure 4.25, we display an example
where the primal-dual gap fails to refine any element. Note that since the refinement is
performed via element bisection, refinement of the initial grid does not provide any new
node on the region boundaries. Therefore, the primal variable v (being prescribed on the
boundaries) does not change on a higher resolution grid, thus the local primal-dual gap
equals zero everywhere and no element is refined. In contrast to this, starting with a grid
which is already refined once and thus symmetric, by the next refinement new boundary
nodes are introduced, thus the gap is non-zero at least in some elements.

Another drawback of the gap refinement lies in the lack of a criterion for distinguishing
between refinement in zy- or s-direction. While this criterion is naturally implemented in
the gradient refinement, it would require an independent local gap computation on both a
xy-refined and a s-refined grid, coming along with an additional runtime increase. Just as
in case of gradient refinement, this might lead to some redundantly refined elements.
Although both methods admit different desirable features, we observe that the qualitative
variations in comparison to the fully uniform grid solution are scarcely perceptible. In
Figure 4.26, we juxtapose the numerical solutions obtained on an adaptive grid via gradient
refinement, local primal-dual gap refinement (where we additionally refine the upper and
lower boundary elements to prevent the boundary problems explained before) and on a
fully uniform grid. Both methods refine the relevant regions where the network establishes,
while the gradient method seems to be slightly advantageous since the refined elements
remain closer to the network edges.

4.4.8. Discussion

We have discussed a novel adaptive finite element approach for numerical simulations of the
lifted branched transport and urban planning problems. The presented approach tackles
the main difficulties arising from functional lifting such as higher dimensionality and a
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Figure 4.25.: Comparison between gradient (first row) and local primal-dual gap refine-
ment (second and third row). In the second row, refining all elements of the leftmost image
does not provide any new node on the boundaries, thus according to the local gap, no
element needs to be refined. In contrast, by starting from a refined grid in the third row,
the boundary elements are refined by the local gap criterion.

possibly infinite number of non-local constraints and is therefore most likely also applicable
to more general problems of this form. We developed an algorithmic framework for the
saddle point problem based on [26] as well as the projection onto the non-local constraint
set, discussed some refinement criteria and presented numerical simulation results. The
latter yield good approximations of the optimal transportation networks and prove to be
clearly beneficial for higher network complexities and higher image resolutions.

The adaptive grid approach promises to be a useful tool for functional lifting problems,
however it comes along with several difficulties. In order to exploit the full potential of
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Figure 4.26.: Comparison between different refinement strategies on the example of
branched transport from two to two mass points for o = 0.01.

adaptivity, one would need to carefully study the effects of optimal refinement criteria
and rigorously prove that a refinement strategy yields the same solution as on a uniform
grid. Besides, an additional element coarsening could eliminate the overhead caused by
redundantly refined elements. Finally, the runtime discrepancy between uniform and
adaptive iterations might be further increased by a more efficient implementation of the
refinement routine, which we do not claim to be optimized in every detail.
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A phase field approximation

approach

Inspired by elliptic approximations of free-discontinuity problems, where a part of the
desired output of a model consists of some kind of lower-dimensional set, phase field
approximations have proven to be a practical tool for numerical purposes. Similar to the
approach of Ambrosio—Tortorelli (see Section 2.4.1) in approximating the Mumford-Shah
problem, there have been several successful attempts to make use of this idea in the context
of finding optimal transportation networks. For the branched transport cost, in [51] the
authors introduce the functional

ME(v) = /Qe‘kl\v(x)]ﬁ+6““\Vv(x)\2dx

on the space W12(Q) and prove [-convergence to c/M® in dimension two for some constant
¢ (cf. Theorem 3.5.1 and 3.5.2). The underlying idea, similar to the Ambrosio—Tortorelli
approach, is to approximate the measure F concentrated on a one-dimensional set by a
“smoothed” version v, where the smoothness is governed by a parameter €. A comparable
result has been provided, for instance, by [24] for the Steiner tree problem, a special case
of both the branched transport and the urban planning model. The authors introduce the
energy

Lo o € o, 1 2
“0,0) = [ —PlofAd /f S (1 - )
S(0,0) = [ glolfdr+ [ SIVel + (11— 9)da

for div o = (uy — p—) * p. and n < ¢ < 1 for some smoothing kernel p. and ? — « for
e — 0. Here, the one-dimensional measure F is represented by a smooth vector-valued
measure o, which is forced to be non-zero on the desired one-dimensional set . The
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phase field ¢ is close to 1 away from this set. Thus, a similar I'-convergence result can be
achieved, stating that S I'-converges to the functional

§(0.0) = [ (1+aF)an!
if p=1and o = Fé(H'LY) (see Theorem 3.5.6).

While both the branched transport and the Steiner tree problem have already been
investigated using a phase field approximation, the urban planning problem (and thus,
the generalized urban planning problem as a superordinate case) have only been tackled
in a theoretical manner by a general framework to approximate transportation network
problems via phase field energy potentials in [67]. In this chapter we propose a more
specific phase field model which was developed in [33] based on the one introduced by [24].
It covers the class of generalized urban planning problems as defined in Section 3.3.4. We
start with a description of the model in detail, cite some analytical results and provide a
description of the numerical optimization procedure used to produce the computational
results. We conclude with a short discussion about the advantages and disadvantages of
the proposed method.

5.1. Model

Following the course of [33], we aim at investigating a piecewise affine transportation cost
function
c(m) = minN{aom, aim +by,...,aym+ by}

1=1,..

with ag > a1 > ... > apn, by < ... < by < 0. In order to cover the case where no diffuse
part is allowed, we make the additional assumption that for ay = oo,

0 it m=0,
elm) = “min_{aym,aym +by,...,aym+ by} otherwise.

i=1,...,

The generalized urban planning cost functional (as defined in Section 3.3.4) is then given
by
EMF) = [ elF(@))dr (@) + ¢ (0) F|(@)

b
for ag < oo and
Jec(F(x))dH (z) if FX =0,

00 otherwise

EH(F) = {

for ag = oo, where F = FeH'LY + FL with a rectifiable set ¥ C Q. a multiplicity
F :Y — [0,00), an orientation é : ¥ — S! and a H!-diffuse part F*, which consists of a
Lebesgue-continuous and a Cantor part (cf. Section 2.2).
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By seizing the intuitive approach of [24], we define a functional £¥*#+#- = L2(Q,R?) x
Wh2(Q)N — [0, 00] by

Eebiet (0,01, o)
: . a-2 o'aj2 . ix_Q
fomin {aolo(@)l, min {gi()? + GEHEE L 4 SX, 8 (6T + 9] d

if div o = ps — p,

%) otherwise,

where pS , u° are smoothed versions of p, p_. Here, the vector measure o approximates
the mass flux F, while the phase fields ¢1,..., oy take value 1 away from > and are
equal to 1 in the limit ¢ — 0. Moreover, ¢, approaching 0 indicates the parts of the
network where the j-th term in the cost functional is cheapest, in other words where
a;m + b; = min{agm,a;m + by,...,aym + by}. In those parts where the linear term
has minimal costs, no phase field is active (meaning equal to 0), which corresponds to
transport outside of the network .

The functional gg’b’“+’”—, though quite intuitive, involves a minimum term which is non-
convex with respect to . To ensure existence of a minimizer and simplify the numerical
handling, we define the following relaxed version of the cost functional [33].

Definition 5.1.1 (Phase field cost functional). Let € > 0 and p : R* — [0,00) be a
smoothing kernel with support on the unit ball and [, p dz = 1. Given the initial and
final measures fiy, p— € P(Q), we set p5. = p. * g with p. = Zp(£). Moreover, we define
the set of admissible functions as

Xt ={(0,p1,...,0n5) € L*(Q,R*) x WH(Q)V
diveo=ps —p2, ¢p1=...= ¢y =1o0n 00}

Then, the phase field cost functional is given by E¥V#+H= XF+h= — [0, 00),

N
e\ T
ESBIA (g o1 on) = /Q% (ao, Wi ). \g(x)|> de+ > biL(p:), (5.1
i=1

where
1 —1)?
£e) = [eAver + D=0 g,
_ . Ry 2.2 /7
Ye(z) = min_ {@i(x)” + a7 /bi} |
MM f < _age
%@Wmﬁwm0= < NS o for ag < oo,
2 ao(lo(2)] — 555) i lo(2)] > 25
2
o (10,24, o)) = 2 oF o a0 = 0
€ e 2
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for some p > 1.

For fixed ¢y, ..., ¢n and ignoring the term e?|o(z)|?, the term w. (ao, @, |a(x)|) is the
lower semi-continuous envelope with respect to o of the original minimum term in the
functional £4%#+#- (see Figure 5.1). Taking the convex envelope does not affect the

[-convergence result, but ensures existence of a minimizer (see Section 5.2).

2
// 75% a0|0-|
/

We

o]

Figure 5.1.: Difference between the functionals £%#+#- and £%%#+#-. Black curve:
Sketch of the function f(|o]|) := min{ag|o|, %%} for fixed v.. f is non-convex with respect
to |o|. Red curve: Sketch of the function g(|o|) := w.(ao, =, |o|) for fixed 7., which is the

lower semi-continuous envelope of f.

Remark 5.1.2 (Regularization term e?|o(x)[?). For ay < oo, the term eP|o(z)|? ensures
L?(Q, R?)-coercivity in o, which is necessary for sequentially weak compactness of subsets
of X#+#- with finite cost and thus ensures existence of a minimizer (again, see Section 5.2).
Besides, the term has no other purpose and is especially not essential for the numerical
treatment.

5.2. Analysis

Before we describe the numerical treatment of the phase field cost functional, we want
to prove existence of a minimizer in Section 5.2.1 and state the I'-convergence and equi-
coercivity result justifying its usability as an approximation of the generalized urban
planning functional in Section 5.2.2.

5.2.1. Existence of a minimizer

As a preliminary result, we state existence of a minimizer of the phase field cost functional
[33].

Theorem 5.2.1 (Existence of a minimizer). The phase field cost functional E**#++= has
a minimizer (o, p1,...,oN) € XFHH-,
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Proof. The functional is bounded below by 0. Moreover, choose p; = ... = ¢y =1 and
6 = V1 for a function v which solves the equation Ay = p5 — p® on Q with Neumann
boundary conditions V) - vgq = 0 (where vy is the outward unit normal on 0€2). One
can easily show that the solution to the Poisson problem exists since [ puS — pfdz =0
and satisfies 1p € W22(Q). With this we obtain that (&,pq,...,$y) € X +F= and

Exbret= (5 Py, ..., pn) < oo. Thus, the functional has a non-empty domain.
Let (og, @F, ..., ¢%) € X#+H- be a minimizing sequence with
,b, sb— k k ] ’b7 M —
EXIHEHI=(gp, 01, ... N ) — Inf ELPHTH

monotonically for & — co. Since E2P#+#- is coercive with respect to L(Q, R?) x WH2(Q)N
the sequence (o, %, ..., ¢%) is uniformly bounded. Thus, there exists a weakly converging
subsequence (which is still indexed with k for the sake of simplicity) (o, ©F, ..., ¢%) —
(0,01,...,0on) € XFr#= due to the closedness of X/+#- with respect to weak con-
vergence in L?(Q,R?) x W12(Q)N. Now consider a subsequence along which each
term L.(pF) converges and the ¢ converge pointwise almost everywhere such that
VE(x) = I{lin {F(2)? + a2e?/b;} converges for almost every x € . In addition, from

Magzur’s lemma, a sequence of convex combinations Z )\kO'] of the o converges strongly.
Thus, up to another subsequence, pointwise and we can apply Fatou’s lemma. Hence we
have

inf E201 - = lim EXM (08, o)
k N
= Jim | w. (ao, — o lo (rc)\> dx+i§:1:bz Jim L ()
Xz) S
> i )\k/ ik ! d biLle (s
i 3 (o EE o)+ St

> / lim mfz M. (ao, %i ?) \Jj(aj)o dr + Zbiﬁa(%)

i=1

. ’Yé(w) j al
> hm 1nfz AR jwe ( ao, klnf - o7 ()] | dz + > biLe(p;)
X =Ry, M

i=1

- mp

N
> [ lim inf w, (ao, ' f % Z )\k|0] ) dz + Z biLe(;)

Q k—oo i1

= ELPII (0,01, o).

]

Remark 5.2.2. The phase field cost functional is convex in o for fixed phase fields 1, ..., o,
but strongly non-convex in ¢y, ..., ny due to the minimum term in 7.. Thus, the energy
might admit some local minima and uniqueness of a minimizer cannot be guaranteed.



108 5 A phase field approximation approach

5.2.2. T'-convergence and equi-coercivity

As in the case of the phase field approximation of the Steiner tree problem [24], the
functional £4%#+#- T-converges to the generalized urban planning energy. The result is
stated in the following, for a detailed proof, we refer the reader to [33].

Theorem 5.2.3 (I'-convergence of the phase field cost functional). Let X#+#- = {F e
M(Q,R?) : div F = py — pu_}. We define the functionals

Ea’b’“+“ul7 (0-7 gol7 et SON> -

Euttet=(g) if o € Xil- g =...=py =1 ae,
otherwise,

UNTERNT
E? (0,01, ..

gg&b,u-hui(o-? P1yee- 7¢N) Zf (O’, Plyeeey 90N> € X£+7M77
,PN) = .
otherwise.

Then, for admissible py, p_ € M, (), we have

a7b7 b - F a7b7 I, -
EabRibe 2y pabiei

where the T-limit is with respect to the weak-* convergence in M(Q,R?) and strong
convergence in LY(Q)V.

Proof. See [33]. O

By Theorem 5.2.3, the generalized urban planning functional can indeed be approximated
by the relaxed phase field cost functional. The following result from [33] states that
the minimizers of the functional £2%#+#- indeed approximate minimizers of the original
functional £b#+H- as well.

Theorem 5.2.4 (Equi-coercivity of the phase field cost functional). For ¢ — 0 let
(0%, ¢5, ..., 9%) be a sequence with uniformly bounded phase field cost functional
Eobhb= (g€ of, o, py) < C < oo. Then, along a subsequence, 0° —* o in M(Q,R?)
for some o € M(Q,R?) and ¢ — 1 in L}'(Q),i=1,...,N.

As a consequence, if py,pu— € M (Q) are admissible and such that there exists F €
XHb= qpith E¥br+1=(F) < 0o, then any sequence of minimizers of E&"+#= contains a
subsequence converging to a minimizer of E4Y++- as e — 0.

Proof. See [33]. O

For numerical purposes, Theorem 5.2.4 yields an essential result. Keeping ¢ fixed, one
can minimize E&Y#+#- instead of £¥*#+#- and the minimizers of the phase field cost
functional indeed approximate the true optimal network with respect to the generalized
urban planning energy.
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Remark 5.2.5 (Discrete I'-convergence). Note that it is not straightforward to show that
the I'-convergence result from Theorem 5.2.3 also holds for a discretized version of the
involved functionals. This requires some additional assumptions on the relation of the
['-convergence parameter € and a discrete mesh size. Such a result in case of a discrete
Ambrosio—Tortorelli approximation of the Mumford—Shah functional with finite differences
has been stated by [6].

5.3. Numerical optimization

In this section, we describe the numerical discretization using finite elements on a simple
triangular grid, present a suitable optimization scheme and show some computational
results.

5.3.1. Discretization

As before, we consider the energy functional

N
5§7b7u+’u_ (07 b1,y 7%0]\7) = Aws <a07 ,}/‘fi‘,t), |O'(l’)|> dz + ZbVCE(SOZ)
=1

The proposed phase field approximation allows a simple numerical treatment with piecewise
constant and piecewise linear finite elements for the variables o and ¢4, ..., @y, respectively.
To this end, we introduce a triangulation 7}, of the space Q = (0,1)? with minimal mesh
size h, such that = UreT, T. For the variables, we use the finite element function spaces

X} ={v, € L®(Q) : w|lr €P'VT € Ty},
X;={v, €CQ) : vyl €eP'VT €T},

where P™ denotes the space of polynomials of degree m. Hence, for a given basis of
the spaces X}, X}, we can write the discrete counterparts of o, ¢, ..., oy as a linear
combination of basis functions. Then the discrete version of the phase field energy
functional reads

] a’bu/J“F:/J*
min 1N5€ (0,01, , ON)
(0'75017---790N)6Xh><(Xh)
w1loa=...=pn|oa=1

under the constraint
/ —a-V)\dx:/vahdx VA e X1
Q Q

where we abbreviated f. = p. * (uy — p—) and the divergence constraint is enforced in
its weak formulation. The integrals reduce to integration over the finite element basis
functions and can be evaluated using midpoint quadrature.
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5.3.2. Optimization

Here we describe the numerical optimization strategy used to find a minimizer of the
phase field energy. Depending on the chosen parameter values, the problem requires a very
careful treatment. Due to the minimum term in ~,., the problem is strongly non-convex
even for larger values of €, and any algorithm tends to get stuck in local minima. In
the following, we distinguish between three different choices of parameters, which require
different numerical treatments.

Single phase field and no diffuse mass flux (N =1, qp = o)

In case of a single phase field and ag = oo, the phase field cost functional reads

g;z,b,/wmu— (O‘, QO) _ /Q Véix) |O-(§)| +Z)21 <€|VQO(Z‘)|2 + (Sp(x)g_ 1) ) dx

with v.(z) = ¢(x)? + a¢?/b;. This energy functional is similar to the Steiner tree problem
as presented in [24], hence the employed optimization method is the same as well.

We update the variables o and ¢ alternatingly. For the minimization with respect to o,
we turn to an unconstrained formulation applying a dual variable A € X}, such that

2 2
. Ve o . Ve o
min —Eudx: min max —Eu—a-v/\—)\fE dx
oeX) Jo e 2 oex? xex} Ja €
fQ o VA+Afe dz=0VAEX]

. e o)
= max min ——— —0-VA=\f. dz,
rex) oex? Jo e 2

where in the last step, we are allowed to exchange the maximum and minimum due to
standard convex duality arguments. For fixed A, the inner minimization problem with
respect to o can be performed explicitly by computing the optimality condition

%U.Q_Q-V)\dmzo VoeX),
Q

which yields ¢ = 83—:‘. Inserting this into the maximization problem with respect to A

leads to — —
max / —6‘ | — Af. dz = min / eIV + Af: dx.
xex) Jo 27 xeX} Ja o 29,

The optimality condition reads

\-
/de:—/ufsdx Vo€ X (5.2)
Q7% Q
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Given the piecewise linear basis functions, this conditions reduces to a linear system of
equations for the coefficient vector of A. Subsequently, for given A, the optimal ¢ can be
computed from the above equation.

The minimization with respect to ¢ can be performed in a similar way. For fixed o, we
can compute the optimality condition for ¢ as

2
/Q ‘Ulfw +b1eVp - Vi) + b;(go — 1) dr =0 V€ X} with ¢|sq = 0. (5.3)
Again, this reduces to a linear system of equations for the coefficient vector of ¢, such that
the optimal ¢ can be obtained via a linear system solver.

In order to obtain a good approximation of the original generalized urban planning energy;,
we start the alternating minimization process with a relatively large value of 4.« and
decrease the phase field parameter up to the desired accuracy. Note that for larger ¢, the
energy landscape is closer to being convex, hence the optimization process is less likely to
get stuck in local minima. The complete method is summarized in Algorithm 6.

Algorithm 6 Minimization for N =1, ay = o0

function SPFS(estarts Eends Niters @15 015 fty ey Peyy)
Set fo = (pr — p1-) * Pepy, 0° =0
for j=1,..., Nie do
Set €j = Estart — (j - 1)%
Set ¢’ as the solution of (5.3) for given fixed o = o771

Set 71 = (¢7)” + afe? /by

Set M as the solution of (5.2) for given fixed 7. = +J
Set g = SV
27}
end for
end function
return O-Niter’ @Niter, >\Niter

Multiple phase fields and no diffuse mass flux (V > 1, ap = 00)

In case of multiple phase fields, the minimization step with respect to ¢ does not change,
since only 7. is different. However, the minimization with respect to 1, ..., N becomes
more challenging due to the lack of convexity of the minimum term in ~.. Therefore, this
part requires a more careful treatment and a suitable initialization to prevent the method
from getting stuck in local minima.

In order to avoid minimization of . with respect to ¢;, we replace the term by a slightly
simpler version. First, we define the regions

Rf:{er . 75($)290i<x)2+a?52/ﬂi}7 1=1,..., N, (54)
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specifying those parts of €2, where the i-th part of 7, is the minimum. Assuming that each
region R is fixed, we replace the energy £3%#+#- by the functional

N 2 2 2 2

A () +aje?/b|o(x

gg,b,uﬁﬂf(m 9017‘-'790N> :E:/Q 90( ) - / | (2)|
i=1

b, (0: —1)2
2 €

b;
xr: () + el Vi ()]

where yge is the characteristic function of the region Rf. Minimizing with respect to every
p; separately gives the optimality conditions

i b; :
/Q S06¢|0|2)(st + b;eV; - Vb + ;(api —1)Ydr =0 Vo € X} with ¢|go =0  (5.5)

with ;|aq = 1, which as in the case of N =1 can be solved by some linear system solver.
Since in each iteration step, the regions R; are fixed, the performance of the algorithm
strongly depends on the quality of the initial guess for the ¢y,...,¢n. Although the
regions are allowed to change in between the iteration steps, if for example R] = 2 and
$=...= RS =0, in the next step s = ... = px will be equal to 1, such that the
regions R; will not change throughout the whole minimization process.
To avoid this, we apply an additional method to produce a suitable initial guess for all
phase fields. First, we construct an initial network ¢° (not necessarily the optimal one)
which performs the transport between the given measures p, and p_. In simple examples,
this can be done by hand, however, in our experiments we simply compute the optimal
o as if only phase field p; was active via Algorithm 6, ignoring the s, ..., py. Having
an initial guess for 0¥, we can compute the mass m(x) flowing through each point of the
optimal network. To this end, we consider

(xm0 *10") @)= [ 10"l(w) dy =~ 2rm(a) (56)

if r is sufficiently large compared to the width of the support of ¢°. Hence, we can compute
the regions R; via
R; ={x € Q| i=argmin (a;m(x) +b;)} (5.7)
j=1,....,N

and the initial phase fields are defined as

() = 0 ifzeR;,
Vi 1  otherwise.

Note that the width of the support of the optimal measure o does not only depend on the
transported mass m(z), but also on the parameters a;, b; of the phase field ¢ which is active
in the point x (for a detailed investigation of, see the construction of a recovery sequence
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for the I'-convergence proof in [33]). This problem can be bypassed by a simple energy
rescaling. Instead of one phase field parameter ¢, we set ; = b;c/a; to be the parameter
associated with the phase field ¢;, thus we replace the original energy functional by a
rescaled version

N N
N (x
Eobih (g o1 on) :/Q% (aoﬂi),w(xn) dz + 3 0:Le(g)  (5.8)

i=1

with 4.(z) = _min {pi(x)*+aZes;/b;} = _min {pi(2)*+a;e%}. By doing so, one obtains

that the support of o becomes me instead of a;me/b;, thus the mass flowing through a
segment can be readily computed via (5.6). Note that in the original formulation, the
phase field width depended on the parameters a;, b;, while the profile of the phase field,
namely the steepness of the gradient, was independent of them. The rescaling reverts this
relation, thus the slope of ¢; now depends on the choice of the corresponding a;, b;, which
will affect the numerical solution slightly. Beyond that, the rescaling does not affect any
of the previous analytical results and is accomplished for numerical purposes only. The
whole method is summarized in Algorithm 7.

Algorithm 7 Minimization for N > 1, ay = o0

function MPFS(estart; Cends Niters @15 - - - AN, D1y oo oy Oyl oy P )
Set f. = (:u-l- - :u—) * Peena
Set (0_07 ) ) == SPFS(gstarta €end> Niter> ay, bla Mty o—, paend)
Compute regions RS, ..., RS via (5.7)
for j =1,..., Nijer do
Set 5j = Eqtart — (] _ 1>Estart_5end

Niterfl
Set ¢! as the solution of (5.5) for given fixed 0 = 0’71, i=1,...,N
Update regions Rj, ..., Ry via (5.4)

Set v = min,—;_x (((pf)Q + a?az/bi>
Set A as the solution of (5.2) for given fixed ~. = 77

Set of = S
277
end for
end function
return 0N1t61'7 gpfl e L gp%“”

Multiple phase fields and diffuse mass flux (N > 1, ag < o0)

The difference to the previously handled case is the possible occurrence of a diffuse mass
flux, accompanied by a region where no phase field is active. The energy functional changes
slightly, since w. consists of two parts depending on the mass flowing. This means that we
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may introduce, in addition to the regions R;, a set

Qo
o= Q
R {:c cQ : |o(x)| > %/g},

where no phase field is active and w. attains its second part. Since there might be regions

where 7. (z) = ¢;(2)* + afe? /b; but also |o(z)| > % (hence R N Rj for some i), we define

e = R\ Ry (5.9)

to separate the active regions from each other.
The optimal phase fields ;, as before, are obtained by minimizing the energy

o [ pi(@)? +ai? /b |o(x)[?
> ),

b; b;
s X (@) + el Vi) P+ SH(1 - @) dz (5.10)

2¢e

The minimization with respect to o requires a little more care due to the changes in the
term w,.. The optimization problem in o reads

min /Q% <a0, ”i"”) \a(:c)|> de .

JGX}?
fQ o VA+Afe dz=0VYAeX])

The optimality conditions read

[ &(ol)
0_/9 lo|
0:/0~Vu—|—,uf€dx Ve XL,

Q

o-Y—=VA-¢dx Ve Xy,

where £(|o|) denotes the partial derivative of w, with respect to the third component,
namely

£(|o]) = Ozw. (ao, %, |0'|> = min {:Y:|U|,a0} + 2eP|o|.

Due to the non-linearity, the optimality conditions do not reduce to a linear system as
before. Instead, by introducing basis functions {9}; of the space X} and {b}}; of X},
the optimality conditions with respect to the coefficient vectors &, \ of the corresponding
variables can be written as

o= ne- (Y5 2) () (1)
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where M [5(”;")}, B are the finite element matrices and F' is a vector defined by

o[4S

The task of finding an optimal o reduces now to solving the non-linear system R(d, 5\) =0.
Since the solution of this equation is computationally expensive, we perform one step of
Newton’s method in each alternating iteration.

As before, the definition of the active regions R; requires a suitable initial guess for the
active phase fields in each point. To this end, we apply the same routine as before,
precomputing an initial mass flux ¢° and defining the initial regions via (5.9). The
procedure is summarized in Algorithm 8.

WY du, By = [ 1 Vbde, F = [ blf. da.
Q Q

Algorithm 8 Minimization for N > 1, ay < o0

function MPFSD (egtart, Cends Niter, @1y - - ANy D1y oo o, DNy figey oy Peuy)

Set fe = (:u—l- - H—) * Peena

Set (0-07 "y /\0) - SPFSL(gstarta 5~enda Nitera ay, bl» Mty H—, pscnd)

Compute regions R, RS, ..., Ry via (5.9)

for j =1,..., Niter do
Set €j = Estart — (] - 1)555{?::6;56{\(1
Set ¢! as the minimizer of (5.10) for given fixed 0 = 09, i =1,...,N
Update regions R, R, ..., Ry via (5.4) and (5.9)
Set 77 = mini_y_n ()2 + aZe?/b;)

Set (67, M) = (6771, A1) — DR(871, AI"1) "' R(67~1, V1) for 4. = A4~

end for
end function
return glNier pNieer o pliter

5.3.3. Discrete I'-convergence

By employing the phase field model (5.1) in order to gain an approximation of the branched
transport and urban planning functional, we have indirectly assumed that the proposed
['-convergence result also holds for the discretized energy. However, this is not clear a priori.
It is a well-known fact that the I'-limit of the Ambrosio—Tortorelli functional depends on
the choice of the discrete grid size. Even more, in [6] the authors developed a quantitative
result for the asymptotic behaviour of a finite difference discretization of the latter, if both
the I'-convergence parameter € and the mesh size ¢ tend to zero. Roughly spoken, their
main result states that the [-convergence result can be maintained if and only if @ — 0
if ¢ — 0, where §(¢) describes the mesh size as a function of ¢ with d(¢) — 0 if ¢ — 0. By
replacing the regular grid by a discretization on random point sets, in [7] the authors could
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extend the I'-convergence result of Ambrosio—Tortorelli to the Mumford-Shah functional
even in the case 6(5 — C' > 0 for ¢ — 0. For the case of finite elements with piecewise
linear basis functlons a similar result has been proposed in [8].

5.3.4. Results

All algorithms were implemented in MATLAB®. We first computed a triangulation 7 of
Q) by defining a quadrilateral grid with mesh size h and subdividing every square into two
triangles. Then we tested the proposed methods for different parameter sets (where we
used the rescaled version (5.8) of the phase field energy).

—~ XK O

[N
NZ2 N

<« XEe

Figure 5.2.: Optimal transportation networks from a single source to a number of identical
sinks at the corners of a regular polygon for parameters N =1, a; = 0.05, by = 1, ¢ = 0.005.
Top row: Exact solutions obtained via optimization of the branching points. Middle row:
Support of the numerically computed mass flux . Bottom row: Numerically computed
phase field ¢.

In order to compare the method with the one previously described in [24] for the Steiner
case, as a first test we computed the optimal network in case of N =1 and ag = oo for
a number of three, four, five or six evenly distributed points on a circle. In this case,
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the applied method should yield the same results as presented in [24]. Figure 5.2 shows
that the results match the exact solutions of the minimal Steiner tree problem in case
of a; = 0.05 and b = 1. For larger values of a;, the network costs depend more on the
amount of transported mass, thus the results become more asymmetric, which is shown in
Figure 5.3. Notice that due to the energy rescaling, the slope of the optimal phase field ¢
does now depend on the choice of a; and b;, which describes the difference between the
obtained phase fields for a; = 0.05 and a; = 1.

<

/ — _ —

N \+ ) -] .
Figure 5.3.: Optimal transportation networks from a single source to a number of identical
sinks at the corners of a regular polygon for parameters N =1, a; =1, by =1, € = 0.005.
Top row: Exact solutions obtained via optimization of the branching points. Middle row:

Support of the numerically computed mass flux . Bottom row: Numerically computed
phase field ¢.

Next, we tested two more complex settings, where different phase fields can be active. The
first one consists of four evenly spaced sources and four evenly spaced sinks, such that
the optimal network topology may vary between four straight lines and one single tree
(compare the results of the functional lifting approach from Section 4.3.4). The second
one approximates the transport from a single source in the middle and a number of evenly
distributed sinks on the boundary of a circle. We first computed the optimal network in
case of N =1 (Figure 5.4). Afterwards, we set N = 3 and allowed three different phase
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Figure 5.4.: Numerically computed mass flux and phase field for parameters N = 1,
a; = 0.05, by =1, € = 0.005. Left column: Transport from 4 sources to 4 sinks with equal
distance. Right column: Transport from a single source in the middle to 16 evenly spaced
sinks on the boundary of a circle.

fields to be active along the network (Figure 5.5).

The same settings can be applied to the case ay < oo such that in some parts of the
network, no phase field will be active. We tested the case N = 2 and a¢ < oo with the
same sources and sinks as before. The result is shown in Figure 5.6.

Finally, we simulated the situation where ay < oo and the sources and sinks are not
concentrated on a finite number of points, but include a continuous part. In our example,
the transport takes place between a single source in the middle and a spatially uniform
sink on the boundary of a circle. Figure 5.7 shows that indeed only a part of the transport
network is covered by a phase field, whereas the rest is transported off-network by travelling
expenses of ag per unit mass.

5.3.5. Phase field locking

As pointed out in the description of the optimization strategy, for small € the energy
functional is quite far from being convex and as a consequence, the numerical method
easily gets stuck in local minima. Additionally, the ability of the phase field to “move’
within the image domain is influenced also by the relation between the I'-convergence
parameter € and the mesh size §. Roughly spoken, for ¢ too small compared to 9, the

Y
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Figure 5.5.: Numerically computed mass flux and phase fields for p,,p_ as in Figure
5.4 for N = 3, ¢ = 0.005 and for the cost functions shown on the right. Left column:
Optimal mass flux o, where the colour indicates which phase field is active. Columns 2
to 4: Optimal phase fields @1, @2, ¢3. Right column: Cost function associated with the
displayed mass flux.
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Figure 5.6.: Numerically computed mass flux and phase fields for u,,u_ as in Figure
5.4 for N = 2, ay < 00, € = 0.005 and for the cost functions shown on the right. Left
column: Optimal mass flux o, where the colour indicates which phase field is active (green
corresponds to the region where no phase field is active). Columns 2 to 3: Optimal phase
fields 1, 2. Right column: Cost function associated with the displayed mass flux.
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a=0.05
B=1

a=20
B=0

0
0 0.2 04 06 0.8

Figure 5.7.: Numerically computed mass flux and phase field for transport from a single
source in the middle to a spatially uniform sink on the boundary of a circle for N = 1,
ag < 00, € = 0.005 and the cost function shown on the right. Left: Optimal mass flux o.
The circle indicates the local of the sink. Middle: Optimal phase field . Right: Cost
function associated with the displayed mass flux.

n 50 100 150 200
iterations 27 2438 3414 4915
energy diff. | 3.65-107° [ 9.52-107% | 8.88-107Y | 4.18 - 107"

Table 5.1.: Number of iterations and energy difference for transport between two points
for ¢ = 0.05, where the iteration was stopped after the energy difference fell below 1078,

algorithm terminates at a point where ¢ is far from being optimal. This behaviour is
denoted as phase field locking: The phase field is unable to relocate on the underlying grid
and therefore “locked” to its current position.

In order to investigate this problem numerically, we performed some tests simulating
transport between two adjacent points with the same mass located on a horizontal line
with N =1 and ag = co. Obviously, the optimal transport network consists of a single
line segment connecting the two points, consequently, for a fixed £, the global minimizer is
represented by a smoothed approximation of this line. Instead, we initialize the iteration
process with a phase field and corresponding mass flux satisfying div ¢ = f. and consisting
of a smoothed half-circle in the upper half of the image domain. With this as a starting
point, we performed simulations with fixed € = 0.05 and € = 0.1 respectively as well as
different image resolutions by creating a regular triangulation of the image domain (0,1)?
containing n? grid nodes with n = 50, 100, 150, 200. The results are displayed in Figures
5.8 and 5.9.

In the above experiment, the iteration process was stopped if the energy difference between
two consecutive iterations fell below 1078, such that as a consequence, the energy and the
corresponding variables did not change any more. Tables 5.1 and 5.2 show the number of
iterations up to this point as well as the final energy difference. The results clearly show
the effect of a different relation between ¢ and the grid size § = ﬁ While for a small €,
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st TN .

n =100 n =150 n =200

Figure 5.8.: Numerically computed mass flux and phase field for transport between two
points located on a horizontal line with € = 0.05 for different grid resolutions. The initial
phase field was set to a half circle in the upper half of the image domain.

P G di—————— —————.
n =100 n =150 n =200

Figure 5.9.: Numerically computed mass flux and phase field for transport between two
points located on a horizontal line with € = 0.1 for different grid resolutions. The initial
phase field was set to a half circle in the upper half of the image domain.

a smaller grid size is needed to prevent phase field locking, a relatively larger € allows for
simulations on a coarser grid. This effect could be largely avoided in various ways: By
starting with a large ¢ and slowly decreasing its value during the iterations process, one
can slightly relax the problem and still benefit from a sharp phase transition in the final
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n 50 100 150 200
iterations 865 389 553 579
energy diff. | 1.67 - 1072 | 7.76-1072 | 8.09-1072 | 8.41-107?

Table 5.2.: Number of iterations and energy difference for transport between two points
for ¢ = 0.1, where the iteration was stopped after the energy difference fell below 1078,

result. Other approaches could be an adaptive grid refinement of regions where at least
one phase field is away from 1 or the construction of a suitable initialization. Note that the
problem of phase field locking is also present in the Ambrosio—Tortorelli approximation of
the Mumford-Shah image segmentation functional. However, its effect is mostly prevented
by initializing the phase field with the gradient of the given image, which makes too much
“movement” most commonly unnecessary.

5.3.6. Discussion and outlook

We have proposed a phase field approximation of the generalized urban planning functional,
which admits some useful properties such as a I'-convergence result and is therefore of
sustainable use for numerically computing optimal network structures. The functional does
not only cover the classical urban planning case (and thus represents one of the first methods
capable of providing optimal urban planning networks to the best of our knowledge), by
approximating any other concave cost functional by piecewise linear functions one could
also tackle more general optimal network problems.

Although phase field models are known to get stuck in local minima due to the non-
convexity of the energy landscape, for large ¢, the phase field energy is closer to being
convex. Thus, by a slow decrease of the relaxation parameter ¢, the algorithm hopefully
avoids most of them and finally reaches the global optimum, provided that the grid size
is small enough in the limit. This automatically suggests the usage of an adaptive grid
refinement, which would ensure the maintenance of the I'-convergence result in the discrete
case.
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Conclusion and outlook

The major task of this work was to help establish a deeper understanding of the different
features and challenges of numerical methods for optimal transportation network problems
as well as to provide some novel approaches. Starting with a short review of a variety of
existing methods from the literature, we described and discussed two different treatments
which both proved to be of practical use for numerical simulations.

In Chapter 4, we investigated an image-based reformulation of the branched transport and
urban planning energies. As a preliminary step, we analysed the effect of a convex relaxation
approach via functional lifting of the Mumford—Shah-type functionals. Afterwards we
presented two different discretization approaches. A straightforward initial concept was
built on a finite difference discretization scheme of the convex saddle point problem. To
simulate the transport in a variety of settings, we implemented a primal-dual algorithm
combined with an intrinsic iterative projection to handle the large set of involved non-local
constraints. In most cases, the results were able to recover the optimal transportation
network, which was shown by a study of the influence of the branching parameters on the
network topology. However, the simple implementation comes along with the drawback of
computational inefficiency, which in particular becomes noticeable in the simulation of
complex network structures. For this reason, we developed a novel advanced discretization
scheme based on adaptive finite elements of triangular prism grid. While the adaptivity was
capable of handling the high dimensionality of the problem, the triangular grid structure
enabled an efficient treatment of the non-local constraint set. The benefit was underlined
by the simulations, where a high grid resolution could be achieved without an unsustainable
increase of the computation time.

Another numerical concept covering the generalized urban planning problem was presented
in Chapter 5 as an extension to the phase field approximations of the branched transport
as well as the Steiner tree problem. The approach enhances the existing models by
introducing multiple phase fields corresponding to each affine segment of the generalized
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urban planning cost. We developed three different algorithmic frameworks distinguishing
between the cases of a single phase field, multiple phase fields as well as the appearance
of a diffuse component. The simulations yielded adequate approximations of the optimal
network structures. To finalize the chapter, we discussed some problematic aspects of a
phase field relaxation approach in the context of numerical simulations.

Although the results of this thesis prove that there exists a multitude of suitable numerical
treatments of transportation network problems, all existing methods certainly leave some
room for improvement. The handling of real data sets such as a population and workplace
density of a city for the purpose of designing a public transportation network is still far from
being satisfactory. Furthermore, most methods, although providing a good approximation,
cannot claim to end up with the globally optimal solution. Due to a lack of convexity of
the investigated models, any numerical method necessarily either suffers from a variety
of local minimizers or from a loss of accuracy by a convex relaxation. For this reason,
the research concerning numerical methods for transportation networks is still of high
relevance. As part of this ongoing research, the ideas presented in this thesis could be
further improved in several points. In the following, we want to outline some topics which
seem to be of particular importance to us.

An interesting aspect of the functional lifting approach is given by the loss of accuracy
of the convex relaxation, which we investigated within this work. In order to answer the
question whether the relaxation yields the convex envelope of the original non-convex
energy, a rigorous proof of certain necessary criteria is still a subject of future work.
Another improvement would be a fully optimized, efficiency-based implementation of the
adaptive grid approach in order to maximally exploit the benefits of adaptivity. In this
spirit, one could also consider a GPU-based implementation within the CUDA framework,
which could further decrease the runtime and therefore enable even more complex network
situations.

The presented phase field approximation result comes along with similar problems as
other methods of this type. Here, an interesting feature also present in case of the
famous Ambrosio—Tortorelli model is the dependency on the relation between the grid
size and the I'-convergence parameter. While we broached the problem of the numerically
computed phase field being “locked” at some local minimum within the iteration process,
the development of a criterion for the relation between the involved parameters is still
missing. Besides, a more efficient implementation could be achieved by applying an
adaptive refinement approach. Finally, a more elaborate algorithmic framework capable
of avoiding local minima combined with a rigorous proof of convergence could possibly
advance the numerical results.
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Construction of a vector field

In this chapter, we aim at completing the considerations concerning the tightness of the
convex relaxation of the lifted branched transport problem in Section 4.2.1, Example 4.2.1,
by constructing an almost optimal divergence-free vector field QAﬁ € 1. To be precise, let
us fix some notation and values for this particular example.

Let © = [0,1]* be the image domain and set the initial and final measures as p, =
%(6131 + 5132)’ H— = %(5Q1 + 5@2) with

=307 P=030"0=0G1"0Q=031"

We recall the definition of the image-related cost functional as well as the relaxed version
as

MO (1) = /S A @)+ o((Vul? + DuLQ), () = swp [ 6 dDu+ic(v)

with C, KC; as in (4.1), (4.2) respectively. Now let & be chosen such that

min M (u) = M%(uy) = M*(u$
eamin M (u) (w) (u3)
for uy,u§ € A,(uy,p) as constructed in Example 4.2.1 (note that u$ depends on the

branching parameter &). The aim of this chapter is to construct a divergence-free gga cKé
such that

sup ¢-dD1m:/ da - dD1,,, (A.1)
PEKY QxR QxR

where we added the branching parameter & to the definitions of K, gg and uy to emphasize
their dependence on &. For the sake of readability, we set 132 as the characteristic function
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of the subgraph of uS. In the following, we are going to drop the requirement of smoothness
in the constraint set K and define

Ko = {6 = (¢ 6°) € LU xR, R x R) : div ¢ € L¥(Q x R,R? x R), ¢° >0,
/SQQSI ds’ <|sa —s1|* Ve Qs,ss €R sy <sa}. (A.2)

Since the functional F(¢) := [g.g ¢ - dD1,, is continuous with respect to the norm
|o|| L + ||div @||L~, the supremum is not changed by replacing the definition of ¢ in
(4.2) by (A.2). Let us first state a preliminary result.

Lemma A.0.1. The divergence-free éa € K¢ satisfying equation (A.1) also satisfies

sup o - leij = / qu . legQ.
peKS QxR QxR

Proof. By abbreviating gg = QAS&, uy = u§ and 1,, = 12‘2, we have

¢-dD1,, = | ¢-v dH? _/ 1,, dive dads
Ro QxR

QxR

=0

:/ ¢ vdH? = ¢ v dH?
R2 Rl

= / ¢3 v dH? — / 1o, divqg dxds
Ry QxR

=0

A

= ¢-dD1,, = sup ¢-dD1,,
OxR ey JOXR
= J(1y,) = J(1,,) = sup ¢ -dD1,,,
dEK1 QxR

where
Ry ={(x,5) € 02 xR : 1,(z,s) =1} ={(z,5) € 02 xR : 1,,(x,s) =1} = Ry

and v denotes the outer unit normal to R; = R,. O

In other words, Lemma A.0.1 states that the constructed ngﬁd also realizes the supremum
with respect to 12‘2. As a consequence, gzga needs to “fit” both topologies given by the
discontinuity sets of the minimizing images u; and ug.

Let us investigate the structure of an optimal ¢. For the particular example of py and p_
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as defined above, we have

1
S 47
ifl’1> 1 < 37

if W5}

Ui, p-) (1, 02) =

O = =

otherwise

for (z1,x2) € Q and uy (21, x2) = u(py, - )(x1, z2). Noticing that uy and 1,, are piecewise
constant and in particular 1,, € SBV(Q x R), we have

0,—1)T for v € Q\ Sy,

D1, =uvp, -HLD,,, vr, (x,5) =
P e b V1, (9) {(uul(x),O)T for x € S,,,

where T',, is the singular set of 1,, and vp, its outer unit normal (extended to 2 x R). In
addition, we have S, = ({i} x [0, 1]) U ({%} x [0, 1]) and v,, = (—1,0)T on S,,, thus we
obtain for ¢ = (¢%, ¢*)T

o 800) - AD Y (,5) = [ ol wa(2) - vr,, (2)0H ()

- - —¢*(z,uy (7)) do +/ </uj’(m) ¢"(x,s) ds) vy, (2) dH (2)

— Q\Sul _¢5($7u1 dx+/ ( / ¢x1 4,$2, )dS—\/éQ ¢x1(%,$2,8) dS) dﬂ:g (A3)

with ¢ = (¢*1, $*2)T. The remaining task is now to find a divergence-free ba € K& which
maximizes the last expression in (A.3). Unfortunately, we were not able to construct this
ggd explicitly, in particular, we could not find any ¢ which satisfies all constraints and
yields the correct value of (A.3) at the same time. Instead, in the following we are going
to construct a ¢ which leads to the correct value of (A.3) and incorporates all necessary
information about the optimal ¢ as derived above, but slightly violates the constraints in
Ké. Although this ¢ is not the truly optimal choice, it can nevertheless be used to obtain
an estimate on the quality of the solutions u; and u$. On the one hand, it can be shown
to satisfy the constraints in K¢ for a slightly different o = & + 0 (which will be specified
later). On the other hand, it is still close to the truly optimal (id and therefore allows an
estimate on the primal-dual gap for the solutions 1,, and 1%,.

Let a = & + 0 for some 6§ > 0. We aim at constructing ¢ = (¢%, %) which maximizes
(A.3) and satisfies all inequality constraints in K. To this end, we set QAS;; = 0. q@ﬁ is
bounded by the convex constraints | [ ¢F ds| < |sy — s1|* for all 51 < sy and z € Q. We
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define
0 if s ¢ 10, 1],
On(T1,22,8) = S p1(wr,22) if s € [%7 1],
QOQ(ZL’l, l’g) if s < [0, %)

for two functions @1, ¢, :  — R?. For symmetry reasons, we can restrict ourselves to the
construction of ¢; and set po(x1,22) = (§ %) ©1(1 — 21, 25). The additional constraint of
1 being divergence-free can be achieved by applying a trick: Instead of constructing ¢,
directly, we define v € C%(Q2) and set ¢; = Dv*. Then by Rademacher’s theorem (see
for instance [32], Theorem 3.1.6) v is d1fferent1able almost everywhere and we have

div ¢ = div (DUL> = div ( 8852) =0

o1

and gZA)a € K as requested.

We can isolate the region where v needs to be constructed explicitly even further by
the following considerations. Again, due to symmetry reasons, we set ¢(x1,z3) =
(6 %) @1z, 1 —as) for all € [0,1] x (3, 1]. Additionally, we define

1)@1(% — .Tl,ZL’Q) if z1 < i,
1)()01(%—1131,.1‘2) 1ffL’1>%

p1(z1,29) = {

N
o~ ok
lo o

and thus restrict ourselves to the subregion Q = [3,3] x [0,4]. Now let 2% = (3,2%)" be
the lower branching point in the graph G§ (also depending on the branching parameter
a). Although G is not the optimal topology for the given «, one can compute £* such

that the cost of G§ become minimal with respect to £5. This leads to

g _ 2a—1
2 — .
A /16 _ 22a+2
Let R = /7 + (2%)? be the distance between the leftmost point P; of the initial measure

py and ¢ (see Figure A.1).

To maxnmze (A.3) under the given constraints, ¢; must be orthogonal to the line given
by x1 = Addltlonally, for gba to fit the topology given by u$, ¢ necessarily needs to be
orthogonal to the connection between the points P; and . Thus, we define

2
1 : 1
oy = [ - e n

Bb(x1, x2) otherwise,

for all (z1,22) € Q, where g = (3)>7! is chosen such that the constraints for bo € K2 are
satisfied with equality along the hnes T = % and between P; and z¢. Outside of the circle,
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S

NI

1 x1

Figure A.1.: Construction of the function v on the domain [§, 3] x [0, 3].

we define v to be constant along ellipses with increasing semi-minor and semi-major axis
b—1,a— ocoas xy — %, which will be specified in the following. For every point (z1, xs)

with \/(xl — 3?2+ 23 > R, we define a(x1,25), b(z1, 22) such that

(21 — i)Q 93%

~ 1 (A4)

a(xy,xe)?  b(xy, 29)?

Moreover, the amount of mass flowing through the line L, needs to be uniformly distributed
along the line L, in order to maximize [, ¢ - dD1j under the constraint set (which can
be seen by repeating the computations in equation (A.3) with u§ instead of u1). In other
words, if 11 (A respectively) denotes the xo-coordinate of the intersection of an ellipse with
the line Ly (Ly respectively), the proportion of I([0, x] N L;1)/I(L;) must be the same as
[([0,A] N L2)/l(Ls), where () denotes the length of a line segment. With p = b(xq, x2)
and A\ given by the equation

1 A2
+ =1,
16a(xy, x9)?  b(xy,29)?
this leads to the condition
b($1,$2)—R )\—.ffg l-i‘g
= o = A= i’g + 2 (b(l‘l,l’g) — R)
% - R % ) % - R
Together, this implies
1 b(l’l, $2)2

a(ml,xQ)Q = — .

16 b(xy,22)2 — (23 4+ C (b(21, 22) — R))*’
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1/2—d8
1/2-R

where we abbreviated C' = . Inserting this into equation (A.4) yields a formula for

b(l’l,xz),
b(x1,72)" = a3+ 16(z1 — 1)? (b1, 22)° = (35 + C(b(w1, 2) — R))?) .

Solving the quadratic equation for b leads to

orn) — P $ <p<as1> )2_ dlar.vs) 45)

2¢(xy)

where

It is straightforward to verify that v is continuous. Additionally, ¢; is divergence-free by
definition and maximizes (A.3) under the given constraints. Thus it remains to check
whether ¢, satisfies all constraints in K. To this end, we prove the following result.

Theorem A.0.2. Let @ > 0 be the real root of the function f() := (6 — 20+! — 92~ 4 9=20)2_
22-4a 4 9722 Then ¢, € K for all a > a.

Proof. The proof consists in evaluating the inequality constraints for the constructed (ﬁa,
which leads to a condition for .. For the inequality constraints, due to Theorem 4.2.3 it
suffices to verify

%|901(37175U2) < (%) V (x1,22) € [i’ %]
! L)

|
%|801(1’1,£E2) + o1, 22)| < V (1, 22) € |

The constraint evaluation involves several technical but straightforward computations,
thus we only provide the main ideas of the proof. We define the region B := {(z1,x2) €

3,31 % [0,3] : \/(xl — 52+ 23 < R}. Let us regard the two constraint sets separately.

First constraint (A.6):
We distinguish between the following cases according to the definition of v:

(a) (z1,22) € B, (b) (z1,72) ¢ B.

For (z1,22) € B, the constraint (A.6) is satisfied with equality by construction. For

(z1,22) ¢ B, one can easily verify that the left-hand side attains its maximum in 27 = 1,
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thus we have

o z2)] < lor(2a)| = By (2 (o))" + (2 (e) = = ()

thus (A.6) is satisfied for all a € (0, 1).

Second constraint (A.7):
From the definition of ¢1, s in the construction above, we obtain

%|901(9517I2) + @a(x1,29)| <1

2 2
& \/(88;2(151,@)—1-;;2(1—%,1:2)) + (gxl(ml,xg) %(l—xl,@)) <2 (A8)

As before, we distinguish between the following cases:
(a) (x1,x2), (1—x1,29) € B, (b) (z1,22) € B,(1—x1,29) ¢ B, (¢) (x1,22),(1—x1,22) ¢ B

It is easy to verify that in case (a), (A.8) is satisfied for every a € (0,1). Moreover, one
can show that for « relatively close to & (in particular, for & < a < &), the left-hand side
of (A.8) attains its maximum within the region defined in (c). Thus, it remains to derive
a condition for a from the constraint for all (z1,x2), (1 — x1,22) ¢ B. In this region, we
have v(z1, x2) = Bb(z1,x2) (same holds for (1 — xq,x3)), thus by inserting the definition of
b, we obtain the constraint

2 2
6\/(8836(’2(%@2)—1—8‘1{’2(1—951,@)) + (aaml(xlva:?) %(1—%@2)) <2 (A9)

0b

The left-hand side attains its maximum in zo = 3, where 3> (21, 3) = le (1 — a1, 3), thus

(A.9) is equivalent to
B2 (21,3)+ 21— 21,3))
16(1 = C) (w1 = 12+ (21 — £)%) - 2

25)6(1 — 0)2(1’1 — *4)2(1'1 — *4)2 — H;( — C) ((%1 — *4)2 + (ZIZ'] — *) ) +

l\NH

where we again abbreviated C' = (3 — £5)/(3 — R), R = /55 + (£%)?. Again, one can
10

N 2
derive that the left-hand side of (A.10) attains its maximum in

\/Z—Cj+5 C(C—-13—-C+1
2(C —1) !

rK = —
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and inserting this into (A.10) yields

Je(o -

<2
(01)0) =5

O S (6 o 2a+1 - 22704 + 272&)2 - 22740& + 272(1 — f(Oé)
(A.11)

One can additionally show that the function f admits only complex roots except for one.
Consequently, the constraints are satisfied if a > & for & being the real root of f. n

Remark A.0.3. One can compute the approximate value of & ~ 0.366006 numerically. The
value of the critical & can be obtained (by setting M%(G;) = M(GS)) as the real root of
the function g(a) := 2472« — 26720 4 96~ 4 920 gatd 4 92042 _ R in the interval (0, 1),
which approximately satisfies & &~ 0.263034. Setting o = & + ¢, this means that we have
a minimal approximate error of ¢ &~ 0.102971, which is also reflected by the numerical
experiments.

The constructed image and corresponding vector field as well as a numerically obtained
solution are shown in Figure A.2. Furthermore, for the critical & we obtain an upper
bound on the primal-dual gap for the M%minimizers u; and u$.

Theorem A.0.4. Let A, denote the primal-dual gap for the branched transport functional
lifting problem, 1i.e.

Ao(B, ) == sup ¢ -dDv — inf ¢ - dDv + 10(D )+L,Ca(<b)

peKy QxR veC JOXR

For ¢, as constructed above and uy,uS,uy, we have

Aa(1u17§ga) - O,

R 22—a _2&

AL (18, & <1—21_°‘+—A,
( U QS )— 4m

22—a _ o«

Ay(1% . d)<1—2otey 2 2

for a =&+ 9 for some d > 0.

Proof. The proof requires the evaluation of the first two parts of A, for the given variables
1,,,1¢ and o, (the third and fourth part vanish due to 1,,,1% €Cand ¢, € Ke).

U1y ~ug) uz U1y ~ug) ’LL2
Let us start with the infimum, for which we have

inf gga -dDv = inf / gZA)a v dH? - / v divgzga dxds
veC JOxR veC Jg QxR

=0
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with S = {(z,5) € 0 xR : 1yp, ) =1, do # 0}, where the second part vanishes due

to gga being divergence-free by construction. For the remaining part, we have
1 1
inf/qbawd?—[z:Q(/Q ¢g.ndH1ds+/1/¢§.ndH1ds)
veC Jg 0 S1 5 /52
= cpg-nd'Hl—F 4,01'7”LC13"[1
_/ a(1,0) - (0, —1)7 dx1+/ £2(0,22) - (—1,0)7 duy
—{—/ ©1(x1,0) - (0, =) dxl—l—/ ©1(0,25) - (=1,0)" da,

1
Z/l 9012($1,0> dz, — /02 4,011(1,%) dzo
1

1 1
- /04 p12(71,0) dzy — /02 ©11(0, 2) dzo, (A.12)

where S = (S x [0,1]) U (S2 x (3,1]) and

Si={z€d : z; <
So={re€d : z <

Mr—t »Moa
I/\ I/\
NI N

2
2
In the last equation in (A.12) we inserted ¢o(z1,72) = (§ %) ¢1(1 — 21, 72) and denote
by 1 = (11, gplg)T the two components of ¢;. Further, with ¢, = Dv', we obtain

Y11 = 8‘12 and @19 = 8‘1 , consequently with the definition of v as above
. A o 1 1 o . l a—1
inf [ o dDv=p (b(1, ) +b(0,5) =8=(3)" . (A.13)

For the first part of A,, we have

sup [ ¢-dDL, < M(u) = (3)" (A.14)
peky JOXR
6-dDIE < M) — 14 2 =2 (A.15)
Ssu = ——— .
pers Jaxm 4T 222
22—a _ 9«
sup ¢-dD12, < M*(u) =1+ (A.16)

peKe JOxR 44/1 — 2202

For the primal-dual gap for u$ and ug, we have used that u$ (u§ respectively) was chosen
to be the optimal topology for & (a respectively), thus the optimal branching point is #¢
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Figure A.2.: Comparison between the constructed image v and corresponding vector
field ¢; (upper row) and a numerically computed counterpart vV and ¢ (lower row).
The constructed v fits quite well to the numerical solution within the left circle and the
upper left side of the image domain, whereas in the right part, one can see the differences
leading to a violation of the constraints in K&. To obtain the numerical image vV, we
solved the branched transport problem numerically and extracted the image from the
computed vector field via solving the Poisson equation.

(2* respectively). Subtracting (A.13) from (A.14), (A.15) and (A.16), we finally obtain

Aa(lmvﬁga) < (%)a_l B (%)0‘—1 =0,

AL(1% by <14 22 e
a( u27¢a) <1+ A1 — D262 - )
0 2 22—a _9a o
Aa(1u27¢a) S 1+4 1 — 22a—2 -2 )

O

Remark A.0.5. With the numerically computed values of & and « from Remark A.0.3, we
obtain

A(18),¢00) < C1 = 0.043054,  A,(12,,ba) < Oy ~ 0.041494.

u2?



Bibliography 135

1]

[10]

Bibliography

G. Alberti, G. Bouchitté, and G. Dal Maso. The calibration method for the Mumford-—
Shah functional. Comptes Rendus de I’Académie des Sciences - Série 1, 329(3):249-254,
1999. 15

G. Alberti, G. Bouchitté, and G. Dal Maso. The calibration method for the Mumford—
Shah functional and free-discontinuity problems. Calculus of Variations and partial
differential equations, 16(3):299-333, 2003. 12, 15, 16, 17, 63

L. Ambrosio, N. Fusco, and D. Pallara. Functions of bounded variation and free
discontinuity problems. Clarendon Press, Oxford, 2000. 7, 8, 9, 12, 14

L. Ambrosio and V. M. Tortorelli. On the approximation of free discontinuity problems.
Bollettino dell’Unione Matematica Italiana B, 6(7):105-123, 1992. 2, 14

MOSEK ApS. The MOSEK Fusion API for C++ manual. Version 9.0.88, 2019.
https://docs.mosek.com/9.0/cxxfusion /index.html. 96

A. Bach, A. Braides, and C. 1. Zeppieri. Quantitative analysis of finite-difference
approximations of free-discontinuity problems. arXiv:1807.05346 [math.AP]. 14, 53,
109, 115

A. Bach, M. Cicalese, and M. Ruf. Random finite-difference discretizations of the
Ambrosio—Tortorelli functional with optimal mesh size. arXiv:1902.08437 [math.AP].
115

G. Bellettini and A. Coscia. Discrete approximation of a free discontinuity problem.
Numerical Functional Analysis and Optimization, 15(3-4):201-224, 1994. 14, 116

L. Bergamaschi, E. Facca, A. Martinez, and M. Putti. Spectral preconditioners for
the efficient numerical solution of a continuous branched transport model. Journal of
Computational and Applied Mathematics, 354:259-270, 2019. 52

B. Berkels, A. Effland, and M. Rumpf. A posteriori error control for the binary
Mumford—Shah model. Mathematics of Computation, 86:1769-1791, 2017. 86



136 Bibliography

[11] M. Bernot, V. Caselles, and J.-M. Morel. Traffic plans. Publicacions Matematiques,
49(2):417-451, 2005. 38

[12] M. Bernot, V. Caselles, and J.-M. Morel. The structure of branched transportation
networks. Calculus of Variations and Partial Differential Equations, 32(3):279-317,
2008. 38, 39

[13] M. Bonafini, G. Orlandi, and E. Oudet. Variational approximation of functionals
defined on 1-dimensional connected sets: the planar case. arXiv:1610.03839 [math.OC],
2016. 50, 92

[14] M. Bonnivard, A. Lemenant, and F. Santambrogio. Approximation of length mini-
mization problems among compact connected sets. SIAM Journal on Mathematical
Analysis, 47(2):1489-1529, 2015. 50

[15] J. P. Boyle and R. L. Dykstra. A method for finding projections onto the intersection
of convex sets in Hilbert spaces. Advances in Order Restricted Statistical Inference,
37:28-47, 1986. 73, 84

[16] A. Braides. T'-convergence for beginners. Volume 22 of Oxford Lecture Series in
Mathematics and its Applications. Oxford University Press, Oxford, 2002. 10, 11

[17] A. Braides. Handbook of Differential Equations: Stationary partial differential equa-
tions, chapter A handbook of T'-convergence, pages 101-213. Elsevier, 2006. 13

[18] A. Brancolini and G. Buttazzo. Optimal networks for mass transportation problems.
ESAIM Control, Optimisation and Calculus of Variations, 11(1):88-101, 2005. 33, 39,
40

[19] A. Brancolini, C. Rossmanith, and B. Wirth. Optimal micropatterns in 2D transport
networks and their relation to image inpainting. Archive for Rational Mechanics and
Analysis, 228(1):279-308, 2017. 2, 47, 55, 56, 57, 58, 60, 63

[20] A. Brancolini and B. Wirth. Equivalent formulations for the branched transport and
urban planning problems. Journal de Mathématiques Pures et Appliquées, 106(4):695—
724, 2016. 33, 38, 39, 41, 43, 44, 45

[21] A. Brancolini and B. Wirth. General transport problems with branched minimizers
as functionals of 1-currents with prescribed boundary. Calculus of Variations and
Partial Differential Equations, 57(3):82, 2018. 33, 46

[22] G. Buttazzo, A. Pratelli, S. Solimini, and E. Stepanov. Optimal urban networks via
mass transportation. Volume 1961 of Lecture Notes in Mathematics. Springer, Berlin,
2009. 41



Bibliography 137

[23]

[24]

[25]

[26]

[27]

28]

[35]

A. Chambolle. Convex representation for lower semicontinuous envelopes of funtionals
in L'. Journal of Convex Analysis, 8(1):149-170, 2001. 63, 65

A. Chambolle, B. Merlet, and L. Ferrari. A simple phase-field approximation of the
Steiner problem in dimension two. Advances in Calculus of Variations, 12(2), 2016.
50, 51, 103, 104, 105, 108, 110, 116, 117

A. Chambolle and T. Pock. Diagonal preconditioning for first order primal-dual
algorithms in convex optimization. 2011 International Conference on Computer
Vision, Barcelona: 1762-1769, 2011. 95

A. Chambolle and T. Pock. A first-order primal-dual algorithm for convex problems
with applications to imaging. Journal of Mathematical Imaging and Vision, 40(1):120—-
145, 2011. 71, 74, 79, 84, 100

T. F. Chan and J. Shen. Variational image inpainting. Communications on pure and
applied mathematics, 58(5):579-619, 2005. 61

L. C. Evans and W. Gangbo. Differential equations methods for the Monge—
Kantorovich mass transfer problem. Memoirs of the American Mathematical Society
137, 1999. 52

E. Facca, F. Cardin, and M. Putti. Towards a stationary Monge-Kantorovich dynamics:
The Physarum Polycephalum experience. arXiv:1610.06325v1 [math.NA]. 52

E. Facca, S. Daneri, F. Cardin, and M. Putti. Numerical solution of Monge—
Kantorovich equations via a dynamic formulation. arXiv:1709.06765 [math.NA].
52

M. Fampa, J. Lee, and N. Maculan. An overview of exact algorithms for the Euclidean

Steiner tree problem in n-space. International Transactions in operational research,
23:861-874, 2016. 48

H. Federer. Geometric measure theory. Volume 153 of Grundlehren der mathematischen
Wissenschaften. Springer, 1969. 128

L. A. D. Ferrari, C. Rossmanith, and B. Wirth. Phase field approximations of branched
transportation problems. arXiv:1805.11399 [math.OC]. 2, 47, 104, 105, 106, 108, 113

R. Fonseca, M. Brazil, P. Winter, and M. Zachariasen. Faster exact algorithm
for computing Steiner trees in higher dimensional Fuclidean spaces. Presented

at the 11th DIMACS Implementation Challenge Workshop, Providence, RI, 2014.
http://dimacs11.cs.princeton.edu/workshop /FonsecaBrazilWinterZachariasen.pdf. 48

E. Gilbert and H. Pollak. Steiner minimal trees. SIAM Journal of Applied Mathematics,
16(1):1-29, 1968. 48



138 Bibliography

[36] E. De Giorgi, M. Carriero, and A. Leaci. Existence theorem for a minimum problem
with free discontinuity. Archive for Rational Mechanics and Analysis, 108(3):195-218,
1989. 12

[37] E. De Giorgi and T. Franzoni. Su un tipo di convergenza variazionale. Atti della
Accademia Nazionale dei Lincei. Classe di Scienze Fisiche, Matematiche e Naturali.
Rendiconti Serie 8 (58):842-850, 1975. 10

[38] D. Juhl, D. M. Warme, P. Winter, and M. Zachariasen. The GeoSteiner software
package for computing Steiner trees in the plane: an updated computational study.
Mathematical Programming Computation, 10(4):487-532, 2018. 48

[39] L. Kantorovich. On the transfer of masses. Doklady Akademii Nauk USSR, 37:7-8,
1942. 32

[40] N. Maculan, P. Michelon, and A. Xavier. The Euclidean Steiner tree problem in
R™: A mathematical programming formulation. Annals of Operations Research,
96(1):209-220, 2000. 48

[41] F. Maddalena and S. Solimini. Transport distances and irrigation models. Journal of
Convex Analysis, 16(1):121-152, 2009. 39

[42] F. Maddalena, S. Solimini, and J.-M. Morel. A variational model of irrigation patterns.
Interfaces and free boundaries, 5(4):391-415, 2003. 33, 38

[43] G. Dal Maso. An introduction to I'-convergence. Birkhéduser, Basel, 1993. 10

[44] M. Matuszak, J. Miekisz, and T. Schreiber. Solving ramified optimal transport
problems in the Bayesian influence diagram framework. In International conference

on artificial intelligence and soft computing, Lecture Notes in Computer Science:
582-590, 2012. 48

[45] J. M. L. Maubach. Local bisection refinement for n-simplicial grids generated by
reflection. SIAM Journal on Scientific Computing, 16(1):210-227, 1995. 19

[46] Z. A. Melzak. On the problem of Steiner. Canadian Mathematical Bulletin, 4(2):143~
148, 1961. 48

[47] L. Modica and S. Mortola. Un esempio di I'-convergenza. Bollettino della Unione
Matematica Italiana B, 14(1):285-299, 1977. 2, 13, 50

[48] G. Monge. Mémoire sur la théorie des déblais et des remblais. Histoire de I’Académie
Royale des Sciences de Paris: 666-704, 1781. 32

[49] A. Monteil. Uniform estimates for a Modica-Mortola type approximation of branched
transportation. ESAIM Control Optimisation and Calculus of Variations, 23(1):309—
335, 2017. 48, 49, 50



Bibliography 139

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

D. Mumford and J. Shah. Optimal approximation by piecewise smooth functions and
associated variational problems. Communications on Pure and Applied Mathematics,
17:577-685, 1989. 2, 11

E. Oudet and F. Santambrogio. A Modica—Mortola approximation for branched
transport and applications. Archive for Rational Mechanics and Analysis, 201(1):115-
142, 2011. 48, 49, 50, 52, 103

P. Pegon, F. Santambrogio, and Q. Xia. A fractal shape optimization problem in
branched transport. arXiv:1709.01415 [math.OC], 2017. 50

J. Piersa. Ramification algorithm for transporting routes in R?. 2014 IEEE 26th
International Conference on Tools with Artificial Intelligence, Limassol: 657664,
2014. 48

T. Pock, D. Cremers, H. Bischof, and A. Chambolle. An algorithm for minimizing the
Mumford—-Shah functional. 2009 IEEFE 12th International Conference on Computer
Vision: 1133-1140, 2009. 18, 63, 71

T. Pock, D. Cremers, H. Bischof, and A. Chambolle. Global solutions of variational
models with convex regularization. SIAM Journal on Imaging Sciences, 3(4):1122—
1145, 2010. 18

H. J. Promel and A. Steger. The Steiner tree problem. A tour through graphs,
algorithms, and complexity. Advanced Lectures in Mathematics. Vieweg, 2002. 33

QuocMesh. Using and Programming the QuocMesh Library. QuocMesh
Collective. Version 1.5, 2014.  https://archive.ins.uni-bonn.de/numod.ins.uni-
bonn.de/software/quocmesh/1.5/doc/lib/index.html. 89

J. Rasch. Advanced convex analysis for improved variational image reconstruction.
PhD thesis, Westfélische Wilhelms-Universitat Miinster, 2018. 74, 75

S. Repin. A posteriori error estimation for variational problems with uniformly convex
functionals. Mathematics of Computation, 69(230):481-500, 1999. 86

F. Santambrogio. Optimal transport for applied mathematicians. Birkhéuser, Basel,
2015. 32, 37

W. D. Smith. How to find Steiner minimal trees in Euclidean d-space. Algorithmica,
7(1-6):137-177, 1992. 48

R. Stevenson. The completion of locally refined simplicial partitions created by
bisection. Mathematics of Computation, 77(261):227-241, 2007. 19

C. T. Traxler. An algorithm for adaptive mesh refinement in n dimensions. Computing,
59:115-137, 1997. 19, 20, 22



140 Bibliography

[64] R. Verfirth. A posteriori error estimation and adaptive mesh-refinement techniques.
Journal of Computational and Applied Mathematics, 50:67-83, 1994. 19, 86

[65] C. Villani. Topics in optimal transportation. Volume 58 of Graduate Studies in
Mathematics. American Mathematical Society, Providence, 2003. 32

[66] C. Villani. Optimal transport, old and new. Volume 338 of Grundlehren der mathe-
matischen Wissenschaften. Springer, 2008. 32, 52

[67] B. Wirth. Phase field models for two-dimensional branched transportation problems.
arXiv:1805.05141 [math.OC]. 104

[68] Q. Xia. Optimal paths related to transport problems. Communications in contempo-
rary mathematics, 5(2):251-279, 2003. 33, 34, 37, 48

[69] Q. Xia. Numerical simulation of optimal transport paths. In 2010 Second International
Conference on Computer Modeling and Simulation, 2008. 48, 52

[70] Q. Xia. Motivations, ideas and applications of ramified optimal transportation.
ESAIM: Mathematical Modelling and Numerical Analysis, 49(6):1791-1832, 2015. 48

[71] G. Xue, T. P. Lillys, and D. E. Dougherty. Computing the minimum cost pipe
network interconnecting one sink and many sources. SIAM Journal on Optimization,
10(1):22-42, 1999. 52









	Introduction
	Mathematical preliminaries
	Basic notation
	Functions of bounded variation
	-convergence and equi-coercivity
	The Mumford–Shah image segmentation problem
	Phase field approximation of the Mumford–Shah functional
	Functional lifting of Mumford–Shah-type problems

	Adaptive finite elements for functional lifting problems
	Triangular prism finite elements
	Finite element function spaces


	Review of methods for transportation network problems
	Optimal transport and transport networks - A brief overview
	Branched transport
	Eulerian formulation
	Lagrangian formulation

	Urban planning
	Wasserstein formulation
	Eulerian formulation
	Lagrangian formulation
	Generalized urban planning

	Existence and properties of minimizers
	Numerical approaches
	Branching point optimization
	Phase field approximations
	Time-dependent PDE-based methods
	Discussion


	Numerical optimization of transportation networks via functional lifting
	Model
	Reformulation as image inpainting problems in two dimensions
	Functional lifting of the branched transport and urban planning energy

	Analysis
	Original formulation versus convexification
	Reduction of the set K for piecewise constant functions

	Numerical optimization with finite differences
	Discretization
	Algorithm
	Convergence of the algorithm
	Results
	Discussion

	Numerical optimization with finite elements on adaptive triangular prism grids
	Discretization
	Algorithm
	Projection onto Kh
	Refinement criteria
	Results
	Uniform versus adaptive grid
	Comparison of different refinement strategies
	Discussion


	A phase field approximation approach
	Model
	Analysis
	Existence of a minimizer
	-convergence and equi-coercivity

	Numerical optimization
	Discretization
	Optimization
	Discrete -convergence
	Results
	Phase field locking
	Discussion and outlook


	Conclusion and outlook
	Appendices
	Construction of a vector field
	Bibliography

