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Abstract

We consider two different variational models of transport networks, the so-called branched trans-
port problem and the urban planning problem. Based on a novel relation to Mumford-Shah image
inpainting and techniques developed in that field, we show for a two-dimensional situation that both
highly non-convex network optimization tasks can be transformed into a convex variational problem,
which may be very useful from analytical and numerical perspectives.

As applications of the convex formulation, we use it to perform numerical simulations (to our
knowledge this is the first numerical treatment of urban planning), and we prove the lower bound of
an energy scaling law which helps better understand optimal networks and their minimal energies.
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1 Introduction

The optimization of transport networks, in particular the so-called urban planning [BPSS09] or the
branched transport problem [BCMO09], is a nontrivial task. The corresponding cost functionals are
highly non-convex, and their minimizers, the optimal networks, often exhibit a complicated, strongly
ramified structure.

1.1 Convexification, numerical optimization, and energy scaling laws

A better understanding can either be achieved by numerical or by analytical means.

Via numerical optimization one may for instance identify and explore the optimal network structures
for different parameters or geometric settings. This then provides an intuition of the model behaviour.
While for urban planning we are not aware of any numerical treatment, optimal networks in branched
transport have already been computed using a phase field approximation [0S11]. However, due to the
complicated energy landscape it is highly nontrivial not to get stuck in local minima, and in general
there is no guarantee to achieve the global optimum (which is known to exist).

A classical alternative, analytical way to achieve a better understanding of the network models is by
proving how the optimal cost scales in the problem parameters. To this end one typically restricts to
a specific, simple situation and constructs a cost efficient network for that situation. If one can prove
that, up to a constant factor, no network can attain a lower cost, then this provides information about
the minimum achievable cost and the structure of near-optimal networks. In particular it can be learned
how the minimum cost scales in the problem parameters.

Such energy scaling laws have already successfully been used to explain a number of complicated
patterns seen in physical experiments such as martensite—austenite transformations [KM92, KM94,
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KKO13, CC15, BG15], micromagnetics [CKO99], intermediate states in type-I superconductors [CKO04,
CCKOO08], membrane folding and blistering [BK14, BK15], or epitaxial growth [GZ14]. They were also
employed to find the optimal fine-scale structure of composite elastic materials [KW14, KW15] as well
as of branched transport and urban planning networks [BW16b].

In this article we perform both numerical optimization as well as energy scaling analysis. In particular,
we compute optimal urban planning networks numerically for the first time, and we redo the energy
scaling analysis of branched transport and urban planning networks. To these ends we follow a novel
approach which is interesting on its own. For a two-dimensional situation we show that the problem
can actually be convexified. This is achieved by exploiting a novel relation to image inpainting and
techniques developed in that field.

We believe that the convex formulation is in many situations tight, that is, equivalent to the original
network optimization, however, we only prove that it represents a lower bound. Exploring when it is also
an upper bound will be more complicated and certainly requires quite technical constructions (similar
to those involved in the regularity analysis of the Mumford-Shah functional; we refer to Remark 3.2.3
and the final discussion in Section 4). We will only briefly discuss the associated analytical problems
and instead showcase numerical results that support the tightness of the convexification except for a few
special cases.

Convex formulations have the great advantage that the local behaviour of the cost or energy provides
global information of the full energy landscape, which can be used in many ways (for instance numerically
to find the global energy minimizer or analytically to find lower energy bounds by convex duality). As
applications we perform numerical network optimization, and we reprove the tight lower bound on the
minimum achievable network cost, which is the essential ingredient of the energy scaling law.

1.2 Branched transport and urban planning

Branched transport has been introduced in different formulations by Maddalena, Morel, and Solimini
[MSMO03] and by Xia [Xia03] and then studied by various authors; a comprehensive treatment is found in
the monograph [BCMO09], while regularity issues are considered in [MS10], [San07], [BS11], and [BS14].
It has been used to describe hierarchically branched networks such as the blood vessel system or the
water supply network in plants. The efficiency of a network is judged by a functional, which measures
the cost associated with the transport of mass from a given source distribution to a sink distribution.
This functional has the feature that the transport cost per transport distance is not proportional to the
transported mass, but increases sublinearly in the mass. In other words, the more mass is transported
together, the lower is cost per single particle, which models an increase in transport efficiency. This
feature leads to ramified networks, since it becomes more efficient to first collect all the mass via a
hierarchically branched network and then transport it all together in bulk. The strength of this effect
and thus the degree of ramification is governed by a model parameter ¢ > 0. For small ¢, the effect is
only weak, which leads to highly complicated structures with many pipes becoming optimal.

The urban planning model was introduced in [BB05] and is motivated by public transport networks.
Here, the given source represents the distribution of homes in an urban area, and the sink represents the
distribution of workplaces. Every commuter can travel on the network, paying a fixed cost of 1 per travel
distance, or outside the network by own means, paying a slightly larger cost a. In contrast to branched
transport, the resulting total transport cost is proportional to the transported mass. In addition, the
urban planning model has maintenance costs which are proportional to the total network length with
proportionality factor €. Those maintenance costs again lead to the preference of hierarchically branched
networks.

1.3 The considered setting

To better understand the model behaviour, an energy scaling law for the network costs has been derived in
[BW16b] (and will be reproved in this work, see Theorem 2.2.1) for the following simple problem geometry
(Figurel left). In two-dimensional Euclidean space one considers as source and sink distribution the
following measures concentrated on two lines,

po = LM[0,6] x {0}, = L'[0,4] x {1},
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Figure 1: Left: Sketch of the considered setting, two measures pg and pp supported on lines at distance
1, as well as an exemplary transport network in between composed of elementary cells (dashed line).
Right: Photograph of a box tree exhibiting a branched network structure and a comparatively thin leaf
canopy that may almost be thought of as a lower-dimensional manifold.

where ¢ > 0, £ denotes the one-dimensional Lebesgue measure and L indicates its restriction onto a
subset of R?. Note that the case of measures with a larger or smaller distance between their supports
or with a different common total mass can easily be reduced to the above situation and that [BW16b]
actually also considers the analogous problem in more than two dimensions. One seeks the optimal
network (with respect to the urban planning or branched transport costs) to transport the mass from pg
to p1. This situation may for instance be viewed as a strong simplification of the water transport within
a single plant or a forest: pg represents the groundwater reservoir and p; the water consumption in the
leaf canopy (Figure 1 right).

The truly optimal transport network is too hard to find, but the previously described energy scaling
analysis allows to examine how near-optimal network patterns look like. A qualitative sketch is given in
Figure 1 left: such a network is composed of multiple hierarchical levels. Each level consists of an array
of V-shaped elementary cells, with heights and aspect ratios depending on the level and on the problem
parameters a and ¢, the details are given in [BW16b].

For numerical network optimization we will also consider different geometric settings such as sources
and sinks distributed on a circle (see Figure 8).

1.4 The connection to the Mumford—Shah problem

The Mumford—Shah problem is a variational formulation of an image segmentation or denoising task,
originally introduced in [MS89]. The corresponding energy functional is designed to smooth out a given
noisy image while preserving the edges or discontinuities visible inside the image. The work was very
influential, and many techniques have been devised to deal with the problem numerically and analytically.
Among these techniques there are so-called functional lifting methods that find a convex formulation of
the highly complicated and non-convex Mumford—Shah segmentation at the expense of introducing an
additional dimension to the problem [PCBC09a].

The essential observation in the context of network optimization now is that a two-dimensional,
divergence-free mass flux (the flux running through the network) becomes a gradient field after rotation
by 5. This gradient field can be interpreted as the gradient of an image, which suddenly allows to
reformulate network optimization as a Mumford-Shah-type image processing problem and thus to use
the functional lifting techniques.



The outline of the article is as follows. We will introduce urban planning and branched transport in
Section 2 as well as the energy scaling result, which is the main analytical application of our new convex
formulation. The relation between network optimization and image processing is derived in Section 3, as
is the convex reformulation. Section 3 further contains the applications, the lower bound of the energy
scaling as well as a numerical approach based on the reformulation. We close with a discussion in
Section 4.

2 Transport networks and their energy scaling

We consider two different models for transport networks, so-called branched transport and urban plan-
ning. The formulation in which we state both models is originally due to Xia [Xia03]; the fact that also
urban planning can be formulated this way has been shown in [BW16a)].

In the following, H™ and L™ denote the n-dimensional Hausdorff and Lebesgue measure, fbm() is
the set of non-negative finite Borel measures on Q C R™, and rca(2; R™) denotes the set of vector-valued
regular countably additive measures (Radon measures). Both fbm(€2) and rca(2; R™) are equipped with
the notion of weak- convergence, denoted by —. Finally, the Dirac delta distribution at a point z € R”
will be denoted by §,.

2.1 Flux-based formulations of urban planning and branched transport

Definition 2.1.1 (Discrete mass flux). A transport path is a weighted directed graph G in R"™ with
vertices V(G), straight edges E(G), and weight function w : E(G) — [0, 00).

Denote the initial and final point of an edge ¢ € E(G) by e™ and e~ so that the edge has direction
é= ‘::7:‘2::' The edge can be identified with the vector measure p, = (H'Le)é. The discrete mass flux
corresponding to a transport path G is the vector measure

Fo = Z w(e) e -

e€E(G)
Let py = Zf:l Gilg;, P = 22:1 b;id,, be discrete finite non-negative measures with a;,b; > 0,
2,y € R™ and equal mass ||u4||tom = ||—|lfom. G is called a transport path between pi and p_, or

equivalently Fg is called a discrete mass flux between p4 and p—, if div Fg = p4 —p— in the distributional
sense.

The measure 4 and p— can be thought of as a mass source and sink, respectively, and the transport
path G or equivalently the discrete mass flux Fg describe how the mass is transported from the source to
the sink. Here, the edge weight w(e) indicates how much mass is flowing along edge e, and the divergence
condition div Fg = puy — p— ensures that no mass gets lost on the way from py to p_.

Definition 2.1.2 (Urban planning and branched transport cost function). Let a > 1, & > 0. The urban
planning cost of a transport path G or discrete mass flux F¢ is given by

ES*(Fg) = E*(G) = ) min(aw(e), w(e) +€)(e),
e€E(Q)

where [(e) denotes the length of edge e. The branched transport cost for € € (0,1) is given by

M®(Fg) = M*(G) = Z w(e) " l(e).
e€E(G)

The functionals F=* and M model the cost associated with the mass transport encoded by G.
The cost contribution of each edge is proportional to the transport distance I(e). The transport cost
per particle and distance is min(a,1 + ﬁ) for urban planning and w(e)™¢ for branched transport.
Obviously, the cost per particle decreases the larger the total flux w(e) through the edge, that is, the
more particles travel together. These economies of scale lead to the fact that branched networks are more
cost-efficient than non-branched ones. Indeed, it pays off to first collect mass together, then transport



it inexpensively in bulk, and only later again divert the single particles to their final destinations. The
parameters € and a encode the strength of these economies of scale.

As already mentioned before, in urban planning the cost also has an alternative interpretation
[BW16b]: it can be viewed as the sum of the maintenance costs for the transport network (given by
¢ times the total network length) and the transport costs, which split up into a contribution from mass
transport via the network (at cost 1 per particle and distance) as well as a contribution from mass
transport outside the network (at a slightly larger cost a per particle and distance).

Definition 2.1.3 (Continuous mass flux and cost function). Let pi,pu— € fbm(R™) of equal mass. A
vector measure F € rca(R™;R") is a mass flux between py and p—, if there exist sequences of discrete
measures u’j_, pk with uff_ Sopg, pF S pu_ as k — oo, and a sequence of discrete mass fluxes Fa,
between p% and p* with Fg, = F. Note that div.F = py — p_ follows by continuity with respect to
weak-* convergence.

A sequence (,ui, u* Fe,,) satisfying the previous properties is called approzimating graph sequence,
and we write (,uﬁ,,u’i,]—'gk) = (/U‘Jra,u'*v}—)'

If F is a mass flux between p4 and g, the urban planning and branched transport cost are respectively
defined as

Ea’“(f)=inf{likminfE€’“(Gk) : (ui,u’i,fck)i(u+7u-,f)}7

—> 00

ME(]-'):inf{likminfME(Gk) : (ui,uk,fgk)i(u+,u,f)}.
—00

As before, F € rca(R™;R"™) describes the mass transport from a source p4 to a sink p_. One is
interested in the optimally cost-efficient mass transport, that is, for fixed py and p— one seeks the mass
flux between py and p— with least cost E5* or M€.

Remark 2.1.4 (Upper bound on urban planning). For later reference, note that in urban planning the
cost minimizing mass flux F between py and p_ satisfies

E*(F) < aW (s, 1),

where Wi(ppg,pp—) =  min / |z —y|du(z,y)

HEM (1t ) SR xR
with (py, p—) = {p € bm(R*xR™) : p(AxR"™) = py(A4), p(R*xB) = u_(B) for A, B Borel C R"}
denotes the Wasserstein distance.

Indeed, if gy, pu— are discrete measures, let 7 = ZxESpt/_L+,y€sptu_ CeyO(z,y) € (g, po—) be the
optimal transport plan for the Wasserstein distance between py,pu—. Now introduce the transport
path with vertices V/(G) = sptu4 Usptu—_, edges E(G) = {eyy : x € sptuy, y € sptu_}, and weights
w(ey,y) = Cq.y, Where e, ,, be the oriented line segment from x to y. Obviously,

E*Y(F) < E*%(G) = Z min{aw(e),w(e) + e}l(e) < Z aw(e)l(e)

c€E(G) e€E(G)
=a > Coylr —yl = aWi(pg, p).

rEsptp4,yEspty—

For non-discrete measures juq, pi—, let (G, p't, p™) 5 (F, py, i) be an approximating graph sequence.
We then finally have

E*%(F) <liminf E5%(Fg,) < 1ini>inf aWq(plp, p) = aWq (g, ) -

n—oo



2.2 Energy scaling for a simple, two-dimensional situation

Given an initial and final measure py and p—, we look for the optimal mass fluxes between py and p_,
that is, for minimizers of

geii ] = {Eeva(}") if F is a mass flux between py and p_,

00 else,

MEe b (] = {ME(]-") if F is a mass flux between py and p_,

00 else.

To derive an energy scaling law we here consider the geometrically simple, two-dimensional (n = 2)
situation with source and sink

py = po = L[0,0] x {0},  p_:i=pp=L'[0,4] x {1} (2.2.1)

(cf. Figurel left). It is not difficult to see that the minimum urban planning and branched transport
cost for € = 0 are given by

EXBH0H1 . — m}ngo,a,m);ul [F] = Wi(po, 1) = ¢,
MO HL L — m]é_n ./\/lo’”o’#1 []:] =W, (UOv /1'1) =L.

Indeed, both urban planning and branched transport cost are known to be bounded below by the
Wasserstein distance (see [Xia03, Lemma 4.2] for the case of branched transport; for the case of urban
planning the equivalent formulation of [BW16a] allows the same proof), and a minimizing flux achieving
the above value is given by F = (9)£2L[0,/] x [0,1]. Our aim is to prove via a novel relation to image
inpainting that urban planning and branched transport satisfy the following energy scaling law.

Theorem 2.2.1 (Energy scaling). There are constants Cy,Ca,e9 > 0 independent of €, a, £ such that for
£ < min(gg, 3) and a > 1 we have

Cy¢min{a — 1,5%} < ming ESBHOM[F] — EXmbott < Colmin{a — 1@%}7
Cilelloge| < ming MEHOM[F] — M*totr < Cylellogel.

The proof of the above result has already been performed in [BW16b]. In particular, the upper
bound was proven by providing a construction F with the desired energy scaling. The lower bound was
obtained by a technique common in pattern analysis. One aim of this article is to establish the lower
bound via a completely different route, by finding a convex relaxation of the problem and proving a
lower bound via convex duality. The essential ingredient here is the identification of a relation between
transport network optimization and image inpainting. The remainder of the article derives this relation
and provides the lower bound proof as well as some numerical simulations as applications.

3 Optimal networks in 2D via convex optimization

In this section we will transform the urban planning and the branched transport problem in two di-
mensions to variants of the Mumford—Shah segmentation problem from image processing. Since for the
Mumford—Shah segmentation problem there are well-known convex reformulations via so-called func-
tional lifting, the urban planning and branched transport problem in two dimensions each come with
a convex formulation as well. While we show that the convex problems provide a lower bound to the
original network optimization, we do not examine when they are equivalent. This would require to prove
a limsup inequality which probably involves a difficult technical construction outside the scope of this
article (cf. Remark 3.2.3 and Section 4). We will use the convex formulations to put forward a proof of
the lower bound in Theorem 2.2.1 which is solely based on convex duality as well as to perform numerical
network optimization that cannot get stuck in local minima.



3.1 Bijection between fluxes and images

Denoting by B,.(A) the open r-neighbourhood of a set A C R?, let Q C R? and V C R? be open bounded
convex domains with 2 CC V; for simplicity we shall assume

V> Bl(Q) .

We will later only consider the case where the initial and final measure of the urban planning or branched
transport problem are concentrated on the boundary 9. For the specific choice (2.2.1) we may for
instance take Q = (0,¢) x (0,1) and V = B1(Q). Now let u € BV (V) represent a grey value image,
where BV (V) denotes the space of scalar functions of bounded variation on V. The gradient of u can be
decomposed into a part continuous with respect to the two-dimensional Lebesgue measure £2, a jump
part concentrated on the discontinuity set S, of u, and a Cantor part D.u [AFPO00, (3.89) and (3.90)],

Du = Vul?LV + [ulvH'LS, + D.u.

Here Vu is the Radon-Nikodym derivative of the Lebesgue-continuous part with respect to £2, v is the
unit normal to the (rectifiable) discontinuity set S, and [u] is the jump in function values across S, in
direction v.

Definition 3.1.1 (Flux corresponding to an image). Let v € BV(V) be an image. The flux F, €
rca(V;R?) associated to the image u is defined by

F, = Dut =VutL?LV + [u]yLHlLSu + Dou’t,
where superscript | denotes a counterclockwise rotation by 5.

Note that F,, is divergence-free in the distributional sense (in V). Indeed, let ¢ € C° (V') be a smooth
test function with compact support, then

/ngd(div]-“u) :—/sz'dfu :/‘/th"dDu: f/vdiv(VqSJ‘)udﬁz =0

; 1y _ & 22 _
due to div(Ve~) = 5.55-0 — 529,90 = 0.
As mentioned before, we consider the case of p4 and p_ being any measures of equal mass with

sptus C 092, sptu— C 0Q. (3.1.1)

Without loss of generality we may assume 0f) to contain the origin and to lie in the right halfplane.
The function v : [0, H1(9€2)) — 9 shall parameterize 92 counterclockwise by arclength, starting in
~(0) = 0, and its image of [0,t) shall be denoted 9 = ([0,¢)). Finally, let us introduce the orthogonal
projection

o0 :R? = 0Q, =+~ argmin {|z —y| : y € 9Q}

(in case of nonuniqueness we just arbitrarily pick one closest point to x on 9%).

Definition 3.1.2 (Admissible fluxes and images). Given finite Borel measures p, p— satisfying (3.1.1),
we define the function

w(pg, p) R =5 R, @ = (g = ) (01 (mpg (a))) (3.1.2)

(note that u(py,p—) is constant along rays orthogonal to ).
The sets of admissible fluzes and of admissible images are given as

Ar(pg, p-) = {F €rca(V;R?) @ sptF C Q, divF = py —p_},
Au(psp-) ={u € BV(V) : u=u(ps,p-) on V\ Q}. (3.1.3)

The following lemma establishes a one-to-one relation between admissible fluxes and admissible im-
ages.

Lemma 3.1.3. The mapping u — Fo, L from Ay (py,p—) to Az(ps,p_) is one-to-one. In particular,
for any F € Ar(us,u—) there is a unique image ur € Ay (uy, p—) with F = F,, L Q.



Definition 3.1.4 (Image corresponding to a flux). Given a flux F € Ax(u,p—), the image ur from
the previous lemma is called the image corresponding to F.

Proof of Lemma 3.1.3. We first verify that indeed F, LOQ e ‘Af(/“r’ - ). Denoting by n the unit outward
normal to (V' \ Q) and by T the trace operator on BV(V \ Q) [EG92, §5.3], for ¢ € C°(V') we have

/¢dd1vaQ /V¢ dF, = /V¢ dDu—/ V¢t -dDu — Vot - dDu

V\Q

= f/ udiv(wﬁ)dﬁu/ 7udiv(V¢)L)d£2—/ TuVet - ndH? :f/ TuVet - ndH?
A% V\Q N N

_ /{07%1(89))T (1(1)) o (v()) at /W(m))w (1) d&T / T /V TRy

where we have used Tu(vy(t)) = w(py, p—) o y(t) with Lu(ps,p-) oy = py — p_.
Next, let F € Ar(uy, p—) be given. We extend this flux to a flux F on R? as follows,

F=F+Du(pg, p)H)L(V\ Q).

It is straightforward to check div.F = 0 in the distributional sense. Indeed, for ¢ € C2°(R?) and n the
inner normal to 0f), we have

Vé-dF(z / Vo-dF(z _ Vé-dDu(ps, p_)* = —/dedivf— V¢t -dDu(ps, p-)
Q

R2 Rz\Q R2\OQ

— [odi-— ) - / Vot ndt + [ ulur ) div(Vet) dc?
Q Fe) R2\Q

— [du- =)+ [ o o) =0,
Q o0

Next, we mollify F using a smooth Dirac sequence n; € C°(R?) with support in the d-ball around
the origin, sptns C Bs(0), ~
]:5 =F % ns .

For any ¢ > 0, Fs is smooth and divergence-free (with a slight misuse of notation we interpret Fs as the
density with respect to £2). Now define

Gs= —Fr,  usle) = (U(u+7u—)*n(s)(*170)+/Qa~d%
Y

where v is any Lipschitz-continuous path connecting (—1,0)7 with x. Since Gs is curl-free (recall that
the curl of a two-dimensional vector field is defined via the curl of the embedded vector field in R?) and
thus conservative, us is independent of the particular path v chosen. We have

Vus = Gs = —F3 = —F*

in rca(V) as 6 — 0. Furthermore, due to Vus = —F; = (Du(py,pu—)) * 05 = V(u(py, p—) *ns) in
V\ Bs(Q) and us(—1,0) = (w(pey, p—) *n5)(—1,0) we have us = w(py,p—) *ns on V'\ Bs(2) so that

sup ()] < sup [ulie, i) (o) < s (090 + - (09).
CEGV\Bg(Q)

Thus, ||us|[1(vy is uniformly bounded by virtue of Poincaré’s inequality and the uniform boundedness
of ||Vus||z1(v). Combining the above properties, we see that as § — 0 a subsequence of us converges
weakly-+ in BV (V') against some function ux € BV(V) which satisfies all conditions from the definition
of Ay (p4,pu—) as well as DuxlLQ = F (recall that u, is said to converge weakly-* in BV(V) against u,
Uy = u, if u, — w in LY(V) and Du,, = Du in rca(V) [AFP00, Def. 3.11]).

The uniqueness of ur follows in the standard way: Assume, u; € A, (u4,p—), ¢ = 1,2, satisfy
F = Duf-l_ﬁ. Then u = us — uy satisfies Du =0 as well as u =0 on V' \ Q so that u = 0. O]



3.2 Image inpainting problem induced by 2D network optimization
Let us now introduce functionals £&:%#+:H~ MH+H- acting on images rather than mass fluxes.

Definition 3.2.1 (Mumford-Shah-type functionals). We set E=%, M¢ : BV(V) — [0, o0],

lﬁqmzalgaummx+é min{afu), [u] + <} dH (),

wNQ

Me[u] = /S ﬂﬁ[u]lffdyl(x)+Lo((wc2+DCu)|_ﬁ),

where the indicator function is given by

oo otherwise.

Furthermore, for py,p— € fbm(R?) of equal mass and satisfying (3.1.1), we define the following func-
tionals on BV(V),

e {Es’“[“] if ue Au(py, po),

00 else,
Speren ) = {0 0 € A
o0 else.

Both functionals can be viewed as image inpainting functionals. Indeed, the image u is prescribed on
V \ Q, and inside Q it is to be reconstructed as the minimizer of £5%#+#~ or M#+#~ Furthermore,
both functionals are of Mumford—Shah-type in that their integrand is convex in Du away from the jump
set Sy, but subadditive on the jump set.

In this section we prove the following theorem, expressing the relation between the network costs and
the image processing functionals.

Theorem 3.2.2 (Lower bound on transport problems via Mumford-Shah functionals). For any fluz
F € Ar(puy, pn—) and the corresponding image ur € Ay (4, p—) (see Definition 3.1.4) we have

EE Q41— [_7:} > &bt - [UFL M E Pt ti— [_7:] > Ms,u%u—[uf].

Remark 3.2.3 (Upper bound). We believe that the opposite inequality holds as well, but we do not
attempt a proof here. It would imply that the urban planning and branched transport problem can in
fact be formulated as the minimization of the above variants of the Mumford—Shah image segmentation
functional. In view of Lemma3.2.5 below, a proof would require to show a certain limsup inequality,
namely that the functionals Eeabi+b— and MeH+H- are actually the sequentially weakly-x lower semi-
continuous envelopes of their restrictions to images ur, corresponding to discrete graphs G. For the
standard Mumford—Shah functional this is implied by [DMMS92, Theorem 0.6]. For other variants of
the Mumford—Shah functional one would have to carefully study the regularity of the singular set of
minimizers. The difficulties one would encounter are of similar type as those which characterize the
regularity theory for the standard Mumford—Shah minimizers (which still is only partial despite several
decades of investigation). In addition, existence theorems like [Amb90, Theorem 4.1] or [AFP00, Theorem
5.24] do not apply in our case.

In order to prove Theorem 3.2.2 we need some preliminary results.

Lemma 3.2.4 (Reduction of measure support). Let iy, p_ € thm(R2) of equal mass, satisfying (3.1.1),
and let J either denote the branched transport functional M¢ or the urban planning functional E€¢. We
have

J(F) = inf {lminf T(Gn) © (Fa,, 1o u) > (F g, po), i, w satisfy (3.11)} .

n—oQ



Proof. Let (Fa,, ut, u™) = (F, piy, p—) be an approximating graph sequence. Then, we have J(F) =
limy, 0 J(Gr). We will construct another approximating graph sequence (Fg , i't, i) with sptfiff, spta C

90 and the same limit energy J(F) = lim, 00 J(Gy). Indeed, for uyo= Zf\;”l aj'dzn and pt =

K2
Mn 3n
> i1 b0y we set

N, My,
[Li = Za?‘;wan(ﬂcf) ’ pl = Z b?(sﬂan(y?) )
=1 =1

where 7po : R? — 9 is the closest point projection (as before, in case of non-uniqueness an arbitrary
closest point is chosen). Since i’} is the measure p'} projected onto 92, which is Lipschitz regular and

contains the support of 1, it is clear that '} X iy implies Ay X iy (analogously for ji). Let further
G be a J-minimizing transport path between i’ and p’t and G” a J-minimizing transport path
between p™ and ™. Such transport paths exist, since optimal mass fluxes between discrete measures
are known to be discrete graphs (in the urban planning case this follows from the same argument as in
[BW16a, proof of Prop.4.3.1]; in the branched transport case this is contained in [BCMO08, Thm. 4.7] or
[Xia04, Thm. 4.10]). Moreover, note that by Remark 2.1.4 the minimum urban planning cost is bounded
above by a times the Wasserstein-1 distance W, which metrises weak-* convergence, and that the
minimum branched transport cost is continuous with respect to weak-* convergence [Xia03, Lemma 4.1].
Thus we have
J(GY) — 0asn — oo due to Wy(ulf,a’t) — 0.

We now set G, = (V(G,)UV(G2)UV(G™), E(G,) UE(GT)UE(G™)). Tt is clear that G,, is a transport
path between 7} and i . Furthermore, J(G%) —n—oo 0 implies Farn 20 and thus
Fa, =Fa, +For + Fon = F asn — oo
Finally, as desired we have
J(Gn) <T(Gn)+ TG+ T(GCL) = J(F) and J(Gn) > T(Gn) = T(F)
as n — o0o. O

Lemma 3.2.5 (Equivalence for discrete fluxes). Let py,pu_ € tbm(R?) of equal mass, satisfying (3.1.1),
and let G be a transport path between py and p—_. Then

E(G) = E*lurg],  MFIG) = M*[uz]
for Fa from Definition 2.1.1 and ur, from Definition 3.1.4.

Proof. For simplicity let us abbreviate u = uz,. By Lemma3.1.3, u € A, (u4, 1) as well as

DulLQ = — Z w(e)(H'Le)et
e€E(G)

for é the unit vector parallel to the edge e. In particular, u is piecewise constant with a discontinuity set
SuNQ = U.ep(q) € on which it has jump size [u] = w(e). Inserting this into the urban planning and
branched transport energy, we obtain

50 y] = min{alu], [u Yz) = e) min{aw(e), w(e = E5°
Bl = [ minfalul, ) + €} a3 0 2 temin{ou(e (e + £} = £ (6],

N [u] = /S T ) = Yt = M),

e€cE(G)
the desired result. O

Next let us define the set of functions

H={ueBV(V) : ux) =u(rsa(x))Vz € V\ Q}. (3.2.1)

10



Note that H is closed in BV(V) with respect to weak-* convergence (even with respect to L'(V)-
convergence). Indeed, let u, € H with wu, X owin BV(V), then a subsequence converges pointwise
almost everywhere against u, and since the u,, are constant along rays orthogonal to 02, the pointwise
limit must be so as well.

Lemma 3.2.6 (Lower semi-continuity). E=% and M€ are sequentially weakly-x lower semi-continuous
on H.

Proof. For u € H, n € N, and any measurable set B C V define

Elu] :a|Du\(B\Su)+/S  minfau).[u] + =} i,

M) :/S  min{nful ('} 4!+ nlDul(B\ S,).

We have E=%[u] = Eglu] as well as M®[u] = sup,, Mg[u]. Note that by the monotone convergence
theorem one has

sup / min{nful, [~} dH' = lim min{nfu], [u]' =} dH! = / ] d.

n JS,nB n—ee Js.nB S.NB

Thus it suffices to show the sequential weak-* lower semi-continuity of Fg and Mg for all n.

Now let Bs = Bs(€2) be the open d-neighbourhood of 2. By [AFP00, Thm.5.4], Ep, and Mg are
sequentially weakly-* lower semi-continuous on BV (By). Consider a sequence uy, Suin H and let C € R
be an upper bound on its total variation, C' > ||Dug||rcas || Dt||rca- We have

Eq(u) < Eg,(u) < likminf Ep, (ux) < likminf Eg(ug) + a|Du|(Bs \ Q) < likminf Eg(ug) + 2a6C .
—00 —00 —00
Since 0 is arbitrary, the above implies the sequential weak-* lower semi-continuity of Fg. Analogously,
M2 (u) < M3 (u) < liminf Mp, (uy) < liminf Mg(ug) + n|Du|(Bs \ Q) < lim inf Mg(uy) + 2n6C,
k— o0 k—o0 k—oc0
again implying the sequential weak-* lower semi-continuity of Mg by the arbitrariness of 4. O

Remark 3.2.7 (Density of piecewise constant images). Let SBV(V) C BV (V) denote the space of special
functions of bounded variation, that is, those functions in BV(V') whose derivative has no Cantor part.
Furthermore, let D C SBV(V') denote the set of piecewise constant images u whose discontinuity set is
composed of finitely many straight lines.

D is dense in BV(V) with respect to weak-+ convergence. Indeed, consider a quadrilateral grid G
over V of sidelength % and approximate u € BV(V') by the function w, € D which on each square face
of G equals the average of w on that face,

n’ n n

un(y):]{/nudx for all y € Vi := ([ ﬂ)x[%,@))ﬁ‘/.

i
We have u,, — u strongly in L' (V), which together with the boundedness of || D, ||yca implies u, — u
up to a subsequence.

Proof of Theorem 3.2.2. By Lemmas 3.1.3, 3.2.4, 3.2.5, and 3.2.6 we have
ES(F) = f{liminf B2*(Gy) = (Fa, . plt, 1) S Fopg, p), plh, p satisfy (3.1.1)}

= inf{hminfEE’a ufcn) : (‘FGM,U'TJ,L-MU/—I) = (-7:7H+7H—)a Urg, € 'Au(lu‘i’lu’z)}

n—oo (
= inf{liminf £ (up) + (Duy i, p) = (Duz, poy i), un € DOV A (i, 1)}
= inf{liminf E5%(u,) : u, — ur in BV(V), u, € DN H}

n—oo
Z EE’LL(U}-) )

the desired result. In particular, the first equality is due to Lemma 3.2.4, the second to Lemma 3.2.5,
the third to Lemma 3.1.3, and the fourth to the definition of A, (4, #—) in (3.1.3) and of H in (3.2.1).
The final inequality is then due to the lower semi-continuity Lemma 3.2.6.

The result for M¢ is obtained analogously. O
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3.3 Functional lifting of network optimization

In a series of articles [PCBCO09b], [PCBC10] Pock, Cremers, Bischof, and Chambolle showed that the
minimization of certain variational problems admits a convex reformulation via so-called functional
lifting. The underlying idea is based on [ABDMO03] and [Cha01], which consider functionals of the form

Ju) = /Qg(x,u(x),Vu(m))dm—i—/S Yz, ut u,v)dH (z),

where u™ and u~ are the function values of u on either side of the discontinuity set S, and g :  x R x
R? — [0,00] and 1 : @ x R x R x S' — [0, 00]. Introducing the characteristic function of the subgraph
of the image wu,

1 if u(z) > s,

1y : QxR = {0,1}, (z,8) —
0 else,

the authors show

Ju] > sup ¢-dD1,
PEK JOXR

with K = {(b = (¢u, Ps) €CC (2 x R;R? x R)

ds(x,8) > g"(x, 8,z (2,8)) V(xr,s) € AxXR,

fsslngm(x,s)ds < (x,s1,59,V) VxGQ,51<52,1/€S1}.

Here, ¢g* denotes the Legendre—Fenchel dual of g with respect to its last argument. In case of strong
duality, even equality holds. Consequently, instead of minimizing the potentially non-convex functional
Ju] for u one can find a solution to the saddle point problem min;, sup e fo]R ¢-dD1,.

Unfortunately, the set {v € BV(QxR; {0,1}) : v =1, for some u€ BV ()} of characteristic functions,
over which one minimizes, is non-convex. However, this set can be relaxed to the larger set

C= {U € BV(Q xR;[0,1]) : lim wv(z,s)=1, lim v(x,s)= 0} .

S§——00 S§—00

With this relaxation,

inf Jfu] > inf su / -dDv, 3.3.1
u€BV(Q) [ ] veC ¢>€£ QXR(;S ( )
where the right-hand side is a convex problem.
For our setting, given i, u— € fbm(R?) of equal mass and with (3.1.1), let 1,,, , ) be the charac-
teristic function of the subgraph of the function defined in (3.1.2), and let us introduce the sets

¢= {v €BV(V x R;[0,1]) :

lim wv(z,s) =1, lim v(x,8) =0, v =1y )on(V\ﬁ)xR},

S—r— 00

K= {6 = (62:0:) €CF(V x RR? x ) :

TRy

d)s > 0; |¢w| < a,

K2 ={0=(6s.02) € CF(V x R x ) :

I3 ¢u(,s) ds‘ < min{|sy — s1| +¢,alsa — 51|} Vo €V, 51,82 € R},

¢s >0,

fssf ¢z, 8) ds’ <lsg —s1|!7EVT €V, 51,89 € R} )
Note that ; is K for the choice corresponding to urban planning,

g(xvuvp) =ap, ljj(ﬁc,qu’u*, V) = min{a‘u+ - 7.L7|, |u+ - u7| + 6},
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and that Iy is K for the choice corresponding to branched transport,
g(x,u,p) = 1w0(p),  Pla,utum,v) = lut —u [P

Applying the previous discussion, we have

min ESBHHI=[F] > inf/ueAu(M,;t,)55’“’“*’“*[@4 > inf sup / ¢-dDv,

FeAr(us,pu_) veC pek1 JOXR
min MEHEEF] > infuea, (g ) ME®iE=[y] > inf sup ¢-dDv.
FEAF (b p—) veC ¢k JOXR

The right-hand sides are convex optimization problems in v. Furthermore, in some cases the optimal v
can be shown to have the form 1, for the solution u of the generalised Mumford—Shah problem ([Cha01,
Theorem 8.1] for the one-dimensional problem). The optimal mass flux can then be readily read off as
Dut.

3.4 Lower bound on network costs by convex duality

As an application of the convex reformulation from the previous section we finally obtain a proof of the
lower bound in Theorem 2.2.1 just based on convex duality. In particular, we show the following.

Theorem 3.4.1. There exist c,eg > 0 such that for n =2 and € < gy we have
m}i_né’s’a’“o’“l[f] R LI cﬁmin{sg,a -1},
m}i_nMé‘:Hmltl []_'} — M™HOM > O€€| logd .

Proof. Here we choose 2 = (0,¢) x (0,1) and V = B1(€2). Note that for pg,py; from (2.2.1) we have
u(po, p1)(z) = x1 for x € 0S2. Swapping the infimum and supremum in the convex formulation we obtain

min £ W 10,11 [j_'] > sup inf_ (b .dDv
FeAF(po,p1) pek, veC JOxR

= sup inf [ ¢-vdH?*(z,s) —/ vdivedrds
peK,veCJ P QxR

= sup / ¢~1/d7-[2(x,s)7/ max (0, div ¢) dz ds,
Pe J P QxR

where P = {(x,5) € 0Q x R : 1y(40,u)(7,8) = 1} = {(x,5) € 92 x R : 21 > s}, v is the unit outward
normal to P, as well as

min  MSHOM[F] > sup / ¢ -vdH?(z, s) —/ max(0, div ¢) dz ds.
FeAFr(po,m1) ek J P QxR

All that remains to do is to construct a proper test function ¢ to be used in the above convex duality
estimate. Define the clockwise circular flow

O(z1,20) =L (22) ifr=|("2) <3 and 6(z1,22) =0 else.

Obviously, divé = 0 in the sense of distributions. Now we stretch this circular flow horizontally by a
factor 263; > 2 (which will be specified later), i = 1,2, and divide by two,

¢i(z) = $B:0(B; 'x) for B; = (% 9) .

It is readily checked that also div¢; = 0. Now define ¢ = (¢%,0) as (cf. Figure 2)

x)

0 if s¢ 0,4,
P (x,5) = wi(x1 — 8, x2) if o < %, s €0,
—pi(r1 — 8,1 —x5) else.

13



Bi Bi X

S

S

£
Figure 2: Sketch of the flow ¢ in cross-section 2 x {s}.

Denoting the unit outward normal to 99 by n and using div¢.(-,s) = 0 as well as ¢ ((s,z2),5) =
i(0,22) = (%) for x4 € [0,1] we can calculate

¢
/¢i’VdH2($,S):/ / ¢% - ndH' (z)ds
P 0 J{z€dQ:xz1>s}

¥/
:/</ mquM—/ ¢mwrwwww>w=m,
0 [5,€]x[0,1] {s}x[0,1]

where in the second step we used the divergence theorem. Now the test functions ¢!, $? can be ap-
proximated arbitrarily well by divergence-free functions in C§°(V x R;R? x R) so that the above convex
duality estimates imply

min ESHOMI[F] > / qSl . Vd'HQ(:IJ78) = [l =EVBHOR L (B — 1),
FeAF(posp1) P

min  MEHoR [F] > / - vdH?(z,5) = Bol = M*HOHL L ((By — 1),
P

FeAF(1o,p1)

where 1, 82 will be chosen such that

qﬁi(x,s) ds
¢i($,s) ds

S1

< min{|sy — 1]+ &,alsa — 51|} Ve € V,s1,82 € R,

<|so — 51| Vo eV,s;,s0€R

as well as 81 < a in order to satisfy |¢L| < a. We are going to show that $; = min(1 + ceg,a) and
B2 =1+ ce|loge| are admissible choices for some ¢ > 0, which concludes the proof.
Fix a position ¢ = (z1, z2), where due to symmetry it suffices to consider zo € [0, %] Let us abbreviate

§=s—x and r4(8) = |B;1(I§2)| = /73 + (55)% We have

i A 3 21-(3/(4z28:))?
16 (2, 8)| = lpi(—5,02)] = s [B23 + (55)? = | Ly Ghwap)?

where ¢ is nonzero. Note that for 5; = 4x58;1/(3? — 1)/3,

B, ifse [—52‘757;} R
1 else,

6" (2, 5)| < {

thus in particular |¢%(x, s)| < ;.
We first consider the case i = 1, in which we have (assuming sy > s without loss of generality)

S2
_Brﬂus/|wuwrﬂm

S1

/:2 o (z,5)ds

<25 (B — 1) <481/ B (B — 1) < 4y/ 2L (B2 1),
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which is indeed smaller than e, as required, if we choose 8; = min(1+ %(%)%5% ,a). Likewise, this choice

of B also satisfies
s2
/ o (z,5)ds
s1
as required.
For i = 2, assume first §1, 85 € [—35;, 5;]. In that case,

/ #*(z,5)ds

Choosing 83 = 1 + %, this is smaller than (253)7° < |sy — s1]|7¢, as required. Indeed, for ¢ < 1,

Bo =1+ % <VeE © < (4\/%)75 < (252)7¢. Tt remains to show ‘fssf o(z,s) ds‘ < lsg — syt

for §; or §2 outside [—§a, 2]. In the next paragraph we will show
|p? (2, 8)| < (1 —¢)|28]7° for § € [~Ba, Ba] \ [~52, 52, (3.4.1)

which then yields for a given As = |sy — s1| (exploiting that |¢?| decreases to both sides of § = 0)

—alsy — 1] <251(81 —a) <0

/1s2 — s1| < / 2 |6 (z, 8)| ds/|s2 — s1] < Ba.

S1

52 11+%
g/ |¢2(x,s)\dsg/ T 62w, 5)] ds

/:2 *(x,s)ds

S1 I177
< (As)'—e N if 5% <5,
T (25 + 2f§27(1 —€)[28)75ds = (As)!7¢  else,

as required.
(175) 1/e
2

To prove inequality (3.4.1), let us abbreviate t = R i Obviously,

(1—¢)|287 ¢ = |%\75 > 1> [¢%(x,s)| for € [—t,t]\ [—52,35],

while for § € [—S2, 52] \ [¢,t] we have

|0%(2,5)| < [ Z2EELA < (1 - 2)]285] 7 < (1-2)|28]F,

B3+t?
where the middle inequality holds for £ small enough due to Hﬁ g;i& — 4/ Ejgzii < 1 and (1 -
€)|2B2|7¢ — 1 ase — 0. O

3.5 Numerical optimization of urban planning and branched transport net-
works

The proposed convex reformulation of the branched transport and urban planning model as variants of
the Mumford—Shah segmentation problem allows a numerical network optimization that cannot get stuck
in local minima due to the convexity. We shall use a finite difference discretization of the right-hand
side in (3.3.1) (similarly to [PCBC09a]) and apply a simple primal-dual algorithm to numerically find
the saddle point.

In the following, for simplicity we assume without loss of generality a rectangular domain V C R?
with bottom left corner at the origin. We discretize the domain V' x R of the lifted function v by a finite
three-dimensional n x m x p grid

G = {(ih1,jha,lhs): i=0,...,n, 5=0,...,m, L =0,...,p},

where hi, hs,hs > 0 denote the grid size in each direction. Hence, the discrete counterparts of v €
BV(V xR;[0,1]) and ¢ € C§°(V xR; R?xR) are given by v" : G — [0,1] and ¢ : G — R?xR. For the sake
of simplicity, for every (ih1,jha,lhs) € G, we write vfﬂ = v"(ihy, jho,lhs) and (blhjl = ¢"(ihy, jha, lhs).
Defining the finite difference gradient operator D = (D1, Dy, D)7 by

h h h h h h
h v 1,'.l_1)”,',l h _ 1):1, l,l_v',',l h _ v"',l l_vi,',l
(D1U )ijl = W%’ (D2,U )ijl — ”72177 (DS’U )ijl — %7511’

15



the discretized form of saddle point problem (3.3.1) reads

1 h h ..
min max Zj:z Ol (D" )i,
in which the discrete versions of the convex sets C and K = K; (for urban planning) or Ky (for branched
transport) are given by

ch = {vh :G > [0,1): ol =1, 0k, =0Vi,j, o =10 onG\(Qx R)}7

Kb = {o" = (¢l 0!) 1 g > R* xR
P >0, ok <a, |he D22, (0)in] < min{|sy — s1] + €, alsa — s1]} Vi, j, 81 < 82} ;

Kb = {fi)h = (¢, M) : G- R2ZXxR: ¢h >0, |h leisl(¢];)ijl| <lsg —s1|'7F Vi, g, 51 < 82}.

Z(M’Hi) denotes the restriction of 1,(,, , ) onto the grid G.

The discretized saddle point problem is solved using the primal-dual algorithm from [CP10], which
alternatingly performs a primal gradient descent and a dual gradient ascent step with step length 7
(respectively o), accompanied by an overrelaxation with parameter 6. Denoting the k' approximation

to v" and ¢ by v* and ¢*, respectively, the iterative algorithm reads

vF*l = Pow (vF — 7D*¢F)
L = k1 4 9(0k+1 . Uk) )
P = P (¢F + oDV

starting from an arbitrary initialization v°, ¢°. The orthogonal projection Pcr onto K" is performed
by Dykstra’s method [BD86], while the projection Ppn onto the set C” is straightforward. When v* has
sufficiently converged, it is typically close to binary. The rounding of v* to {0, 1} is then interpreted as
the sought function 1,,, and the optimal flux is identified as Du'.

Figures 3 and 4 show numerically optimized urban planning and branched transportation networks
or rather fluxes between four evenly-spaced point sources at the top of a rectangular domain and four
evenly spaced point sinks at the bottom of the domain. For such a simple geometric setting one can
still calculate the true optimal solution manually by enumerating all possible network topologies and
optimizing their vertex positions by hand. In both figures, the top graph shows the manually computed
optimal energy and corresponding network topology for different parameter values. Below, numerical
solutions are shown that uniformly sample the same parameter range. Except for example (9) in Figure
3 and example @) in Figure4, the numerical solutions coincide with the predicted, truly optimal network
topology. The discrepancy between the numerical and the true solution in examples @) and @) (which
both lie close to a bifurcation point) may be due to our discretization grid, which is vertically aligned
and thus slightly favours vertical structures, since at fixed grid resolution diagonal structures cannot be
represented as exactly. Note that unlike for other numerical approaches, the shown result cannot just
be a suboptimal local optimum, since the numerical method always leads to the global optimum due to
convexity.

If the proposed convex reformulation of urban planning and branched transport were always tight,
the optimal solution v to (3.3.1) would be binary and only take values 0 or 1. However, in some situations
this is not the case. For the case of urban planning, Figure5 shows a numerically optimized function
v which distinctly takes on three values, 0, %, and 1. In our numerical experience, this may sometimes
happen close to a bifurcation point, where the optimal network topology changes. Indeed, the parameters
of Figure 5 lie almost exactly at a bifurcation where the truly optimal solution changes from four vertical
pipes to a single tree.

Figure 6 shows numerical results obtained on a rectangular domain with 16 evenly spaced point sources
of same mass at the top and as many point sinks (of same mass as well) at the bottom (approximating
a continuous line measure discretely). Instead of the optimal flux we here show the corresponding
optimal image u, whose jump set represents the network. Depending on the chosen parameters, mass is
preferentially collected in one or more tree-like networks before being separated again. With decreasing
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Figure 3: Parameter study for urban planning. Top: Plot of the manually computed minimal energy for
different values of € and fixed @ = 5. The line type indicates the optimal network topology. Bottom:
Numerically computed optimal fluxes for evenly spaced values of € in the same range. The numerically
obtained network topologies match the predicted ones except for example (9.

parameter ¢ (which in a way encodes the efficiency of transporting mass in bulk) the number of trees
increases.

Figure 7 shows computational examples in which the underlying domain is non-rectangular and in
which sources and sinks of different weights alternate on the domain boundary. A more complex case is
displayed in Figure 8, where we simulated the transport from a point source at the centre of the circular
domain to 32 point sinks of equal mass on the boundary (approximating a uniform measure). Such
a geometry can be achieved by a trick using a periodic covering of the disk. In detail, we chose the
domain Q = B1(0) \ {0} and prescribed the sought image u outside 2 taking values in S! rather than
R (in between each two point sinks the image is prescribed to equal the midpoint between both sink
positions on S'). Now R is interpreted as a covering of S! via the mapping s — (cos s,sin s) so that the
calculations can be performed as before (similarly to the approach in [CS13]).

4 Discussion

The key idea to arrive at the convexification of network optimization in this work was the identification of
network optimization with particular image inpainting problems, for which convexifications are known.
Let us stress that, even though we considered a simple rectangular or circular problem domain €2,
the same approach can easily be applied for more general convex domains.
However, the formulation as image inpainting imposes two major restrictions on the network opti-
mization problem. First of all, such a formulation is only possible in two spatial dimensions because
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Figure 4: Parameter study for branched transport. Top: Plot of the manually computed minimal energy
for different values of . The line type indicates the optimal network topology. Bottom: Numerically
computed optimal fluxes for evenly spaced values of € in the same range. The numerically obtained

network topologies match the predicted ones except for example ().
1
. ] ] I 0'5
s = % s = % s=1 0

Figure 5: Example of a numerical optimization for urban planning, resulting in a non-binary solution v
(the images show different cross-sections). This indicates a lack of tightness of the convex reformulation
for the chosen parameters (¢ = 2.13 and ¢ = 0.5). The parameters lie close to a bifurcation at which the
truly optimal network topology changes from four vertical pipes to a single tree.
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Figure 6: Numerical optimization results for transport from 16 more or less evenly spaced point sources
of same mass at the top to 16 evenly spaced point sinks (of same mass as well) at the bottom (a =5 in
case of urban planning). Instead of the optimal flux we show the corresponding optimal image w.

otherwise there cannot be any interpretation of rotated mass fluxes as image gradients. Secondly, since
image gradients are always curl-free, the corresponding mass fluxes must be divergence-free in the do-
main interior. As a consequence, the source and sink distribution g, and p_ must lie on the boundary
of the domain. Deviations from this situation may be possible (see Figure 8), but require special tricks.

The convexification derived in this work has only been shown to represent a lower bound to the
original network optimization. It still remains an open question when it is actually equivalent. This
question naturally decomposes into two separate issues: First one has to investigate whether the network
optimization problems and their Mumford—Shah versions are equivalent. As explained in Section 3.2, this
leads to analysing the regularity of the singular set of minimizers of Mumford—Shah-type functionals,
which is notoriously difficult and for which results are so far only partial. For instance, the Mumford—
Shah conjecture for the standard Mumford—Shah functional has been proved in two dimensions assuming
that the singular set is connected by Bonnet in [Bon96]. The second issue concerns the tightness of the
convexification via functional lifting. For some lifted functionals there exist thresholding results showing
that the solution of the original problem can be recovered from the convexified problem via thresholding
(see for instance [CEN06]), however, our numerical experiments indicate that this may sometimes not be
the case. Nevertheless, our proposed convexification turned out to be tight enough to derive the sharp
lower bound in the energy scaling law for complicated networks, and also in most numerical simulations
it yielded the truly optimal network geometry.
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