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Abstract

Optimal transport is an area of mathematical research that has been gaining popularity in
recent years in various application fields such as economics, statistics or machine learning.
Two important factors behind its increasing popularity are its modelling flexibility and the
ever-expanding range of available dedicated computational tools.

Unbalanced optimal transport is a generalization that allows for the comparison of measures
with different mass, which is more appropriate in some applications. In this thesis, we consider
the barycenter problem (i.e. finding a weighted average) between several input measures with
respect to the unbalanced Hellinger—Kantorovich metric. In particular, we focus on the case with
an uncountable number of Dirac input measures. We study existence, uniqueness and stability
of the solutions, and demonstrate the intricate behavior of the barycenters with respect to the
length scale parameter using analytical and numerical tools.

Another important variant is branched transport, where the transport cost encourages the
formation of branched transportation networks. We focus in this thesis on its convex relaxation in
terms of multimaterial transport. In particular, we study the multimaterial problem in a setting
when only a single topology of the solution is admissible and describe the simple structure of the
dual solution in this case. We then formulate a problem with 3 sources and 1 sink where two
candidate solutions of different topologies give the same transportation cost, study its properties
and characterize the solution set.
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“I move uphill without a stop,

I waste no time.

And in the world there is no top
You cannot climb.”

— Vladimir Vysotsky
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1 Introduction

Optimal transport is a scientific domain which studies the problem of finding the most cost-
efficient way to transport one input distribution to another. As many processes in various spheres
of life and science are controlled by a shortest path principle or a minimum energy principle,
optimal transport finds applications in different areas. While historically optimal transport was
developed for engineering [97], and logistics and economics [116, 75, 79], nowadays it is also
efficiently used in computer graphics [94], computer vision [114], computational biology [109],
medical imaging [70], statistics [78], machine learning [47], fluid mechanics [6] and many other
fields.

Optimal transport offers a natural way to define a distance in the space of distributions,
allowing to compare and interpolate between input distributions (see [4, Lecture 8] on metric
properties of optimal transport and Wasserstein distance). With its broad range of generalizations
and adaptations, optimal transport offers a powerful analytical tool (e.g. in the studies of
partial differential equations [60]) as well as a rich variety of computational methods [104].
However, it should be noted that optimal transport problems (especially in higher dimensions)
are computationally expensive (as compared to the alternative measure comparison options,
such as LP or Mahalanobis distance), which leads to a constant interest in the development and
adaptation of computationally efficient numerical methods [49, 67].

A major drawback of the standard optimal transport is that it only works for measures of
the same total mass, which is not suitable in many applications, for example when the initial
data is subject to substantial noise and renormalization can lead to undesired effects. One of
the settings proposed to lift his constraint is unbalanced transport, which generalizes the optimal
transport problem to input measures with unequal total mass. Unbalanced optimal transport
has been studied for example in [10, 40, 42, 86] and found its applications in many fields, such
as machine learning [8], medical imaging [62] or bioinformatics [73]. We focus in this work in
particular on the Hellinger-Kantorovich distance (see [86] for an in-depth study and [36] for a
compact summary of some important properties and comparison with the Wasserstein distance).

An interesting problem arising in different application areas is the barycenter problem —
the problem of finding a (weighted) average of several input distributions with respect to a
chosen metric. The barycenter problem in balanced optimal transport setting (in particular,
in Wasserstein-2 distance) was proposed in [1] and studied in more detail in [103, 50, 21]. The
barycenter problem has also been extended to the unbalanced setting, in particular, for the
Hellinger—Kantorovich distance the barycenter problem has been studied in [65, 43]. One of the
settings proposed in [65] is the barycenter problem between several Dirac measures: While the
Wasserstein barycenter of any number of input Dirac measures is known to be a single Dirac
measure [1], the Hellinger—Kantorovich barycenter exhibited non-trivial structure depending on
the length scale parameter, even including some diffused solutions, which presents an interesting
challenge for further research.
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While standard optimal transport does not take the interaction between masses into consid-
eration, in many applications combined transfer of resources is more advantageous than the
individual one, leading to the so-called branching behavior. Generally, a lot of natural and man-
made objects appear as branching structures, such as for example vascular systems in plants [95]
and animals [123], tree branches [105], lightning strikes [74] or computer networks [118], gas
pipelines [20], and electric power lines [106].

There are different optimal transport models incorporating the described property: In branched
transport [122, 90, 32], the optimal transport cost is selected to be concave, to encourage the
masses to travel in bulk. In urban planning [31], the cost of transportation is defined separately,
for transport on a network and (a generally higher cost) for transport outside of the network,
thus bringing the network ramification. In multimaterial transport [92], transport of mass of
different types is performed, and the cost of transporting different materials together is reduced
when compared to separate transport. These three problems, although seemingly describing
the optimal transport from different perspectives, turn out to have a lot in common, namely,
under some assumptions, branched transport and urban planning problems can be shown to be
equivalent [88, 89], and the multimaterial transport problem can be shown to be their convex
relaxation [92, 87]. Multimaterial transport has also been gaining some popularity on its own in
recent years, including for example the mailing problem [37] or the power line communication
technology modelling [91].

Multimaterial transport problem (in the general setting) is an infinite dimensional convex
optimization problem. Therefore, the numerical schemes have to rely on discretization [22, 93],
which in the case of the multimaterial problem has to be considered with care, as the chosen mesh
has to be a good representation of the edges of the optimal network. The development of efficient
numerical methods is therefore only possible if the behavior of solutions of the multimaterial
transport problem is examined more closely, at least in simplified settings.

The thesis is organised as follows.

Chapter 2: Background provides some background for this study, and is used to lay out
the notation, recall some definitions from different areas of mathematics, in particular convex
analysis, optimal transport theory, and numerical mathematics, and show the context of the
research presented in this thesis.

Chapter 3: Hellinger—Kantorovich Barycenter discusses the properties of barycenters in
the Hellinger—-Kantorovich metric. Motivated by the non-trivial behavior discussed in previous
studies of the problem, we investigate the barycenters in the particular cases of a continuum of
general measures and of Dirac measures using both analytical and numerical tools. The results
presented in this chapter have been published in [23].

Chapter 4: Branched and Multimaterial Transport focuses on the branched and
multimaterial transport problems. As these problems are known to be difficult to solve, we
focus on some specific settings of multimaterial transport, namely, we consider a case when only
one network configuration is possible from the givens, and a low-dimensional case when two
specific configurations are allowed simultaneously. We also present two numerical schemes for
the multimaterial problem and perform some experiments to support our findings and gain more
insights into the intricate behavior of the solutions. The results, presented in this chapter, are
currently being prepared for publication as [24].
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This chapter presents the necessary background for the thesis. Here we introduce notation, recall
definitions and provide important theoretical results, which will be used in further chapters.

The first section focuses on optimal transport in balanced and unbalanced settings and provides
a brief discussion of displacement interpolation. The next section is devoted to the elements of
convex analysis and convex duality theory. The last section of this chapter gives a small overview
of common numerical approaches for optimal transport.

Throughout the thesis, for a compact metric space (X, dy) we denote by C(X) the space of
continuous real valued functions equipped with the sup-norm and by C* (X) the set of continuously
differentiable functions whenever applicable.

We denote by M(X) the space of Radon measures equipped with the total variation norm, the
subsets of non-negative and probability measures are denoted by M, (X) and P(X) respectively.
We consider on M(X) the weak™ topology induced via duality with C(X). For u € M4 (X) one
has |l = p(X).

2.1 Optimal transport

2.1.1 Balanced optimal transport

Monge formulation
The Monge formulation of optimal transport problem relies on the notion of push-forward
measures:

Definition 2.1.1. Let X,Y be compact metric spaces, u € M(X) a signed Radon measure,
T : X — Y a measurable function. The measure Typu € M(Y') is called a push-forward of p
along T if

| e@@ ) = [ o@@)an) voe o).
Y X

In modern terms, the formulation of the optimal transport problem first proposed by Gaspard
Monge [97] is as follows: Given two probability measures p € P(X),v € P(Y) and a Borel cost
function ¢: X x Y — [0, 00|, find a transport map T such that

inf {/Xc(x,T(az))du(x) ’ T:X Y Typ= y} . (2.1.1)

Because of its nonlinearity, problem (2.1.1) and its properties have remained unstudied for
a long time. In 1885 the French Academy of Science announced a prize for the research of

properties of the original problem given by Monge (with the cost function ¢(z,y) = |z — y|) under
the assumption that the solutions exist. The prize was awarded to Paul Appell (see [5] and [108]
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for historical context). The questions of existence of solutions were only later formulated by
Alexander Vershik in 1970 [119], and then studied further in the works of Vladimir Sudakov [115],
Luigi Ambrosio [3], Lawrence Evance and Wilfried Gangbo [60], Neil Trudinger and Xu-Jia
Wang [117], Luis Caffarelli, Mikhail Fekdman and Robert McCann [35] and others. Some of the
results were obtained using the relaxed formulation of the optimal transport problem, given by
Kantorovich, which we recall next.

Kantorovich formulation

More than 150 years later, the soviet mathematician Leonid Kantorovich introduced a different
formulation of the optimal transport problem [75]. This formulation, usually referred to by his
name, relies on the notion of transport plans or couplings:

Definition 2.1.2. Given two probability measures p € P(X),v € P(Y), the set of transport
plans between the two is defined as

I(p,v) ={yeP(X xY) | Pi1y=upu, Poy =v}, (2.1.2)

where operators P; and Po map their operands to first and second marginal respectively, that is
P1y = [(z,y) = z]yv and Poy = [(z,y) = ylp7-

Kantorovich’s formulation of optimal transport is to find a transport plan that solves the
following problem:

inf{/Xxyc(:z:,y)dy(:n,y) ' 'yEF(,u,u)}. (2.1.3)

One can see that this formulation of optimal transport problem is in fact a (potentially infinite
dimensional) linear program, i.e. an optimization problem with linear objective function under
linear constraints, which makes it far easier to study its properties. It should also be noted that
when an optimal solution of the Monge problem 7' exists, an optimal solution of the Kantorovich
problem can be constructed as v = (Id,T)xp, where Id is the identity function. Therefore, the
Kantorovich formulation is sometimes referred to as the relazation of the Monge problem.

The transport problem was also considered (in finite-dimensional setting) independently by
other authors, for instance in 1930 by Aleksei Tolstoy [116], in 1941 by Frank Hitchcock [72],
and later in the 1940s by Tjalling Koopmans [79] and George Dantzig [51, 52]. After learning
about each other’s works, Koopmans and Kantorovich have communicated on the topic in the
later 1950s [120], and in 1975 they were awarded the the Sveriges Riksbank Prize in Economic
Sciences in Memory of Alfred Nobel for “their contributions to the theory of optimum allocation
of resources” [99].

Wasserstein distance
An important property of optimal transport is that one can define a distance between probability
measures:

Definition 2.1.3. Assume X =Y, and let ¢(x,y) = d(z,y)P for some p € [1,00), where d is a
distance on X. Then the p- Wasserstein distance on X is

W, (i, v) = {inf/X?X d(z, y)Pdy(z,y) ‘ v e T(u, V)}”. (2.1.4)
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The p-Wasserstein distance can be shown to satisfy the distance axioms (see e.g. [104, Propo-
sition 2.3]). An important property of the Wasserstein distance is its relation to the weak
convergence:

Theorem 2.1.4 (Basic properties of W), [121, Theorems 6.9, 6.18]). Let (X,d) be a compact
metric space. The Wasserstein distance W metrizes the weak™ topology over P(X). The metric
space (P(X), W) is separable and complete.

2.1.2 Unbalanced optimal transport

In the previous section, we were considering the transport between two probability measures
we P(X),ve P(Y). However in practice the marginals p € My (X),v € M (Y) sometimes
have different total mass, meaning that their renormalization could lead to some undesired effects.
Therefore, it has been proposed to use the unbalanced optimal transport — an unconstrained
optimization problem, where the marginal deviation is penalized with some divergence function D
(see [104, Section 10.2]):

inf Ay (z,y) + e1D(P1A|p) + eaD(Pary|v).
it cdeate) + PPl + 2D P )

One of the common choices is the Kullback-Leibler divergence D(:|-) = KL(-|).

Definition 2.1.5. For y € M(X), v € My (X) the Kullback-Leibler divergence (or relative
entropy) of u w.r.t. v is given by

d—”) dv, ifp<<v, u>0
KL(,U,|I/) — /)‘((70 (dy ) N 9 /L - 9
400, else,

where ¢: R — R U 0o is defined by

slog(s) —s+1, ifs>0,
p(s) =<1, if s =0,

400, else,

i < v means that p is absolutely continuous with respect to v, i.e. for every measurable subset
A C X, v(A) = 0 implies u(A) = 0, and du/dv denotes the Radon—Nikodym derivative of p
w.r.t. v.

In particular, with D = KL, for ¢(z,y) = ||z — y||* the unbalanced problem leads to the
squared Gaussian—Hellinger distance [86] and for
—2logcos(|x —y|/k), if |z —y| < k7/2,
c(x,y) = .
400, otherwise
it gives the squared scaled Hellinger-Kantorovich distance (also known as Wasserstein—Fisher—

Rao distance) [41, 86], with k > 0 a length scale parameter (see a more detailed description in
Chapter 3).
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2.1.3 Displacement interpolation

Returning to the Monge formulation (2.1.1) in R™ and assuming an optimal map 7" with Tup = v
exists, let us select a parameter ¢ € [0, 1] and consider the map

Ty = (1—t)Id +tT.

The interpolation
pr = (Ty)pp = ((1—t)Id + tT)#,u

is called displacement interpolation or McCann’s interpolation and can be interpreted as moving
along a geodesic with respect to the Wasserstein distance W), [66].
In the case p = 2, displacement interpolation can also be obtained as a solution of

pr = argmin { (1 — t)Wa(p, ) + tWa(p, v)?},
p

see for example [104, Section 7.1]. This perspective allows generalizing the problem to the
barycenter problem. Let (ug)r with px € P(X) be the input probability measures, and let (Ag)g:
Ak >0, >, A, = 1 be the corresponding weights. The Wasserstein barycenter p € P(X) can
then be defined as follows [1]:

€ argmin NeWa (T, )%
p € argr zk: kWal(T, i)

The barycenter problem has also been generalized to the unbalanced optimal transport setting,
see for example [43, 65] and Chapter 5 of this work.

The notion of displacement interpolation is also closely related to the so-called dynamic (or
geodesic) formulations of the optimal transport problem.

Jean-David Benamou and Yann Brenier in the seminal work [11] presented the following
result, which is now often referred to as Benamou—Brenier formula. When X = R" and
cost c(z,y) = | — y|?, the squared Wasserstein-2 distance between p,v € P(X) (see (2.1.4))
is equivalent to the problem of finding an optimal curve p; and associated velocity field vy
minimizing the following functional

1
inf {/ / lvs ()| 2dpe(x)dt | (pg,ve) : Oppe + dive(veps) = 0, po = i, p1 = y} , (2.1.5)
0 n

i.e. the Wasserstein-2 distance can be expressed in terms of solutions of a continuity equation
(here we only present the dynamic problem formally, see the original work [11] and [4, Chapter 9]
for the details). The authors also proposed a momentum change of variables motivated by the
fluid mechanics interpretation which allowed them to obtain a convex objective functional with
affine constraints.

The Benamou—Brenier formula has later been generalized for other spaces and cost functions,
including some results for the unbalanced transport (see for example [10, 63, 13, 42, 111}).

As the dynamic model of Benamou and Brenier is formulated in terms of curves and velocity
fields, it belongs to the class of Fulerian models: Eulerian flow field models focus on space
and characteristics which are associated with it, while the alternative Lagrangian flow field
models focus on individual particles and their properties. There are also Lagrangian dynamic
formulations of optimal transport, which are specifically common in the applications allowing
interaction between mass particles (see for example [15, 33]).
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2.2 Elements of convex analysis and duality theory

This section contains some definitions and known results from convex analysis and (convex)
duality theory which will be used further in the thesis. Unless specified explicitly, the definitions
are given following [9].

Definition 2.2.1. Let X a locally convex space and S C X a convex set, let f: S — R. A
functional in the dual space v € X* is called the subgradient of f at xg € S if

f(x) — f(zo) > (v, —xy) Vx €S. (2.2.1)

The set of all subgradients of function f at xzq is called the subdifferential of f at xg and is
denoted 9f(xo).

The subdifferential is by definition a convex and closed set, although it might be empty.

We also introduce here the proximal operator as an important tool for analysis and numerical
methods.

Definition 2.2.2. Let X be a Hilbert space and f : X — R U oo proper lower semicontinuous
convex function. The proximal operator is defined as

proy (1) = gy { 1(0) + 3 o~ ol }. (2.22)

Proximal operator is closely related to the subdifferential:

p = proxs(z) &z —p € df(p). (2.2.3)

Definition 2.2.3. Let X be a normed vector space and f : X — R U oo be a function operating
on that space. The convexr conjugate or Fenchel-Legendre conjugate of function f is the function
f: X* = RUoo, defined on the dual space X* as

@) = sup {(z,2%) — f(2)} Va* € X*.
zeX
The following useful formula can be shown for the convex conjugate computations (see e.g. [28,
Section 3.3]). For some a,b,d,e € R and ¢ € Ry let g(x) = a + bx + cf(dx + €). Then for the
convex conjugate one finds

*—b
@) = —a—eX 2 4 cf* (x ) . (2.2.4)
cd
The following important result relates the convex conjugates and the subgradient.

Proposition 2.2.4 (Fenchel-Young inequality [107, Section 12]). For any function f : X — RUco
and its convex conjugate f*: X* — RU oo, for every x € X and x* € X* it holds that

(z,2") < f(z) + [ (7).
The equality holds if and only if x* € df(z).
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It can easily be seen from the definition that the convex conjugate of a function is always lower
semicontinuous. In the view of that, the following result is important:

Theorem 2.2.5 (Fenchel-Moreau [4, Theorem 3.4]). For a proper function f and its biconjugate
= (f")*, it holds that f = f** if and only if f is a lower semicontinuous convez function.

We next state an important result on duality for optimization problems, which is used often
throughout the thesis.

Theorem 2.2.6 (Fenchel-Rockafellar [107, Theorem 31.1]). Let X,Y be normed vector spaces,
G:X—>RUxxand F:Y - RUoo. Let A: X =Y be a linear bounded transformation from
X tY.

Let p € RUoo be the primal value
p= 12;[”( F(Az) + G(x), (2.2.5)

and d € RU —oo be the dual value
d= sup —F*(—y*) - G*(A*y"), (2.2.6)
y*ey*

where Y* is the dual space of Y, F* and G* are the convex conjugates of functions F' and G,
and A* is the adjoint operator of A.

Then these values satisfy the weak duality, i.e. p > d.

If additionally functions F' and G are proper convex, lower semicontinuous and either of the
following conditions is satisfied

Iz € X : (G(Z) < +0) and (F(AZ) < +o0) and

[(G is continuous at T) or (F is continuous at Azx)], (2.2.7)

g eY*  (F*(y") < +o0) and (G*(—A*y") < +00) and
[(F™ is continuous at y*) or (G* is continuous at — A*y*)], (2.2.8)
then the strong duality holds, i.e. p = d. When (2.2.7) is satisfied, the supremum of the dual

problem is attained whenever it is finite. When (2.2.8) is satisfied, the infimum of the primal
problem is attained whenever it is finite.

Next we state and briefly discuss the dual optimal transport problem, for which the following
definition will be useful.

Definition 2.2.7. For a set S C R"™ we denote by ug its indicator function:

_{O, ifsels,

15(s
s(s) 400, else.

Function 2g is a convex if and only if S is a convex set.
We note that this function is sometimes called characteristic function of the set, however we
are following the convention of [107].
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Example 2.2.8 (Dual formulation of optimal transport). The dual problem for the balanced
optimal transport problem (2.1.3) is

sw{Lw@w@+A¢@w@‘
(p,9) € C(X) x C(Y) : p(x) +9Y(y) < c(z,y) Vx,y}- (2.2.9)

This problem is sometimes called Kantorovich—Rubinstein formula, and the dual variables ¢ and
1 are called dual potentials or Kantorovich potentials.
Let us briefly show the derivation using the Fenchel-Rockafellar theorem in the case when the

cost function ¢(z,y) = ||z — y||* (see [3, Lecture 3] for more general settings). We choose
d if y>0
G:P(X xY)—RUc, G(y) = {fXXYC(*'”’y) V(@.y), iy 20,
400, otherwise,
F: P(X) X P(Y) - {07 OO}, F(U,U) = Yu=pv=v}>
A:P(X xY) = P(X) x P(Y), Ay = (P17,P2y).

Recalling here that the convex conjugate of a linear functional f(z) = (a,x) is f*(x*) = 13x—q(z™)
and the conjugate of an indicator function of the form f(z) = 13— () is f*(x*) = (a, z*) (see
for example [28, Chapter 3]), we can then write down the following expressions for the convex
conjugates G* and F™*:

if < V. X Y

400, otherwise,
F* O(X) x C(Y) 5 R, zw%w—émwwm+£w@w@.

From the definition of the adjoint operator (Az,z*) = (x, A*z*) Vo € X,z* € X*, we can
compute also

A" C(X) x C(Y) = C(X xY), Ap,¥)(z,y) = p(z) +P(y).

We also note that in the chosen setting both F' and G are proper convex and lower semicontin-
uous, operator A is a linear bounded map. Let ¢(z) = x and ¢(y) =y forx € X and y € Y.
Function F* is continuous and finite at (z,y) and G*(—A*(xz,y)) = 0 is finite, so condition (2.2.8)
is satisfied and therefore strong duality holds.

Theorem 2.2.9 (Primal-dual optimality conditions [107, Theorem 31.3]). For the optimization
problems as in Theorem 2.2.6, a primal-dual pair (z,y*) € X x Y* is optimal if and only if

Az € OF*(—y*) < —y" € 0F(Ax) & F(Az)+ F*(—y*) = — (A"y",z), (2.2.10)

A*y* € 0G(x) & x € IG*(AYY") & Gz)+ G (A%y") = (A"y", x). (2.2.11)




2 Background

Example 2.2.10 (Primal-dual optimality conditions for optimal transport). For the balanced
optimal transport, a primal feasible v (2.1.3) and a dual feasible pair (p,) (2.2.9) are optimal
if and only if

spt (7) C {(w,y) € X XY : p(2) +9(y) = c(z,9)}- (2.2.12)

For the primal candidate 7, dual candidates (p,1) and F,G and A as in the Example 2.2.8
condition (2.2.10) gives the marginal constraints:

Piy =p, Poy =wv.

The second condition (2.2.11) can be written as

(o4 — o) = {0, i9(@,y) 20, ¢@)+9() —e(e,y) SO Vo€ X,y €Y,
400, otherwise.

By studying the case when the obtained expression is finite, we can find out the following
slackness conditions: Whenever y(z,y) > 0 and ¢(z) + ¥ (y) — ¢(z,y) < 0, the right side of the
expression is equal to 0, and so should the left side, meaning that ¢(z) + ¢¥(y) — c(z,y) = 0;
when v(z,y) = 0 and ¢(z) + ¢¥(y) — c(z,y) < 0, both sides are equal to 0 even if the second
condition is satisfied as a strict inequality. Therefore, we conclude that for any x € X,y € Y, if
v(z,y) > 0, then ¢(z) + ¥ (y) = c(z,y), which can also be written as (2.2.12).

2.3 Numerical approaches for optimal transport

In this section, we briefly discuss some numerical methods and techniques for optimal transport.
It is not meant as a full taxonomy, but rather just shows the diversity and variety of the existing
methods and puts this research into context.

Linear programming

As mentioned earlier in this chapter, optimal transport can be seen as a special case of linear
programming. Therefore, the solvers developed for linear programs can also be applied to discrete
optimal transport problems.

The first broad class of methods for linear programming is the methods which follow the
boundary of the feasible set of the problem until a vertex of the optimal solution is reached. The
methods of this class are the simplex method developed by Dantzig in the 1940s (the original
paper is classified, see instead the paper on generalized simplex method by Dantzig et al. [55]
and the historic overview [53]) and its variations and generalizations, such as network simplex
method [52, 48], dual simplex method [83], or primal-dual simplex method [54].

Another large group of methods commonly used for linear programming is interior point
methods, also known as barrier functions methods. In the methods of this class, the linear
program is converted into an unconstrained minimization problem by adding a barrier term
which penalizes leaving the feasible set. Different versions of interior point methods for linear
programming were proposed among others by Dikin [56], Khachyan [77] and Karmakar [76].

It can be noted that there are also methods for solving linear programs that do not belong
to either of the two classes above (e.g. a method proposed by Seidel [112] or Meggido’s
algorithms [58]), however, the methods from the discussed classes remain prevailing.

10
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Linear assignment problem
An important special case of optimal transport problem is the linear assignment problem:

min {(C,z) | x € {0,1}"":Piz =1,,Pox =1,}, (2.3.1)

where C' € R™*" is the cost matrix, (-, ) denotes Frobenius inner product, 1,, is the vector with
all entries 1, and the projection operators are Py = » 0 x5 and Pox = Y I 2.

One of the first efficient numerical methods for the linear assignment problem called Hungarian
method was proposed by Kuhn [81]. It is a direct method, which first selects a dual feasible
solution and then improves it on every step until the optimal assignment is found or the problem’s
infeasibility is established.

Another commonly used linear assignment solver is the auction algorithm due to Bertsekas [16].
It is an iterative algorithm, which solves a relaxed assignment problem and finds partial assign-
ments on each iteration. The method is especially efficient when implemented together with an
e-scaling technique — applying the algorithm several times with a decreasing relaxation parame-
ter £ [17]. The auction algorithm has later been adapted to the general discrete transportation
problem [19].

Some of the general linear programming algorithms have also been adapted to the specifics
of the linear assignment problem, for example, the dual simplex [69]. See also [57] for a broad
overview of other algorithms for linear assignment problems.

Although the methods of linear programming are well-developed and well-studied, they
generally lack efficiency when applied to large-scale optimal transport problems, which becomes
particularly daunting when one (or both) of the input measures are not represented as a sum of
single Dirac measures and require discretization.

Based on partial differential equations

As already stated in Section 2.1.3, in some cases, the Wasserstein distance between two
given measures can be expressed through solutions of a continuity equation. The original paper
by Benamou and Brenier proposes a variant of an augmented Lagrangian method on a finite
difference staggered grid for numerical solution of the dedicated optimization problem [11].
Numerical schemes involving similar grids combined with various proximal splitting methods
have been proposed and studied in [102]. A solver based on nested finite volume discretization
and interior point method was proposed in [98].

Another wide class of methods is based on solving the Monge-Ampere equation. The Monge—
Ampeére equation is a non-linear elliptic partial differential equation, which we introduce as follows
after [14]. Assuming X,Y C R"™ compact and turning to the Monge formulation of optimal
transport (2.1.1) for quadratic cost c¢(x,y) = ||z — yHQ, one can write the mass preservation
condition foramap T : X — Y as

v(T)det(VT) = p, (2.3.2)

where Vu is the gradient of the function u. One can then represent the unique map 7} minimizing
(2.1.1) as a gradient of a convex function u : X — R, i.e. Ty = Vu. Formally substituting it
into (2.3.2), one obtains the Monge-Ampere equation:

det(D%u(z)) = V(gf()m)), for z € X,

11
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with the conditions that u is convex and that the gradient map takes X to Y: Vu(X) =Y (here
D2y is the Hessian of the function u).

The authors of [14] propose relaxation of the boundary conditions and offer a review of several
dedicated domain discretization approaches and solution methods.

Some other insightful examples of partial differential equations in connection with optimal
transport together with a discussion of strategies for their solution can be found in [60].

Semi-discrete transport

In the problems of semi-discrete transport, the transport is conducted between a discrete and
a continuous measure. It should be noted that semi-discrete transport has its own applications,
however it can also be used as a discretization of a continuous transport problem [96]. In
2D and 3D the problem can be constructively viewed from a geometric perspective: For costs
c(z,y) = ||z — y|| and c(x,y) = ||(]| * — y)?, the space of the continuous input measure can be
discretized using Laguerre cells (or their generalizations), where each cell should be mapped into
a separate component of the discrete measure [104, Chapter 5]. Numerical schemes for more
general settings based on solving the Monge—Ampére equation have been proposed and discussed
in [100, 7, 96]. Broad reviews of the numerical approaches can be found in [85] and [26].

Entropic optimal transport
Here we primarily follow the description of the entropic optimal transport and Sinkhorn
algorithm from [104, Chapter 4].

Definition 2.3.1. Entropy-reqularized optimal transport problem is

wr{ [ cotr(ea) +eKLG [ no0) \ vern . (23.3)

where € > 0 is a regularization parameter, u ® v € M (X x Y) is the product measure, i.e.

/ f(, ) d(n ® v)(z,y) = / £, ) du(z)dv(y),
XxY

XxXY

and
KL(v | 7) =/XY10g (3(%&)) d’y(wvy)ﬂt/xy(dﬂ(:r,y)—d'v(%y))

is a generalization of the discrete Kullback-Leibler divergence (see Definition 2.1.5) with a
convention KL(y | m) = 400 if v does not have density w.r.t. 7.

With e > 0, problem (2.3.3) is strictly convex. It can be shown that the unique solution of (2.3.3)
converges with € — 0 to the maximum entropy solution of the unregularized problem (2.1.3) [84].

The dual problem to (2.3.3) is given by

sun{ [ plaan(o) + [ vty —< [ e

—c(z,y)to(z)+P(y)
1>

dp(z)dr(y)
(1) € CLX) x C(V) .

Let the input marginals u,v be discrete so that p = Y, fi;d,, and v = Z;L:1 vjby; with
(i) C X, (y;) C Y, pe R, veRY. Let matrix C' € R™*" store the values of the cost function
c at the support of the discrete measures: Cj; = c(z;,y;). Let K € R™*" be defined as

_Cij

Kij:e £ .
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Sinkhorn’s algorithm consists in performing subsequent updates

(k1) — _H htt) — Y
U Too®’ v T D (2.3.4)
for k=0,1,2,... with arbitrary 00 ¢ R’ ; the division is performed component-wise. Vectors

u € R™ and v € R™ are called (diagonal) scaling factors. The regularized transport plan
v € R™*™ can then be retrieved as

Yij :uiKijvj, 1= 1,...,m, j: 1,...,n.
The dual potentials p € R™ ¢ € R"™ can be retrieved as

¢ = elog(u), Y = elog(v).

The algorithm is named after Richard Sinkhorn who first published convergence results for
iterations of the type (2.3.4) in [113], although methods based on similar iterations have been
considered before (see a short overview in [104, Remark 4.5]).

It is important to note that when the regularization parameter ¢ — 0, the regularized optimal
transport problem converges to the unregularized one, but the numerical stability of the Sinkhorn
iterations deteriorates, as the values of matrix K become too small and eventually comparable
to the computational error. This problem can be overcome by performing the computations in
the log domain, which however can lead to increased computational complexity. We refer to [110,
Section 3.1] for an approach offering a balance between stability and speed.

Apart from numerical instability, when € — 0, the algorithm also exhibits a slower convergence
rate. To remedy this, it has been proposed to use an e-scaling scheme [80, 110], similar to the
scheme used in the auction algorithm.

Another potential computational issue is the sparsity of the solution. In unregularized optimal
transport problems, the optimal transport plan is usually concentrated on a small subset of
the product space X x Y, and while the introduction of the regularization term diffuses the
solution, with the decrease of the value of £ the sparsity should be retrieved again. Therefore,
the numerical solver should be flexible to allow for different levels of resolution depending on
the current approximation. A dedicated kernel truncation procedure based on local duality gap
estimations together with a hierarchical multi-scale scheme can be found in [110]. An alternative
technique for sparsity preservation (based on Lagrangian problem description) has been proposed
in [61, Chapter 4].

It should be also noted that the Sinkhorn algorithm can be generalized and adapted to other
optimal transport problems, including unbalanced settings and barycenter problem [12, 41].

13



3 Hellinger—Kantorovich Barycenter

This chapter is devoted to the study of the barycenter problem in the Hellinger—Kantorovich
metric. The results presented in this chapter were published in [23].

Wasserstein barycenter problem introduced in [1] (see the statement in Section 2.1.3) can be
extended to the unbalanced setting by considering the barycenter problem with an unbalanced
optimal transport metric. For scaled Hellinger-Kantorovich distance (see Section 2.1.2), the
barycenter problem has been studied in [65, 43]. In particular, to better understand the role of the
scaling parameter k, the authors of [65] studied the case where the input measures are all Dirac
measures. Unexpectedly, even on some simple analytical and preliminary numerical examples,
they observed a non-trivial structure depending on the length scale parameter. The behavior
seemed reminiscent of hierarchical clustering methods where the number of clusters is chosen
automatically, depending on . Between transitions of different cluster numbers sometimes
a diffuse intermediate solution was observed. In these cases, the solution was shown to be
non-unique and a discrete solution was always shown to exist as well.

The goal of the research presented in this chapter is to study the Hellinger—Kantorovich
barycenter problem and the properties of its solutions in more detail, with a focus on the case of
Dirac marginals. This chapter is organized as follows.

Section 3.1 recalls some background on the Hellinger—Kantorovich distance.

Throughout Section 3.2 we study the HK barycenter problem between a continuum of general
(non-Dirac) input measures. We provide existence and stability under changes in the distribution
of input measures and scaling parameter r, including the limits k — 0 (Hellinger limit) or co
(Wasserstein limit). A dual problem is derived that will become instrumental in the analysis of
the Dirac case.

Section 3.3 is dedicated to the Dirac case. We give simplified expressions for the primal and
dual objectives and show existence and uniqueness of dual solutions, primal-dual optimality
conditions, and dual stability with respect to the variations in the distribution of the input Dirac
measures and the length scale parameter x. The solution for the x = 0 limit is given explicitly
and the asymptotic behavior as k£ — 0 is described in terms of total mass and local mass density
of the minimizer. Finally, we turn to the question of the sparsity of the minimizers. We give an
alternative proof to that of [65] that discrete minimizers exist when the distribution of the input
measures consists of a finite number of Diracs. But conversely, we also give analytical examples
for which no discrete minimizers exist for a continuum of marginal measures.

Section 3.4 discusses numerical approximation and examples. We propose a non-convex
Lagrangian discretization, reminiscent of methods for quantization problems. It provides high
spatial accuracy in the case of sparse solutions. Unlike the quantization problem, missing points
can be detected by sampling the dual potential. We illustrate that the evolution of the barycenter
is stable with respect to k, but far from a simple successive merging of clusters. Instead, a
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wide variety of transition behaviors is documented. The convergence of the barycenter as the
sequence of sampled empirical distributions of the input data converges to a “true” distribution
is visualized. We observe that for some values of k£ the HK barycenter seems to be unique
and can be approximated well numerically, whereas for other values (usually the “transition
regimes”) this proves to be quite challenging since either it is non-unique or the basin around the
minimizer is extremely shallow, as evidenced by very degenerate primal-dual slackness conditions.
Non-uniqueness of minimizers and a vast set of near-optimizers are common phenomena in
non-convex measure quantization, see e.g. [30, Section 4.1].

In conclusion, the HK barycenter between Dirac measures does not provide a novel straightfor-
ward method for hierarchical point clustering, since the evolution of the minimizer with respect
to the length scale parameter does not correspond to a simple successive merging of clusters, and
sometimes even only diffuse solutions exist. But it does provide an interpolation between the
input data and a single Dirac measure, parametrized by a single length scale parameter, that
can be interpreted as gradual coarse graining. It is provably stable with respect to the input
data and scale changes and comes with a corresponding sequence of dual problems with unique
solutions, that provide additional interpretation via the primal-dual optimality relations and
information for numerical approximation. A summarizing discussion is given in Section 3.5.

Author’s contribution

The author has made minor contributions to Section 3.2.

The author has made major contributions to Sections 3.3 and 3.4. In particular, in Section 3.3
the author contributed to formulating, validating or disproving the conjectures about the
properties of the barycenter of a continuum of Dirac measures. In Section 3.4 the author
was responsible for implementing, testing and improving the numerical schemes, as well as for
conducting numerical experiments and interpreting the results.

3.1 Hellinger—Kantorovich distance

Here we briefly recall the properties of Hellinger—-Kantorovich distance required in this chapter.
First we give an explicit expression for it already mentioned in Section 2.1.2 and then give an
alternative formulation.

Throughout this chapter we let 2 C R™ be a compact and convex set with non-empty interior.

For p,v € M4 (Q) the scaled Hellinger—Kantorovich distance HK,; is given by [86]

HK? (p, v) := inf {/QQ ¢u(z,y) dy(z,y) + KL(P1vy|un) + KL(P2y|v)

v e M+(Q2)} . (3.1.1)

where

(3.1.2)

(1) —2logcos(|lx —y|/k) for |z —y| < kKT/2,
Cu(x,y) =
Y +00 otherwise.

This is an optimal transport problem where the marginal constraints are relaxed and deviations
from the marginals ¢ and v are admissible and penalized by the Kullback—Leibler divergence,
allowing for changes of mass. Parameter £ > 0 is a length scale parameter that balances the
trade-off between transport and mass change. From the definition of ¢, we infer that mass is
never transported further than k7 /2, in particular k effectively re-scales the Euclidean distance
on 2, as elaborated in the following Remark.
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Remark 3.1.1. For x € (0,00) let S: Q — Q/k, x — x/k. Then for p,v € M4 () one obtains
that HK2(u, v) = HK}(Sxpu, Syv) where the latter distance is computed on M (Q/k). This
follows quickly from the fact that S is a homeomorphism between 2 and €2/k, implying for
instance KL(P17y|un) = KL(P1S4v[Sxun).

We also recall an alternative formulation for HK,;, as given by [42]. Let Cos: R — R denote
the truncated cosine function defined as

Cos(s) := cos (min{|s|, 7/2}) for s € R
and consider the following cost function ¢,: @ X R x Q@ x R - RU {co},

my + mg — 2./mimg Cos(|x1 — x2|/k) if my,mg >0,
400 otherwise.

cx(x1,my, x2,m2) = {

Then, the scaled Hellinger—-Kantorovich distance HK,, can be written as
HK? (1, v) = inf { / e (2, 52 (@,0),y, B2 (0,9)) dy(,y) ‘
02 v 2

Y1,72,7 € M4 (Q%), 71,72 < v and Pyy; = 1, Payg = V}- (3.1.3)

Note that 7 in (3.1.3) is just an auxiliary variable and the integral does not depend on the choice
of v by positive 1-homogeneity of ¢, in its second and fourth argument.
A dual formulation for (3.1.1) and (3.1.3) is given by [42]

HK? = )d ) du( 1.
w (V) ¢S¢L)1£QH [/w p(x /¢ v(y ] (3.1.4)

where the set Q) is defined by

w(l‘)a ¢(y) € (_007 1]7

= , C(Q2) x C(Q2) s.t.
Q {(TZJ ¢) € C(2) x C(Q) s.t (1—(x)(1 = ¢(y)) > Cos(|z — y|/r)

for all z,y € Q}

(3.1.5)

Theorem 3.1.2 (Basic properties of HK). For any k € (0,00), the Hellinger—Kantorovich
distance HK,, metrizes the weak* topology over M4 (). The metric space (M4 (), HKy) is
separable and complete. Furthermore, it is a proper metric space, i.e. every bounded set is
relatively compact (see [86, Section 7.5]).

As we seek to study the evolution of the Hellinger—Kantorovich barycenter over varying length
scales we now recall the corresponding result. For p, v € M, () the Hellinger distance is defined

as
duy dv

Hell?(p1,v) == V=Y. 1.

ell*(u, v ( I dT) dr, (3.1.6)

where 7 € M4 (Q2) is an arbitrary measure such that pu,v < 7. Again, since the function
(s,t) — (v/s — V/t)? is positively 1-homogeneous, the definition of Hell(u,v) does not depend
on the choice of the (admissible) 7. As observed in [86], the Hellinger—Kantorovich distance
converges towards the Hellinger and the Wasserstein distance as one sends kK — 0 or Kk — o0
respectively.
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Theorem 3.1.3 (Scaling limits [86, Theorems 7.22, 7.24]). For u,v € M(Q), one finds that
the function (0,00) 3 k + HK2(u,v) is non-increasing and

lim, HK2 (u,v) / Hell?(u, v). (3.1.7)
K—>

On the other hand, the function (0,00) > K + k2 - HK2(u, v) is non-decreasing and

li_}rn K2HKZ (1, v) S W2 (p, v). (3.1.8)

The function (0,00) 3 & +— HK2(u,v) is continuous.

Continuity of HK2 with respect to & follows directly from the fact that the function is
non-increasing while & +— x2 - HK2(u, v) is non-decreasing. Note that the case ||u| # ||v| is
explicitly allowed as k — oo, in which case the limiting value is +00. These scaling limits can
be guessed from (3.1.1): As k — 0, the function ¢, goes to infinity everywhere except on the
diagonal, restricting asymptotically feasible v to the diagonal. One can then quickly verify that
minimizing (3.1.1) only over diagonal ~ yields (3.1.6). Conversely, looking at % - HK? (y, v),
one can guess from lim,_,o 52 - &x(z,y) = ||z — y||? that the integral [, é.dy converges to
the standard Wasserstein transport cost, while the term 2 - KL(P1v|u) increasingly penalizes
deviations between P17 and u, and likewise for the second marginal term, thus asymptotically
enforcing v € I'(u, v).

The following bounds can be shown to hold.

Proposition 3.1.4 (Mass-rescaling for HK). For k € (0,00) and p,v € M4 (), one finds

HKZ (1, v) = /Tl o] HK? (HZH HH) (Tl = VI (3.1.9)

with the convention u/||u|| = 0 in the case of u =0 (and likewise for v). Additionally,
HKZ (1, v) < [l + [Iv]- (3.1.10)

Proof. The equality in (3.1.9) follows from [82, Theorem 3.3]. By Theorem 3.1.3, we have
HK? (u,v) < Hell?(p, v), and (3.1.10) follows directly. O

3.2 Hellinger—Kantorovich barycenter of a continuum of measures

3.2.1 Problem setup

The barycenter between a finite collection of measures with respect to the Hellinger—Kantorovich
metric has been studied in [43, 65]. In this section we generalize these results to infinitely many
input measures, including the uncountable case of a continuum of input measures.
For a constant M € (0,00), which we will assume to be fixed throughout this chapter, we
define
€= {ue My(Q) | [lul < M}.

Since € is weak™ closed, by Theorem 3.1.2 the metric space (€, HK,,) is compact for all k € (0, 00).
We will describe the collection of input measures (and their weights) of which to compute the
barycenter as a probability measure A € P(€) where € is equipped with the Borel o-algebra
induced by HK,, (which is the same for any x € (0,00)). Since (€,HK,) is compact, weak*
convergence on P(€) is metrized by the Wasserstein distance over P(€) (see Theorem 2.1.4).
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For A € P(€) and for k € (0,00), the primal problem we are interested in is

inf {JA,M = [ K2 ar)

The finite case of computing the barycenter between input measures pu1, ..., u, € € with weights
Als...;Ap where \; > 0 and )" ; \; = 1 is recovered by setting A :=>""" | X; 0.

Ve MJ,_(Q)} . (PA,/.@)

3.2.2 Existence and stability of minimizers
Proposition 3.2.1. Let A € P(€) and k € (0,00). Then, (Pp) admits a minimizer v € €.
Proof. We first observe that, by means of the upper bound in (3.1.10), we have

(Par) < Jan(0) = /@ HK2 (4, 0) dA(u / il dA () < M.

Let (vn)n C M (2) be a minimizing sequence for (P, ). For each n > 0, we can assume without
loss of generality that v, € €. Indeed, suppose this is not the case, i.e. ||v,|| > M. Then, for all
p € €, by means of (3.1.9), we have

M T H 1%
n TL

Tl Toal
< VTl HK2<HMH = ”) (VT = T2 = HR2 (1, 1),
Tl

so that Jp x(M/||vnll - vn) < JAk(vn). Hence, upon possibly replacing v, with M/||vy,|| - vy, the
sequence (), is entirely contained in €. By compactness of (€, HK,), there exists a cluster
point v € € such that, up to a subsequence, v, =* v as n — oo, or equivalently HK, (v, v) — 0
as n — oo. By the upper bound in (3.1.10) and by triangle inequality we also have

| HKZ (11, vn) — HKZ (11, v)| = | HK (18, v) + HEKG (11, v) || HK o (1, ) — HK o (12, v)|
< 2V2M -HK,(vp,v) -0 asn — oo for all p € €. (3.2.1)

By means of Fatou’s lemma and recalling that (1), is a minimizing sequence, we conclude

Iak(v) = /@HK%(M,I/) dA(p) :/c lim HK2(p, vy,) dA(p) < liminf/cHKi(u,I/n) dA(p) = (Pa k),

n—oo n—o0

JA,I‘C(VTL)

which provides minimality of v for (P ). O

Proposition 3.2.2 (Stability). Fiz x € (0,00). Let (Ay)nen be a weak™ convergent sequence in
P(€) with limit A € P(€) and let (vn)nen be a weak™® convergent sequence in M (Q) with limit
veMy(Q). Then,

Jak(v) = Hm Jp, «(vn). (3.2.2)

n—oo

Proof. As in (3.2.1), the sequence of functions (u ~ HK2(u,vy,))n converges uniformly to
(p + HK2 (1, v)) in C(€). This, together with weak* convergence of A, to A, leveraging duality
between C(€) and M (€), leads to

lim Ja, x(vn) = lim | HK2(p, vy) dAy, (p) = /HK%(M, v)dA(p) = Jak(v),
¢

n—oo n—o0 ¢

which provides (3.2.2). O

18



3 Hellinger—Kantorovich Barycenter

Corollary 3.2.3 (Convergence of minimizers). Fiz k € (0,00). Let (Ap)nen be a weak™ convergent
sequence in P(€) with limit A € P(€) and, for each n, let v, be a minimizer of (P, ). Then,
the sequence (Vp)nen is weak™® pre-compact and each cluster point v € € is a minimizer of (Pa ).

Proof. By Proposition 3.2.1, the sequence of minimizers (vy)nen lies entirely in €, hence by
compactness of (€, HK,,) it is weak™® pre-compact. Fix now any weak* cluster point v of (),
and a corresponding subsequence (V) such that v, —=* v as n’ — co. Fix any v € M (Q).
Minimality of each v, for (Pa,, ) and a double application of Proposition 3.2.2 provide

Iae(W) = lim Jp , w(vn) < lim Jy , x(7) = Jpk(D),

n/—o00 n/—00

which proves minimality of v for (Pa ). O

3.2.3 Scaling limits for the metric

Now let us look at the limit problems as we send x — 0 and x — oo respectively. Based on
Theorem 3.1.3 we expect to recover the pure Hellinger and pure Wasserstein barycenter problems
(after suitable re-scaling). The expected limit functionals are therefore:

Jro0(v) :z/@HellQ(,u, v)dA(p), JIp00(V) ::/QWQ(M,V) dA(p). (3.2.3)

In particular, we obtain as a by-product the existence of minimizers for such limiting barycenter
problems.

Proposition 3.2.4. Let A € P(C), let (kn)n be a sequence in (0,00) with lim, K, = ks €
[0,00) U{oo}. For each n, let vy, € € be a minimizer of Ja ... Then, the sequence (vp)y is weak™
pre-compact and each cluster point vs, € € is a minimizer of Jp .. . Furthermore,

Taoo(Voo) = T Ty e, (vn) if  Fioo € [0,00) (3.2.4)
and
IA 00 (Voo) = ILm R%JA,M(%) if Koo = 00. (3.2.5)

Proof. By Proposition 3.2.1 the sequence (v,),, lies in €, thus has uniformly bounded mass and
thus is weak™* pre-compact. Let us assume for now that the sequence (k). is monotone and
that the corresponding sequence (v, ), converges weak™ to vy, € €.

Step 1.1 (En / Kso)

Assume the sequence (k) is non-decreasing and converging to ke € (0,00), and assume the
corresponding sequence (v, ), converges weak* to vo € €. By Theorem 3.1.3 the function
(0,00) 3 K + K2 - HK2(p,v) is non-decreasing for all p,v € €(Q) and lim, o £2 HKZ (1, v)
k20 HKZ (p,v). Therefore, for each v € €, the function (0,00) 3 k +— K2 Jp .(v) is non-
decreasing, so that

K2, In e, (V) < K2 In e, (v) for all n >m >0, and all v € M, (Q), (3.2.6)
and by monotone convergence

K2 IA gy (V) 7 K2 TN 0 (V) as n — oo, for all v € Mo (Q). (3.2.7)
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Let us fix m € N. Thanks to (3.2.6), applied with v = v,,, we find
K2 I s, (Un) < K2 Iy (V) for all n > m,

so that, passing to the limit as n — oo, we obtain

3.2.2
52 I (7o) U 2, T T e (v) < minf 2, ()

Passing now to the limit as m — oo we conclude

KEOJA,ROO(VOO) (327) lim /-sfn IAkm (Vo) < liminf /{72l Ihin (V). (3.2.8)
m—0o0 n—oo

On the other hand, using (3.2.7) with v = v and leveraging minimality of each v, one has
K20 I ke Woo) = K2 Jp s (Voo) = K2 A, () for every n,
and a passage to the limit as n — co directly provides

K2 Ik, (Voo) > limsup k2 Ja ., (Vn)- (3.2.9)

n—oo
Combining (3.2.9) and (3.2.8) provides (3.2.4) for the particular class of sequences under consid-
eration. Assume now vy, were not optimal for Jy ,_ . i.e. there exists some v, with a strictly
better score. By minimality of each v, we have Jy ,, (Vn) < JA 4, (V) so that, passing to the

limit one has

lim Jaw, () < lim Jase (V) PZ7 Tae (V) < Tame (o) V2 lim Jx e, (),

n—oo n—oo n—oo

hence the sought for contradiction. The same argument applies if x, ' 0o, taking into account
that limy, e k2 HK2 (u,v) 2 W2(u,v) for all y,v € €(9).

Rn

Step 1.2 (Kn \( Koo)

If we assume instead that the sequence (k,), is non-increasing and k, \, koo € [0,00), a
completely symmetric argument as in Step 1.1 can be applied after dropping the scaling factors
#2. Indeed, by Theorem 3.1.3 the function (0,00) 3 & + HK?(u,v) is non-increasing for all
p, v € €(2) and so limy, 0 HKzn (,v) 7 HK%OO(M, v) (with limit Hell?(u, v) if koo = 0). Thus,
the same monotonicity arguments apply.

Step 2. Assume now v, € € is any cluster point of (v,),. Hence, there exists a subsequence
(Vp ) such that v, —* o as ' — co. We can extract an additional subsequence such that
(K )ne is either non-increasing or non-decreasing. Step 1 then provides minimality of v for
(Pakas)-

We are left to prove that the sequence of energies (Ja s, (Vn))n converges as a whole. Consider
any subsequence (J x, ,(Vn))n. By pre-compactness of the corresponding sequence (v )/, we
can identify a further subsequence such that (), converges weak* to some cluster point
Voo € €. and in turn extract an additional subsequence such that (x,, ), is either non-increasing
or non-decreasing. By Step 1 we have

i I (ven) = (P )
Hence, every subsequence of (Jj x, (¥n))n admits a converging subsequence to the same limit
(PA k.. )- This provides convergence of the full sequence to (Py . ) and proves (3.2.4) for the
whole sequence of minimizing energies. O
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For k € (0,00] it is known that barycenters are not necessarily unique (see, e.g., [65, Section
6]), hence there may be multiple corresponding cluster points v, in the above result. We now
show that for k = 0 uniqueness holds in general.

Corollary 3.2.5 (Convergence of minimizers for k — 0). Let A € P(C) and for each k > 0 let
v, € € be a minimizer of Ja ... Then, there exists some vy € € such that vy, =" vy as kK — 0. In
particular, vy is the unique minimizer of Ja .

Proof. By Proposition 3.2.4, there exists a minimizer vy € M (Q) of Jpp. Such a minimizer
is indeed unique: assume this were not the case, so that there exists a second minimizer
vy € M4(Q). Fix any 7 € M (Q) such that vy, v) < 7 and define vy = dvy/d7 and v = dvj)/dr.

2
Let v = (%1/1}0 + %V%) and define 7 = o7 (note that this definition does not depend on the

choice of 7 by positive 1-homogeneity). For any p € €, fix any 7, € M (2) such that 7, < 7,
and, by strict convexity of z — 2, compute

Hell*(, p) = (@—@) dr,,
( <\/ Ydr, \/dm> ;<\/ 0dr, \/dm>> A7,
<\/ "dr, \/dm> et (\/ ", \/dTu> dr,

(Heu2 (vo, 1) + Hell2 (1), 11)).

An integration in p eventually provides Jo(7) < 3(Jao0(vo) + Ja0(14)), which contradicts
minimality of vy and v/, simultaneously and provides uniqueness of the minimizer of .J. A0-

Let now (ky)n be any sequence converging to 0 and (k. ),/ be any subsequence. By Proposition
3.2.4 there exists an additional subsequence (v,,),» such that v, converges weak* to a minimizer
of Ja o, hence it converges to vy by uniqueness. Since every subsequence of (ky), admits a
subsequence converging to the same limit v, we conclude that the whole sequence (v,),, converges
to vp. In turn, since any sequence (&), converging to 0 admits the same limit v, the continuous
limit as k — 0 follows. O

Remark 3.2.6 (Joint stability under changes of x and A). In the case when ko € (0,00) the
behavior of the HK-barycenter w.r.t. variations in x can be reduced to the study of variations
in A via Remark 3.1.1, by working in some finitely re-scaled Q/k, for a sufficiently small but
finite k instead, and by relocating the mass of A onto the re-scaled measures . By applying the
results from Section 3.2.2 one then finds that one can consider joint limits in A and x, and that
the order in which the limits are taken does not matter.

The situation is more intricate when ko, € {0,00}. In the latter case, it can be problematic
when A is not exclusively supported on measures of equal mass. In the former case one may
obtain different cluster points of minimizers v, depending on the order or relative speed in which
A and k approach their limits. An example is given in Remark 3.3.12 further below. Combining
the above results we find that in both cases one obtains the limit minimizer for A, and ko by
first going to the limit in A and then in .
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3.2.4 Duality

We now show that a dual problem for (P, ) can be formulated as

sup { // U, ) dp(x) dA(p) | W, ® € C(€ x Q), (U(u, ), B(u,-)) € Qx for all p € €,
cJ0

and /(I)(u,y) dA(p) >0 for all y € Q} (DA )
¢

We will study this duality in more detail in Section 3.3 (including dual existence and primal-dual
optimality conditions) for the specific case when A is concentrated on the set of Dirac measures.
For the general case we content ourselves with equality of optimal values. In [65] duality of (Pa )
was established by combining all pairwise optimization problems (3.1.3) for HK? (u;, ) in the
discrete version of (Pa ) (with a finite collection of input measures p;) and then dualizing them
jointly. Here we generalize this combination to the case of uncountably many input measures.

Proposition 3.2.7. Let A € P(€) and k € (0,00). Then, (Dp ) is a dual problem to (Pa),
more precisely
(Dak) = (Pak)- (3.2.10)

Proof. For given A € P(€), define the measure A - pp € M, (€ x Q) as

Hd(A - 1) = /@ /Q 61 @) dpu(x) dA () for ¢ € C(E x Q).

ExN

We start with the primal problem and estimate

Pr,) = inf /HKi ,v)dA 3.2.11
(Pas) =, _inf | HKZ (10 aA () (3:2.11)
(3.1.3) . / . / d d
= inf inf ek (2, S (2, y),y, S2(x,y) ) dy(x,y) [dA
VEM () 6[71,72,76M+(92)m<<v QxQ ( & (@) v 3 y)> (e y) | dAw)
[(z,y) =] g (y1)=p
[(z,y)—ylg(v2)=v
(3.2.12)
< inf inf e (2, L2 (2, y), y, L2 (4, x, dl'(p, x,
_V€M+(Q)Fl,FQ,F€M+(€XQ2),Fi<<FAXQXQ ( art (1 2, ), v “art (1 y)> (7, 9)
[(vary)’_)(ﬂvx)}#(rl):/\'“
[(1y2,y) = (1,y)] 5 (T'2) =AY
(3.2.13)
= inf Cr x,@ 2,y), Y, (2, dl'(w, x,y).
Ty, Ty,TeEM 4 (ExQ?),T;<T /@xQxQ ( dr (M y)y dr (M y)) (M y)
FveM4(Q) st [(,y)—(1,y)] 4 (T2)=ARv
(3.2.14)

The inequality from (3.2.12) to (3.2.13) follows since every admissible candidate in the latter
induces a family of admissible candidates for the former. Indeed, let I';,I's, ' be admissible in
(3.2.13). By the constraints it follows that [(u,z,y) — p]x(I';) < A. As in (3.1.3), since ¢ is
positively 1-homogeneous in its second and fourth argument, the value of the integral does not
depend on the choice of T', as long as I'; <« I". Therefore, w.l.o.g. we may choose I'" such that
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(2, y) = plu(T) < A. Let now (v1,4)uees (V2,u) pee and (7,)uee be the disintegrations of I'y,
I'y and T" with respect to A. These three families of measures are then admissible in (3.2.12) and
yield the same score.

Now set X := M(€ x 02), Y := M(€ x ), and define

G: X xX 5 RU{ec},  (O1To)e [ e (x,%,y,ii%>dr,
0 ifr=A-p
Fi:Y — RU{oo}, Ti—>{ PTEAH
400 else,

Fy: Y — RU {00}, Tr—>{0 if 7 = A ®v for some v € M4 (Q),

400 else,

where in the definition of G the measure I' is any positive measure such that I'y < I' and I'y < T’
(note that G(I'1,T'2) is finite only if both I'y and I'y are non-negative). Let us also define the two
linear (projection) operators Q1,Q2: X — Y as

Ol = [(p,z,y) = (p,x)]xT) and QoI :=[(p, z,y) — (1, y)]x ().

Hence, we can rewrite (3.2.14) as

Fl’irr;fe G T) + Fi(@iT) + Fo(QoT). (P)

By Fenchel-Rockafellar duality (Theorem 2.2.6) one finds (P) < (D), where (D) is

sup  —GH(Q1Y, Q@) — FT(=V) — Fy (—®). (D)
U, PeC(CXxQ)

Note that we do not insist on a vanishing duality gap here. Direct computation quickly yields

FY: C(€x Q) = RU {oo}, U [ Wd(A-p),
ExN
0 if [, ® dA(p) <0 Yy e Q
Fy : C(€ x Q) = RU {oo}, @H{ if Jo @(u,y)dA(p) <0 VyeQ,
+0o else,

and using [42, Lemma 2.9]

0 i (W), D(p, ) € Qu for all p €,
+o00 else.

G*(QT7Q§) : C(Q: X Q)2 —+RU {OO}, (\Ilv (I)) = {
With this, (D) becomes

sup { // U(p, ) dp(z) dA(p) | &, & € C(€ x Q), (T(u,-), P(i, ) € Qy for all p € €,
cJQ

and /@(,u,y) dA(p) >0 for all y € Q},
¢
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which is exactly (Dj ). Let us now fix a minimizer v, € M4 (Q) of Ju , and continue from
above

(Pax) < (3.2.14) = (P) < (D) = (Da) (32.15)
N qx,éesg(p@xg) // (1, ) dpa() AA(p) (3.2.16)

(‘II(/JV)»(I’(:LLF))EQK Yupe€
Je ®(ky) dA (1) =0 VyeQ

< sup // (y ) dp(z) dA(pe // (1, y) dA(p) duvg(y) (3.2.17)
U, deC(€x Q)

(W(Mv')»q)(ﬂz'))eQn vued
Jo @(p,y) dA (1) >0 VyeQ

< L L[ vwoae+ [ emnane] a6z

(‘lj(uv’)vq)(iuv'))eQn vue€

z)d Ydve(y)| dA(p) = | HK?(pu, ve) dA(p) = ).
Awi?(/w u(z /¢ v () A 2 (1, ) dA () = (Pp)
(1,0)€Qx

(3.2.19)

The chain of inequalities (3.2.11)-(3.2.19) is then actually a chain of equalities. Hence, (Djy ) is
a dual problem to (P, ) and the optimal values coincide. O

Remark 3.2.8 (Formal Wasserstein limit of (D, ,)). Considering Theorem 3.1.3 and Proposi-
tion 3.2.4 one might expect to recover a dual problem for the Wasserstein-2 distance by considering
K% (Da ) and then sending £ — co. The problem 2 - (Da ) can be written as

sup { // (g, z) dp(z) dA(p) | T, ® € C(C x Q), (U(u,-)/k2, ®(u,-)/k?) € Q, for all i € €,
cJo

and /<I>(,u,y) dA(p) >0 forall y € Q}
¢

At a purely intuitive level one can then consider the limit of the condition (¥(u,-)/k2, ®(u,-)/K?) €
Q@ for some p € € as Kk — oo:

— U(p,2) /K = @(p,y) /K> +o(1/K*) = (1 — W(u,2)/K*)(1 — (1, y) /K°)
> Cos®(Je —yl/w) = 1 — |z — y[*/K* + o(1/K?).

That is, we expect to obtain the limit condition W¥(u,z) 4+ ®(u,y) < |z — y|?, which would turn
(Da,x) into a version of the well-known dual problem for the Wasserstein barycenter. To the
best of our knowledge this dual has so far not yet been stated in the literature for the case of a
continuum of input measures.
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3.3 Hellinger—Kantorovich barycenter of a continuum of Dirac
measures

3.3.1 Problem setup and basic properties

Throughout Section 3.3 we study the particular case when A is concentrated on the set of unit
Dirac measures, i.e. A-almost every g is of the form J, for some z € . In this case A can be
represented by a measure p € P(Q2) which gives the distribution of the locations x € 2. More
precisely, for any p € P(§2) we define the measure A, := Typ where T': Q@ — P(Q), x + 0, or
equivalently

/q> ) dA( /¢ )dp(z) for all ¢ € C(€).

In this particular case the primal problem (P, ) simplifies to

inf {Jm(y) = /Q HK?2 (6, v) dp(z)

Ve M+(Q)} . (Po)

For the Wasserstein case (i.e. K = 00) this problem is trivial, the unique minimizer being given
by v = 6z where T := [, xdp(z) is the center of mass of p (T € Q by convexity of Q). For p
being a finite superposition of Dirac measures, i.e. p = ;" ; m; d,, and k € (0, 00) the problem
was studied in [65]. It was shown that for x sufficiently large the minimizer v is again a single
Dirac measure (consistent with the scaling limit of Proposition 3.2.4). However, for smaller x,
the minimizer v may contain multiple Diracs or even be diffuse.

Therefore, we now study (P, ) in some more depth. First, we will further simplify the
expression of (P, ,) by making the expression HK?2(6,, ) more explicit. Then, in Section 3.3.2
we revisit the dual problem, derive dual existence and primal-dual optimality conditions. In
Section 3.3.3 we present some results on whether barycenters v are discrete or diffuse and we
study the asymptotic behavior of the barycenter as k — 0 in Section 3.3.4.

Proposition 3.3.1. Let k € (0,00), m >0, T € Q, v € M (). One finds

HIC (i) = sup [ + ] = 2 [ CosP(la — /) vy
g<1 € Ja

=m+|v|| - 2\/%\//9 Cos?(|z — y|/k) dv(y).
Proof. Let pn = mdz. We recall from (3.1.4) that

2(u,v) = su x) dp( dv(y) = sup m ) dr(y
HK; (1, v MSQN/@ZJ () + ch() (y) (¢¢)£Qn Y(z /cb
where

¢($)7¢(y) € (—o0,1]
(1= (@)1= é(y) = Cos(|lz — yl/k)?

Note that only the value of 1) at T enters the energy. For any ¢z € R and n € N set ¢, (z) :=
¥z —n - || — Z||. For each 1, the remaining supremum over ¢ is then attained by

Qn—{(w ¢) € C()? Vx,yefl}.

i Cos?(|lz — yl/k)
nly) = inf 1 - —on(e)
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which is indeed a continuous function in . As n — oo one has ¢, ~ ¢ pointwise for
Cos*(|z — y|/x)
1=z

i.e. only the constraint for + = z in ), remains. Therefore, by monotone convergence, the
problem reduces to

o(y) =1

1
1=z

HKi(m(Sj, V) = sup [mzﬂj +|v|| — / COSQ(\:E —y|/k)dv(y)
wi<1 Q

=m+||v| —2\/5\//Q Cos?(|z — y|/k) dv(y). H

Corollary 3.3.2. A primal minimizer for HK2(mdz,v) in (3.1.1) is given by

. _ m
vV=0Q0 with o =v Cos’(|z —-|/k) \/HV Cos ([ — 1Jm) - (3.3.1)

Proof. This follows directly by plugging expression (3.3.1) into (3.1.1) and comparing the objective
with Proposition 3.3.1. ]

If we were to interpret an HK-barycenter v as a “generalized clustering” of some input data
p, then for each = € Q, the corresponding measure o (with m = 1) could be interpreted as the
association strength of the point at & with each of the points in the clustering. It would be a
common occurrence that a point is associated with multiple ‘clusters’ at the same time.

Next, Proposition 3.3.1 also yields a simpler form of the primal objective which we will
subsequently study in more detail.

Corollary 3.3.3. Let xk € (0,00) and p € P(2). Then (P, ) admits a minimizer v € M (£2)
and the objective function J, . in (P,,.) takes the form

Tos) =1+l =2 | ¢ | ol =i/ avw) do(a). (3.3.2)

Proof. Existence of a minimizer follows by Proposition 3.2.1 applied for A = A, the simplified
objective in (3.3.2) follows by applying Proposition 3.3.1 for the integrand HK?(8,, v) inside o
in (Ppr). O

3.3.2 Duality
Next, we prove that when A = A,, the dual (D, ) takes the specific form

Y eC),v<1

sup { /Q () dp(a)

OS2 Tr — K
and F () () = [ S

0 T-90) dp(z) <1lforally e Q} (Dy)

In the following, we will refer to F), ., as the constraint function.
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Proposition 3.3.4. Let p € P(Q) and k € (0,00). Then,
(1) (D,) is a dual problem to (P,,) and (D) = (Ppx),

(it) (D,) admits a mazimizer ¢ € C() which is unique on the support of p and for any
primal optimizer v we have

P(x)=1-— \//Q Cos?(|z — y|/k) dv(y) for p-a.e. x € Q, (3.3.3a)
Fo.(¥)(y) =1 forv-a.e. y € Q, (3.3.3b)

(#i3) an admissible couple (v,1)) € M1 (Q) x C(Q) is optimal if and only if (3.3.3) holds.

Proof. Step 1. Primal optimality conditions. Let v € M, () be an optimizer of (P,,) and
consider any non-negative measure v € M4 (). By optimality of v, one has

d -
aJp,n(V +t7)|=o+ > 0.

Using (3.3.2), we compute

o<§4mw+wmﬂ+:i(wa+wm—zé¢40wmmwwmawum@mmm)

Cos?(|z — y|/r -
~[ -/ U= ap(a) | aity).
\/f Cos?(|z — z|/k) dv(2)
Since 7 is an arbitrary non-negative measure, we conclude that, for any optimal v,
Cos?(|lz — y|/)

/\/f Cos?(|x — z|/k) dv(z)

t=0*

dp(z) <1 forallye Q. (3.3.4)

Now consider as variation 7 = —v such that v +tv > 0 for ¢t € [0, 1]. As above, we find

Cos (lx —y|/k)

/\/f Cos?(|z — z|/k) dv(2)

d
0< Sl + D)oo = [ 1 dp(x) | dviy).

Since from above we know that the expression in squared brackets must be non-negative, we now

deduce that
Cos*(|z — y|/k)

/\/f Cos?(|z — z|/k) dv(z)

dp(z) =1 for v-a.e. y € Q. (3.3.5)

Step 2. Duality. By Proposition 3.2.7 as applied to A,, we have (P, ) = (Pa,x) = (Da, ). The
latter problem, taking into account the definition of A,, reduces to

Sup{/ﬁ‘l’(éx,x) dp(x)

U, 0 e C(€x ), (¥(p,-), (1, ) € Qx for all p € €,

and / O(0z,y)dp(z) >0 for all y € Q} (DA, k)
Q

27



3 Hellinger—Kantorovich Barycenter

We now show that (Dy, ) < (Dpx). Let ¥, € C(€ x Q) be any two admissible functions for
(DA, k). Define ¢: @ — R as ¢(x) := ¥(d, ). Then ¢ € C(Q). Since (V(u,-), P(u,-)) € Qx for
all p € €, one has (x) = ¥(dz,x) < 1 for all x € Q and in particular

(1 =U(6g,2))(1 — ®(bz,y)) > Cos(|lx —y|/r) for all z,y € Q,

so that
Cos(|lz — y|/x)
1 —1(z)

Integrating against p and using that ||p|| = 1, we get

<1—®(dg,y) for all z,y € Q.

Fan(0)) = [ S a0y <1 - [ @) dp@) <1 toraiy e

Hence ¢ is admissible for (D, ) and (Dx, x) < (Dpx). Let now o € C(2), ¥ < 1, be admissible
for (D, ) and let v € M (Q2) be any optimizer of (P, ). Then, since F, . (¢) < 1, one obtains

[ o@a < [ wwan+ [ [1- [ 0] any)

= [ o)+ 1wl = s [ cole = si/m avta)| dote)
< [ sup e+ Il - = | ot =i/ avto)] ot

= [ HIREG0) dp(o) = (P (33.6)

where the first equality in the last line follows by Proposition 3.3.1. All in all, we showed (P, )
= (Pa,x) = (Da,k) < (Do) < (Pp), hence (D, ) is a dual to (P ) and (Pyr) = (Dpk)-

Step 3. FEuxistence and characterization of the dual optimizer. Fix a primal optimizer v, and
define 9, € C(Q) as

(1 —1e(z))? = /QCOSQ(\:L‘ —y|/k) dvk(y). (3.3.7)

By the optimality condition (3.3.4) we have F}, (1) < 1, so that 1), is dual admissible. Fur-
thermore, thanks to (3.3.5), we have F}, (1) = 1 v,-almost everywhere. Thus, for v = v
and 1) = 1), the chain of inequalities (3.3.6) becomes a chain of equalities and 1),; provides an
optimizer for (D, ). In particular, from (3.3.6) we also deduce that

e any optimal 1) has to satisfy
(1—1(x))? = / Cos?(|z — y|/k)dv(y)  for p-a.e. x € Q, for any primal optimizer v,
Q

in order to have an equality between the second and third line (and recall that feasible 1
must be < 1),

e for any optimal ¢ we have
F, . (¥)(y) =1 for v-a.e. y € Q, for any primal optimizer v,

in order to have an equality in the first line.
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Hence, (ii) follows. Assume now (v,1) € M (Q) x C(£2) is an admissible couple such that (3.3.3)
holds. The same derivation as in (3.3.6) provides

/ $(z) dp(z) = / HK2 (6, ) dp(a),
Q Q

which holds if and only if v is a primal minimizer and v is a dual maximizer, thus completing
the proof. O

Corollary 3.3.5. The constraint functions F, ,.(¢) for any dual optimizer ¢ are identical.

Proof. This follows from the fact that all dual maximizers agree p-a.e., see (3.3.3a), and the
constraint function only evaluates ¢ on this set. O

Similar to the primal case (see Sections 3.2.2 and 3.2.3) dual maximizers and the constraint
function are stable under small perturbations in p and k.

Proposition 3.3.6 (Dual stability). Let (k) and (pp)n be convergent (weak™ in the latter
case) sequences in (0,00) and P(2), with limits ks € (0,00) and ps € P(2), respectively. Let
(vn)n be a corresponding sequence of primal minimizers and set

n(r) =1 \/ /Q Cos?([z — yl/fn) dvn(y),  Woo(x) = 1 — \/ /Q Cos?(j2 — y]/ieo) dvso 1),

where Voo is some cluster point of (vp)n. Then oo is a dual maximizer of the limit problem
for koo and peo, the sequence (), converges uniformly to Vs, on the support of peo, and the
sequence of constraint functions (F,, x, (¢n))n converges uniformly to F,_ ... (Vo) on Q.

While the primal minimizer might not always be unique, the set where F), (1) = 1 for a dual
maximizer ¥ is unique and stable under small perturbations in p and x. Since one must have
F,.(¥)(y) = 1 for v-almost all y, the set where F), .(¢) is (close to) 1 therefore provides an
alternative and unique interpretation of clustering.

Proof. By Corollary 3.2.3 the sequence (vy,), is weak™ pre-compact and any cluster point is a
minimizer of the primal limit problem, see Remark 3.2.6 for the incorporation of a sequence
of changing (kp)n, with limit in (0,00). By Proposition 3.3.4 a dual maximizer for the limit
problem is then given through (3.3.3a), which gives dual optimality of ¢)o.

Since the family of functions (y — Cos?(|z — y|/kn))zeq.n is uniformly equicontinuous, so are
the (¢, ), and one has that the subsequence of functions (1, ) is uniformly convergent for every
weak™ convergent subsequence (v, )i of (), and each limit must be a dual maximizer. Since
the limit dual maximizer is unique on the support of ps, all cluster points of (¢,,), must agree
on this set (and no other cluster points can exist, e.g. since all cluster points (v,),, are primal
minimizers).

Finally, let us consider the sequence of constraint functions. For brevity set F, := F),, .. (1n).
By assumption the sequence (ky,), is bounded away from zero, so there exists a finite set Y C Q
such that 3 .y Cos(|z — y|?/kn) > 1 for all z € Q and n. Then, with F,,(y) < 1 for all y € Q,
n € N it follows that

/ 1 _;n dpn(z Z/ Cos( |x —Z/| glin dpn(z) = ZFn(y) <yl

yey
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Sequence ((1 — t,)~ ' - p,)n is therefore a sequence of bounded non-negative measures on £
and thus weak* pre-compact. Again, by equicontinuity of the (y + Cos*(|z — y|/kn))zn follows
the pre-compactness of the sequence (F,), for the uniform convergence. Let now (ng); be a
subsequence such that ((1 — b, )71 - pn, )x converges weak*, let Fi,, be the limit of (F,, )x. We
find that F,, (y) converges pointwise to Fj,_ ... (¥s0)(y) for all y and thus we must have that
Foo = Fy koo (¥oo). Since the latter only depends on the value of ¥, on the support of po, and
Yo is unique on this support, this means that all cluster points F, must be identical. O

3.3.3 Discrete and diffuse barycenters

In [65] it was observed that the HK barycenter between a finite number of Dirac measures was
sometimes discrete and sometimes diffuse. In the latter case it was shown that the solution
is non-unique and that a discrete solution also exists [65, Proposition 6.2]. In this Section we
give an alternative proof for this result. Then we turn to the question of existence of discrete
solutions for a diffuse p and provide a negative answer: sometimes no discrete minimizers exist.
For illustration we also briefly discuss an example on the torus.

Proposition 3.3.7 (Discrete barycenters for finite number of Dirac input measures). Let
pi=> 0 mily, forn e N, m=(my,...,my) €RY, D" m; =1 and z1,...,2, € Q. Then,
(Pp,ﬂ) has a minimizer v of the form

for a positive integer k < n, non-negative mass coefficients m1, . . ., my and positions Z1, . .., Ty € Q.

Proof. Let v € M4 (£2) be a minimizer of (P, ,) and let ¢ € C(£2) be the optimal dual defined
via (3.3.3). Since v is uniquely determined on sptp, we can reduce our focus to a vector
Y= (Y1,...,%,) € R" with entries defined as

P = / Cos*(|lz; —y|/k)dv(y) foralli=1,...,n
Q
Consider now a discrete approximating sequence {v°}scn for v, sptv® C spt v, with

S
v = g mj&x; for m®* = (mi,...,m)) e R, zf,...,z5 € Q,

such that v* —* v as s — 0o. Each measure v® defines a vector * € R™ by setting
/ Cos?(|z; — y|/k) dvs( ZCOS (|lzi —2j|/k)m; foralli=1,...,n

This can be written as ¢* = A*m? for a matrix A* € R"** with entries A7, := Cos?(|z; — 3|/ k).

Clearly we have rank(A®) < n, and so we can find a vector m*" € R% with at most n strictly

positive entries such that ¢° = A% - m>™. In turn, this defines a dlscrete non-negative measure
" supported on at most n points such that

= / Cos?(|z; — y|/k)dv*™(y) foralli=1,...,n
Q
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By compactness, there exists a cluster point v € M () such that, up to selection of a
subsequence, %" —* ™ and v" is supported on at most n points because each measure v*" is.
Hence, using that v* —* v and v%™ —* V" as s — oo and that A’m® = Am>", we obtain

i = /QCOSQ(‘% —y|/k)dv(y) = sh*glo/g‘zCOS2(’xi —y|/k) dvi (y)

= lim [ Cos®(|z; —y|/k) dv*"(y) = / Cos?(|z; — y|/k) dv™(y).
Q Q

S§—00

Since F), . (¢)(y) = 1 for every y € sptv, we also have F}, ,(¢)(z7) =1 for every j =1,...,s, and
any s > 0. In particular, when passing to the limit as s — 0o, one observes that F), .(¢)(y) =1
for every y € sptv™. By Proposition 3.3.4, point (iii), #" is primal optimal and the result
follows. O

In this manuscript 2 is a subset of R% and equipped with the Euclidean distance. The
Hellinger—Kantorovich distance can be defined for non-negative measures over more general
metric spaces [86] and in particular it can be shown that the barycenter problem between Dirac
measures can be extended to the d-torus T? = R?/Z%. One merely has to replace any occurrence
of Q by T¢ and the Euclidean distance |z — y| by the geodesic distance dst on T¢. We now show
that on the torus it may happen that no discrete minimizer v exists.

Proposition 3.3.8 (Diffuse barycenters on the torus). Let d € N, T¢ := RY/Z¢ be the d-
dimensional unit torus (with circumference 1 along each dimension), equipped with its geodesic
distance dst and let p € P(T?) be the uniform probability measure on T. Then for d > 1 there
s no discrete barycenter v. For d =1 there is no discrete barycenter when k - 7 s irrational or
k-m > 1, otherwise discrete barycenters exist.

Proof. Adapting Proposition 3.3.4 we obtain existence of a dual maximizer 1 € C(T%), which is
unique p-a.e., i.e. it is unique since p has full support. It is characterized by

(1—1(x))? = ) Cos?(dst(z,y)/k) dv(y) (3.3.8)
T
and the condition ¢ (z) < 1, where v is an arbitrary primal minimizer. By symmetry and
convexity of the problem, 1) must be translation invariant, i.e. it must be constant, and therefore
we have 1) € C>(T?).

Assume now d > 1. Note that g, : @ — Cos®(dst(z,y)/x) for some fixed y € T? is merely C!
when k7/2 < 1/2 and even only C° otherwise, due to its behavior on the sphere of radius & /2
around y or on the cut locus of dst(-,y). Also, it is not possible to “cancel” these irregularities
by carefully combining a countable number of g, for different y with positive weights that have a
finite sum. Therefore, ¥ cannot be constructed from a discrete v via (3.3.8).

Now let d = 1. For km > 1 the function g, is merely C° and a finite number of gy cannot be
combined into a smoother function and thus, as above, no discrete barycenter can exist. Let now
xm < 1 and in addition k7 € Q. Then for any y € T! the set

Sy ={y+k-kr|keclZ}

with the obvious interpretation of addition on the torus and identification of points that differ by
an integer, is finite. Then by setting v := mZy'esy dy with a suitable m > 0 (depending on ),
one will find that it is possible to construct a constant ¢ via (3.3.8) and hence this v is a discrete
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primal minimizer. For k7 ¢ Q this construction fails since S, will not be finite and therefore
no countable number of g, for different y with positive weights that have a finite sum yields a
C*°-function. O

From this example we draw the following intuition for R%: When p has a large (compared to
k) region of constant density, the question whether the barycenter v can be discrete or diffuse it
not decided in the bulk of the region but at its boundary. Therefore, by careful design of the
boundary region it might be possible to construct p for which no discrete barycenter exists. We
confirm this in the next proposition.

Proposition 3.3.9 (Diffuse barycenters in R?). Let d € N and x € (0,00). There erist a
compact, closed, convex set Q C R and a measure p € M (Q) such that (Pyr) has no discrete
optimizer.

Proof. Let L € (0,00) and let Q := B(0, L + k7/2) C R? be the closed ball centered at the origin
with radius L + k7 /2. Define the function o € C(Q2) as

o?(z) := / Cos®(|z —y|/k)dy for all z € Q.
B(0,L)
Denote Cy := || Cos?(]| - D21 rey and a := 1/||o||11(q), and consider the probability measure
p=a-o-L Let (v,9) € My (Q) x C(Q) be defined as
vi=C3a?. L9 B(0,L) and ¢:=1-Cyk?-a-o.

The pair (v,v) € M4 (2) x C(Q2) is an optimal primal-dual pair for (P, ,) and (D, ). Indeed,
one readily checks that

OS2 Tr — K
Fas()(0) = [ S5 W ap(0) -

and F, .(¢)(y) = 1 for all y € B(0, L) = sptv. Further, by construction,

1
Cd,{d/QCOS2(|=T—y|/I‘&)d$§1 for all y € Q

(1 —(x)? = C3k*a0?(x) = C’CZl/deQQ/

Cos?(jz — y|/x) dy = / Cos?(|z — y|/k) dv(a).
B(0,L) Q

Hence, optimality of v and v follows from Proposition 3.3.4, point (iii). Since % is unique on
spt p, the function F) . (¢) is unique and identical for all dual maximizers, therefore the set
{y € Q|F,,(¢)(y) = 1} = B(0, L) is unique, and finally we find that any primal minimizer must
be concentrated on B(0, L).

Denote by Cos? : R? — [0, 1] the function 2 — Cos?(|z|/x). Extend the measure v from €2 to
R? by zero. Then by the above, one obtains for the convolution

(Cos? xv)(y) := Cos(y — z) dv(z) = {02(y) for y € Q,
Ré

0 else,

that is, it is known on all of R%. Now the proof strategy is to show that since the convolution of
v with a compact kernel is fully known, v must indeed be uniquely determined and be equal to
the above, and hence no other primal minimizer exists, in particular none that is discrete.
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Denote by F the Fourier transform on R?, acting on suitable functions f and measures y as
1 , 1 .
FNH) = G /R @) explika)de. (Fu)E) = o /R exp(ik) du(z)

whenever these integrals are well-defined. Since (Cos? xv) € L2(RY), F(Cos? *v) is well-defined.
The convolution theorem now corresponds to the observation that for almost every k one has
1
(F Cos? sv)(k) = / (Cos? *v)(x) exp(ikz)dz
(2m)? Jpa

- (27lr>d /R |, Cosi(@ — y)dv(y) exp(ika)da = / (F Cosy) (k) exp(iky)dv (y)

Rd
= (2m)"(F Cosy) (k) (Fv)(k),

where we swapped the order of integration by Fubini’s theorem.
Since Cosg has compact support, F Cosi(k) # (0 k-almost everywhere and thus we obtain that

(F Cos2 xv)(k
2

V) = )
FL)k) (2m)4(F Cos2)(k)

for almost all k, i.e. the Fourier transform of all primal minimizers must agree almost everywhere.

We now show that for a finite measure x on R? with compact support one finds [Fu(k) = 0 k-a.e.]
= [u = 0] and thus by linearity of F this implies that knowing (Fv) k-almost everywhere uniquely
determines v. Let g be a continuous convolution kernel with compact support and total mass
1, and for € > 0 let g.(z) := ¢~ % g(x/¢) be the re-scaled version. Then clearly g. * u —* p as
e — 0. Let p € CC(]Rd) be continuous with compact support. Then one finds

/ pdp=1im [ o) (g % p)(x) dz = lim(2r)? / TR (Flge # ) (k) dk
R4 Rd

eNO JRd e\0
= tim(em)* | TR0 (Fa.) () (Fi) (k) dk = 0

where we first used unitarity (up to normalization) of the Fourier transform on L?(R%, C) and
that ¢, (g * u) € L2(R?, C) for all £ > 0, then again the convolution theorem as above, and
finally the assumption Fu(k) = 0 for almost all k. Since this holds for all ¢ € C.(R%), we must
have that p = 0.

In conclusion, the minimizer v constructed above must be unique and therefore no discrete
minimizers can exist.

O]

Note that the above argument with the convolution only works since spt p D B(0, k7 /2) +spt v
(where the plus denotes the Minkowski sum). In other cases, the convolution Cos? v may not
be fully known and consequently v may be non-unique.

3.3.4 Asymptotic behavior for x — 0

Now we look more closely at the limiting behavior of the functional as k — 0 (the case Kk — oo is
given by the Wasserstein limit and well-understood). We start by specifying the unique minimizer
v, for k = 0.
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Proposition 3.3.10. Let p € P(2) and consider the decomposition

o
p=pet » miby, x €Qm;>0foralli>1, (3.3.9)
=1

with p. € M4 (Q) atomless. Then,

v= Z m2oy, s the unique optimizier of  inf {/Q Hell?(6,, v) dp(x)|v € M+(Q)} :

Proof. Taking into account (3.3.9), for any v € M (), we can write

/ Hell?(8,,v) dp(x Zmz Hell2(6,,,v) + / Hell?(8,, v) dpe().
Q

Q

For the first term, with (3.1.6) observe that for any x € Q,

Hell*(8;,v) = (1 — vr({z})* + v(Q\ {z}) =1 = 2y/v({z}) + [|v].

For the second term, let m = ). m; € [0,1] be the total mass of the atomic part of p. Observe
now that, since p. is atomless, we have v({z}) = 0 for p.-a.e. x € Q, so that the second term in
the sum above simplifies into

/Q Hell?(8,.,v) dpc(x) = [lpell(L + [[v])) = (1 —m) (1 + []).

Therefore, one obtains
/ HelI2(6,, ) dp(z) = 1+ [[v] — 2Zmz N
Q

Hence, any optimal v must be supported on {x;}:°,, and the Hellinger barycenter problem for p
reduces to

oo 0 oo
inf{1 —1—27% —2Zmi\/17i V= andxj,nj >0
i=1 i=1 j=1

The result follows by first order optimality conditions for each n;. O

For some p € P(f2) and x € [0,00) let now v, be a primal optimizer of (P,,). Then, by
Corollary 3.2.5, as k — 0, v converges to the unique minimizer vy of the Hellinger barycenter
problem for p which is specified by Proposition 3.3.10. We find that the only contributions to vg
arise from the atoms of p, all other contributions must tend to 0 as k — 0. The following Lemma
provides a rough estimate on the corresponding rate. It is related to the concentration of p.

Lemma 3.3.11. Let p € P(?). For k € (0,00), let v, € M () be a minimizer of (P,x).
Denote

Co 1= sup p(Blysr-7/2)].

Then,
[vk]| < 4Cp . (3.3.10)
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Proof. Via reverse Jensen’s inequality, we have

/Q \/ /Q Cos? (|2 — y|/k) dv(y) dp(x) < \/ /Q /Q Cos? (| — y|/w) dv(p)dp(x) < \/Cpmllvall

Taking into account that the zero measure provides an upper bound for the optimal value, the
inequality above provides

1= Jps(0) 2 Jpu(vi) 2 14 [lvn]l = 20/ CpnV/ |Vl
so that |vg|| < 4C, ., which establishes (3.3.10). O

If p contains atoms, then lim,\ o C)p . > 0 and ||p]| > 0, in agreement with Proposition 3.3.10.
If p is atomless, then lim,\ o C, . = 0 (by outer regularity of Radon measures). The rate will
depend on p, and will be slower, for instance, when p is concentrated on a lower-dimensional
submanifold. When lim,\oC), . = 0 we also obtain 1, — 1 uniformly for dual maximizers
via (3.3.3a).

Remark 3.3.12 (Different limits as k — 00). We briefly resume the discussion of Remark 3.2.6.
Let (kn)n be a positive sequence, converging to ko, = 0, let = be in the interior of 2, and let pj,
be convolutions of §, with some compact mollifier, with width going to zero as n — oo, such
that p, B Poc := 0z. Then the minimizer of J, will be v = 0 for all n < oo, whereas it will
be v =, for J, x, for all n up to n = co.

n Koo

Finally, by assuming that p has an L?-density with respect to the Lebesgue measure, we will
now provide a more precise statement on the asymptotic behavior of v,; and ).

Proposition 3.3.13. Let p € P(Q) and assume p < LIULQ with dp/dL? € L2(). Denote by
Cy := || Cos?(| - D21 ray- For any k€ (0,00), let (vx, i) € M4 (2) x C(2) be an optimal pair
for (P,x) and (D, ). Then, v, —=* 0 as k — 0 with

dp 2
vl < 4Ca |

d
- kY. 311
@) K (3.3.11)

2
In particular, v, /(Cqr?) —* (%) L% and ||1 — elleo = O(KY?) as k — 0.

Proof. Step 0. Preliminaries on mollifiers. For each x > 0, consider the continuous function
ne: R* — R defined as
Cos?(|z|/k)
T],@(x) = W

The collection (7,)x>0 provides a family of compactly supported continuous mollifiers, which are
also positive and radially symmetric. For any measure v € M(R?), we define as usual

(N *v)(2) := /]Rd ne(xz —y)dv(y) for z € R

and extend such definition to functions f € LY (RY), p > 1, setting 0, * f := 1. * (f£?). We

loc
recall from [59, Appendix C, Theorem 6] the following classical results:

e Let f € LP(R?), p > 1. Then, 0, * f € C(R?) and 1, * f — f in LP(R%) as k — 0.
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o Let f € C(R?). Then, n, * f — f uniformly on compact subsets of R? as x — 0.

From now on, for simplicity, we denote by p also the Lebesgue density of p, so that p € L?(Q).
We extend p to L?(RY) by assigning the value 0 outside of .

Step 1. Mass bound and dual convergence. Let v, € M_(§2) be a minimizer of J, ;. Lemma 3.3.11
combined with the absolute continuity of p with respect to £¢ provides ||vy| < L4(B(0,7/2))]p||? 12

k%2, which shows a decay rate which is slower than the stated rate. Hence, the estimate of
Lemma 3.3.11 has to be refined. By minimality of v, we have J, . (vx) < J,x(0) = 1 and so, by
the Cauchy-Schwartz inequality in L?(£2), we obtain

1= Jps(0) 2 Jps(vi) = 1+ [lvill = 2(y/ Car(ns * vi), p)12(0)

’\/ Cak (1 * V) HPHL2(Q> > 1+ (vl = 2V Car®V/|[vellllpll L2 ()

where we used |1, * vil|11(q) = ||V, so that [lvg]| < 4Cd\|pH%Q(Q) - k%, which establishes (3.3.11).

> 14 |l —2

In particular, thanks to (3.3.3), we also have
(1= wula))? = | Cost(la = y1/) duly) < ]

and by recalling that ¢, < 1, see (D,), and with (3.3.11) this establishes ||1 — t||oo = O(k%?)
as k — 0.

Step 2. Energy bound. Consider 0, = Cqr?p?L? € M, (). One finds
Toue(20) = 1 Can (101 2i0y — 20/ % 2. 9) (@) ) - (3.3.12)

By strong convergence of the mollified functions, we have 7, * p> — p? in L'(R%) as k — 0. Using
that (a — b)? < |a® — b?| for any a,b > 0, we eventually obtain that

Ve % p?2 — pin L*(R?) as k — 0, which implies (/7 * p2, P)L2(Q) ||p||L2 +o(1).
Thus, substituting this expansion into (3.3.12), one gets

in J,.(v) < J, (D) =1 — Cyr® 3.3.13
L) T (V) < Jpw(Px) a5 1Pl 72 () + o(K). ( )

Step 3. Convergence of the rescaled minimizers. Let v, € M () be a minimizer of J, . Using
(3.3.13) we estimate

Jpr(Vi) —min, J, (V) S [vill = 2{v/ Car(ni * vic), p) 12(0) + Cd"ﬁdHPHQLqQ) + o(x?)

0= Cdlid - Cdlid
2
. H\/U,{*VHHLQ(W) o Ny * Vi —I—H ”2 +0(1)
= Cde Cdﬁd P 2@ PllL2(Rd)
2
N * Uy

= +o(1),

H Car? L2(R%) W
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where we used again ||vk|| = [[nx * vil[11() from the first to the second line. Therefore,
V(s * 1) /(Cqrd) — pin L2(R?) as k — 0. In particular,
e

Cord — p? in LY(R?) as k — 0.

Fix any ¢ € C(Q2) and consider a continuous bounded extension be C(RY) such that PLQ = ¢.
We compute

Vi 7 Nk * Vg .q 7 Vi Nk * Vi 4
al ) = d d _
/Q¢ <Cd/€d) /Rd¢ < Cyrl £ > - /Rd¢ <Cdfid Cyrd £ )

[ i) (W) dr + /R d(&( 0= er D)) (20 @314

— o(x) - p? d:c—/gb as kK — 0,
R4
where the second term in (3.3. 14) converges to 0 because ¢ — (M) * (;3) converges uniformly to 0
on Q and [lv/(Car?)|| < 4]|pl2. q) by means of (3.3.11). Hence, v, /(Cqr?) —* p2L4 in M, (Q)
as k — 0. 0

If p is substituted by a weak* approximation p, Corollary 3.2.3 implies that minimizers © for p
converge (up to subsequences) to a minimizer v for p as p % p. When p is atomless, for small &,
by Proposition 3.3.10 and Lemma 3.3.11 we conclude that v (and thus also 7) is close to the
zero measure. If we are now interested in the “residuals” of v and ¥ (i.e., if we re-scale them
such that their mass is on the order 1), then Proposition 3.3.13 tells us that we can only expect
the residual of ¥ to be close to that of v when p approximates p well in an L?-sense. Therefore,
if we were interested in using the HK-barycenter to obtain a quantization or clustering of some
measure p at a small k-scale, but only an approximation p is available, then the approximate
solution # will only be useful, if j is a good approximation in an L2-sense. (Intuitively, we expect
that it is sufficient if the L?-approximation holds after an optional convolution with a mollifier
at a scale less than &.)

3.4 Numerical examples

To obtain a better understanding of the behavior of the HK barycenter between Dirac measures
and to illustrate the theoretical results of the previous section we now consider some numerical
approximations.

3.4.1 Lagrangian optimization scheme

Let us first consider the discrete barycenter problem between r € N unit Dirac measures on
Q with p; = 0, ; € Q, and weights \; > 0 for ¢ = 1,...,7 such that > _; \; = 1. This
corresponds to A := 7| A; 0y, in (Pa) or equivalently p:= 37 | Aidg, in (Pyr)-

For optimization over v we employ a Lagrangian discretization, i.e. we optimize over the ansatz
V8= Z§:1 m;d,, with locations y; € {2 and masses m; > 0 for j =1,...,s for some s € N. The
number of points in the ansatz s may change during optimization due to merging or addition of
new particles. The resulting optimization problem can be written as

S I8
min J = min 1+ m; — 2 by m; Cos? . 3.4.1
i, )= i, 152y =232 Z jcos? (121! (34.0)
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For gradient-based minimization we determine the partial derivatives with respect to mass
coefficients m; and locations y;. The components of the gradient in mass are

S Cos? (@>

= Zml Cos? <|xZ yl|>

If we set ¢¥%(z;) =1 — \/Z‘;:l m; Cos? (%) (which would be the optimal dual 1 if v*

primal optimal, see Proposition 3.3.4), then we obtain

0Jp (V%)
“om, 1= Fpx(¥°)(y)),
i.e. masses need to be increased when the corresponding constraint function at y; is less than 1
(the constraint is inactive) or decreased when the constraint is violated. A vanishing gradient
corresponds to the optimality condition F), .(1)(y;) = 1 on the support of v.

For the gradient in coordinates y; one obtains

2m; Cos ('m’ yj') Sin (m yj‘) -

Kl —y;]

0ps() 5~

8yj : | S
=1 s Ly yl’
\/Zl—l my 0052 </{>

where Sin(x) := sin(z) for x € [0,7/2] and 0 otherwise. By comparison we find again a relation
to the constraint function (with the same 1) as above),

OpnV®)  OF,u(9°)(1))

y; y;

)

i.e. the points y; will move “upwards” on the constraint function F), . (¢)) and only be locally
optimal when sitting at a maximum, which then, by the mass optimality condition, has to be at
value 1.

Due to the Lagrangian ansatz, the resulting optimization problem is non-convex and may get
stuck in non-optimal points. On the other hand, because the points are allowed to move, the
spatial accuracy is not limited to a grid. The issue of poor local minima can be remedied by
testing whether the value of F), (1) exceeds one at points where no y; is located. This testing
can be performed numerically with reasonable accuracy since F), (1) is 1/k-Lipschitz continuous.
Thus it is possible to combine the strengths of Lagrangian and Eulerian schemes: We remove
points from the ansatz when their mass drops to zero, and we may add points when the dual
constraint is violated, thus adaptively determining the appropriate number of point masses.

A Eulerian discretization with entropic smoothing was used in [65] for numerical examples. In
Proposition 3.3.7 and [65, Proposition 6.2] it was shown that discrete minimizers exist when p is
discrete. The entropic Eulerian ansatz cannot approximate them with high accuracy due to the
fixed grid, entropic blur, and since we observe that minima are often “shallow” or non-unique.
Therefore, to study these discrete minimizers the non-entropic Lagrangian method is more
appropriate.
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3 Hellinger—Kantorovich Barycenter

The problem formulated above is then solved with (preconditioned) gradient descent with
gradient steps performed simultaneously in coordinates and in masses; inexact line search as
described in [71].

Naturally, we are also interested in examples where p is not discrete, representing an uncount-
able infinite number of input measures. While Corollary 3.2.3 suggests that this case can be
approximated with discrete p, we deduce from Proposition 3.3.13 that for small « it will be
difficult to obtain good approximations for the “residual” of v, (which will be close to the zero
measure). Therefore, for this regime we employ a slightly different numerical scheme where
v is also approximated in a (discrete) Lagrangian fashion but the integral over p in (3.3.2) is
approximated more accurately by adaptive Gauss—Kronrod quadrature instead of individual
Dirac sums as in (3.4.1). The corresponding formulas for the gradients are derived in analogy.
For optimization of this functional we applied the quasi-Newton BFGS algorithm.

3.4.2 Finite number of input measures

For a discrete number of input Dirac measures, for x sufficiently close to zero, it is easy to
see that the resulting HK barycenter will be a superposition of Dirac measures, one per input
measure (cf. Prop. 3.3.10). For s sufficiently large, it will be one single Dirac measure. For k
increasing from 0 to oo, a gradual merging of Diracs in the barycenter was observed in [65] on
various examples. Here we demonstrate numerically that the general behavior is more complex.
As k increases, Diracs may merge and split, disappear and reappear, and the total number of
Diracs may even temporarily increase.
Figure 3.1 illustrates the HK barycenter for

p:=04-5+0.1-004+0.1-8p6+0.4-0; on Q=][0,1], for k € ]0.08,0.8], (3.4.2)

and the constraint function F), (1) for the corresponding dual optimal ).

0.7 1.0
1.0 1

e L o6 0.5

x =0.120 r =0.127 x =0.162

=

0.0 =

0.5
x =0.320

- 0.4 1.0

L o3 0.9 4

<

0.8 =
0.2

= x =0.607

1.00

=" 0.1

a &
| Il
e o
<3 o
1= ©
3 o3

0.0 4

o
1%}
1
a &
| I
o ©
o o
) S
S p=t

0.95

D

T T T T T T T 0.0
0.1 0.2 0.3 0.4 0.6 0.90 = T T T T
K 0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0

Figure 3.1: Left: the HK barycenter on 2 = [0, 1] for p and & as in (3.4.2). For each &, position
of points indicates positions of Dirac measures, color code indicates the amount of
mass. The vertical lines show locations for which the constraint function F, (1) is
shown on the right.

For small k, as expected, the barycenter consists of four individual Dirac masses at the same
locations as in p. Eventually the two middle masses merge (where the constraint function briefly
exhibits an extended plateau of value 1, as analyzed in [65]). At some point, the outer masses
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3 Hellinger—Kantorovich Barycenter

“see” the inner masses (i.e. their relative distance drops below rm/2). Since their A-weights are
much higher, the joint Dirac in the barycenter remains much closer to the outer masses until the
Dirac at the center even vanishes. Note that after this vanishing, the constraint function briefly
even exhibits a local maximum at 0.5 which is strictly below 1. Eventually, all masses merge
into one cluster. During the merging the constraint function exhibits an extended plateau of
value 1 for an extended interval of k£ values and in this regime a non-discrete barycenter exists
(again, this was already analyzed in [65]).
Figure 3.2 shows a similar example with 6 masses in p, given by

p:=03- ((50 + (51) +0.16 - (50.24 + 50‘76) + 0.03 - ((50.45 + 50‘55). (3.4.3)
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Figure 3.2: Left: the HK barycenter on 2 = [0, 1] for p with six Dirac masses (see (3.4.3)),
visualized as in Figure 3.1. Right: the number of masses in the barycenter v, which
is not decreasing over k. The regimes with a seemingly diffuse solution are marked
by orange points.

The trajectory of HK barycenters over k exhibits an even more intricate behavior with the
mass at the center appearing and disappearing several times and even the number of masses
temporarily increasing as k increases. For at least two regions of scales, a diffuse barycenter
seems to be admissible.

3.4.3 A continuum of input measures

Now we consider a continuum of input measures. Let Q = [0,1] and p = LLQ. Following
Section 3.4.1 we consider the functional

JS,/{(yla sy Ys, My . e 7ms) - Jp,ﬁ(ys) = 1+ij_2/§2 Zm] COS2(|IIJ — y]|/lﬁ',) dl’, (344)
7j=1 j=1

which corresponds to (3.4.1) with continuous p. The integral is approximated by adaptive
Gauss—Kronrod quadrature and minimized via projected BFGS in positions and masses.

Figure 3.3 shows barycenters obtained for x € [1/12,1] and the evolution of the total mass
with a detailed view presented in Figure 3.4.
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Figure 3.3: Top-Left: the HK barycenter on © = [0, 1] for p = LL [0, 1] visualized as in Figure 3.1
(here with a logarithmic color map). Top-Right: total mass of the HK barycenter, in
comparison with bound and asymptotic expansion from Proposition 3.3.13. Bottom:
the constraint function F), (1) for some values of  (as marked in the top-left), with
positions (y;); of the primal masses marked by red points (note the range of the
vertical axis, which only shows a very small interval close to one).
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Figure 3.4: Zoom on the transition regions for Figure 3.3 for the given values of x. For better
visibility the color scale is adjusted to the mass range in each sub-figure.
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3 Hellinger—Kantorovich Barycenter

In agreement with Proposition 3.3.13 the latter decreases linearly to 0 as kK — 0. The evolution
seems to consist of intervals in which the number of Dirac masses gradually decreases by one step
at a time until only a single mass is left. However, these intervals are separated by transition
regions, during which the behavior is more complicated and the number of masses also temporarily
increases again.

Due to the uniformity of p this problem proved to be quite challenging numerically, as the
constraint function for the optimal v was very close to one, almost throughout the entire bulk
of the interval, see Figure 3.3. In particular the transition regions required detailed manual
inspection. It is possible to solve the problem analytically for very small and very large x, but
the full spectrum seems to be beyond reach. Therefore, it seems ultimately impossible to prove
that the true minimizers have the same structure as our numerical approximations. But via the
primal-dual optimality conditions we can at least guarantee that the numerical approximations
must be very close in terms of objective value. In particular, the observed complicated transitions
seem to outperform simpler variants without additional particles. These transitions are shown in
more detail in Figure 3.4.

It seems that each of the shown transitions follows a different pattern: From one to two
particles, first a fork into three particles is observed, and then the middle particle vanishes
(numerically it seems that in this region also a diffuse solution would be admissible, but we
were unable to find a solution with less than three particles). In the transition from two to
three, the third particle simply appears in the middle. From three to four, the middle particle
splits into two. From four to five, a new particle first appears, then splits, and finally re-merges.
From five to six, a particle first splits, but the two fragments then vanish and are replaced by
appearing new particles. From six to seven, two particles appear and eventually merge. We did
not anticipate such a complicated structure in a convex functional.

3.4.4 Comparison with empirical measures

Next, we study the convergence of the HK barycenter as p is approximated through sampling.
For the previous example with p being the uniform measure on [0,1] we now generate p by
drawing n points from p and using the obtained empirical measure. Corresponding empirical
barycenters are shown in Figure 3.5.

By Corollary 3.2.3 we expect convergence of the empirical barycenter to the true one, as
n — o0o. However, as k — 0, the true barycenter will converge to the zero measure (Proposition
3.3.10). Convergence of the “residual” part is analyzed in Proposition 3.3.13 for the case when
p has an L2-density. From this we expect that the residual of the empirical barycenter will be
close to the real residual, when p is a good L?-approximation of p. As p is an empirical measure,
it has no L2-density. Intuitively, we expect the result to still hold when a small convolution on
a length scale below « is applied to p, and when this mollified version of p is close to p in an
L?-sense. In a nutshell, we expect the residuals to become worse as x decreases and better as n
increases. This is confirmed by the examples in Figure 3.5.
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n = 100

1.0

Figure 3.5: Barycenters for the input measures sampled from uniform distribution on [0, 1]. Points
mark support of masses, mass itself is not visualized. Three different instances are
shown in different colors to visualize the variance between them. Left: 100 points

T T T T T 0.0

sampled. Right: 1000 points sampled.
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Convergence of the dual solution and constraint function (Prop. 3.3.6) is visualized in Figure 3.6.
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Figure 3.6: The dual (left) and the constraint function (right) at x = 0.1, for two sampled
solutions with n = 100 and n = 1000 together with the solution obtained from the

The uniformity of p in the example above makes it not quite clear what kind of “clustering’
to expect for smaller k. Therefore, we perform similar experiments on mixtures of Gaussian
distributions. That is, p is given by a mixture of 5 Gaussians with means and standard deviations

given by

Figure 3.7 shows the corresponding numerical results for sampling n; = 100 and n; = 1000
points from each Gaussian. The coarse structure of the resulting HK barycenters seems to
indicate five major clusters, one per Gaussian, that gradually merge. As expected, cluster masses
are higher for more concentrated Gaussians, and the second cluster seems to absorb some points

F, w

continuous
n = 100
— n = 1000

continuous ansatz of Section 3.4.3 for comparison.

(0.15,0.05), (0.30,0.03), (0.46,0.08), (0.71,0.03), (0.81,0.06).

0.4

0.6

T T
0.8 1.0

9

from the first Gaussian. As in the earlier examples, the transition between the major cluster

intervals is more complicated, and differs between instances. Occasionally, smaller spurious
particles with low mass are present. The rough structure of the barycenters seems consistent

between all four experiments, in agreement with the proven stability results.
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Figure 3.7: HK barycenters for samples from a mixture of 5 Gaussian distributions. Each column
shows two instances. Left column: 100 samples per Gaussian. Right column: 1000
samples per Gaussian. Empirical distribution is visualized by the vertical histograms
for each instance (50 bins in left column, 100 bins in right column). The mass of the
barycenter for each x is re-normalized to 1 for better visibility.

Figure 3.8 shows the regions of the constraint function F, (1) close to one for the examples
presented in Figure 3.7. The threshold is scaled with parameter x as this seems to produce lines
of approximately constant width over the scales. By Proposition 3.3.6 we know that these regions
are unique and convergent as n — oo. They seem to be in good correspondence with the primal
pictures and are reasonably stable under repeated experiments.

n; = 100 n; = 1000
1.00
0.75
0.50 -
0.25 A
0.00 T T T T T T T T
0.1 0.2 0.3 04 0.1 0.2 0.3 0.4

Figure 3.8: Thresholded regions where the dual constraints are close to being active, i.e. where

Fpu(@) > 1 — 2298 g 9 ingtances with n; = 100 (left) and n; = 1000 (right)
sampled points in each Gaussian presented in Figure 3.7. The re-scaling with xk was
done based on the empirical observation that it yielded approximately consistent

widths of the lines.

For visual comparison, Figure 3.9 shows four single linkage cluster dendrograms for the sampled
points presented above, computed with the algorithm described in [101].

44



3 Hellinger—Kantorovich Barycenter

)
=l

0.0 T T T T T T

il
]

=i

T T T T T
0.05 0.10 0.15 0.01 0.05 0.10
h h

1.0

0.5 1

1.0

0.5 1

0.0 H

Figure 3.9: Single linkage cluster dendrograms for two instances with n; = 100 (left) and for
2 instances with n; = 1000 (right) sampled points in each Gaussian presented
in Figure 3.7, truncated for better visibility. Colorscale represents the number of
points clustered in a branch. Branches carrying less then 2% of the total mass are
shown with narrower lines for better visibility.

The obtained major clusters are qualitatively similar to the results obtained by the HK
barycenter. It differs from the HK barycenter figure in some important features: First, it is well
known that single linkage produces many spurious outliers that show up in the figure as dark, thin
lines. The HK barycenter seems less prone to such outliers. Second, the obtained dendrograms
for n; = 100 and n; = 1000 appear to be shifted horizontally against each other, since the
expected distances between pairs of points are different in both cases. For the HK barycenter the
behavior is qualitatively consistent at a fixed x for different n;. Third, of course the dendrogram
does provide a strict hierarchical clustering of the data, unlike the HK barycenters, and it can be
computed with simple and efficient algorithms. These are features that the HK barycenter does
not offer. For an approach to making the dendrograms more robust to spurious outliers, see for
instance [39].
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3.4.5 A two-dimensional example

Finally, we present some two-dimensional examples. We start with the uniform density on the
square [0, 1]2, discretized by 1312 discrete Dirac masses, see Figure 3.10. As in one dimension,
an intricate sequence of transitions between relatively regular intervals is observed.

x = 0.1090 x =0.1141 x =0.1193 k= 0.1248

1.0 0
e e b R m— . —C—
—2
N i . E g . E
o o—— e o O——— o Om——— o O—— 4
0.0
1.0 r_= 0.4016 x_=0.4200 rk_=0.4393 k_=0.4595
-6
0.0 T T T T —10
0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0

Figure 3.10: HK barycenter for various  for uniform p. In grayscale: dual feasibility residual in
log-scale (In(|1 — F), x(¢)])). In color scale: locations and masses of barycenter with
maximal mass in each barycenter re-normalized to 1 for better visibility.

An example with a mixture of 3 Gaussians is shown in Figure 3.11. For this experiment, 50
points were sampled from each 2D Gaussian distribution. The sampled points are shown in the
plot in grey, the barycenter for selected k is shown in color. The HK barycenter in this case
presents a “clustering” behavior similar to the one shown for a mixture of Gaussians in 1D.
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Figure 3.11: HK barycenter for various & for p sampled from mixture of Gaussians in 2D. Sampled
points are shown in grey. The mass of the barycenter for each k is re-normalized
to 1 for better visibility.
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3.5 Conclusion

In this chapter we have studied in more detail the barycenter between an uncountable number of
input measures with respect to the Hellinger—-Kantorovich distance, with a particular focus on
Dirac input measures. We have shown existence and stability with respect to input data and
length scale parameter and derived a corresponding dual problem. For Dirac input measures we
have shown existence of continuous dual maximizers, their uniqueness (p-a.e.) and primal-dual
optimality conditions. The behavior of the solutions as k — 0 was studied in more detail,
including the limit solution and asymptotic mass and density estimates. We showed that in some
cases no discrete minimizers can exist. A numerical scheme based on Lagrangian discretization
was introduced and it was shown numerically that the evolution of the minimizer with respect to
the length scale does not correspond to a simple gradual merging of “clusters”. With these two
properties (non-existence of discrete minimizers, no simple merging behavior) the HK barycenter
does not induce a simple hierarchical clustering of data points in the conventional sense. Instead,
a wide variety of transition behaviors is observed numerically. However, it still provides a one-
parameter family of measures, interpolating between the input data and a single Dirac measure,
which can be interpreted as a gradual coarse graining. It is reasonably robust under empirical
approximation by sampling, as demonstrated theoretically and with numerical examples, and
comes with a corresponding family of dual problems that provide additional interpretation and
information.

As such Hellinger-Kantorovich barycenter might be an interesting tool for the structure analysis
of point clouds and application to real data would be a possible direction for future research.
This would lead to related questions such as the interpretation of the trajectory of barycenters
in high dimensions and their reliable numerical approximation.
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4 Branched and Multimaterial Transport

This chapter is devoted to the branched transport problem and its convex relaxation in terms of
the multimaterial transport problem. This chapter is mainly based on a manuscript in preparation
to be submitted for publication [24].

As already mentioned in the introduction, various natural and human-made objects have
branching structures. Figure 4.1 shows a simple example which demonstrates the difference
between the standard optimal transport and branching behavior: The transport is performed
between two sources (at A and B) and a sink (at C); the standard optimal transport is shown
on the left, and the branched transport, where the flows are joining at an intermediate point and
then continue together to the sink, is shown on the right. The observed behavior is modelled
through a special construction of the transportation cost: In the case of branched transport, the
cost is selected to be a concave, subadditive function, which encourages the transport network
ramification.

0.5

0.5

Figure 4.1: Sketch of Wasserstein-1 transport (left) and branched transport (right) from
L(54 + bp) to oc.

The concave cost function, however, makes the problem difficult to analyze. Alternative models
promoting network ramification exist, for example, in the setting of multimaterial transport,
where the input is assigned to be of different “materials”, and the (convex) cost function gives
reduction for transporting different materials together. An example of multimaterial transport
problem giving the same network as in the branched transport problem in Figure 4.1 (right) is
given in Figure 4.2.

A [O(.)S]

los]

1 1
Figure 4.2: Sketch of multimaterial transport from 3 (B] 54+ [ﬂ 5B> to 3 [ﬂ Sc.

[0.5
0.5 C

Therefore, in this chapter, we first recall the branched transport problem and the multimaterial
transport problem and then study the latter in more detail. This chapter is organized as follows.
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In Section 4.1 we recall the statement of the branched transport problem in Eulerian description.

In Section 4.2 we state the multimaterial transport problem and discuss the properties of
the multimaterial transport cost. We also give a dual formulation and an alternative primal
formulation and analyze the primal-dual optimality conditions. While the results presented in
Section 4.2 are in principle known in the literature, they appear to be scattered throughout
a number of publications and are given in different mathematical formulations. We collected
the results and presented them in a mathematically homogeneous language suitable for the
subsequent research.

Section 4.3 is devoted to a study of a special subclass of multimaterial problems that admits a
single topology. Here we formally state the single topology problem and a free vertex optimization
problem and then show the connection between the two. We also consider the minimal example
of a single topology problem, namely the problem with 2 sources and 1 sink, and provide a full
characterization of its solution set.

Section 4.4 is devoted to the numerical experiments. We present numerical schemes of two
different classes: a scheme based on optimization over graphs and a scheme based on finite-
element-like discretization of the original infinite-dimensional problem. We present some examples,
which support our findings from the previous sections and make observations about the structure
of the problem (especially the seemingly simple structure of the dual), which motivate the
upcoming research.

In Section 4.5 we study a multimaterial problem with 3 sources and 1 sink in a special setting
when two solutions with different topologies are optimal. We study the properties of the problem
from geometric and algebraic perspectives. We discover and prove an interesting connection
between the transportation costs of the candidates and the bisectors of the angles of the graphs.
We then study the set of solutions of the prescribed type and discover some configurations, which
can a priori (i.e. based only on the initial data of the problem) be shown not to admit solutions
of the prescribed type.

Conclusions and discussion of presented results and potential future work are given in Sec-
tion 4.6.

Author’s contribution

The author has made major contributions to all the sections. In particular, the author
contributed to adaptation and presentation of the results given in Sections 4.2 and 4.3. The
author proposed the research question on the properties of the 3-vertex problem presented
in Subsection 4.3.3 and then contributed to formulating conjectures and proving them. The
author contributed to implementing and adapting the numerical schemes discussed in Section 4.4,
conducted the numerical experiments and analyzed the results. The author helped to define the
general direction of the research in Section 4.5 and participated in discovering, formulating and
proving the conjectures on the properties of the specific 4-vertex problem.

4.1 Branched transport

Here we follow the branched transport problem in Eulerian description introduced by Xia [122]
and generalized to concave transportation costs by Brancolini and Wirth [32]. The alternative
Lagrangian model of branched transport was proposed by Maddalena, Solimini and Morel [90].
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Let transportation cost 7(m) : [0,00) +— [0,00) be a non-decreasing concave function with
7(0) = 0.

Definition 4.1.1. A polyhedral mass fluz between discrete probability measures p4 € P(2) and
p— € P(Q) is a vector-valued Radon measure F € M (2, R") which satisfies in the distributional
sense the Kirchhoff’s mass preservation law

divF = py — p— (4.1.1)
and can be written as
F =) meoet'Le, (4.1.2)
e
where e = z. + [0,1](ye — z.) C € are the non-overlapping edges with orientation o, =

(Ye — we)/|ye — |, coefficients m, € R, are positive real weights, and J#'Le is the restriction
of the one-dimensional Hausdorff measure to the edge e.

Definition 4.1.2. The branched transport cost of polyhedral mass flux F with respect to a
transportation cost 7 is defined as

TR [Fl =Y " 7(me) 7 (e). (4.1.3)

e

The problem of minimizing functional (4.1.3) in the case 7(m) = m® with o € (0, 1)

inf { S me A (e) ( F as in Definition 4.1.1} (4.1.4)

is called the Gilbert-Steiner problem [68]. Note that the limit case @ = 0 corresponds to
the Steiner problem (see [46, 34] for historical overview), while case a = 1 corresponds to
Wasserstein-1 transport.

The branched transport cost of a general Radon measure satisfying Kirchhoff’s mass preserva-

tion law (4.1.1) is defined via relaxation of the branched transport cost of polyhedral mass fluxes
ijl'H— H— .

Definition 4.1.3. A vector-valued Radon measure 7 € M(,R") is called mass flur between
the probability measures 4 and p— if there exist two sequences of discrete probability measures
(k) (1% ) € P(Q) and a sequence of polyhedral mass fluxes Fy, with div(Fy) = pub — p¥ such
that F, —* F and pf —* puy, where —* indicates the weak-+ convergence in duality with
continuous functions. In this case, we write (F, ,ui, pF) = (F, g, ).

If 7 € M(2,R"), then the branched transport cost of F is defined as

J ot [f-'] = inf < liminf jﬂﬂi,uﬁ [‘Fk]
k

(fknufﬁ-vﬂli) - (]:7:U’+nu)}a

the lower semicontinuous envelope or relaxation of the branched transport cost on polyhedral
mass fluxes.
The corresponding branched transport problem is the optimization problem

inf {j””’”* 7] (f € M(Q,RY), div(F) = py — M_}.

As already mentioned above, the concave cost function makes it difficult to solve the problem
both analytically and numerically. Therefore, it has been suggested in [92] to consider a relaxation
of the branched transport, called multimaterial (or sometimes multi-material) transport problem.
The rigorous arguments and results on the relaxation can be found in [92, 87].
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4.2 Multimaterial transport problem

4.2.1 Problem statement

The multimaterial transport problem seeks to find the best (joint) displacement for m materials
between their prescribed initial and final distributions in convex, compact set Q@ C R™ (with non-
empty interior). Let initial and final distributions of material ¢ be denoted by p’,, u*. € M (),

i =1,...,m where we impose the consistency condition ||z, || = [|"||. These distributions can be
summarized into two vector-valued measures py = (p, ..., /™7, u_ = (pt, ..., 1™ € P(Q)™.
The multimaterial transport problem consists in finding a collection of fluxes w = [w!,... ,w™] €

M(Q)™*" where Tow w® € M(Q)" is the flux of material i, minimizing the total cost of
transporting all the mass from py to p—, given by

dw

Py =int { [ 1 (35 )dlel | w e M@ Divi) = =i} a2)

where the divergence operator Div acts row-wise on each material flux w* and is to be understood
in a weak sense. That is, we impose

/ Vodw' +/ pd(p’. —pt) =0 (4.2.2)
Q Q

for all test functions ¢ € C'(Q) and for all i = 1,...,m. This constraint describes mass
conservation (also known as Kirchoff’s law) for the material fluxes.

The multimaterial transport cost H : R™*™ — [0, 00) is assumed to be convex, lower semi-
continuous and positively 1-homogeneous. More specifically, we assume that H is constructed
from a unit transport cost h : R™ — [0,00) in way described below, where h(f) gives the cost of
transporting a combination of materials § € R™ along one unit of length (signed vectors 6 can
represent the case where some materials travel in opposite directions). Further, we assume that
the unit transport cost h is constructed from some prescribed prototypical material combinations
O C R™ and corresponding cost coefficients ¢y € Ry for § € ©. Given O and (cp)geco we set h
to be the largest convex, positively 1-homogeneous, even symmetric function R” — [0, oo] that
satisfies h(6) < ¢y for 6 € ©. More explicitly, one first introduces a preliminary function h by

h(p) = (4.2.3)

A |Alcg, if p= A0 for some A € R, § € O,
400, else.

and then sets h to be its convex lower-semicontinuous envelope h := h**. h inherits positive
1-homogeneity and evenness from h. For the convex conjugate h* one finds

0, if |0Tq| <cy VO € O,

4.2.4
400, else. ( )

h*(q) = Mq,0) — [Meg =
(q) SUp max (q,0) — |Alca {

Since h* = h*** = h* and by positive 1-homogeneity one has that h* is the indicator function of
the subdifferential 0h(0).
Throughout this chapter we assume that

0 € int h(0). (4.2.5)

This implies, for instance, that infgeg cg > 0.
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4 Branched and Multimaterial Transport

Given h we then construct H, by specifying that the cost for a collection of materials p € R™
being transported in direction e € R™ is given by h(p) - ||e]|. For a general multimaterial flux
matrix the cost is defined again via the convex, positively 1-homogeneous envelope. Analogous
to above introduce a preliminary function H via

- h if P=
A(P) { () llell, if P=pwe, (126)
400, else.
Note that because unit cost function 4 and the norm || - || are 1-homogeneous, the function H (P)

is defined consistently even if the decomposition P = p ® e is not unique. Then, like before, we
set H = H**. For H* one finds

H*(Q) = sup(Q,p @ ) — h(p) |le]| = suppTQe — h(p) |le|] = sup supp’Qe — h(p)

b€ p,e elel|=1 P
0, if|07Qe|<cy VOE€O,e:|e| =1,
— Sup h*(Qe) — 1 | Q€| — CQ € ”6H
e:|lel|=1 400, else

if [|07Q| <cp VO
:{0’ i jeTQll <o ¥0 €O, (4.2.7)

400, else.

As above, the function H* = H* is the indicator function of the subdifferential 9H (0). H inherits
convexity, positive 1-homogeneity, and lower-semicontinuity from h. Assumption (4.2.5) implies
that

0 € int OH (0). (4.2.8)

Further, one has
H(p®@e) = h(p)|le]l (4.2.9)

for any mass vector p and direction e [87, Lemma 4.1.0.1]. Note also that by Carathéodory’s
theorem, for any flow P € R™*" there exists a decomposition P = Y . \; 6; ® e; for some
{Ni} C R, {6;} C © and {e;} C R", such that H(P) =), A\ h(0;) |les]| =D, | Nil co, leil|-

Example 4.2.1. Let m =2, © = {[0,1]7,[1,0]T,[1,1]T}, fix a parameter g € [0, 1] and set the
cost of transporting a unit of mass of each individual material to 1, and the cost of transporting
one unit of each material jointly to 1+g¢, so ¢y = 1,¢p1,0) = 1, ¢p1,1) = 1+¢. Figure 4.3 illustrates
h and its envelope (or extension) h.

Figure 4.4 shows the subdifferential 0h(0). As can be seen from (4.2.4), each vector § € ©
induces two bounding hyperplanes with orientations given by +6 and offsets from the origin
given by cg.

Finally, note that the choice ¢ = 1 corresponds to the regular Wasserstein-1 cost, and ¢ = 0 to
the Steiner cost.
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4 Branched and Multimaterial Transport
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Figure 4.3: Unit cost function h(my,ms). Figure 4.4: Subdifferential 9h(0).

4.2.2 Dual formulation
A dual multimaterial problem can be obtained via Fenchel-Rockafellar duality.

Proposition 4.2.2 (Dual multimaterial problem). Let

D(p, pi—) = sup {/Q o-d(uy —p_) | o€ CHOQ™, —Dy(z) € DH(0)Vz € Q} . (4.2.10)

Then one has D(piy, pi—) = P(pig, ).

The dual problem (4.2.10) can be interpreted as a generalization of the Kantorovich-Rubinstein
formula. Recalling the characterization (4.2.7) of 0H (0) the dual constraint can be written as

—Dy(z) € OH(0) & ||VOTp(z)|| < cp VO € O, (4.2.11)

where 0T = 3" 0;0; € C*(Q). That is for every prescribed combination of materials (given by
the set ©), the norm of the gradient of the corresponding (weighted) sum of dual potentials is
limited by the corresponding unit cost.

Proof. The primal problem (4.2.1) can be written as

inf

Lt (F(A) £ Ow))

for F' = 1, y, Gw) = [q H(§|—$|)d|w|, and A = Div. By Fenchel-Rockafellar duality

theorem 2.2.6, the dual problem is then formally given by

sup {—F"(—p) — G*(A"p)},
peCH(Q)m

inf

wGM(Q)an{F(Aw) +Gw)} =

(4.2.12)

where A* is the adjoint of operator A and F*, G* are convex conjugates of respectively F' and G.
One obtains

0, if (x) € 0H(0)V x,

4.2.13
+00, ( )

F*($) = /Q 6d(us — o), G*(4) = {

else.
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4 Branched and Multimaterial Transport

and A* = —D where D is the component-wise gradient of functions ¢ € C1(Q)™.

To show that the duality gap in (4.2.12) is in fact zero, we need to verify the constraint
qualifications. In this case, this has to be done on the dual side. Indeed, for the function
@ : x — 0 one has that F* is finite at —p and G* is finite and continuous at A*p, where the
latter follows from the fact that 0 € int 0H(0), (4.2.8). O

Remark 4.2.3. In problem (4.2.10) the dual potentials ¢ have to be continuously differentiable,
which is a strong restriction, and solutions to this problem do not always exist. It can be shown
that the class of admissible functions can be relaxed to Lipschitz functions ¢ € C%1(Q, R™) and
that the relaxed dual problem admits an optimizer [87].

We also note that the dual solutions are often referred to as certificates, as an optimal dual
solution can be used to confirm optimality of a feasible primal candidate. In the context of
multimaterial transport the gradients of the dual potentials are also called calibrations [92].

4.2.3 Primal-dual optimality conditions

It is also useful to consider the primal-dual optimality conditions for this problem. We state
here again the primal-dual optimality conditions (Theorem 2.2.9): For a primal-dual pair of
optimization problems written in the form (4.2.12), candidates (w, ) are optimal if and only if

Aw € OF*(—¢) & —p € dF(Aw) & F(Aw) + F*(—p) = — (A%p,w),
A*p € 0G(w) & weIG (A%p) &  Gw)+G(A%) = (A"p,w). (4.2.14)

For the multimaterial transport problem specifically, the two conditions become

Div(w) = pg — p—, (4.2.15)
—Dy(xz) € 0H(0) V x € Q, (4.2.16)
<—Dg0(x), m($)>F =H ((ﬁ;@)) |w| — almost everywhere. (4.2.17)

Conditions (4.2.15) and (4.2.16) are the primal and dual feasibility constraints and the latter
can be rewritten as in (4.2.11). To interpret condition (4.2.17), assume for simplicity that

dw

m(az) =M ® e for some A € R, A >0, 6 € © with h(f) = ¢y, and e € R",|le]| =1
w

|w|-almost everywhere on some closed set S C Q. Then on S we can rewrite the left side of
(4.2.17) as
dw

(~Dolo). §5(@)) = -NDgta). o)

The cost on the right side is by definition (4.2.9)

dw
H = Mh(6 =A
(@) = Ar(@) el = Aca,
and so condition (4.2.17) becomes

—(0TDp(x),e) = h(0) |le]| = co.
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4 Branched and Multimaterial Transport

Comparing this with the feasibility condition (4.2.11), which can be written as
10T Do ()|| < co,

and using that e has unit length, we conclude that |w|-almost everywhere on S it must hold that
0TDp = —cye. (4.2.18)

This means that if a certain mass combination § € © is flowing in direction e € R™ in an optimal
primal solution, then the corresponding dual optimal solution must satisfy that the weighted
combination of dual potentials 8Ty is maximally decreasing in direction e, as far as the constraint
(4.2.11) is concerned. This is a natural generalization of the classical Wasserstein-1 problem
where the single dual potential must be decrease with slope 1.

4.2.4 Momentum condition

The primal-dual optimality conditions become particularly strong when several material fluxes
meet at a vertex. In the following we give a formal discussion and refer to [87], in particular
Remark 4.2.0.4, for rigorous treatment of regularity. Let = € Q2 and consider a flow w where
several fluxes form a vertex at z (see Figure 4.5):

w = Z(GZ ® 61‘)0'1' %IL&'.

i

Figure 4.5: Incoming and outgoing flow at a point x.

Here vectors 0; € © are the material compositions, ¢; C R™ denote the straight line segments
between the vertex x and the end-points y; # = with e; = (x —y;)/||lx — ;|| giving their orientation
(pointing towards the vertex), and scalars o; € {1} determine the direction of flows along these
edges (+1 for incoming, —1 for outgoing). One finds

Div(w Zaaz div(e; 0L;) Zeaz i — 0z).

As source and sink measure we choose
E 01 6yia E : 9 5%
i:o;=+1 toj=—1

and thus from the constraint Div(w) = 4 — p— we obtain the mass preservation condition at
the vertex x that

> bi0i =0. (4.2.19)
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4 Branched and Multimaterial Transport

Applying now condition (4.2.18) to each edge (and taking into account the orientation o;), at
x we obtain for each ¢ that
0;0]Dp = —cp, €;.

Summing this over 7 and using (4.2.19) one then obtains the condition

> cpei =0, (4.2.20)
7

known as the balance formula [122, Example 2.1] or momentum conservation condition [87,
Remark 4.2.0.4].

In the special case when three edges meet, often referred to as a triple junction, this means
that the relative magnitude of the costs (cei)g’zl fully determines the relative angles between the
edges, since they prescribe the edge lengths of a triangle. This is visualized in Figure 4.6.

Vg a b
Vg Pa Vg

y Voc=V(ps+ ¢p) c
Vo,

Figure 4.6: Junction with 3 flows (left) and the corresponding cost triangle (right).

For discrete distributions of sources and sinks, the optimal primal solution has been shown to
be represented by a network [92], and so these local optimality conditions provide guidance for
constructing solutions or at least solution candidates.

When fixing three boundary points y;, mass compositions v; and costs ¢,, it may however
still be that the optimal solution does not exhibit a single vertex x with the implied angles,
since either the three costs might not allow for the formation of a triangle (e.g. one being more
expensive than the other two combined), or since the vertex x cannot be placed between the
y; with the prescribed angles. In these cases the optimal solution will be degenerate and z will
coincide with one of the y;. This is examined in more detail in Section 4.3.3.

For more than three edges there are more degrees of freedom and the relative angles are
therefore not fully fixed by the costs.

4.2.5 Alternative primal formulation

After rewriting the dual constraint of (4.2.10) as in (4.2.11) we can obtain an alternative primal
problem. We use again the Fenchel-Rockafellar duality theorem and pick —F*(—¢) as in (4.2.13)
but we now choose G*(¢) = 1|4, <¢, voco and (A*p)y = 0T Dy. Note that in this case each of the
dual constraints (4.2.11) induces a corresponding scalar flux in the primal problem. We denote
the component corresponding to vector 6 € © by wg. Then the alternative primal formulation is

given by
inf {Z co ||lwol|

0cO

we (M@ Y0 div(wp) = py — M_} : (4.2.21)
0cO

FEach scalar flux wy represents a potential combination of masses 6. It makes the joint fluxes
more explicit, provides another intuitive view on the multimaterial transport problem, and is
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4 Branched and Multimaterial Transport

also practical from a numerical perspective. We refer to [25, Section 4.2] for a more detailed
study of this alternative formulation and numerical examples.

4.3 Problems with single topology

4.3.1 Setting and vertex optimization problem

A challenging aspect of the multimaterial transport problem is the exponentially large number
of potential topologies of the optimal network. Therefore, we defer the problem of identifying
the optimal network topology for now and consider in this section special problem instances
where only a single topology is admissible to gain some insight in the remaining problem of
finding the optimal location of network vertices. We show that this can be re-written as a
finite-dimensional convex optimization problem. Such single-topology problems can be designed
by suitable choice of sources and sinks, as well as the function h via the choice of prototypical
material combinations ©. We now outline this construction.

Definition 4.3.1 (Single-topology setting). A single-topology multimaterial transport problem
is specified by the following components:

(i) Initial and final distributions are given by

m

s = Zei Oz p— = 10y, (4.3.1)
=1

i.e. the source consists of m distinct Dirac measures of different materials i (e; is the
canonical i-th basis vector in R™), located at positions z; € €, that all move to a common
sink at y € Q (1,, being the vector with all entries 1).

(ii) The network topology is encoded by an abstract directed graph (V, E) with V = {1,..., K}
where K > m + 1 and each vertex has an associated position z; € 2. Vertices 1,...,m and
K are fized vertices and their positions are given by z; = x; for i = 1,...,m and zx = y.
The positions of the other free vertices will have to be determined by optimization. When
(i,j) € E, then all mass from z; will flow to z;, and so the graph (V, E) describes the
gradual merging of materials from the sources towards the sink. In particular K is the
unique root with no outgoing edge, all other vertices have precisely one outgoing edge, and
the set of leaves with no incoming edges is {1,...,m}. A simple example for such a graph
is shown in Figure 4.7.

(iii) We denote by ch(i) ={j € V : (j,i) € E} the children of i and by pa(¢) the unique parent
for i € V' \ {K} for which one has (i,pa(i)) € E.

(iv) For (i,j) € E we denote by ; ;) the material vector that is flowing on the edge (i, 7). By
construction, on the edges emerging from the source vertices, the material vector is the
corresponding unit vector. At each free vertex, the material vector of the outgoing edge
must be the sum of the material vectors of the incoming edges. And the sum of the material
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4 Branched and Multimaterial Transport

vectors that are incoming on the sink/root node must be 1,,. This means, we have

Oipagiyy =€ fori=1,...,m,
e(i,pa(z’)) = Z e(k,z) for i=m+1,..., K -1,
kech(z)
ln= > 0 (4.3.2)
jéech(K)
So the material combinations are fixed by the topology E and independent of the vertex
positions.
(v) Let © := {f.le € E} and associate with each material combination 6., e € E a cost

coefficient ¢, for the transport per unit length. Together they induce the unit transport
cost function A, as described in Section 4.2. The choice of coefficients c, is arbitrary except
for being strictly positive, which together with finiteness of F implies that (4.2.5) holds.

m=>5

Figure 4.7: A network with fixed topology, sources represented by white circles, sink represented
by grey-filled circle, free vertices represented by black-filled circle.

We will show that minimizing over the position of the free vertices is equivalent to solving the
flow problem (4.2.1).

Definition 4.3.2 (Primal and dual vertex optimization problem).

(i) The primal vertex optimization problem is given by

inf Z C(i,j)HZj — Z,H + ZZ{Ii}(zi) + Z{y}(ZK), (4.3.3)
(i.4)EE i=1

where z € RE*" denotes the collection of all vertex positions, z; € R” denoting the position
of vertex i. This means, we sum over the edges in the network the respective edge lengths
weighted by the unit cost coefficients for the corresponding material combination. The
positions of the fixed vertices are enforced by the indicator functions.

(ii) The corresponding dual problem is (sketch for duality given below)
sup { S i bupaey — >, Y G ‘ (Pe)ecr € RIE™,
i=1 jech(K)

[be Scefore€ By Y 60 = Bipay foralli=m+1,...,K — 1.} (4.34)
jE€ch()
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4 Branched and Multimaterial Transport

The dual variable ¢ € RIZI*" has one n-dimensional component per edge of the network,
indexed by (i,7) € E.

Problems (4.3.3) and (4.3.4) are finite-dimensional non-smooth convex optimization problems
and can, for instance, be tackled with proximal splitting methods [45, 29].

Remark 4.3.3 (Sketch of duality). Duality between (4.3.3) and (4.3.4) can again be obtained
via Fenchel-Rockafellar duality (Theorem 2.2.6), similar to (4.2.12). Equation (4.3.3) can be
brought into the canonical form by choosing

F:RIEX? R F(w) =Y cellwe,
ecl

GZRKX”%{O,OO}’ G(Z)-{Ov ifzi:xiforizl,...,mande:%

400, else,
A RExn _ RIEIxn (Az) ¢ ) = 2zj — 2 for (i,j) € E.

The function F' is the sum of scaled norm terms that can be conjugated separately. The convex
conjugate of the Euclidean norm is the indicator function of the unit ball 7. <;, and so we obtain

w 0 if |we| <ce Ve€eE
F*(w) = Y. 6> =q ’
(@)= st <Ce {+OO’

o else.

The conjugate of G, an indicator of a singleton for fixed vertex positions and not depending on
the free vertex positions, is

G* (w) S wic v +wi -y, fwj=0forj=m+1,...,K—1,
w) =
400, else.

For the adjoint of A we find
(A*¢)i = — Z PGig) T Z PG,i) = ~Plipa(i)) + Z D(50)
j:(i,4)EE j:(ji)EE jE€ch(z)

with the convention that the first term is zero for ¢ = K where pa(i) is not defined. By
Fenchel-Rockafellar theorem 2.2.6, the dual problem is then formally given by

sup  —F"(—¢) — G*(A%9),
(beR\E\xn

where we find that the F™* term yields the constraints ||¢.|| < c. for e € E. The G* term yields
the constraints ¢; pa(iy) = Zjech(i) G fori=m+1,..., K — 1 and the terms

Z¢(zpaz ’ Z ¢3K

i=1 jéE€ch(K)

which together yields (4.3.4). Strong duality holds because F' and G satisfy the constraint
qualifications on an affine subspace.

The primal-dual optimality conditions, analogous to (4.2.14), in this case yield:
A*¢ € 0G(z), —¢ € OF(Az),
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where the former simply implies the dual constraint

(A0)i =0 & upaiy = D GGaifori=m+1,.. . K—1, (4.3.5)
jE€ch(7)

and the latter becomes

i) € ¢y - Ol - D((A2) ) for (i,5) € E, (4.3.6)

which implies the dual constraint [¢(; ;|| < c(;;), and in particular for z; # z; that ¢(; ;) =
c(ij) - (zi—2j)/llzi— z;||. This means that when an edge in the transport network is not degenerate
(i.e. its start and endpoint are different), then the corresponding dual variable must be aligned
against the flux in that edge and its length must be the material cost c(; j).

We will show below that any configuration of vertex positions z € REX" with appropriate
fixed vertex locations in (4.3.3) induces an admissible candidate for the primal multimaterial
flux problem (4.2.1). Further, from any admissible dual candidate ¢ € RIFI*™ in (4.3.4) one can
construct an admissible candidate for the dual multimaterial problem (4.2.10) by identifying
¢(i,5) with 0Ti7j)Vg0, i.e. we assume that the dual potentials ¢ are linear functions with constant
derivatives. This will imply the equivalence between the problems. Before turning to the general
equivalence proof, we study an explicit example to gain some intuition.

Example 4.3.4. Consider the case m = 3, K = 6, with four fixed vertices {z1 = x1, 20 = ®2, 23 =
x3,2¢ = y} and two free vertices {zy, 25}, with edges E = {(1,4),(2,4), (4,5),(3,5),(5,6)}, as
illustrated in Figure 4.8.

X y

Z4
1

Figure 4.8: Vertex optimization: Sources denoted with x;, sink denoted with y, free vertices
denoted with z;.

Z5

X X3

The corresponding collection of material vectors is given by
O = {014 = e1,0(24) = €2,0(45 = e1 + €2,035 = e3,056) = 13}

Flattening the collection of vertex positions z € RE*" into a vector of dimension K - n, the
corresponding matrix representation of the operator A can be written as

I 0 0 I 0 0
0 -I 0 I 0 0

A=|lo o o -1 I o,
0 0 —-I 0 I 0
0 0 0 0 -I I
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where I € R™" is the identity matrix and 0 here denotes the n x n zero matrix. The primal
problem (4.3.3) for this graph becomes

Inf e 20 =@l + e ll2a = 22l + ) 125 — 2all + e 125 — 23l + e 6) ly = 2]

and the dual problem (4.3.4) is to maximize the objective function

m

sup | D (w1, Bipati)) — (45 95.6) (4.3.7)
¢ER|E\><’VL i—

under the constraints
P(10) T P(2,9) — Pa5) =0, ba5) + b33 — s.6) = 0 (4.3.8)
and
¢l < ey for (i) € E. (4.3.9)

In the discrete vertex problem (4.3.3) we have not constrained the free vertices to lie in Q.
This allowed for a simpler dualization. The following Lemma shows that if all fixed vertices lie
in 2 and the latter is convex, this restriction is not required. The Lemma will also be convenient
in the rest of the chapter.

Lemma 4.3.5. Primal optimal free vertex locations in (4.3.3) lie in the convex hull of the fized
vertices.

Proof. The coefficients ¢, e € E, in (4.3.3) are strictly positive, and each (Az), is the difference
of two vertex positions. Let C' be the convex hull of the fixed vertices, and denote by Po : R — C
the projection onto C'. Then for x,y € R™ one has

|Pox — Peyl| < [l =yl
and for x € R"\ C and y € C one has
[Pex — Pey || < [z —yll.
—~~
=y

Thus in (4.3.3), for admissible fixed vertex positions, if any one of the free vertices are not in C,
the objective can be strictly decreased by projecting them onto C. 0

4.3.2 Equivalence of vertex optimization and multimaterial transport problem
Proposition 4.3.6. Let z and ¢ be primal and dual optimal in (4.3.3) and (4.3.4). Let
w = Z g(i,j) ® €(i,5) %H_l(i’j), gol(a:) = <.73, ¢(i,pa(i))> for ¢ = 1, e,
(i,J)eE

Here for (i,j) € E we set

0 else,

Z5—2Zq .
J. Z if Zi ;é Zj,
o AT
(4,)

and l(; jy C R"™ is the straight line segment between z; and zj. Then w and ¢ are primal and dual
optimal for (4.2.1) and (4.2.10).
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Proof. We first show primal feasibility of w by evaluating Div(w). We find

Div(w Z 9 (i,5) dlv(e(”) ! LZ(Z])) Z H(i,j) (521 — 623')
(i.))eE (i.j)eE
K
=2 | 2 - X un 0.
i1 \j:ij)er JGAEE

m

:Z €i0g; 1m6y:,u+_:u*'

In the forth equality we use (4.3.2), which implies that in the sum the terms for i = m+1,..., K—1
are zero, for ¢ = 1,...,m there are no incoming edges, and for i = K no outgoing edges.
For the objective we find

dw
/ H<d|w|> dlwl= Y H(u,) ®eus) -z — 2l =

(i.4)EE
Z h(0u ) 1(Az) 6zl < Z il (A2) )
(i,7)EFE (i,9)EF

B

where A as in Remark 4.3.3. Here we used (4.2.9) and the inequality h(6.) = h**(0.) < h(0e) = ce
for e € E. From this we conclude that (4.2.1) < (4.3.3).

Now we consider the dual problems. Based on the tree structure (V, E') introduced in Definition
4.3.1, for i = m+1,...,K — 1 denote by desc(i) the descendants of i, i.e. the vertices j €
{1,...,m} for which the unique path to K passes through i. Condition (4.3.2) then implies that
O pa(i)) = Zjedesc(i) ej fori=m+1,..., K — 1, and in particular (6(; pa(;))); = 1 if and only if
j € desc(7). In a similar way, for i = m + 1,..., K — 1, recursive application of the constraint
ZjECh(i) D(j,i) = Plipa(i)) Of (4.3.4) yields @ pagiy) = Zjedesc(i) P(j,pa(s))- With this we get for the
dual candidate as constructed above and (i, pa(i )) € E that

m

(i,pa(z’))D‘P(x) = Z(e(i,pa(i))) P(j,pas Z Pipals)) = Pipali))-

j=1 j€desc(q)

Therefore, the constraint |[¢¢; pa(iy)ll < cipa(i)) in (4.3.4) implies the constraint for the dual flow
problem (4.2.11). As for the dual objective, one gets in (4.2.10) for the above ¢ that

:Z<¢(i,pa(i))7$i> - Z (D0, k)1 Y)-

i=1 jech(K)

With this we find (4.2.10) > (4.3.4), and using strong duality for both problems we eventually
get equality between (4.2.1) = (4.2.10) = (4.3.3) = (4.3.4) and thus optimality of the candidates
constructed above. O
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4.3.3 Example: Three vertex problem

As an instructive and popular example of a problem with only a single admissible topology we will
now study the three vertex problem and in particular the explicit solution (or characterization of
solutions) of the corresponding vertex optimization problem, based on the chosen locations of
sources and sink, and of the material costs.

For this concrete case, a slightly more explicit notation will be convenient. Consider two
sources z1 = A = x1, 29 = B and a sink z4 = C in 2, with a single free vertex z3 = S, i.e. m =2
and K = 4, and F = {(1,3),(2,3),(3,4)}. For simplicity, we assume that A, B and C are
distinct. Degenerate special cases can be solved separately. According to Lemma 4.3.5, point S
lies in the convex hull of points A, B, C, and the convex hull of 3 distinct points is contained
in a 2-dimensional plane; therefore we restrict our discussion in this section to A, B, C, S € R?
without the loss of generality. For more compact notation we will refer to the cost coefficients by

a = cq3), b=cpg), C=C34)-

As above, we assume that all three coeflicients are strictly positive. Then the primal vertex
optimization problem (4.3.3) can be written as

inf a-||A=S||+b-||B—-S|+c-||C—-S5],
SeRn

where again S = z3 denotes the single free vertex. The dual corresponding dual problem (4.3.4)
can be written as

Sup {<A7¢a> + <B7¢b> - <07 ¢C> ¢a7¢b)¢c 6 Rn : ¢a + (;Sb = ¢C7 ||¢CE|| S X fOI‘ x E {CL, ba C}}

Note that the constraint in principle allows to eliminate one of the ¢,, for instance ¢., which
would correspond to the continuous dual problems (4.2.10), see also Prop. 4.3.6. In particular,
the latter proposition suggests that we can identify ¢, with the gradient of the corresponding
(sum of) dual potential(s), which in turn can be assume to be globally linear, and we will do so
in the following discussion.

In addition, the primal-dual optimality condition implies for the optimal S and (be)xe{a,b,c}
that

A— S
44 - bo—a A5
[A=9]
B-—S
S4B N dp=b ——2 4.3.10
b=V TS (4.3.10)
S—-C
S4C N bo=c 2
1C=3]

In addition, Lemma 4.3.5 implies that S must lie in the convex hull of {4, B,C}. When
S ¢ {A, B,C}, then the constraint ¢, + ¢, = ¢. and (4.3.10) fix the relative angles at which the
segments AS, BS and C'S meet in S via the “cost triangle” with lengths a, b, ¢, see Figures 4.6
and 4.9. In particular none of the angles between any two segments can be 7, implying that S
cannot lie on the edges of the triangle ABC.
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\?h\§ c a b

v Ya 5

A

Figure 4.9: Angles at the free vertex S and the corresponding cost triangle.

This means that one of four cases must occur: S coincides with one of the three vertices,
A, B,C, or S lies in the interior of the convex hull, see Figure 4.10.

B B B B
!/ C ’\ ¢ >C >/,c
S
A A A A
Figure 4.10: Possible types of graph (left to right): L-graph (S = A), L-graph (S = B), V-graph
(S =0C), Y-graph.

It is easy to see that when a point S can be found, under which the three segments have
the correct relative angles, it will be a primal solution and the segment orientations induce the
corresponding dual solution. In the following we discuss under which conditions such a point S
does or does not exist.

Problem normalization.

Since three vertices A, B, C' always lie in a two-dimensional plane and since the optimal S will
lie in the convex hull of A, B, C, it is sufficient to consider the case n = 2 in the following. Further,
the optimization problem is invariant under isometries of R? such as translations, rotations, and
reflections; and also under scaling in the sense that the solution of the transformed problem is
the transformation of the original problem. We can therefore consider the case where A = (0,0)T,
B = (0,1)T and C having a non-negative first coordinate.

c>a+b

o[, o[ o -[s
0@ =, ! 0 = 0]
0@ =[¢ L e
o | =l Lot

Figure 4.11: Calibrations for the cases when the cost triangle does not exist.

Cost constraints. A point S with the appropriate angles cannot exist when the angles do
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not exist, i.e. when one cannot form a triangle with edge lengths a, b, ¢ because one of them is
longer than the sum of the other two. Assume ¢ > a + b (the other cases are symmetric). Then
for any ¢g, ¢p with ||¢.|| < x, z € {a, b} one automatically has for ¢. = ¢, + ¢p that ||¢.|| < c.
So flows a and b can move independently and be calibrated independently by the dual potentials
without having to worry about the constraint for ¢.. The primal solution will therefore be the
V-graph. This and the other two cases are illustrated in Figure 4.11.

Domain constraints. The other situation when a point S with the suitable angles does not
exist is, informally, when the triangle is too small or oblong. For a normalized problem (see
above), the set of points S under which A and B appear under the correct relative angle lies on a
circle (by the inscribed angle theorem, see Figure 4.12). Fixing S on that circle, the set of points
C for which this point S is primal optimal then lie on a ray emerging from S with a prescribed
angle. Thus, with A and B fixed, the set of all C for which a S with the proper angles exists is
the union of all these rays. This set is bounded by the circle and the two extremal rays when S
coincides with either A or B. An elementary geometric consideration yields that these angles are
given by ¢p and 14 respectively (see Figure 4.9 for the notation of the angles ¥4, ¥'5).

Figure 4.12: Domain constraints: if the angles at S have to agree with the cost triangle angles,
then C' cannot lie in the dashed regions.

One can then verify that when C' lies within the circle, that the optimal solution will again
be the V-graph where a and b flows can be calibrated independently without violating the
¢c-constraint (intuitively, because now ¢, and ¢, meet at an angle larger than the one prescribed
by the cost triangle, and thus the resulting ¢, edge is shorter than c¢). Likewise, when C' lies
beyond one of the two rays, one of the two L-graphs will turn out to be optimal.

4.4 Numerical approximation

This section is devoted to the numerical approximation of solutions of multimaterial transport
problem. Namely, we consider two different discretization options with dedicated numerical
solvers, show some numerical experiments and discuss the observations.

4.4.1 Graph optimization

The fact that for discrete sources and sinks optimal solutions are supported on graphs [92] and
the rich structure of the primal-dual optimality conditions suggest numerical approximation
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schemes that directly optimize over graphs. While this is a simple problem for a fixed topology
where only the locations of the vertices need to be found (as discussed in Section 4.3), interesting
problems usually exhibit a number of potential topologies that is exponential in the number of
sources and sinks. Here we consider a numerical scheme of the described type.

The scheme consists in alternating optimization: First we optimize over the flows on a fixed
graph (the topology and the vertex positions are fixed), and then, for a fixed flow on the graph, we
optimizer over the positions of the free vertices of the graph. While both optimization problems
separately are convex, the joint problem (i.e., optimization over flows and vertex positions)
is a non-convex discretization of the original multimaterial transport problem. Therefore, in
general we cannot expect global optimality of the solutions we obtain from this scheme. As a
heuristic remedy, in both steps with add regularization: in the flow updates we add quadratic
regularization of the flows to encourage spread of the flow over multiple edges and thus to
increase the chances of “observing” more potential topologies. in the vertex position updates we
add a quadratic fidelity to the previous step to avoid that the graph collapses to a degenerate
configuration immediately. We now describe the two alternating steps in more detail.

The first component of the scheme is a numerical solver for a regularized multimaterial
minimum-cost flow problem on a given graph (see for example [2, Chapter 17] or [18, Section
8.3]; compare with the flow minimization problem in Section 4.2.5): Let (V, E) be a connected
directed graph, let m be the number of materials and ® C R™ be the finite set of material
combinations with given cost coeflicients ¢y € R4 for 8 € ©. Let uy,u_ € ]R'Xlxm be the
matrices associated with the vertices of the graph V' giving respectively the initial and the final
distribution of masses for each material such that -, (u4 )i = >_;(u-)ju =1, k=1,...,m. The
regularized multicommodity flow problem is as follows:

min {Z Z co he(wep) le

w c RIEIXIOl. Z 6 div(wg) = g — M—} , (4.4.1)
0cOeckE

0cO

where [, is the length of edge e, h. : R — R, is the Huber function

z| —e/2, if |z| > e,
hg(z):{u /2, if |zl

5 else,
and div : RIZ! — RIVI denotes the graph divergence operator.

We introduce the regularization to “spread” the flow over the edges, as the quadratic term of
the Huber function encourages the transport of smaller amounts of mass through a larger subset
of edges. For € = 0 one recovers the original problem. We will use gradual reduction of € as an
annealing technique.

We use Chambolle-Pock proximal splitting method [38] to solve problem (4.4.1), as the
necessary proximal operators prox, ; and prox, p. can be evaluated efficiently. Namely, by
selecting

G RIEIXO] — Ry, G(w) = Z ZCH hs(we,9)7
0cO eckE

F RV {0, 0}, Fv) =1—p, —u_(v),

A RIPIXIOI _ RIVIxm, Aw =Y 0 div(wp),
fco
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we find that problem (4.4.1) can be written as min gz xje| G(w) + F(Aw). For the proximal
operators (Definition 2.2.2), we get

Wep —ocglel, if wep > e+ ocylel,
(Prox, (w))e,p = § Wep +0cole], if weg < —e—ocyle], Vee E,0€06,

c .
o Wed otherwise,

prox; p«(v) = v — 7(pug — p-).

The second component of the alternating optimization scheme is the vertex optimization. We
formulate the problem similar to Definition 4.3.1 as minimization over the free vertex positions
while keeping the flow on edges w fixed. Let z € R¥:*" denote the free vertex positions (with
k. € N standing for the number of free vertices) and z € RUIVI=F)x" denote the fixed vertex
positions. Let Afree : Rk=xn y RIEIXn gnq Afiwed . RUVI=kz)xn y RIEIXN he two operators which
give for each edge the adjacent vertex positions, with the convention that (A7°°z), = z; if edge e
ends in vertex i and (A7°¢z), = —z; if edge e starts in vertex 4 (and similar for operator Afied),
Let w € R'f‘ be the set of non-negative weights; we choose we = ) ycg o he(weg). Then the
vertex optimization problem can be formulated as follows:

z € ]szxn} :

min {Z We H(Afreez)e + (Aﬁzedx)eH
eck
For instance, for the problem presented in Example 4.3.4, with n = 2, for the 2 free vertices
z € R?*2 = {2, 25}, four fixed vertices x € R**? = {x1,z9, 23,7}, and the edges defined as
before, the operators A€ and A are as follows:

I 0 -1 0 0 0
I 0 0 —I 0 0

Afree = |1 1|, Afeed — L 00 0 0],
0 I 0 0 —-I 0
0 —I 0o 0 0 I

where I € R?*? is the identity matrix and 0 € R?*? is the zero matrix.

We also add a quadratic regularization term to the vertex optimization problem to introduce
damping into the system (i.e. to prevent the vertices from moving too far from their original
positions):

k-
min {Zwe H(Afmez)e 4 (Aﬁxedaj)eH + )\Z HZZ _ EZH
=1

ecE

z € R’W"} : (4.4.2)

where A € R, is the regularization parameter and Zz; is the constant denoting the original
location of point z;.

We also use the Chambolle-Pock method for this problem, and select

k-
G:RF*" SR, G(z) =D |lai — =l
=1
F : RIE - R4, F(U) = Z We ||Ve + (AﬁIde)e )
ecl
A RE=X? L RIFL Az = APz,
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for which we obtain

1
prox, c(z) = T 20w (z+2X\o2),
Ve + T(Aﬁ:wdx)e’ if Hve =+ T(Aﬁxedx)eH < We,
(prOXT,F* (v))t? = vetT(AfTed ), .

mwe, otherwise.

We perform the numerical optimization as follows. Given the initial data (distribution of
sources and sinks and cost coefficients for material combinations), we first obtain an initial
graph by triangulating the convex hull of the support of sources and sinks. We then select the
parameters of the algorithm (list of values of ¢, regularization parameter \, parameters of the
Chambolle-Pock algorithm) and stopping criteria thresholds. For the stopping criteria, we use a
standard combination of feasibility and optimality conditions. We then proceed to perform a
preset number of alternating optimization steps (edge flows and vertex positions) for the largest
selected value of €, and then pass the resulting graph with a flow on its edges into the alternating
optimization for the next . After going through all the € in the list, we perform one more round
of alternating minimization steps with unregularized flow problem. Here we show some examples
of the application of the numerical scheme we discussed.

Example 4.4.1 (2 sources, 1 sink). Consider the problem described in Section 4.3.3 with two
material types with a single Dirac source for each and a common sink. We place the sources at
[0,0]T and [0, 1] for the materials 1 and 2 respectively, and the sink at [2,0.5]. We select the
cost coefficients for the individual flows as a = 1, b = 0.5 and for the joint flow as ¢ = 1.3 (see
Section 4.3.3 for the notation). The initial graph generated by area triangulation is shown in
Figure 4.13.

10 q

0.8

0.6

0.4

0z

00| @
000 025 0350 075 100 125 150 175 200

Figure 4.13: Initial graph used in Example 4.4.1 with sources in green and common sink in red.

We use the numerical scheme described above to solve the problem; the evolution of numerical
approximation is shown in Figure 4.14: Each row shows the flows of the individual materials
through the graph (left for material 1, right for material 2) after the alternating optimization for
the given e, the mass is shown with the a-channel; values p and d are the primal and dual score
respectively.

We compute the angles 14 and 15 at the Steiner point analytically (as in Section 4.3.3), and
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compare them to the values computed numerically. The theoretical values are

22 _p2 B2 4 2 — g2
Y4 = arccos ety = 0.352648, ¥ p = arccos yAe o ~ 0.762550,
2ac 2bc
while from the numerical experiment we obtain
Va ~ 0.352878, g =~ 0.760649,

which shows a good correspondence with the theoretical values (with 0.07% and 0.25% error
respectively).

=01, p=2.080929,d =2.080921

1.0 107
0.5 Lt e | 05 P
0.0{ 0.0l o

0 i 2 0 i 2

1.0 s 1.0
0.5 '/'/—‘ 0.5 \/'-4
0.0 0.0 "

. 1.0
0.5 /‘/—‘ 0.5 \/4"
0.0 0.01 _«°
£=0, p=2.959438, d = 2.959467

. 1.0
0.5 // 0.5 \/
0.0 0.0L ¢°

1.0

1.0

Figure 4.14: Numerical approximations at the end of e-scaling iteration for the 2 materials.

Example 4.4.2 (3 sources, 1 sink). Next we consider a similar problem but with 3 materials
with separate sources and common sink. Sources of the materials 1, 2,3 are located respectively
at [0,0]7,[0,0.7]7,[0,1]T, and the common sink is located at [2,0.4]T. The cost coefficients for
single material flows is set to 1, for any combination of 2 materials to 1.4, and of all 3 materials
to 1.9. The initial graph (obtained by domain triangulation) is shown in Figure 4.15. The results
are shown in Figure 4.16.
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1.0

0.5

0.0

0.0 0.5 1.0 1.5 2.0

Figure 4.15: Initial graph used in Example 4.4.2 with sources in green and common sink in red.
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Figure 4.16: Numerical approximations at the end of e-scaling iteration for the 3 materials.

70



4 Branched and Multimaterial Transport

We can observe the solution of expected type: flows of materials 2 and 3 meet in a Steiner
point (which does not coincide with any of the fixed points), the joint flow with materials 2 and
3 then meets the single material flow of type 1 to form another non-degenerate Steiner point,
and from there the joint flow of all 3 materials goes to the common sink.

Example 4.4.3. Next we consider an example very similar to Example 4.4.2, with only a minor
change: The location of the common sink will now be at [2,0.3]T. The evolution of approximations
is shown in Figure 4.17. We observe here a different topology of the solution, namely, the Steiner
point of materials 2 and 3 is now degenerate (as it coincides with the source of material 2).

£=01,p=1.39827,d=1.398278

.01 1.0 1.0 I
L[] * .
0.5 £ 0.5 T 0.5 e
= —em— == =
0.0 0.04 = 0.0
0 1 2 0 i 2 0 i 2

€=0.01, p=3.72502, d = 3.724984

107 107 1.0
.

0.5 > 0.5 \_\_‘_‘ 0.5 —
e .

0.0

0.0L = 0.0
0 1 2 0 1 2 0 1 2

£=0.001, p = 4.497925, d = 4.497906

10[ 101 3 1.0
05 05 !ﬁ 0.5 ¥
/\ ‘ ‘
.

0.0

0.0 = 0.0
0 1 2 0 1 2 0 1 2

€=0,p=4.610587,d =4.610586

107 107 1.0
4

05 05 \\ 0.5

0.0 /\ .

0.0L = 0.0

Figure 4.17: Numerical approximations at the end of e-scaling iteration for the 3 materials.

However, by adjusting just one parameter of the numerical scheme (namely, changing the
vertex optimization regularization parameter A from 0.01 to 0.1), one can obtain a different
solution, shown in Figure 4.18. We note that in this solution (after the last unregularized step)
both of the Steiner points are non-degenerate, and the primal value here (p = 4.606984) is lower
than in the previous solution (p = 4.610587). As discussed above, this is a consequence of the
non-convexity of the chosen problem discretization.
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Figure 4.18: Numerical approximations at the end of e-scaling iteration for the 3 materials:
adjusted parameters of the numerical scheme.

The presented numerical experiments confirm that the developed graph optimization scheme
does not guarantee global optimality of the approximate solutions even in simple cases. Similar
behavior has been observed in other topology optimization approaches, see for example [25, 44].

4.4.2 Finite element discretization

As an alternative, one can apply a finite element discretization to the problem, typically with a
weak divergence constraint on the fluxes. There is a huge body of literature on different discretiza-
tion schemes non-convex branched transport and convex multimaterial transport problems with
different choices for discretization, regularization, adaptive mesh refinement et cetera [93, 27].

This avoids explicit optimization over topologies as they can now be implicitly encoded as
fluxes on the mesh. On the other hand, for a sharp resolution of the resulting network structures
typically a very large number of mesh triangles is required as the weak divergence constraint
induces a strong spatial blur. Here we consider the following approach.

Recalling the dual multimaterial problem (4.2.10) we relax the class of admissible dual functions
from C!'(Q)™ to CY1(Q, R™) (see Remark 4.2.3). Assuming there is an underlying triangle mesh
for the spt(u+) Uspt(p—) we discretize the dual problem on it and enforce the dual constraints
on the elements of the mesh (i.e., on the faces of the triangles). We use the standard finite
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element technique for obtaining the matrix which extracts from the values of the dual potentials
at the nodes their gradients on the elements (see for example [64, Section 7.2.3]). Note that the
dual problem obtained in this manner will be conformal to the original dual problem discussed
in (4.2.10), as its solution will be a feasible candidate for the original problem (taking into account
the relaxation to Lipschitz functions). However, the primal problem obtained by dualization of
the conformal dual will not be conformal to the original primal problem ((4.2.1) or (4.2.21)), as
the new primal will have the flow supported on the faces of the triangles, with only a weak notion
of divergence constraint enforced, and so its solutions cannot directly be used as candidates for
the original primal problem.

We use the Chambolle-Pock proximal splitting method for optimization and adaptive refinement
of the mesh for improving the discretization accuracy. Namely, after computing the solutions to
the conformal dual and non-conformal primal with the Chambolle-Pock method, we compute
the divergence of the primal solution on the edges of the mesh and then refine the discretization
in the vicinity of the edges with the highest absolute value of the weak divergence and repeat
the process. For simplicity, we describe the case n = 2 (i.e., we work in R?), but with suitable
generalizations the scheme can be extended to general n.

Here we show the application of this scheme to the problem from Example 4.4.2.

Example 4.4.4. We start by generating a simple triangulation of the convex hull of the support
of the input measures. In this case, we only start with 2 triangles, as shown in Figure 4.19.

1.01 s
L
0.5
0.0 L_¢ , : : :
0.0 0.5 1.0 1.5 2.0

Figure 4.19: Initial mesh used in Example 4.4.4 with sources in green and common sink in red.

We then use the numeric scheme as described above and show the evolution of the primal
and dual solutions, as well as the computed divergence residual and the triangles selected for
refinement. The evolution is presented in Figures 4.20-4.24. The first row shows the absolute
value of the primal flow for each of the 3 individual materials, the second row shows the dual
potentials corresponding to each of the materials interpolated into the faces of the triangles, and
the third row shows the divergence error computed on edges, the error propagated onto the faces
of the elements, and the triangles selected for refinement on the next step.
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Iteration 1, 2 triangles

p = 4.568964
1 1
0 : o] : : :
0 1 2 0 1 2 0 1 2
d = 4.568964
1 1
0 ‘ , : 0 , . . : , .
0 1 2 0 1 2 0 1 2
Error on edges Error on faces Triangles to be refined
1
0 0

Figure 4.20: Numerical approximation of the non-conformal primal and conformal dual with

divergence residual.

Iteration 6, 41 triangles
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Figure 4.21: Numerical approximation of the non-conformal primal and conformal dual with

divergence residual.
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Iteration 11, 82 triangles
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Figure 4.22: Numerical approximation of the non-conformal primal and conformal dual with
divergence residual.

Iteration 16, 125 triangles
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Figure 4.23: Numerical approximation of the non-conformal primal and conformal dual with
divergence residual.

75



4 Branched and Multimaterial Transport

Iteration 21, 173 triangles

p = 4.595475
1 1 17
0 i 2 0 i 2 0 i 2
d =4.596576
1
0
0

Figure 4.24: Numerical approximation of the non-conformal primal and conformal dual with
divergence residual.

We can see that the primal flow follows the path we discovered in Example 4.4.2, however
it is too diffused to reliably extract the topology of the true optimal graph. We can also see
that the dual solution seems to be affine and remains stable (not seemingly dependent on the
discretization) after further iterations.

Having performed numerical experiments with the two described approaches, we have confirmed
that solving multimaterial problem in cases when a single topology is not prescribed can be
challenging. We have also noted that the dual solution seemingly requires a much sparser
discretization.

We therefore proceed to study in detail simple prototypical problems with more than one
admissible topology to evaluate if more suitable discretization and mesh adaptation rules can be
inferred from them.

4.5 Problem on 4 vertices

4.5.1 Motivation and overview

In this section we study the case where two networks with different topologies have the same
transport cost. If both are also optimal, any dual solution must act as certificate for both
(i.e. satisfy the corresponding primal-dual optimality conditions), and therefore the gradients of
the dual potential must locally adapt to the direction of the fluxes of the two networks and thus
cannot be globally linear. Already in the case where one network is optimal and the other one
slightly sub-optimal, optimal dual potentials might not be globally linear, since they must still
act as approximate certificates for the slightly sub-optimal network.
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When both networks are indeed optimal, the additional primal-dual optimality conditions
provide further information (or constraints) on the dual solution which might be helpful for their
explicit construction. In future work one could then investigate whether there exist piecewise
affine dual solutions on a simple mesh.

Throughout this section we will study the following example problem. Let there be m = 3
types of materials with sources and sinks as in the single topology case, (4.3.1), i.e.

m
ot = Zei Oy p— = 1,0y (4.5.1)
i=1

for x1,x9,x3,y € Q. It will be convenient to introduce the notation
A= Z1, B = T2, C= T3, D= y. (4.5.2)
Assumption 4.5.1. Within this section, we consider A, B,C, D € R2.

We will consider two potential network topologies. In in the first, flows from A and B merge
first at a point S, and then with the flow from C at Ss, from which the combined materials flow
to D. In the second, flows from A and C merge first at a point Sy, and then with the flow from
B at Sy, and from there jointly flow to D (by Lemma 4.3.5, S, S2, S3,S4 € R?). The rationale
behind the indexing of the merging points will become clear in Section 4.5.3. We will label the
corresponding material vectors as

O .= {9(1 =e1, 0y :=e9, 0. :=e3, 05 := 13, 0. := e1 + €2, Gf =e1 + 63} (4.5.3)

and denote by a,b,c,d, e, f the corresponding strictly positive cost coefficients, that together
with © induce the cost function h, as outlined in Section 4.2. Networks for both topologies with
corresponding material vectors are sketched in Figure 4.25.

Figure 4.25: Two potential network topologies for 3 sources, 1 sink, with notation for merging
points and the material vectors.

By removing 6. or 6 (or by setting the corresponding coefficients e or f to +00), the problem
is reduced to the single topology setting of Section 4.3. In each case, there are two free vertices
(S1 and Ss if f = 00, Sy and Sy if e = 0o0) and the optimal flow is given by a graph with straight
edges between the appropriate fixed and free vertices.

We are interested in the case where the angles between the edges at the free vertices S to
Sy are given by the corresponding cost triangles, as in (4.2.20), as this imposes the strictest
constraints on the dual variables. All four relevant triangles and nomenclature for the involved
angles are shown in Figure 4.26. Where these angles appear in the two networks is shown in
Figure 4.27. We will be referring to these two networks as the e- and the f-graph. We will
explicitly allow cases where some of the edges have zero length, as long as it is possible to
consistently assign orientations to them that still match the cost triangle angles.
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Assumption 4.5.2. We assume that a, b, ¢, d, e, f > 0 and that all four cost triangles exist and are
not degenerate (i.e., each triangle has a strictly positive area). In particular, we have ¥% € (0,7)
for all appropriate X € {A,B,C,D}, 1€ 1,2,3,4.

wND AN

a b f d c f
v 0} 7 :
¢ s ,/d ¢ a

Figure 4.26: Cost triangles for the four free vertices S1,...,.54. For each angle wé( the sup-script
and sub-script indicate the associated free and fixed vertex, see also Figure 4.27.

A

Figure 4.27: Free and fixed vertices and cost triangle vertices in both networks. The edges of the
graphs follow the directions of the respective gradients of dual potentials to allow
for primal-dual optimality conditions.

In Section 4.5.2 we examine whether both networks exist, with merging angles according to
the cost triangles, and with the same transport cost. In Section 4.5.3 we show that imposing that
both networks have the same transport cost is equivalent to a geometric condition that certain
bisector lines intersect in a single point. These lines then provide a natural candidate mesh for
defining piecewise affine dual solutions. In Section 4.5.4 we then derive necessary conditions for
the cost coefficients (a, b, ¢, d, e, f) such that two equal cost networks with cost triangle angles
exist.
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4.5.2 Simultaneous existence of two networks with equal cost

We now consider the question for which choices of cost coefficients (a,b,c,d, e, f) there are
positions A, B, C, D such that in both networks (the e- and f-graph) the edges at the free vertices
meet with the angles prescribed by the cost triangles. The cost triangle angles fix the relative
angles between any edges within the two graphs separately. By fixing an additional angle, for
instance between the e and f segment, which we denote by ¢ € (—m, 7], see Figure 4.27, the
angles between any two edges in both graphs are fixed. By choosing a suitable global coordinate
system we can arrange that the e-segment (between vertices S; and S3) is horizontal. The
segments then have the following orientations:

Z(S1— A) =y, Z(S1— B) = —¢p,
L(Sy—B)=m+{+9h, LD —Sy) =& -y,

Z(D — 83) = ¢, £(S3—C) =7 — ¢, (4.5.4)
£(S4—C) = £+ ¢, £(Sy— A) =& — P,

Z(S3—851) =0, Z(Sy— Sy) =¢&.

We will also occasionally use the unit vectors vé(, vg and vp aligned with the respective edges,
as shown in Figure 4.27, to denote the orientations.

We now show that for given & the question of existence of two networks can then be formulated
as existence of non-negative solutions to a linear system of equations. To this end, denote by

L= (Y15, 15,15, 15,18, 18,14, 1, 1p) € RY (4.5.5)

the lengths of the corresponding segments in the two networks. We need to find non-negative
values for these lengths such that the two networks both connect the same fixed vertices
(A, B,C, D). This requires, for instance, that if we move along the top cycle (B, S1,S3, D, Sa, B)
we must indeed return to the initial point B. Given the edge orientations (4.5.4) and edge lengths
(4.5.5), this yields the condition

o] + 15 (o] =1 e b))+ [+ o]+ [Snop) = o] oo

Likewise, consistency along the cycles (A, S1,S3,C, S4, A) (bottom) and (C, Sy, S2, D, Ss,C)
(right) leads to the equations

. H o [coswz)} L [cos@ - wgq i [cos@wé)] o {C@(-l/}:c)] ) [o] 4560

0 sin(1)}) sin(§ — ¢4) sin(€ + ¥8) sin(—2)| ~ [0
and
L) ] ] B o

Adding equations for any other cycle in the two graphs will make the system linearly dependent.

For a given £ € (—m, 7| and a corresponding non-negative solution L to (4.5.6) one can then
infer potential positions for all fixed and free vertices. Of course, the edge lengths are invariant
under translation or rotation of all vertex positions. And for any solution L, any positive
re-scaling A - L, A > 0, will also induce a solution.
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The two networks corresponding to (non-negative) solutions of (4.5.6) may still have the same
cost. The following equation enforces that both networks have the same cost:

aly+ ol +cld+did velp=all +bl5+clly +dI% + flp. (4.5.7)

The left and right side of this equation state the transport cost of the two respective networks (see
Figure 4.27) and thus any L > 0 that satisfies (4.5.6) and (4.5.7) corresponds to two networks
between the same fixed vertices with equal cost.

For the trivial solution L = 0 all vertices lie in the same point, and it is thus of little interest.
The following definition clarifies the relevant set of solutions.

Definition 4.5.3 (Non-degenerate solutions and graphs). We call a solution L € R of (4.5.6)
non-degenerate if L > 0 and if all of the implied fixed vertex positions are distinct from each other.
This means that the lengths corresponding to each cycle in the two networks must contain at least
one non-zero entry. If such a solution exists, we also say that two non-degenerate graphs exist. If
the solution in addition satisfies the equal-cost condition (4.5.7), we say it is a non-degenerate
same cost solution or there are two non-degenerate same cost graphs.

The following Lemma gives necessary conditions for &, such that non-degenerate solutions can
exist.

Proposition 4.5.4 (Necessary conditions for angle &). For fized £, for equations (4.5.6) to
have non-degenerate solutions L € R'® in the sense of Definition 4.5.3 it is necessary (but not
sufficient) that either

¢ € (0,7 N [r — max{yh, v&} — max{yE, ¥¢}, max{yh, v} + max{yh, vh}] (4.5.8)

or

¢ € (—m,0) N [r — max{vp, v} — max{vy, v}, max{vy, Up} + max{ys, ¢p}t — 27, (4.5.9)

Proof. For (4.5.6) to have a non-degenerate solution, the equations corresponding to the diagonal
cycles (A, S1,S3, D, S, 5S4, A) and (B, S1,S3,C, S4, S2, B) must have non-trivial solutions. Since
the relative orientation of the edges in these cycles will depend on &, in the rest of the proof we
will consider the cases € [0, 7] and £ € (—m,0) separately.

. 2
vypZ VUp
s, Y5 D

Figure 4.28: Loop (A, S1, S5, D, Sa, Sy, A). Figure 4.29: Edge orientations in Figure 4.28.
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Case 1: £ € [0,7]. The cycle (A4, S, Ss, D, S3, Sy, A) is shown in Figure 4.28 with notation for

unit vectors v’ aligned with each of the segments. The orientation of these unit vectors is given
by

Zvg =0, Lop =€ —7 € [—m7,0],
41)114:1/)1146(0,77'), évj:f—w—wie(f—%r,f—w),
Zvd, =3 € (0,7), Lvh =& —m—p% € (& —2m € —m). (4.5.10)

The orientations are illustrated in Figure 4.29 and their relative ordering is as shown in the
figure, up to swapping v114, U3D and /or Ufj‘, U%.

For the equation
oo+l vp+13 v + 13- vh +lp-vp+14 v =0

to have a non-trivial non-negative solution (I%,1g,1%,(%,1r,1%) the cone spanned by the cor-
responding vectors (0}4, Vg, v%, UZD, vF, vj‘zl) (i.e. the set of points spanned by these vectors with
non-negative coefficients) must contain at least a half-space. This could be shown, for instance,
by an application of Farkas’ lemma (see Lemma 4.5.20 and Corollary 4.5.21).

By (4.5.10) the only angle between two adjacent vectors that can be larger than 7 is the one
between Ui//2D and vz//?’D (depending on the relative orientation of v4, v% and v, v3)). So for a
non-trivial solution to exist we must impose that

max{ v}, Zv}} — min{ Lo}, L03} > 7,

which is equivalent to
¢ < max{¢y, ¥p} + max{vy, vp}.

Now apply the same argument to the cycle (C, Ss, S1, B, Sa, Sy, C). By symmetry this corresponds
to substituting

vh = g, v = g, vh = v, vh = Vg, Eom—¢
and thus yields the bound
m— € < max{yg, i} + max{yé, vi}
Together, the two conditions imply that in the case £ € [0, 7] one has
¢ € [0,m) N [m — max{yp, ¥&} — max{vp, Ui}, max{yy, ¥p} + max{yi, vp}] . (4.5.11)

Case 2: ¢ € (—m,0). In this case the formulas (4.5.10) for the edge orientations remain valid,
but the bounds and their relative orientation, as shown in Figure 4.29, may change. The updated
bounds can be expressed as

Zvg =0, Lvp =m+ &€ (0,m),
Lol =l € (0,7), Lo =m4+e—yh e (€T +6),
AU%:wgDE(Oaﬂ—)a 4U2D:7r+§_¢2D€(£77r+§)'

The largest angle (in (—, «1]) will be either that of v, v} or v3,. The smallest angle will be one
of vg, vf:l or v%. From largest to smallest, the difference between any two adjacent angles will
always be strictly less than 7. Thus, the only condition to impose for existence of a solution is

max{Zvp, ZvY, Zvd} — min{Lvg, L0}, 2B} > 7,
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which becomes

max{m — & ¢}, Yp} —min{0, 7+ — Y, T+ £ — Y} > .

One can see that if 7 — £ is maximal in the first term, or 0 is minimal in the second, then the
condition will be false. So we can simplify this to

max{zﬁh?w%} - min{ﬂ' + f - wi7ﬂ- + E - wQD} > T,

which is finally equivalent to

¢ < max{y}, v} } + max{y}, vh} — 2m.

Applying the same variable substitutions as in the first case (but this time we have to substitute
¢ — —& — 7 to remain in the same interval) for the other diagonal cycle, we obtain the bound

- = f < maX{T/Ule 1/%} + maX{Q/UQB, T/Jé'} — 2.

Together, we obtain

e (—m0)N [ﬂ' — max{w}_g, @Z%} - max{¢%, ¢é}, max{wk,qﬁ%} + max{wi,q/)QD} — 271'] . O

We conjecture that in fact no solutions can exist for £ € (—m,0), however this would require a
more careful analysis of combinations of values for the cost triangle angles 9% .

4.5.3 Equal cost and bisectors

For fixed £ and cost coefficients (a,b,c,d,e, f), (4.5.6) and (4.5.7) are a linear system of 7
equations for 10 length variables. Unfortunately, the non-linear and coupled dependency between
the angles 1% and the cost coefficients (a, b, ¢, d, e, f), as well as the appearance of the parameter
¢ make the analysis of existence of (non-degenerate) solutions to this system quite difficult.

In this section we provide an equivalent condition for the last equation (4.5.7), with a geometric
interpretation, which will then later allow to derive necessary conditions on the coefficients
(a,b,c,d, e, f) for the simultaneous existence of two equal-cost solutions, as well as a candidate
mesh for simple piecewise affine dual solutions.

Consider again the challenge of constructing a piecewise affine dual optimal potential. Assume
that both networks were known, had equal cost and were optimal, arranged in a way similar to
Figure 4.27. Focus now on the dual potential ¢; for material type 1, which has its source ,u}r =0y,
at point A = z1. Dual feasibility dictates that ¢; must be Lipschitz, with Lipschitz constant a.
The primal-dual optimality conditions imply ¢ must decrease with maximal slope a from A
towards S and Sy. If ¢; is to be piecewise affine on a simple mesh (i.e. with few triangles), then
there must be at least two triangles touching the point A and, for symmetry reasons, one may
assume the boundary between the two triangles to run along the bisector between the segments
[A,S1] and [A, S4]. The same consideration applies to the vertices B and C' for potentials ¢ and
¢3, and to vertex D for the sum of potentials Z?:1 ¢;. These four bisector lines therefore seem
to be natural candidates for the basis of the sought-after simple mesh and the question arises
how the central region, where the bisector lines meet, can be triangulated. Figure 4.30 illustrates
the four bisector lines and introduces some related notation to be used in the following. The
main result of this section is that (under minor technical assumptions) for solutions L € R
of (4.5.6) the four bisectors will intersect in a single point if and only if L also solves (4.5.7),
i.e. when both networks have the same transport cost. This implies that the four lines do indeed
offer a simple and very tempting candidate mesh for dual solutions. Studying the feasibility and
optimality of solutions on such meshes could offer an interesting direction for the future work.
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A

Figure 4.30: Two prototypical flow networks, the bisectors between the two edges connected to
each of the four vertices A, B, C, D and with some relevant intersections marked by
01 to O4. In addition, angles between the bisectors are labeled oy to a4 and the
angles between bisectors and the flow edges are labeled 84 to 8p.

The following angles, also shown in Figure 4.30, will be instrumental for the rest of this section.
Their values can be determined by elementary geometric considerations.

Definition 4.5.5 (Vertex and splitting angles). We call

_ Eh v U _StuptUp o
614 = ) BB = ;
2 2 (4.5.12)
3 4 _ _ 2 3 o
_ et _ =$+Yp+ Yy
bo = ; Bp=——">—""
2 2
the vertexr angles between the flow segments and the bisectors at each vertex, and
B - k) Bkl e oy VB VD —Up—Yp
1 3 3 24 2 | 2 4 4 21 3 | (4.5.13)
a3:¢0+wD_¢C_¢D+7T a4_¢A+¢c—¢A—¢C+W
2 ’ B 2

the splitting angles (since they split the whole domain into four sectors if all bisectors meet in
one point). Note that the splitting angles no not depend on £ but are solely determined by the
cost triangle angles (and hence, the cost coefficients).

Remark 4.5.6 (Sign convention for vertex and splitting angles). Some care has to be taken
with the sign convention of these angles. We will show below that Sx € (—7n/2,7) (Proposition
4.5.8). In an arrangement as shown in Figure 4.30 the convention is that all vertex and splitting
angles are positive. If, for instance, 54 were negative (and therefore in (—7/2,0)) then the free
vertices S and Sy would lie on the opposite side of the bisector line (A — Oy), respectively. If
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aq > 0, then the orientation of the B-bisector (B — Oq) is obtained from the orientation of the
A-bisector (A — Oq) by a clockwise rotation by |a1| = ay.

Formulas (4.5.12) and (4.5.13) also allow for negative values for these angles, which may
appear counter intuitive and it is not obvious for all configurations what the corresponding
transport networks would look like. In the following, we establish some non-existence results,
that clarify that “too negative angle configurations” do not exist (for any admissible choice of
cost coefficients) or that no transport networks with equal cost do exist in these cases. See for
instance Propositions 4.5.8, 4.5.9 and several of the statements of Section 4.5.4.

Remark 4.5.7 (Sectors). If all a; > 0 for i = 1,...,4 and all four bisectors meet in a single point,
then they divide the space R? into four wedges which we will refer to as sectors, enumerated
by 1 to 4. If all Sx € [0, 7], then the free vertices S; to Sy will lie in the sectors with the same
index, and the same index is accordingly also used for the -angles and segments of the transport
networks associated with these free vertices.

Finally, when bisectors do not meet in a single point, we label some of their pairwise intersections
according to the sector that they correspond to.

Proposition 4.5.8. Let £ € (—m, 7| and consider the vertex angles 54, Bp, Bc and Bp defined
in (4.5.12). Assume there exist two non-degenerate graphs. Then

B4, Br, Bc, Bp € (_g,ﬂ).

Proof. From the definition of the vertex angles (4.5.12), using that angles % are defined via
cost triangles, we immediately observe the following boundaries:

5A7/8D € <_g>32ﬂ-) ) 63760 € (—71',71') .

Observe now that, again via cost triangles, 84 + 85 = (¥} + 5 + ¥4 + ¢4 — 7)/2 < 7 and
Be + Bp = (V% + % + 5 + 3 — ) /2 < m. In particular, if B4 > 7, then 85 < 0. Assume
now that S4 € [r,37/2). Then, we have

¢ € (Wl +vh — 3m vk + ¢4 — 2],

and in particular £ < ¥4 — 27 < 0. So in order for two non-degenerate graphs to exist, using
Proposition 4.5.4, we must have in addition

¢ € (—m,0) N [r — max{yp, vE} — max{yp, v}, max{yy, vp} + max{y, vpH} — 27].

Therefore, we can use w}4 + wﬁl — 27 for the upper bound and for the range to be non-empty it
will be necessary that

P+ 4 + max{eh, v3} + max{vy, vi} > 3.

As the sum of any two angles from the same cost triangle ¥4 + 9% < 7, to have a possibility of
satisfying this inequality we must have 1[% > ¢}3 and w% > Q/Jé., so that it is necessary that

Uk U+ Ve A b > 3 (4.5.14)

We then use a technique similar to the one presented in the proof of Proposition 4.5.4 and
consider construction of the right loop (D, Sa, Sy, C, S3, D) (see Figure 4.31). The angles for the
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Vr 2

i
W

Figure 4.31: Loop (D, Ss,S4,C, S3, D). Figure 4.32: Edge orientations in Figure 4.31.

unit vectors indicating the segment orientations are

Lop =&+ me (0,m)
Lvp =&+ —p € (§,E+m) Zvpy = ¥p € (0,m)
Lvg =€+ T+ € (E+m, &+ 2m) Zvd =71 — ¢ € (0,7).

Note that Zv% > 41}% (from cost triangles) and Zvé > Lvp > Zv%, that is, the order of the
green vectors and the order of the red vectors separately is as shown in Figure 4.32. We also can
see from the cost triangles that Zv?, — Zv}, < m and using 1% > wé (see above) and the cost
triangles we find 41% — év% < m. Therefore, in order for these 5 vectors to be able to form a
non-degenerate a closed loop with positive coefficients, we need that

L0 — Lvh > or Lvl — Zudy > 7. (4.5.15)

Consider the first option of (4.5.15). From & > ¢4 — 37 and (4.5.14) we then estimate the left
side of the expression above as

— Y — €+ Yh < —YE —a + 3T+ h < VE +yh <,

with the last inequality given by the cost triangle. I.e. this condition is not satisfied.
Now consider the second option of (4.5.15). Using £ < 14 — 27, we estimate the left side as

E+T+YE— P <YL+ Y +vn —Yd —m <,

as the sum of the first two terms ¢} + ¢4c < 7 and the next term ¢4 < 7 by the cost triangles.

So neither of the two conditions is satisfied and therefore the loop cannot be constructed. Hence,
we cannot have 54 € (m, 37w /2]. With analogous arguments it can be shown that Sp ¢ (m, 37/2]
as well as 8p, Bc ¢ (—m,—7/2]. O

Proposition 4.5.9. The splitting angles aq, ..., a4, (4.5.13), lie in (—7w/2,7). At least three
splitting angles are strictly positive.

Proof. By Assumption 4.5.2 the cost triangle angles 9% all lie in (0,7). The sum of two cost
triangle angles that appear in the same cost triangle must be less than 7. This yields the bound
a; € (—m/2,m).

The sum of all the splitting angles is 27w. Let P C {1,2, 3,4} be the indices of strictly positive

angles. One has
4

ZO&Z‘ Z ZO&Z‘ZQW.

ieP i=1
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Since each «; < m, the inequality above can be satisfied only if P contains at least three
indices. u

Based on the definition of the vertex angles we can assign orientations to the bisector segments
as follows:

L(A—01) = L(A— O4) = ¢}y — Ba, ZL(B—04)=Z4(B—-05) =5+ Bg,

; ' (4.5.16)
L(C—=03)=4(C—04) =1 =2+ pc, L(D—03)=2LD—03)=r+9p—Bp.

Intuitively, these point “outwards” from the intersection toward the vertices. Using these
orientations we can then assign lengths to the bisector segments, from the vertices towards the
intersection points O;, as follows.

Definition 4.5.10 (Bisector lengths). Assume «; # 0. For given I}, 1} € R?, as introduced in
(4.5.5), we define the (potentially negative) bisector lengths (bY,bk) as the unique coefficients
satisfying

i [~ ]y [ o] o= o] 1]

which corresponds to closing the oriented loop (O1, B, S1, A, O1) in Figure 4.30. The solution is
given explicitly by

[bﬂ_ 1 [smwﬁal) sin(fp) th], (4.5.17)

bh]  sin(an) | sin(Ba)  sin(Bp+an)] |1k

In the same way we define the bisector lengths (b%,%,)), (b%,b3) and (b}, b%) whenever the
corresponding splitting angles are nonzero.

These bisector lengths can be used to analyze whether all four bisector meeting points O; to
Oy coincide, and they can also be used to parametrize solutions to the loop equations (4.5.6).

Lemma 4.5.11. Assume oy, # 0 and So ¢ {0,7/2}. Then there is a linear bijection between
solutions L € R0 of (4.5.6) and the four bisector lengths (bYy, b, b%,b%) as given by Definition
4.5.10.

This means that in this case the system of equations (4.5.6) has rank 6 and its four-dimensional
space of solutions can be parametrized by the named bisector lengths. Of course, analogous
results hold for any other pairs of bisector lengths from adjacent sectors.

Proof. Since a; # 0, the two bisector lengths (bk, b}g) are in linear one-to-one correspondence
with the two lengths (I%,1}) by Definition 4.5.10, and likewise for (b%, %) and (I%,1%,) since
(0%) 75 0.

Now we show that if ¢ # 0 and (lh, l}g, l2B, l2D) are given, the other lengths of the networks
(i.e. entries of L) are uniquely determined by linear equations. Using the orientations of (4.5.4)
we find that

Sy —A=1 v =15 vh+13 -0 =14 v +1p - vp.

By Assumption 4.5.2 the vectors vi and v are not (anti-)parallel. Hence li and [ are uniquely
determined through the above equation. The same applies to the two lengths (l%, lg). At this
point the vector Sz — Sy is known. Since by assumption f¢ ¢ {0, 7/2} and with the bound of
Proposition 4.5.8, the vectors vg’; and Ué« are linearly independent and S3— 54 uniquely determines
the two lengths (12,,12,). O
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Lemma 4.5.12. Assume ay,as3,a4 # 0 and Bp,Bp ¢ {0,7/2}. Let L € R be a solution of
(4.5.6). Then /01 = 04/ <~ /03 = 04/

Proof. By Lemma 4.5.11 there is a linear one-to-one correspondence between the bisector lengths
(b, b, by, bL), solutions L € R10 to (4.5.6), and (b3), b3, b, b%). So in particular there is a linear
bijection between the two 4-tuples of bisector lengths. This means that there are coefficients
(u1,ug,us, ug) € R such that

bYy — bh =y b3 4 ug - bR uz - b 4 ug - b (4.5.18)

These coefficients can be determined by computing the lengths of intersecting line segments,
as described in the proof of Lemma 4.5.11, leading to formulas similar to (4.5.17), and nested
versions thereof. (We recommend a computer algebra tool to keep track of these coefficients.)
For instance, directly after plugging in all subsequent identities one finds that

_ 1 sin(o1+B4) sin(Ba) sin(Pg+€) + sin(¢2) sin(¢5+¢3) sin(8a) sin(8p)
= sin(z/;jg—i—qﬂé,) sin(ay) sin(d)}éx) sin(@bQD) sin(28g)
I sin(Ba) sin(y} = =€) sin(v3+€) sin(Bp)  sin(a1+Ba) sin(¢) =€) sin(aa+6c)
sin(y}) sin(28p) sin(y)
4 sin(2B.4) sin(y4+€) sin(Bp) sin(as+Bc)
sin(zﬁk) sin(28p) ’

Careful manipulation with extensive use of trigonometric identities and the law of sines on the
cost triangles, which implies for example that

sin w}é‘ _sin w}g B Sin(w}é‘ + w%)

b a e ’

reveal that u; = u4 = 0 and uy = —ug. Therefore
by — b4 = uz - (b — ().

Since the linear map from (b3, b?(’;, b‘é, b4) to (bé, b4, by, bL) is full rank one must have uy # 0.
Therefore [bYy — b% = 0] & [b3, — b}, = 0]. These two conditions correspond to the condition
01 = O4 and O3 = Oy respectively, which proves the claim. ]

The following analysis will at times be greatly simplified by the assumption that no two
adjacent bisectors are (anti-)parallel and neither are two graph segments emerging from the same
vertex. This is encoded by the following assumption. We consider this to be the “generic” case.
The remaining special cases could again be studied in more detail if they become relevant.

Assumption 4.5.13. One has x ¢ {0,7/2} for X € {A,B,C,D} and o; # 0 for i € {1,2,3,4}.

Lemma 4.5.14. Under Assumption 4.5.13, if any two of the bisector meeting points O1 to Oy
coincide, then all four coincide.

Proof. If two “opposite” meeting points coincide (i.e. O; = O; for (4, j) € {(1,3),(2,4)}), then
all four bisectors clearly meet in a single point (cf. Figure 4.30). If two “adjacent” meeting
points coincide (i.e. for (i,7) € {(1,2),(2,3),(3,4),(4,1)}) then the result follows by repeated
application of Lemma 4.5.12. 0

Finally, we are able to state the main result of this section.
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Theorem 4.5.15. Under Assumption 4.5.13 and assuming that ¢} + @11113 + @Dj + @ZJ% #m, for
any solution L € R0 of (4.5.6) one has that L also solves (4.5.7), the equal cost condition, if
and only if all four bisectors corresponding to L meet in a single point.

This holds in particular for non-zero, non-degenerate solutions (Definition 4.5.3) and therefore
it implies that two transport networks have equal cost if and only if their implied bisectors meet
in a single point. We will see in Section 4.5.4 that for 1/1114 + w}g + 1/1?4 + 1/% < 7 no non-degenerate
same cost solutions L can exist and thus the above assumption excludes the (potentially delicate)
boundary case.

Proof. By Assumption 4.5.13 and Lemma 4.5.11 the lengths (b3, b3, b}, b%) are in one-to-one
linear correspondence with L. By Lemma 4.5.14, all bisectors meet if and only if any two of
them meet. We can thus restrict ourselves, for example, to the points O3 and O4. The condition
O3 = Oy is equivalent to b3, = b},. Parametrizing the solution L by (b3, b3, b, b%) and plugging
this into (4.5.7) yields an equation of the form

O:v1-b%+v2-b%+v3-bé+v4-bfl4.

similar as (4.5.18). Again, by careful manipulation similar as in Lemma 4.5.12 one finds that
v1 =v4 = 0 and
vy = —ug = 20O o (k- h+ i+ 03)/2)
cos(fp)
From the cost triangles it follows that 1} 4+ ¥% + ¢4 + 1% € (0,37) and thus by the assumptions
made in this theorem the above expression is non-zero.
It therefore follows that L solves (4.5.7) if and only if b?é = b‘é, which completes the proof. [

4.5.4 Excluding graph configurations a priori

Theorem 4.5.15 gives a simple geometric interpretation for solutions L to (4.5.6), relating the
equal cost condition to the bisectors. But throughout Section 4.5.3 the non-degeneracy of L, and
potentially negative values for some splitting or vertex angles were not discussed. Figures 4.33
and 4.34 show hypothetical configurations with a negative vertex angle and a negative splitting
angle, respectively. In this section we give some necessary conditions on the cost coefficients such
that non-degenerate solutions with equal costs can exist. These then pose some limits on the
negativity of these angles and thus rule out some particularly counter-intuitive configurations.

B

Figure 4.33: Example: 54 < 0. Figure 4.34: Example: a3 < 0.
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In the following we will abbreviate
Ya=va+ Uk, Yp =Yp + Uk, Yo = Ve + v, YD = Vb + vh.

Moreover, we will frequently use that by (4.5.12) for any two adjacent vertices (X,Y) €
{(A,B),(B,D),(D,C),(C,A)} one has

Bx + By <0] & [¢Yx +oy <7l (4.5.19)

Theorem 4.5.16. Assume ¥x + by < 7 for two adjacent vertices X and Y and let £ € (—m, 7]
such that Assumption 4.5.13 holds. Then, there cannot exist two non-degenerate same cost
graphs.

The proof involves several case distinctions and is therefore split into numerous smaller Lemmas
and Propositions. A schematic of the proof outline is given in Figure 4.35. The proof itself is
stated further down, after all auxiliary results are assembled. Afterwards, some corollaries are
given. A central object in the various proofs are the cost quadrilaterals that are introduced next.

Vva+Yp<T
f -quadrilatcralmm% WMCMI non-convex
7492D+74’;,1‘§77 LbZDJrzﬁ‘)é>7r
. T~ 15.26
e-quadrilateral convex e-quadrilateral non-convex

Ypt+vp > az<0
v N vervasn

bu+ip <7 Vi+u s vh+vh>w N

Yp+ve <m
Vo va<n v V  5um0S sumco Aesrso
., JBe <0 B, Bc >0
% @l o2 = (cfrii‘i&ction COIiI';ZiCtiOIl) % 4.5.29
at least 2 opposite % % 4.5.22 bisector lengths
vertex angles are negative g+ 1bp < ha+te < by >0, bp>0
Vv V Exm @ oy V [E=x
another vertex angle Yo+ g > o+ g >T 2 graphs with bisectors
is non-negative and (contradiction) (contradiction) meeting cannot exist

the last one non-positive

Vv

2 graphs cannot exist

Figure 4.35: Outline of the proof of Theorem 4.5.16. Single-line arrows denote case distinction,
double-line arrows denote implication. The numbers refer to the respective lemmas
and propositions. The cost quadrilaterals are introduced below, see Figure 4.36.

Definition 4.5.17 (Cost quadrilaterals). The quadrilateral obtained by joining the two cost
triangles for the free vertices S; and S3 at their common e-edge will be referred to as e-quadrilateral.
Likewise, the f-quadrilateral is obtained by joining the cost triangles for free vertices So and Sy
at their common f-edge. Both are sketched in Figure 4.36.

In each quadrilateral, the angles adjacent to the joining edge are obtained by combining two
angles from the respective cost triangles. They will be referred to as compound angles and their
value can range between (0, 27), potentially making the respective quadrilateral non-convex. The
two angles opposite the joining edge will be referred to as non-compount and may take values
in (0, 7).
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In the e-quadrilateral we denote the length of the diagonal corresponding to the f-edge in the
cost triangles by f’, and likewise with €’ in the f-quadrilateral.

We use the notation (Z,y), to refer to the angle between edges of lengths x and y from the
triangle with edges of lengths z,y, 2. For example (see Figure 4.36), (a,e), = ¢}.

Figure 4.36: The two cost quadrilaterals of Definition 4.5.17.

Proposition 4.5.18. Let Y4 + vp < 7 and all the compound angles in both cost quadrilaterals
be smaller or equal than w, that is wé + % < m, P + w% <7, and Y + 3, < m. Then
Ya+ve <m ¢Yp+¢p <, and Yo +yYp < 7.

Proof. The first condition implies that the angle between sides a and b in the e-quadrilateral is
bigger than in the f-quadrilateral:

Yat v <meviFoh <m— WL+ vh) & (a,0)e < (a,b)..

By the law of cosines this implies that ¢’ < e. The other conditions imply that both quadrilaterals
are convex. The angles in a convex quadrilateral with four fixed edge lengths is fully determined
by specifying either of the two diagonal lengths. Thus, by gradually decreasing e to €, the
e-quadrilateral can be morphed into the f-quadrilateral. - -
Again, by the law of cosines, while e is decreasing, so will the angles (a,b). and (¢, d) and
therefore . .
(c;d)e > (c,d)er & 7 — (V& +43) < Y& + 9% & Yo +vp < .

Since the sum of inner angles must remain fixed, this implies that the sum of the two compound
angles must increase during the morphing. Each of these angles is tied to the length of the
diagonal f’ by the law of cosines. Therefore, since the quadrilateral remains convex during the
morphing, both compound angles individually must strictly increase:

(@c)p < (@ e) & i +¥& <7 — W4 +vE) & Ya+1pe <,

o~ o~

a
(b,d)p < (b,d)y & Yp +vp <7 — (Vh +¥D) & ¥p +¥p <. [

Proposition 4.5.19. Let all pairs of adjacent vertex angles sum to a negative value: Ba+0B8p < 0,
Be+ 0p <0, Bp+ Bc <0, Bc+ Ba<0. Then at least 2 opposite vertex angles are megative.

Proof. This is proved by analyzing all relevant combinations of signs of the vertex angles.
o If all vertex angles are non-negative, all pairwise sums are non-negative.

e If only one vertex angle is negative, then pairwise sums that do not include this angle are
non-negative. E.g. if only 84 < 0, then 8 + 6p > 0.
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e If only two adjacent vertex angles are negative, the sum of the “opposite two” remains
non-negative. E.g. if 54,65 < 0, then 8¢ + Bp > 0.

Therefore, at least two opposite vertex angles must be negative. O

Several of the following propositions rely on a corollary of the Farkas’ Lemma, which we
therefore state here.

Lemma 4.5.20 (Farkas’ Lemma). Let A € R™*"™ and b € R™, with b # 0. Then exactly one of
the following two assertions is true:

e there exists x € R™ such that Ax =b and x > 0,
e there exists y € R™ such that ATy > 0 and bTy < 0.

Corollary 4.5.21. Let A € R™*™. Either there exists x € R™ such that [Ax =0, x > 0, = # 0],
or there exists y € R™ such that ATy > 0 (with the strict inequality holding for each component).

Proof. Let A = [A,1,] € RU™DX" he the matrix obtained by stacking A with the row vector
1,, € R™ with all entries one. Let b = [0,...,0,1] € R™*! be the vector with m zeros and a
single 1. Existence of solutions x € R™ to Az =0, x > 0, x # 0 is then equivalent to existence of
solutions z € R, Az = b, z > 0. By Farkas’ Lemma, either such a solution exists, or there exists
some § = [y,y*] € R™! with y € R™, * € R such that ATj = ATy +y* > 0 and b7§ = y* < 0.
Clearly, such g exists if and only if there exists some y € R™ such that ATy > 0, with the
inequality holding strictly for each component. O

Lemma 4.5.22. Let £ € (—m,w]. Assume there exist two non-degenerate graphs and that
Ba,Bp <0 (i.e., two opposite vertex angles are negative). Then, either

(¢,14 < 1/’1337 wj > 1/}%)7 /BC < 0) or (1/’114 > wgDa 1/};44 < %2:), BB < O)

Additionally, in the respective cases, we have

if vp+yh <7 if Y&+vp<T
then Bp >0, then Bo > 0.

Proof.

Step 1. Find possible configurations.

From B4 < 0 we can find £ > ¢} + ¢% and similarly from 8p < 0 we find & > ¥% + 3.
In particular, we have £ > 0. Since there exist two non-degenerate graphs and & is positive,
another boundary for ¢ is given by Proposition 4.5.4: ¢ < max{yY,¥3} + max{y%,v%}. Now,
if the right side of this inequality becomes 1/1114 + wj or 1/% + 1/1%, we get a contradiction with
the inequalities we obtained from the givens. Therefore, the only configurations possible are
(W < ¥, vh > ¥E) or (¥ > ¥, v} < ¥%). We are left to prove that in the first case
existence of two graphs implies B¢ < 0, while in the second case we must have Sp < 0.

Step 2. (V) < ¥h, ¥4 >9h) = B <0

Without loss of generality, consider the first configuration, (Y < ¥3,, ¢¥% > ¢%). For the other
configuration a symmetric argument applies. Assume by contradiction to the statement of the
lemma that S > 0.
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We first consider the case S > m/2. We can write this down in terms of angle £ as

£ >2m — Y — Yb > U + ¥,

where the last inequality follows from the cost triangles. However, the inequality above contradicts
the upper bound for positive angle ¢ from Proposition 4.5.4, which can be written as

¢ < max{yy, ¥H} + max{vh, v} = v} + v}

using that wi‘ < zb% and wj > w%. We can therefore only focus on the case ¢ € (0,7/2).

Vh+o
bTa

L
Figure 4.37: Loops (A, S1,S3,C, S4, A) and Figure 4.38: Cones of the dual vector com-
(C, S4,SQ,D,53,C). ponents.

Now assume B¢ € (0,7/2). Consider the bottom and the right loop, cf. (4.5.6), along the
vertices (A, S1,S3,C, Sy, A) and (C, Sy, S, D, S3,C). We will show that non-negative, non-trivial
solutions to both loops simultaneously cannot exist if ¢ € (0,7/2). Simultaneously considering
solvability of two loops requires a somewhat elaborate invocation of Farkas’ lemma (and its
corollary). Similar as above, the loop equations can be written as

v+ 1 ol Hlgop + 103 418 vk =0,

(4.5.20)
Ip-vp 41505+ 13- v + 1203 + 1% - vd =0,

where we choose as orientations for the unit vectors along the segments

v =& —m—yh, Lol =k, Zvg =0,
4UF:§7 4U2D:f_w%)a év%:w%_ﬂ-a
Lvg = —¢d, Zvl = E+ v

Of course, these equations hold up to adding multiples of 27 and in the following we will need to
be vigilant when working with intervals of angles. Both loops with chosen segment orientations
are shown in Figure 4.37.

By Corollary 4.5.21, a non-negative, non-zero solution to (4.5.20) does not exist if there exists
some y € R* such that ATy > 0 (element-wise) where

4 1 3 4
_ (vy vy VE Vo Yo 4x8
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This corresponds to finding two vectors wy,ws € R? (and then setting y = (wy, w2) to be the
concatenation) such that

vTwy > 0 for v € {v},v},vg}, vTwe >0 for v € {vp,vhH,vh}, vT(wy +ws) >0 for v e {vd, vl}.

We start by considering the first condition for w;. By the condition 4 < 0 we have that
Pl — (€ —m—%4) € (0,7). Moreover, 0 € (£ —m — 1%, 9}). So v} and v span a cone with angle
strictly less than 7, with vg contained in this cone. Therefore, for w; to have strictly positive
inner product with vj‘zl, v} and vg, it must have strictly positive inner product with the former
two, i.e. it must lie in the interior of the dual cone of {v%,v}}. So its orientation must satisfy

Zwy € (Y — /2,6 — /2 — ).

See Figure 4.38 for an illustration.

By analogous reasoning for the second condition, for wy to have strictly positive inner product
with v%, v3, vp, it must lie in the interior of the dual cone of {v%, v}, vp}, which equals (the
interior of) the dual cone of {v%,v%}. This imposes the condition

Zwy € (Y} +7/2,€ — ] + m/2).

Next, again using the same reasoning, we find that w; 4+ wg must lie in the interior of the dual
cone of {v3,,v}}, and using B¢ € (0,7/2), this can be shown to mean

ZL(wy +w) € (—vE — 7/2,€ + ¢ — 3m/2).

Such wy, ws exist if and only if the sum of the interiors of the dual cones of {v},v%} and {v%,v3}
intersect with the interior of the dual cone of {v3,,v}}.
Using that ¥} < 13 one obtains that

(Yh —m/242m) — (W} +7/2) =7+ ¢} — ¢} € (0, 7).

Note that we added 27 to the orientation of v} here to get a meaningful interval. This means that
the sum of the interior of the two dual cones contains at least the interval (¢3,+m/2, £ =% +37/2).
Using that

Bp < 0= &>} = E> 9% —Yb & E+ v +m/2> % +7/2,
Ba<0=>E>Ph = &> ) — Vg & & — ) +3m/2 > —¢ + 3m/2,

we find that the interior of the latter cone is contained in the interior of the sum of the former
two and thus by Farkas’ lemma, a non-trivial solution to (4.5.20) cannot exist.

Step 3. (1#,14 <7w[)3Da ¢j44 >¢%}7 ¢1B+7w[}3D ST‘-) = /BB >0

This is essentially a repetition of the previous argument, using now the top and right loops
instead, and showing that for Sp < 0 a non-existence certificate for the solvability of these two
loops can be obtained via Farkas’ Lemma. ]

Proposition 4.5.23. There exists no choice of costs a,b,c,d,e, f > 0 such that the corresponding
cost triangles are non-degenerate and Y4 + Yp < w, Yp +¥p <7, Yp + Yo < W, Yo +Ya < T,
Yo < g, Y <3 and oY > 3% (see Lemma 4.5.22 for these conditions).
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c
Figure 4.39: Cost quadrilateral with intro- Figure 4.40: Cost quadrilateral with a and
duced rotation nomenclature. d-segments parallel.

Proof. The proof works by contradiction, showing that the assumed inequalities for the i-angles
cannot all be satisfied simultaneously.

By the assumptions both quadrilaterals are convex, since ¥} + 98 < 14 + ¢ < 7 and likewise
for all other compound angles. Since m — 1/1,% — LZ% > wé + @Z% one has e > ¢/. We can therefore,
as earlier, morph the e-quadrilateral into the f-quadrilateral by gradually decreasing e to €’.
Let this be parametrized by some [0, 1] 3 ¢ — e(¢) that continuously and strictly monotonously
interpolates between e(0) = e and e(1) = €/. (By abuse of notation we will in the following
usually drop the explicit time-dependency from the notation for simplicity and merely write
e.) Figure 4.39 provides some notation and intuition for the following arguments. During the
morphing the angle (c/,\d)6 strictly decreases, the angle (a,¢)¢ strictly increases. Hence, points
P, and P, rotate counter-clockwise around P3 and P4 on circles of radii a and d respectively.
Denote by v and vy the velocities of points P; and P,. They must be perpendicular to the faces
a and d respectively, pointing in the counter-clockwise direction. Denote by v; and =2 the signed
angles between vy, v and P; — P,. By convexity of the quadrilateral (which is preserved during
the morphing), one must have 1,2 € (—7/2,7/2) and we adopt the sign convention that v; > 0
if v; is rotated counter-clockwise relative to P, — Ps, cf. Figure 4.39. Since the length b of the
quadrilateral must be preserved during the morphing, the components of v; and vy that are
parallel to P, — P> must coincide, i.e.

[v1][ cos(y1) = [|vz]| cos(v2).

So one obtains for the perpendicular component of v — v2, denoted by vperp,

perp = (1 = 02)T(P1 = P2)/b = [v1]| sin(y1) — [[vz]| sin(y2) = [Joa][ cos(m) - (tan(m1) — tan(y2)).

By monotonicity of tan one has that vper, has the same sign as v — 2. If vperp < 0, then
the orientation of the b-segment is rotating clockwise, which corresponds to the sum of angles
(¢,d)e + (d, b)s increasing.

At t =0 one finds y; = 7/2 — ¥} — ¥% and 9 = 7/2 — 1% — ¥% and therefore v, — 75 =
¢2D — wfg < 0 by assumptions. Likewise, for ¢ = 1 one obtains 3 — y2 = 1/1114 — 1/1,% < 0. We
will show below, that indeed 71 — 2 < 0 for all ¢ € [0, 1], and thus the b-edge rotates clockwise
and (c/,\d)e + (J,\b) ¢ is increasing when morphing from the e to the f-quadrilateral. However,
this would imply 1/1119 - w% < ¢4C . 1/1%, which contradicts the assumption )¢ < ¢¥p. Therefore,
such cost coefficients cannot exist, as the corresponding quadrilaterals would have contradicting
properties.

We now rule out that the sign of 73 — 9 changes in the interval ¢t € (0,1). As v — 72 is
continuous in ¢, for a sign change one must have an instant where y; = 72, which corresponds to
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the a and d edges being parallel. We show that unless a = d A b = ¢ (i.e. the quadrilateral is a
parallelogram, and stays so during morphing), this can happen at most for one single value of ¢,
i.e. in our case y; — y2 cannot change it sign from being negative to positive and back within the
interval ¢ € [0,1]. The case of a parallelogram can be ruled out since 1 — 2 # 0 for ¢t € {0, 1}.
Introduce now the auxiliary angles 41 and do as in Figure 4.40. For the quadrilateral to be closed,
and a and d-segments to be parallel the two following conditions must be satisfied:

¢ sin(d1) = b sin(d2), d—a = ccos(d1) — b cos(d2).

By convexity (and non-degeneracy of the cost triangles) we can restrict to potential solutions
with (cos(d1),cos(d2)) € (—1,1)%. By elementary curve sketching arguments it is then possible
to show that unless the quadrilateral is a parallelogram, there can be at most a single solution
(01, 02), which corresponds to a single time ¢. O

Lemma 4.5.24. Let 4 + g < m and wQD + wé < 7. In this setting, if P} + LZ% > 7 then
ay < 0. If s + 943 > 7 then as < 0.

Proof. First note that at most one of the two conditions 1/1% + 1/% > 7 or w}g + w% > 7 can be
satisfied at the same time: If both are satisfied, then ¢} + ¢} —HD% + 13 > 27, which is excluded
by the cost triangles.

Figure 4.41: Cost quadrilaterals: ¢} + w% > .

We now assume w}éx + w% > 7. This means that the e-quadrilateral is non-convex due to the
vertex where the a and ¢ edge meet (while the other three angles are each strictly less than
7). We add an auxiliary edge f’ to the e-quadrilateral and reflect edges a and ¢ to construct a
new convex quadrilateral with edges a, b, ¢, d (see Figure 4.41). We then add edge €’ to the new
convex quadrilateral and edge €’ to the f-quadrilateral, as shown in the figure.

The angle formed by the reflected edge a and edge b in the e-quadrilateral is larger than the
angle between the original edge a and the same edge b: (a,b)er > (a,b)e, while the latter is larger
than the corresponding angle in the f-quadrilateral, due to the assumption ¥4 + ¥ < m:

(a,0)e = m — (¥} +9h) > ¥4 + v} = (a,b)e

The new convex quadrilateral can be morphed into the f-quadrilateral by decreasing e’ to e,
or equivalently, by increasing f’ to f, in the process of which the angle between (the reflected) a
and c increases. Therefore,

(@c)p < (ae)y & 2m — Py — Y& <7 — Y4 — vt &
YE vt —d Y T <05 ag <0

The case ¢}3 + w]?’j > 7 can be treated with a symmetric argument. O
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Lemma 4.5.25. Assume a1 < 0. Then the vertex angles in the opposite sector sum to a negative
value: Bc + Bp < 0.

Note that the opposite statement (from negative sum to negative alpha) is true only with an
additional condition on the angles (see Lemma 4.5.27).

Proof. By definition, (4.5.13), one has

1
oar =5 (Vi +vp —vh —vE+7),

and from the non-degenerate cost triangles we conclude @0}4 + 1/)]13 > 0. Therefore, if a; < 0, then
™ — ¢f§1 — @DJQS < 0. Figure 4.42 shows the two cost quadrilaterals with Qﬂf& + %29 > 7w with an
additional edge €’ in the f-quadrilateral.

d

a

Figure 4.42: Cost quadrilaterals, 14 + ¢% > .

From condition oy < 0 we now infer that

1
0>o1 == (Y +vp— VUi —vp+7) &2r—¢) — v <m—Py —p <

2
(@,0)er < (0,b)e & ¢ < e (¢,d)e < (6,d)e &
Y+ < T — Y — b S YE + U +YE + v <7 <0e Bo+ Bp < 0. O

Proposition 4.5.26. Let ¥4+ ¥p < and dJé + %2:) >m. Then Yo+ Yo > m, Y+ vp >,
and Yo +Yp > 7.
Proof. The second condition T/’é + 1% > m immediately implies ¢ + 1¥p > m. It therefore

remains to prove that ¥4 + ¢¥¢c > m and ¥p + ¢vp > 7 hold. We do this by showing that the two
cost quadrilaterals have contradicting properties if at least one of the two inequalities fails.

Case 1: assume Ya + Yo <7 and Yp +vp >m
These two inequalities are equivalent respectively to

Va0 <= (Vh+Y0), (4.5.21)
b+ Vb > 71— (Vb +¢D). (4.5.22)
By non-degeneracy of the cost triangles, we get from (4.5.21) that ¢} + ¢, < 7. Hence, the e-
quadrilateral can be either convex or not depending on the value of 7,/1]13 + %33- The f-quadrilateral
is non-convex by assumption, due to the corner between the ¢ and d segments. The cost
quadrilaterals in their potential configurations are shown in Figure 4.43, where we added edges

e/ and f’ as before.
By (4.5.21) one has

(@e)f=m—vh — v > vl +vE = (@ o)p

and therefore f > f’. Consider now the two possible configurations of the e-quadrilateral.
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Figure 4.43: Case 1: Possible configurations of the quadrilaterals.

e If the e-quadrilateral is convex, i.e. 5 +¢%, < (see Figure 4.43, left), then f > f/ implies

7= W+ 0h) = (bd)y > (b.d)p = v+ v,
which contradicts (4.5.22).

e If the e-quadrilateral is non-convex, i.e. 1/1}3 + w% > 7 (see Figure 4.43, middle), then
f > f’ implies - -
m— (Vg +9p) = (b,d)y > (b,d)pr = 21 — Y — U,
which implies ap < 0. Similarly, recalling that ¥4 + ¢¥p < 7 and considering the triangles
bae’ and bae, one proves € < e. Looking now at triangles dce’ and dce, the estimate e’ < e

implies aqy < 0. That means we have two non-positive splitting angles «;, which contradicts
Proposition 4.5.9.

So the combination ¥4 + ¢ < 7 and ¥ + ¥p > 7 is excluded and by a symmetric argument
one can rule out the reverse situation, which is ¥4 + ¢¥¢ > 7 and ¥p + ¢¥p < 7.

Case 2: assume Yp + Yo <7 and Yvp +¢¥p <m

In this case the e-quadrilateral is convex, and as before let f’ be the second diagonal in the
e-quadrilateral. Since the f-quadrilateral is concave, to morph it into the e-quadrilateral one
must increase f, i.e. f < f’. But at the same time

(@50)f =7 — i — V5 = Ya + b = (@,0)p,
i.e. f > f’ by the law of cosines, which is a contradiction. O
Lemma 4.5.27. Let ¥4 + ¢p < 7 and ¢4C + 9% > m. Then as < 0.

Proof. The assumption 1/% + ib%) > m implies that the f-quadrilateral is non-convex, due to
the corner between the ¢ and d edge. As before, we add the ¢’ edge, which lies outside of the
quadrilateral. By assumption we have

Ya+p <me Yol <1 — WY +vh) & (a,b)e < (a,b)e

and therefore ¢’ < e, and finally (c/,\d)e/ < (c/,\d)e By non-convexity of the f-quadrilateral this
means that

2 — 9} — b = (e d)e < (6, d)e = T — b)) — V3,

which implies that asg < 0. ]

97



4 Branched and Multimaterial Transport

Lemma 4.5.28. Assume 84+ 88 < 0 and g+ Bp > 0, fp + Bc > 0, Bc + Ba > 0, and
Bx #0, X € {A,B,C, D}, then one of the following must be true:

1. Ba <0, B <0, Bc >0, Bp > 0,
2. Ba <0, Bp >0, Bo >0, Bp <0,
3. Ba <0, B >0, Bc > 0, Bp >0,
4. Ba >0, B <0, Bc < 0, Bp >0,
5. Ba >0, Bp <0, Bo >0, Bp > 0.
Proof. This is easily verified by checking all 16 possible combinations of signs. O

Proposition 4.5.29. Assume there exist two non-degenerate same cost graphs with So+ 8p < 0,
Bo,Bp >0 and ag < 0. Assume that Assumption 4.5.13 holds. Then bisector lengths by > 0
and bg > 0.

Proof. Since there exist two non-degenerate same cost graphs, by Theorem 4.5.15 all bisectors
meet in a single point and thus the bisector lengths for any vertex induced by the two adjacent
sectors coincide, see Definition 4.5.10, and can be denoted by b4,bg,bo,dp € R. Since ag < 0,
Proposition 4.5.9 provides that a € (0, 7). Hence, by Definition 4.5.10 we have

[bB]:: 1 Fhﬂﬁs-+aa) sin(fp) } F%}, (4.5.23)

bp sin g sin(8p) sin(Bp + a2)| |13

for some lengths l%, l% > 0. We are interested in showing that bp > 0. Since as € (0,7), we
need to check that

sin(Bp + ao) 1% +sin(Bp) 1% > 0.
Clearly sin(fp) > 0, and we claim that Sp + a2 € [0,7]. Indeed, from fp > 0 we deduce
€ <% + 13 and estimate

5B+a2=§ 5 21/’1) ¢D§¢%+T/’123<777

where the last inequality follows from non-degeneracy of cost triangles. On the other hand, we
know that 1% — 13, > w% — 1/% + 7 because ag < 0 and also £ > 7m — ¢ because B¢ > 0, so
that we can estimate

_EHWE AU V) T E e+ R UG — Ut

5 5 =m4 % — s >0

BB + 2

by non-degeneracy of the cost triangles. This proves our claim, and so bg > 0. The analogue
argument for b4 via the loop in sector 4 yields b4 > 0. O

Proposition 4.5.30. Let B4+ B <0, Bo,Bp > 0 and az < 0, Y4 + Yp < w, assume that
two non-degenerate same cost graphs exist and that Assumption 4.5.13 holds. Then the bisector
lengths ba,bg must be negative.

Proof. By Assumption 4.5.13, ¥4 + ¢p < m, and the existence of two non-degenerate same cost
graphs, by Theorem 4.5.15 the four bisectors must meet in a single point, and thus the two
bisector lengths for each fixed vertex induced by any of the two adjacent sectors must coincide.
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Figure 4.44: Possible locations of S; and S5. Figure 4.45: Invalid triple junction at S7.

By B4+ 8p < 0 at least one of the two vertex angles must be negative. By symmetry we can
assume without loss of generality that 54 < 0.

Given that oz < 0 and 0 < aq, ag, oy < 7 (Proposition 4.5.9), the general configuration of the
bisectors lines is described in Figure 4.44 (note that the order of the C' and D bisector lines is
swapped). We first look at the location of point S3, the meeting point of C- and D-branches of
the e-graph. Using that ¢, Sp > 0 (and therefore in (0, 7), see Proposition 4.5.8), we observe
that point S3 has to lie above the C-bisector line and below the D-bisector line. Taking into
account that as < 7m and a4 < 7, the open cone defined by these two conditions is entirely
contained in the cone spanned by the A- and B-bisector lines. Hence, point S3 is contained in
the interior of the cone spanned by the A- and B-bisector lines.

As for the point S, because angle 54 < 0 (and therefore in (—7/2,0) by Proposition 4.5.8),
point S7 must be below or on the A-bisector line.

If ba, bp were non-negative, points A and B would lie on the non-negative part of the A- and
B-bisector lines. Due to a; < 7 the latter is above the former, see Figure 4.45. Since S5 must lie
in the interior of the AB-cone, and by the non-degeneracy of Definition 4.5.3 A and B must be
distinct, the three points A, B and S3 are distinct.

In the e-graph, line segments from A, B and S3 will meet at S7 to form a triple junction. We
have just shown that under the given assumptions, A, B and S35 are distinct and will lie on
or above the A-bisector line, whereas S7 will lie below it. But this contradicts the momentum
preservation condition (4.2.20) that needs to be satisfied at free vertices. Hence, the assumed
situation cannot occur. 0

We can now finally state the proof for the main result of this section.

Proof of Theorem /.5.16. By symmetry (or by relabeling the cost coefficients) we may without
loss of generality assume that (X,Y’) = (A, B) in the statement of the theorem. The proof follows
the schematic presented in Figure 4.35. We first distinguish the case where the f-quadrilateral
is convex and the case when it is not convex. As 14 + ¢ < 7 by assumption, the only way
convexity can be violated is if 1%, + ¢é~ > .

Let us first assume 9%, + ¢é <, i.e. that the f-quadrilateral is convex. If in addition the
e-quadrilateral is also convex, we can use Proposition 4.5.18 to show that all pairs ¥p + ¥p < m,
Yp+1o < m, and Yo+ 4 < w. Then, by Proposition 4.5.19, we conclude that at least 2 opposite
vertex angles are strictly negative. Assume these angles are 54 and Bp (the argument for Sp and
Bc is symmetric). Then, by Lemma 4.5.22, we have either (v} < ¢3,, ¥4 > 4%, 8¢ <0, B > 0)
or (VY >3, vi <%, Bc >0, B <0). Assume the former (again, the latter can be treated
by symmetric arguments). Then S¢c < g implies ¢ < ¥ and therefore Proposition 4.5.23
implies a contradiction.
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Now consider the case when the f-quadrilateral is convex, but the e-quadrilateral is not. The
latter can be due to two pairs of angles: ¥} + 1/% > 7 or ik + 13 > m. As above, we assume that
the former is true, the proof for the latter case is symmetric. First, by Lemma 4.5.24, splitting
angle oy is negative. Then, by Lemma 4.5.25, we have ¥ + ¢p < w. Finally, we can apply
Proposition 4.5.26 (but applied to a different sector than stated), which implies that ¥4 +v¥p > m,
which contradicts the assumptions. This concludes the case when the f-quadrilateral is convex.

Assume now that the f-quadrilateral is not convex since 1%, + zbé > 7. Then by Lemma 4.5.26
one has Yp+1yp >, ¥vp+vYec > mand Yo+ 4 > 7. This means that Bg+08p > 0, Bp+Bc > 0,
Bc+ B4 > 0, while 844 8p < 0. This leaves only five possible combinations of vertex angles signs
(see Proposition 4.5.28). Two of these combinations (54, 8p > 0, 85,8c < 0 and 54, 8p < 0,
BB, Bc > 0) are impossible, because the conditions of these cases imply a contradicting vertex
angles signs combination by Proposition 4.5.22. We therefore only need to consider the other 3
combinations, where 8¢, Bp > 0 and 84 + 88 < 0. We now note that from the conditions of the
case, by Lemma 4.5.27, splitting angle a3 is negative. We can then apply Proposition 4.5.29 to get
information about prescribed signs of bisector lengths. Finally, we can apply Proposition 4.5.30,
to see that the construction of two graphs with prescribed geometry and meeting bisectors is
impossible. O

Theorem 4.5.16 allows to obtain additional insight into the properties of non-degenerate equal
cost graphs that are given in the following corollaries.

Corollary 4.5.31. Let £ € (—m,m|, assume there exists two non-degenerate same cost graphs
and that Assumption 4.5.18 holds. Then, the following configurations of angles are impossible:

1. Two adjacent vertex angles are both negative.

2. Two opposite vertex angles are both negative.

3. The sum of two adjacent verter angles is negative.

4. A splitting angle oy is negative.

5. The sum of all ¥-angles satisfies 21/)}( < 27, where the sum runs over

(X,1) € {(4,1),(4,4),(B,1),(B,2),(D,2),(D,3),(C,3),(C,4)}.

Proof. 1. For two adjacent vertices X,Y one has [fx + fy < 0] & [¢x + ¢y < 7] and thus if
the first sum is negative, then by Theorem 4.5.16 no solution exists.

2. If two opposite vertex angles are negative, by Lemma 4.5.22, a third vertex angle is also
negative. This leads to two negative adjacent vertex angles and hence to the first case.

3. In the first case, in fact not both vertex angles need to be negative, but their sum being
negative is already enough to apply the argument.

4. If some «a; were negative, by Lemma 4.5.25 the vertex angles of the two opposite vertices
would sum to a negative value, which is the previous case.

5. If the sum of all ¢-angles is less than 27, then there must be two adjacent vertices X,Y
such that ¢ x + ¥y < m, which allows to invoke Theorem 4.5.16. O
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Corollary 4.5.32. Assume there exist two non-degenerate same cost graphs and that Assumption
4.5.13 holds. Then, all bisector lengths bx have to be non-negative.

Proof. Since the two graphs are non-degenerate and have equal cost, their bisectors meet in a
single point (Theorem 4.5.15) and thus the bisector lengths for each vertex induced by the two
adjacent sectors must coincide.

By Corollary 4.5.31 and Assumption 4.5.13, all o; must be strictly positive, by Proposition
4.5.9 they must lie in (0,7). According to Corollary 4.5.31, at most one vertex angle can be
strictly negative, while by Proposition 4.5.8 all vertex angles lie in (—7/2, 7). We split the proof
in two steps: first we assume all vertex angles to be positive, then we treat the case where one of
them is strictly negative.

Case 1: all vertex angles positive
Without loss of generality, consider by, as defined via the first sector via Definition 4.5.10. The
other lengths can be handled in the same fashion. One has

1

ba = sin(an) (sin (Ba + a1) - Uy +sin(Bp) - ) - (4.5.24)

Hence, since 34, 5p € (0,7), non-negativity of b4 follows as soon as sin (54 + 1) > 0, which is
equivalent to 84 + a1 € [0,7]. This is indeed satisfied because

YL Y+ vE — L v — Y —Yh 4

Ba+PBp+ar= 5 =y +yk <

Case 2: one verter angle is negative

Assume without loss of generality that the negative angle is 8¢, so S < 0. By Corollary 4.5.31,
Assumption 4.5.13, and Proposition 4.5.8 the other three must be strictly positive, contained in
(0, 7). Therefore, we can apply the argument from the first case to the bisector lengths in sectors
1 and 2, getting that ba,bp,bp > 0. For bo we get two equations, one each from sectors 3 and 4:

be = sin(cg) (sin (Bc + a3) - 2 +sin (Bp) - )
bco = sin(1a4) (sin (Ba) - 14 + sin (Bo + o) - l4c)

Since all graph lengths, sin(ag), sin(ay), sin(f84), and sin(Sp) are all positive b can only be
negative if sin(f8c + a3) < 0 and sin(B¢ + a4) < 0, which (since a; € (0,7) and B¢ € (—7/2,0))
is equivalent to Bc 4+ a3 < 0 and B¢ + a4 < 0, meaning that 280 4+ as + a4 < 0. On the other
hand, by direct computations, we have

¢c+¢A+¢C+1/)D

2Bc+az+ag =&+ 5 5 —h — .

We observe now that Sp > 0 provides £ > 7w — @D}B — ¢% and Theorem 4.5.16 provides Yo+ > 7
and Yo + ¢¥p > 7w (otherwise two non-degenerate same cost graphs would not exist). Hence, we
can estimate
T T
200+ az+as>m =Yy~ Y+ 5+ 5 —¥p —va = (T~ Ya—vp) + (T—VE—vp) >0

with the last step guaranteed by the cost triangles. Therefore, bo cannot be negative either,
which concludes the second case and thus the proof. O
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4.6 Conclusion

In this chapter, we have studied the branched and multimaterial transport problems, with a
particular focus on some special cases of the latter. After recalling the branched transport
problem, we focused on its convex relaxation in terms of multimaterial transport. We have
collected and adapted the known formulations and results related to the primal-dual optimality,
and then studied the multimaterial problem in a special setting when only a single topology of
the solution is admissible. We discovered and showed the relation of the single topology problem
to the free vertex optimization problem and observed that the dual solutions are globally linear
in this setting. We also studied an explicit example of a problem of the single topology type
with 2 sources, 1 sink, and 1 free vertex and completely characterized its solution set based on
the initial data (i.e. the cost coefficients of the material vectors and the locations of the fixed
vertices). We then discussed numerical methods for the multimaterial problem, presenting two
different discretization approaches, to show that even with advanced numerical schemes, this
problem is difficult to solve, and concluded that it is necessary to better understand the behavior
of the solutions before attempting to develop more efficient numerical methods. We observed
also that the dual solutions are seemingly piecewise affine in the general case (i.e. when not only
a single topology of solutions is admissible).

Based on these findings, we decided to study the special problem on 4 vertices (i.e. a problem
with 3 sources, 1 sink and 2 free vertices) when 2 networks with different topologies give the
same transportation cost. Investigating the problem from geometric and algebraic perspectives,
we discovered and proved that the non-degenerate graphs have the same cost if and only if the
bisectors (described in Section 4.5.3) meet in one point. We then attempted an investigation
of the solution set (for non-degenerate solutions) and discovered a necessary condition for the
existence of the 2-graph same cost solution based on just the initial data, i.e. the cost coefficients
of the material vectors, which we then used to study and identify the types of solutions that are
not possible in this problem. It should be noted that the conditions that have been found are only
necessary, but not sufficient, and finding sufficient conditions for the existence of non-degenerate
solutions of the described type could be an interesting future research question. Another open
question would be the explicit construction of dual candidates: As we discovered that the bisectors
meet for same cost graphs, the mesh induced by the four bisector lines would be a natural basis
for piecewise affine dual solutions. Unfortunately, preliminary numerical experiments indicated,
that it is not always possible to build feasible dual solution on this simple mesh. Exploring this
issue in more detail would be another potential direction of the future work.
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Summary. In this thesis, we studied the optimal and branched transport problems in some
specific settings.

In Chapter 3, we studied the properties of the barycenters in the unbalanced optimal transport
setting, in particular in the Hellinger-Kantorovich distance. We first investigated the problem
between an uncountable number of general input measures, derived a corresponding dual problem,
and showed the existence and stability of the solutions with respect to input data and the length
scale parameter. We then focused on a special case, when all the input measures are single
Dirac masses. In this setting, we showed the existence of continuous dual maximizers, their
uniqueness (almost everywhere with respect to the distribution of the input measures) and
primal-dual optimality conditions. We also studied the behavior of the solutions when the scaling
parameter k — 0, including the limit solution and asymptotic mass and density estimates. We
discovered and showed that in some cases no discrete minimizer can exist. We then performed
and presented some numerical experiments using the developed numerical scheme, to demonstrate
the intricate behavior of the barycenters with the change of the scaling parameter and to support
the theoretical findings presented before, such as the role of the dual solution and the robustness
of the solution under empirical approximation.

Chapter 4 was focused on the branched transport problem and the multimaterial transport
problem. After briefly recalling the branched transport problem and the challenges of solving
it because of the concave cost function, we concentrated on the multimaterial problem, which
has been shown under some conditions to be a convex relaxation of the branched transport
problem. We studied the problem in the setting when only a single topology of the solution
is admissible and showed its relation to the free vertex optimization problem. As an explicit
example, we studied the problem with 2 vertices, 1 sink and 1 free vertex, for which, using the
vertex optimization problem, we completely characterized the solution set based on the initial
data. We then studied the multimaterial problem from the numerical perspective. We presented
two numerical schemes based on different discretization approaches and confirmed that the
problem presents difficulties even in some seemingly simple settings. We also observed the simple
structure of the dual solution, which we already described theoretically in the single topology
setting. Based on these findings, we proceeded to study the special problem on 4 vertices that
allows for 2 solutions of different topologies which have the same transportation cost. We showed
the equivalence between the same cost condition and the fact that the bisectors of the 2-graph
solution meet in one point and then investigated the solution set of the problem. We discovered
and proved a necessary condition for the existence of a non-degenerate solution of the prescribed
type and used it to further characterize the possible solution set.
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Future work. In the course of this study, we came across some interesting related questions
that we could not fully investigate. Based on our findings and the context of research, we present
some of them here.

e Given the discovered intricate structure presented by the solutions to the Hellinger—
Kantorovich barycenter problem and the preliminary comparison with hierarchical clustering
methods, it would be interesting to use the barycenter problem for structure analysis of
real data point clouds, as it could potentially help to further interpret the behavior of the
barycenters.

e While investigating the special 4-vertex problem from Section 4.5, we discovered the special
role of the bisectors of the 2-graph solution. It would be interesting to investigate meshes
based on the partition of the domain by such bisectors and consider not only optimality
but also feasibility of the solutions obtained on such meshes.

e The described 4-vertex problem is a very special case of the general multimaterial transport
problem, and even of the multimaterial problem on 4 vertices. Our study revealed the
special geometric structure imposed by this problem, and therefore, it would be interesting
to investigate the possibility of applying the findings of this research to the solution of the
general multimaterial transport problem, starting of course from the solution of the general
4-vertex problem in two-dimensional space.
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