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Abstract

In the present thesis we consider discrete minimal surfaces as a subject of dis-
crete differental geometry. The main interest in discrete differential geometry
is not just sampling objects like curves and surfaces of smooth differential
geometry and studying them with numerical methods, but discretizing the
whole theory. The aim is to retrieve as many properties from the smooth
setting as possible.

We consider two of the many different characterizations of minimal sur-
faces and study them in the discrete setting. First there is a discrete curva-
ture theory for polyhedral surfaces due to A.I. Bobenko, H. Pottmann and
J. Wallner. Minimal surfaces are defined as meshes, where the discrete mean
curvature vanishes throughout the mesh. This condition immediately yields
the notion of oriented mixed area of a pair of parallel polygons. We develop
a recursion formula for the mixed area and interpret it in terms of incidence
geometry. Our main interest is hexagonal meshes as discrete minimal sur-
faces.

In the second part of the thesis we develop a discrete version of the
smooth Christoffel dual construction which applies to hexagonal meshes. A
limit consideration motivates the definition of conformal hexagons for which
we discuss a discrete dual construction. We show that this construction is a
sensible discrete analogue of smooth Christoffel duality. From an isothermic
parametrization of the sphere, which in our case is a hexagonal mesh where
each face is a conformal hexagon, we obtain a minimal surface by applying
this dual construction.






Kurzfassung

Die vorliegende Arbeit befasst sich mit diskreten Minimalflichen und ist da-
her im Gebiet der diskreten Differentialgeometrie angesiedelt. Diese studiert
nicht, wie man auf den ersten Blick vermuten wiirde, diskret abgetastete
Objekte der ,iiblichen*, also kontinuierlichen Differentialgeometrie, sondern
diskrete Analoga der Theorie, die moglichst viele Eigenschaften der urspriing-
lichen Theorie behélt.

Zwei der zahlreichen Charakterisierungen der glatten Minimalflichen wer-
den in dieser Arbeit im diskreten Kontext untersucht. Zum einen gibt es
eine von A.l. Bobenko, H. Pottmann and J. Wallner entwickelte diskrete
Kriimmungstheorie fiir polyedrische Flichen. Eine solche Flache ist dann ei-
ne Minimalfache, wenn die diskrete mittlere Kriimmung iiberall gleich Null
ist. Das fiithrt zur Fragestellung, der elementargeometrischen Kennzeichnung
der Situation zweier paralleler Polygone mit verschwindendem gemischten
Flacheninhalt. Dieses Problem wird im ersten Teil dieser Arbeit gelost, in-
dem eine Rekursionsformel hergeleitet und geometrisch interpretiert wird.
Dabei wird Sechsecksnetzen erhchte Aufmerksamkeit geschenkt.

Der zweite Teil der Arbeit diskretisiert die Konstruktion von dualen
Fléchen nach Christoffel. Dabei werden wieder Sechsecksnetze verwendet. Li-
mesbetrachtungen motivieren die Definition von konformen Sechsecken, die
einer diskreten Variante der Christoffel-Dualitéit unterworfen werden kénnen.
Mit Hilfe dieser Uberlegungen werden diskrete Minimalflsichen aus Sechsecks-
netzen gewonnen, die einer Kugel einbeschrieben sind und deren Facetten
konforme Sechsecke sind.
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Introduction

The present thesis considers hexagonal meshes from the viewpoint of discrete
differential geometry. Discrete differential geometry is a wide field which con-
siders objects like polygons, meshes, and polytopes with the aim of finding
discrete analogues of classical (i.e., smooth) differential geometry. In this
sense not only objects but also properties and notions of the smooth set-
ting are carried over to the discrete theory. Also the other way round is of
great interest, which means that one explores attributes assigned to discrete
objects which survive a refinement process to a continuous limit. A first
treatise of discrete differential geometry can be found in the monograph Dif-
ferenzengeometrie by R. Sauer [23] whereas a modern approach is contained
in Discrete Differential Geometry: Integrable Structure by A.I. Bobenko and
Yu.B. Suris [6]. Discrete differential geometry is not only interesting within
pure mathematics (see e.g. [2, 3, 4, 5, 6]) but also in Computer Graphics and
geometry processing (see e.g. [26]) and architectural design (see e.g. [20]).
The general idea here is to get notions like curvature, offset surface, and
conformal equivalence for discrete objects which are of great importance in
applications.

Minimal surfaces represent a prominent topic which has attracted great
interest for a long time and which several times has been the object of sig-
nificant new developments. They combine differential geometry with other
fields, notably complex analysis. Also the recent field of discrete differential
geometry has not neglected them. Before entering into details we want to
say a few general words on the analogies and differences between the smooth
and discrete categories.

The appeal of smooth minimal surface theory is to a large extent due to
the fact that the same class of surfaces is characterized by different prop-
erties which are unrelated a priori, such as vanishing mean curvature, local
surface minimization, or analyticity of conformal parametrizations. Accord-
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ingly there is a variety of constructions of minimal surfaces: as solutions of
Plateau’s problem, as real part of Lie’s sum of curves surfaces, or by Christof-
fel duality.

Transferring all these properties to the discrete category at the same time
is not easy. Obviously we can pick a class of discrete surfaces (for instance,
triangle meshes) and consider those discrete surfaces which enjoy a certain
property analogous to one of the known properties of smooth minimal sur-
faces. However it is not guaranteed that these discrete minimal surfaces have
any of the other properties which make their smooth counterparts such an in-
teresting object of study. Nevertheless, for some appropriate discretizations
this is exactly what happens, and it is a major aim in discrete differential
geometry to find them.

The following constructions stand out: U. Pinkall and K. Polthier [19]
considered the class of triangle meshes and defined minimality by surface
minimization. The resulting discrete minimal surfaces are, among others,
minimizers of Dirichlet energy, capable of discrete conjugate surfaces, and
allow for the solution of a discrete Plateau’s problem. A.I. Bobenko and U.
Pinkall [4] studied discrete isothermic surface parametrizations (this means
quadrilateral meshes with planar faces and a cross ratio condition for the
vertices). This approach led to a discrete Christoffel duality for isothermic
parametrizations, where minimal surfaces and spheres correspond to each
other, just as in the smooth case. This viewpoint is assumed by several pa-
pers based on [4], e.g. [27]. A.I. Bobenko, T. Hoffmann, and B. Springborn
[2] took the idea of Christoffel duality further and applied it to Koebe polyhe-
dra. They constructed a circle-based class of discrete minimal surfaces which
exhibits convergence to the smooth case and makes it possible to find min-
imal surfaces from the combinatorics of the network of principal curvature
lines.

It turned out that the discrete curvature theory for polyhedral surfaces
introduced by H. Pottmann et al. [5, 20], which is based on the variation
of surface area in offset surfaces, contains both [4] and [2] as special cases.
Minimality of a polyhedral surface with respect to an edgewise parallel Gauss
image is in that context defined by vanishing mixed area of corresponding
faces.

This brings us to the first topic of the present thesis, which systematically
studies the vanishing mixed area property for polygons, having in mind as
a main application the discrete minimal surfaces in the class of hexagonal
meshes (see [17]). After setting up the necessary definitions, we continue with
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a geometric recursion for the computation of oriented mixed areas in Section
2.2. In Section 2.3 this leads to ways of characterizing pairs of parallel poly-
gons whose mixed area is zero. Section 2.4 considers hexagonal meshes which
are minimal and uses the incidence-geometric characterizations of vanishing
mixed area which were obtained earlier for the construction of equilibrium
forces in the edges of a minimal mesh. Finally we discuss an incidence geo-
metric property for the faces of a constant mean curvature surface.

The second topic of the present thesis establishes a discrete Christoffel
dual construction for special hexagonal meshes, namely conformal ones (see
[16]). We start with equivalent characterizations of vertex offset meshes in
Section 3.1. In Section 3.2, we give a definition and a motivation for the
notion of a conformal hexagon. Properties of this type of hexagons as well
as a dual construction are discussed in Section 3.3. The smooth and discrete
Christoffel dual constructions and some of their properties are discussed in
Sections 3.4 and 3.5. An elementary geometry construction of planar confor-
mal hexagons which turn out to be discrete holomorphic is shown in Section
3.6. In the final Section 3.8 we discuss the connection between the Weier-
strass representation and the Christoffel duality and use this to classify some
examples of discrete minimal surfaces.
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Chapter 1

Preliminaries

1.1 Notions of classical differential geometry

1.1.1 Parametrization

In this section we collect some notions of classical differential geometry which
means the study of smooth curves and surfaces. We are mainly interested in
the three-dimensional space R3.

A differentiable map f : U — R3, where U is an open subset of R?,
is regular in U if the two partial derivatives f,(a) and f,(a) are linearely
independent for all @ € U. Such a map f is called parametrization of the
surface f(U) C R3. When it is clear form context we will call the map f a
surface.

A parametrization f is conformal if the partial derivatives are orthogonal
and have the same length i.e.

(fal@), fy(a)) =0 | fola)ll = [[fy(a)]]

for all @ € U. Each surface can be conformally parametrized locally (see e.g.
(25, p. 314 - 346]).

For the pupose of measuring lengths, angles, areas, and curvatures one
introduces the first and second fundamental forms (here in matrix notation
with their respective coordinate functions)

E F L M
=(re) m=(uw)

1



2 1. PRELIMINARIES

where E' = <fxafx>a F = <fx>fy>> G = <fyafy>a L = <77,, f:c:r:>> M = <n7f:r:y>7
N = (n, fyy) with n = (f; x f,)/|lfa X fy|| as the unit normal vector (the
Gauss map). The area of a surface f(U) is defined as

/ Vdet(I) dzdy.

The principal curvatures k1 and ko are defined as roots of the quadratic poly-
nomial equation det(II —xI) = 0. It turns out that the principal curvatures
always are real. The mean curvature H and the Gaussian curvature K are

defined as

1
H = 5(/<01 + ko) and K = Kiks.

For a vector v in the tangent plane, v = af, + bf,, the normal curvature in
the direction of v is defined as

B Ma? + 2Nab + Lb?
 Ea?+2Fab+ G’

Kn

The maximum and the minimum of the normal curvatures are equal to the
principal curvatures, and the associated vectors are called principal direc-
tions. They are orthogonal.

f is a curvature line parametrization if the parameter lines f(xg,-) and
f(-,y0) are curvature lines, i.e., the tangent vectors f, and f, are principal
directions. Each surface can be locally parametrized with curvature lines. A
parametrization which is conformal and curvature line at the same time is
called isothermic. It is not possible to obtain isothermic parametrizations
for all surfaces. However, for minimal surfaces it is possible.

A Koenigs net is a map f : U — R3 which satisfies the differential
equation

Uy Uy
= —Jzt+ — P
Joy= ot 2y

with some scalar function v : U — R\ 0 (see e.g. [7]).
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1.2 The complex plane

1.2.1 Mobius transformations

A Mobius transformation is a map M : CU{oo} — CU{o0}. Let a,b,c,d € C
such that ad —cb # 0. The Mobius transformation can be written in the form

00 if cz+d =0,
M(z) =< a/c if z= oo,

az+b

pi otherwise.

A Mobius transformation can be decomposed in translations, rotations, di-
lations, and maps of the form z — 1/z. The cross-ratio of four distinct
points

(20 — 21) (22 — 23)
(21 - 22)(23 - Zo)

cr(zo, 21, 22, 23) = e C, (1.1)
is invariant under Mobius transformations. Considering lines as circles with
infinite radius we can say that Mobius transformations map circles to circles.
Mébius transformations and anti-Mobius transformations (i.e., z — M(Z))
are conformal transformations wich means that they preserve the angle of
two intersecting curves.

Another way to define Mobius transformations comes from incidence ge-
ometry where a Mdbius transformation maps circles (including straight lines)
on circles (see e.g. [1]). This implies to add the conjugation map z +— Z to the
list of elementary transformations in which a Mobius transformation can be
decomposed. We therefore see that from the incidence geometry the Mobius
transformations include what previously was called an anti-M6bius transfor-
mation. If we do that, we have to accept the loss of the invariance of the
cross-ratio under Mobius transformations. To fix this problem we have to
consider the unordered pair {q,q} as cross-ratio of four points.

Mobius transformations in space (say in R?) can be defined as composition
of translations, rotations, dilations, and inversions in the sphere. Unlike
in the planar case, the spatial Mobius transformations are the only angle
preserving transformations in space.

A Mobius transformation M maps a conformal parametrization f on a
conformal parametrization M o f again. In other words, conformal parame-
trizations are objects of Mobius geometry.



4 1. PRELIMINARIES

A stereographic projection from the plane to the sphere

1

@) = A

(22,]2)* - 1) e Cx R R?

can be seen as the restriction of a Mébius transformation of R? to a plane in
R3.

1.2.2 Holomorphic functions

For complex analysis we refer to [22]. A complex function f(z) = u(x,y) +
iv(z,y), with z = x + iy and real valued functions u, v, is holomorphic if the
Cauchy-Riemann differential equations u, = v, and v, = —u, hold. Then
f'(z2) = uz(x,y) + iv,(x,y). A holomorphic function is called conformal if
f'(z) # 0 for all z € U. A conformal parametrization of the plane in the
sense of differential geometry is the same as a conformal map f : C — C,
where the parameter lines are f(x +iyo) and f(zo + iy), for fixed z¢ and yp,
respectively. A complex function is called meromorphic, if it is holomorphic
everywhere excapt in isolated points, which are poles.

A real valued function u : U — R, where U is simply connected, is called
harmonic if the Laplacian

*u  O%*u

Au:@‘i‘a—yQ

vanishes everywhere. The real and imaginary parts of a holomorphic function
are harmonic. In this case u is said to be the harmonic conjugate to v. For
each harmonic function u there exists a harmonic conjugate v such that
f = u+ v is holomorphic.

1.3 Minimal surfaces

We collect some characterizations of minimal surfaces:

Mean curvature. A surface is a minimal surface if the mean curvature H
vanishes for all points.
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Weierstrass representation. f is a conformal parametrization of a mini-
mal surface if and only if it is of the form

fa=re[ [0 (56 =0 -5.C +01)

g 2i g

9

z=x+1iy
where h : U — C is holomorphic and g : U — CU{o0} is meromorphic;
g, h have no common root; and the components of the integrand have
no pole (see e.g. [11]).

Christoffel duality. f is an isothermic parametrization of a minimal sur-
face if and only if f*, defined by the formulas

* fx fy
L TAE P

exists and parametrizes a sphere (see [9] and Section 3.4).

and f; = —

Plateau problem. A surface which has the minimum of area of all surfaces
with a given closed curve as boundary is a minimal surface (see e.g.

[11]).

Bjorling problem. A surface of the form

Flav) =Re [e(2) =i [ n(0) x e(0)ac]

Y

Zz=x+1y

is a minimal surface if ¢,n : I x iJ — C? are holomorphic functions
(I,J intervals with 0 € I) and if ¢(I),n(I) C R®. This minimal sur-
face contains the curve ¢(I) and has n(/) as Gaussian image in the
corresponding points (see e.g. [18]).

Lie sum. A surface is a minimal surface if and only if it can be represented
as a translation surface f(u,v) = Re(g(u) + h(v)), whose generators
g, h are isotropic curves (which means curves ¢ : C — C? such that the
(non-Hermitian) scalar product (¢, ¢) vaneshes. See e.g. [13]).

The Weierstrass representation provides each minimal surface f(x,y) with
an associated family fy (6 € [0,27]) of minimal surfaces. It is given by

folz,y) = Re [e“’/h. (1(1 _q), _l(l + ), 1) dz]

2°g 2i g

Z=x+1iy






Chapter 2

Oriented mixed area and
discrete minimal surfaces

In the present chapter we systematically study the vanishing mixed area
property for polygons, having in mind as a main application the discrete
minimal surfaces in the class of hexagonal meshes. Most of this chapter can

be found in [17].

2.1 Definitions

2.1.1 Convex polygons and parallelity

For two convex subsets K, L C R2, the area of nonnegative Minkowski com-
binations AK + pL obeys the law

area(AK + pL) = N area(K) + 2\p area(K, L) + p” area(L), (2.1)

where the symbol area(K, L) means the mized area of K and L (see for
example [24]). If the boundary 0K is a polygon P with vertices po, ..., pn_1,
then the oriented area of K is given by Leibniz’ sector formula

1

area(P) := area(K) = 3 Zo<z’<N det(p;, piy1)- (2.2)

Here indices are taken modulo N. Obviously, there is a vector space of
polygons with N vertices, and the area functional (2.2) is a quadratic form
in this space. For us, the most interesting case is that K and L are bounded

7



8 2. DISCRETE MINIMAL SURFACES

DPo6

P45 q5,6

FIGURE 2.1: Labeling vertices of 0K and 9L with aid of 9(£F%) such that they
become parallel.

by parallel polygons P and (), with vertices pg,...,py_1 and qo,...,qn_1,
respectively. This concept, which is not restricted to convex polygons, was
introduced by [20] and means that

Pit1 — Pis Gir1 — ¢; are linearly dependent, for ¢ =0,..., N — 1.

We assume for a moment that both P, have only nonzero edges (i.e., no
coinciding vertices). Then the boundary O(AK + pL) has the vertices (Ap; +

(14 )o<i<n, whence area(AK + pL) = 1 > o<ien A€t(AD; + 1Gi, Apiy1 + p1giv1)
and consequently

1
area(P, Q) = 1 ZOSKN(det(pi, ¢iv1) + det(q;, piv1)). (2.3)

This formula describes the symmetric bilinear form induced by the area func-
tional in any vector space of polygons with N vertices.

If either P or @ has zero edges (i.e., multiple vertices), the vertices of
O(AK + pL) need not equal Ap; + ug;, but if they do, (2.3) is valid.

Note that arbitrary polygons 0K, L can be seen as parallel polygons, as
illustrated by Figure 2.1: We are labeling the vertices rg, ..., ry_1 of O(K+L)
consecutively, and subsequently give (possibly multiple) indices po, ..., py_1
and qq,...,qnv_1 to the vertices of 0K and 0L such that p; + ¢; = r;. Then
all three boundaries of K, L, K + L and in fact AK + uL for A\,u > 0
are described by parallel polygons, and (2.3) can be used for computing the
mixed area in the sense of (2.1).

2.1.2 The oriented mixed area

The polygons parallel to a given polygon P = (py, ..., pn_1), not necessarily
convex, constitute a vector space under vertex-wise addition and scalar mul-
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q3

qo0

FiGURE 2.2: For nondegenerate parallel quads pg,...,p3 and qo,...,qs, parallel
of one nonzero diagonal characterizes vanishing mixed area (qoq2 || q1¢3, or (qigs3 ||

q042).

tiplication. Its dimension equals N + #{i | p; = p;+1}. If there are no zero
edges, we use the symbol

P(P) - {(QO7 . 7QN—1) | qi+1 — i = )\i(pi+1 _pi)70 <i< N}/R2 (2-4)

for the vector space of polygons parallel to P, modulo parallel translations.
Then dim P(P) = N —2. If both P and @ have zero edges, still P+ () might
not have any, and consequently P,Q, P + @Q € P(P + ). The expression
defined by formula (2.3) is translation invariant. Following [20] we define:

Definition 2.1. For parallel polygons P = (po,...,pn-1) and Q = (qo, - - -,
qn-1), the oriented mized area is given by the bilinear form (2.3).

Apparently the oriented mixed area, which extends the concept of mixed
area for convex domains, is the bilinear form associated with the quadratic
form measuring oriented area by Leibniz’ sector formula.

2.1.3 Discrete minimal surfaces

The curvature theory presented in [20] deals with parallel meshes, which
means a pair (X, ®) of polyhedral surfaces having the same combinatorics,
such that corresponding edges are parallel. ¥ is viewed as Gauss image of
®. The definition of parallelity of polygons extends to polygons which lie in
parallel planes; in order to employ (2.3) for the computation of mixed area
they have to be moved to a common plane by parallel translation. If P is
a face and () the corresponding face in the Gauss image, then P is assigned
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the mean curvature

_area(P, Q)

Ho —
P area(P)

and Gaussian curvature

_ area(Q)
area(P)

For this reason, vanishing mixed area of parallel polygons is characteristic for
discrete minimal surfaces. The following result of [20], illustrated in Figure
2.2, is basic for the construction of minimal surfaces with regular quad mesh
combinatorics:

Proposition 2.2. Parallel quadrilaterals P = (po, p1, p2,p3) and Q = (qo, q1,
G2, q3) have vanishing mized area if and only if diagonals pops and q1q3 are
parallel, which is equivalent to diagonals pips and qoqe being parallel.

This condition actually discretizes the Christoffel duality between a mini-
mal surface and its spherical Gauss image [20]. We therefore call a polyhedral
surface and its parallel Gauss image where all mixed areas vanish, a Christof-
fel dual pair. It is an interesting fact that Proposition 2.2 applies to several
constructions of discrete minimal surfaces based on quadrilaterals, namely
the ones of [4, 2]. This chapter, which deals with vanishing mixed area in
general, is focuses on hexagonal meshes.

2.2 Properties of the oriented mixed area

The main result of the present chapter is the recursion formula of Theorem 2.6
below, which for parallel polygons P, () with an even number of vertices shows
that area(P, Q) = area(P*, Q*), where P* Q* are derived polygons which
have only the half number of vertices. It is used in Section 2.3 to derive
geometric characterizations of parallel polygons with vanishing mixed area.

2.2.1 Formulas for the mixed area

There are equivalent formulae for the oriented mixed area of parallel polygons
which take advantage of parallelity:



2.2. PROPERTIES OF THE ORIENTED MIXED AREA 11

Lemma 2.3. The bilinear form of Equation (2.3) is alternatively expressed
as

Zie{m ..... N-1} <det(p2-, Git1) + det(qi,piﬂ))
- Zz‘e{m ..... N_1) det(pi, ¢iv1 — Gi—1) (2.5)
(indices modulo N ). For P,Q parallel and an even number of vertices,
2area(P, Q) = ZiG{O,Z ,,,,, N-2}
- ZiE{I,S ..... N-1} det(pi, giv1 — gi1)- (2.6)
PRrROOF. The first equality is found by rearranging indices:

Zi det(p;, giy1) + Zl det(q;, pit1) = ZZ det(pi, qip1) + ZZ det(gi—1,pi)-

In order to show the second equality, we observe that parallelity of P and
implies det(p;11 — pi, ¢iv1 — ¢;) = 0. Therefore,

Zi oven det(ps, i1 — Gi—1)
= ZZ even(det(pz‘, Giv1 — @) +det(pi, ¢ — qi—1))
= Zz even(det(pi + (Pit1 — i), @i — @)+
+det(pi + (pim1 — pi)s i — Gi-1))
= Zl even(det(piH, Qiv1 — ¢i) +det(pi—1, ¢ — gi—1))
= ZZ oo (et (Pit1; Gy = ¢i) + det(pira, Giva — Giva))
= Zl ooy det(Piv1s Give — @) = ZZ o 2€t (i Gir = Gi1).

It follows that the expression for 4 area(P, ()) according to (2.3) reads

( Z + Z ) det(ps, Giy1 — @im1) = Z 2det(pi, Giy1 — ¢i-1),

i even ¢ odd i even

det(pi, ¢iv1 — Gi—1)

which is what we wanted to prove. O]

We have now obtained an expression for the mixed area which makes
use only of the vertices pg,ps,... and q,qs,..., which however does not
have a direct relation to the areas associated with polygons (pg, pa,...) and

(q1,a3,--)-
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2.2.2 Construction of a derived polygon

For the following construction of derived polygons, the polygons P, () must
have an even number N of vertices, and certain diagonals of P are forbidden
to be parallel. We used the notation [v] for the 1-dimensional subspace
spanned by the vector v.

Definition 2.4. Assume a pair of polygons P = (po,..., py—1) and Q =
(qo,---, qn-1), where N is even, such that

Di — Pi—2 and piro — p; are linearly independent for 1 =0,2,4,... (2.7)

(indices are taken modulo N). Then a pair of derived polygons P*, Q* is
constructed such that P* consists of every other vertex of P, while the vertices
of Q* are found by parallel translating diagonals of P through points of Q:

p; = P,
¢ = (qais1 + [P2iv2 — P2i]) N (qaim1 + [P2i — P2i-2])-

An index shift of 1 yields an analogous derived pair (P**,Q**) based on the
odd vertices of P:

p;'k * = P2i+1
and
¢ = (qait2 + [P2i+s — D2it1]) N (q2i + [P2it1 — P2i-1)),

provided the lines employed in this intersection are not parallel.

D2 :PT

b3

Po = pz‘] D5
FIGURE 2.3: A pair of polygons P, Q and the derived polygons P*, Q*.
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FiGURE 2.4: Illustration of Lemma 2.5. Polygons P*, Q* are orthogonal with
respect to the bilinear form defined by the oriented are, if both derived polygons
Q* and Q** degenerate into a point. The converse is not true.

This construction is illustrated by Figures 2.3 and 2.4. Note that if Q*
cannot be constructed because (2.7) is not fulfilled, still @™ may be con-
structible. For quadrilaterals, (2.7) is never fulfilled, even after an index
shift. We will be able to treat quadrilaterals as degenerate hexagons.

2.2.3 Non-parallel polygons

The bilinear function of Equation (2.3) which measures the oriented mixed
area for parallel polygons can be evaluated for arbitrary pairs of polygons,
without having a geometric meaning as mixed area in the classical sense.
It still extends the quadratic functional which measures the oriented area
by Leibniz’ sector formula. The definition of derived polygons according to
Definition 2.4 is not restricted to parallel polygons.

We here record a nice geometric property of this functional:

Lemma 2.5. Polygons P, () are orthogonal with respect to the bilinear func-
tion (2.3), if both derived polygons Q* and Q** with respect to even and odd
indices degenerate into points ¢* and ¢**, respectively.

PROOF. By Lemma 2.3, we have to show that » o,y det(pi, ¢i1—qi—1) = 0.
Our assumption on the degeneracy of derived polygons means that there are
real numbers \; with

q" = qi + Ai(pi-1 — piy1) for i even,
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¢ = qi + Xi(pi—1 — pi1) for 7 odd.
= Git1 — Qim1 = Ni—1(Di—2 — Di) — Nig1 (P — Diy2) for all i

We use this equality to evaluate (2.3):

ZO§i<N det(pi, ¢is1 — Gi—-1)
- Zosmv det(pi, Ai—1(pi—a — pi) — Aiy1(pi — Pita))
- ZOSi<N As det(pir, pic = pist) — ZOSKN Aidet(pi-1, pi-1 — Pit1)
- ZO§1<N Aidet(pit1 — pic1, pic1 — Piv1) =0

(indices are taken modulo N). This concludes the proof. O

2.2.4 Mixed area of derived polygons

The following theorem is the main technical contribution of the present chap-
ter. It is the basis of geometric characterizations of polygons pairs with
vanishing mixed area, and therefore the basis of constructions of discrete
minimal surfaces.

Theorem 2.6. For any pair of parallel polygons P, Q) with an even number
of vertices, the oriented mized area is unaffected by the passage to derived
polygons:

area( P, ()) = area(P*, Q") = area(P™, Q™),

whenever the conditions of Definition 2.4, which allow construction of Q* or
Q**, are fulfilled.

PROOF. It is obviously sufficient to show the result for P* and Q*. An
elementary computation yields the coordinates of ()*’s vertices g;

* 1 * * X %
q; = ;(ai(pi+1 _pi) + ﬁz(pz - pz’fl))v where

a; = det(qoi—1,p; —pi_1), Bi =det(pi, — 1, qit1),
v = det(piyy — pi,pi — Pi1)-

For the mixed area of P* and (*, we consider the following sum, where
indices ¢ range from 0 to N/2 — 1, and indices j range from 0 to N — 1:
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Z.det(QS,pf+1 —pi) =

= Zl ; det (al(pz+1 pz) _|_ 51(})1 pz 1) pz+1 pz 1)

= Z —det(p},y, piy) — det(p], piy,) + det(p], pi_y)
+5i(det(pz‘ s Div1) — det(pi, pi_y) — det(pf—hp;‘kﬂ)))

= Zl %(Oﬁ% - @'%’)

= ZZ (det(fbiflap: — pi—1) — det(piyy — pi, Q2i+1))

= Z]. e (det(qg'—lapj — pj—2) + det(gjp1, pja — pj))-

An index shift shows that
Z det(gj-1,p; — pj—2) = Z det(gj+1, pjr2 — p;)

j even J even

= Z det(g;, pj+1 — pj-1),

7 odd
so we conclude that

* * 1 ok *
area(P*, Q") = - ZZ det(q;,piy1 — pi 1)

= _Z Odd QJap]—‘rl pj—l)-

By Lemma 2.3, this expression equals area(P, (), which concludes the proof.
]

This result concerning the mixed area of parallel polygons is strong in
reducing the number of vertices to deal with by a factor 2. However, if we
apply it to two arbitrary polygons, which are made artificially parallel like
those of Figure 2.1, we only obtain a fact which is obvious from the definition
of mixed area anyway. As illustrated by Figure 2.5, Q* then describes the
boundary of the domain L* constructed from K and L as the intersection of
all supporting half-spaces of L whose boundary is parallel to an edge of K.
Obviously, area(K, L) = area(K, L*).
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P23 =p]  DPas=Ds

K+ AL

Po1 =Dy DPer=D3
(a) (b) (c)

FIGURE 2.5: An explanation of the fact area(P, Q) = area(P*, Q*) for artificially
parallel polygons which occur as boundaries P = K and Q = JL. (a) Both
polygons P and P* describe the boundary 0K. (b) Convex domains K + AL,
where A equals 0.1 and 0.2. (¢) The same for L* instead of L, where the boundary
OL* is given by the polygon Q*. (d) Polygons @ and @*. Obviously the linearly
growing part of area(K + AL) along the edges of 0K is not affected if we replace
L by L*.

p3
qs5

P1 q3
Ps

44
D2
Do P4 q2

FIGURE 2.6: A Pappos hexagon does not fulfill the requirements of Definition 2.4,
and so Theorem 2.7 is not applicable to this pair of parallel Pappos hexagons with
area(P, Q) = 0 (we must apply Proposition 2.8 instead).

2.3 Vanishing mixed areas

This sections applies Theorem 2.6 to parallel polygons P, () whose mixed
area vanishes. As mentioned in §2.1.3, such pairs of polygons are especially
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b3

P2 =1 Pa=D5

N/

q2

Po = Dy

FIGURE 2.7: Parallel hexagons P, (@ with vanishing mixed area (the derived tri-
angle Q* degenerates).

interesting for the construction of discrete minimal surfaces.

2.3.1 Vanishing mixed area for parallel hexagons

Here we treat both quadrilaterals and 5-gons as special hexagons. Before
we derive a geometric criterion for the vanishing of mixed area for parallel
hexagons, we discuss pairs P, Q) of hexagons where Theorem 2.6 cannot be
applied, because neither derived polygon QQ*, Q™" can be constructed. Obvi-
ously, this is the case if and only both pg, p2, ps and py, p3, ps are collinear,
i.e., P is a Pappos hexagon (see Figure 2.6). Exchanging the role of P and
@ helps, except for the case that both ¢, g2, g4+ and ¢, g3, g5 are collinear.

Theorem 2.7. For parallel hexagons P, Q) where one, say P, is not a Pappos
hexagon, there is a labeling of vertices such that the derived polygons P*, Q*
can be constructed. Then area(P,Q) = 0 if and only if all vertices of the
triangle QQ* coincide, i.e., if the lines

1+ [p2 —po)s @3+ [pa—p2], @5+ [P0 — P4l
ntersect in a common point.

ProoOF. The derived polygons P*, Q* are parallel triangles, with Q* = AP*+
a. It follows that area(P*, Q*) = Aarea(P*). By non-collinearity of P*, this
area vanishes if and only if A = 0. ]
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D5

*

_ *
42,3 = 4o1,2

ok
P23 =P © qo,1

FIGURE 2.8: Quadrilaterals with antiparallel diagonals are degenerate hexagons
P, Q, where the triangle Q* degenerates into a point.

The case of two Pappos hexagons has to be treated separately:

Proposition 2.8. Suppose that P,Q are two parallel heragons such that
1, D3, D5 as well as qo, q2,q4 are collinear (this includes the case of parallel
Pappos hexagons). Then area(P,Q) = 0 in exactly the following cases:

(i) p1=p3=ps 0r Qo= G2 = Qu-
(1) The triples (p1,p3,ps) and (qs,qo, q2) are affinely equivalent.

(i1i) The lines which carry py,ps, ps and qo, G2, q4 are parallel.

PrROOF. By parallel translation we can achieve that the straight lines pass
through the origin of the coordinate system, so there are v, w € R?\ 0 with
pi = A for i = 1,3,5 and ¢; = p;w for j = 0,2,4. By Equation (2.5),

2area(P, Q) = Z

= det(;,7w)()\1(m — o) + As(pea — p2) + As (o — fta))
= det(v, w)((A1 = Ag) (k2 — pra) — (M1 = A5) (ko — pa))-

. detav, (i — pi)w)

In case (iii) we have det(v,w) = 0, so area(P, Q) = 0. In case (i) we have

Al =A3=2X;5, or Ho = M2 = 4,
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P2 =Py o

Dps3

b1

FIGURE 2.9: A pair of parallel 5-gons P, () seen as hexagons, and a geometric
characterization of vanishing mixed area which follows from this interpretation.
Index shifts produce equivalent configurations.

which likewise implies vanishing mixed area. We now assume that we have
neither case (i) nor case (iii). Then

area(P, Q) =0 <= (A1 — A3) : (A1 — As) = (pa — pto) = (pa — p12),

i.e., if and only if the ratio of collinear points pq, p3, ps equals the ratio of
collinear points ¢y, go, 2. This is equivalent to (ii). ]

We refrain from an exhaustive discussion of cases. An example of two
parallel Pappos hexagons with vanishing mixed area is shown by Figure 2.6.

2.3.2 Vanishing mixed area for 4- and 5-gons as degen-
erate 6-gons

Two parallel quadrilaterals are converted to parallel hexagons if we count two
pairs of corresponding vertices twice. This operation does not change the
mixed area, and Theorem 2.7 immediately gives the known result of Propo-
sition 2.2 that vanishing mixed area is characterized by anti-parallelity of
diagonals (see Figures 2.2 and 2.8). Anyway Proposition 2.2 follows directly
from Lemma 2.3, because for parallel quads, (2.6) expands to

area(P, Q) = det(po — p2, ¢1 — q3)-

For 5-gons, we have the following result:
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F1GURE 2.10: Parallel 8-gons P, () with vanishing mixed area. The derived poly-
gons P* Q* are parallel quads with area(P*, Q*) = 0 and consequently antiparallel
diagonals.

Corollary 2.9. The oriented mized area of two parallel 5-gons

P:(p()a"'7p4) and Q:(QOa---7Q4)

vanishes if both of them are contained in a straight line. If this is not the
case, area(P, Q) = 0 is characterized by the following geometric condition for
one indez i (and equivalently for all indices i): The lines

Gi+1 + [Piv2 —pi]l  and  Giys + [Pita — pisol
meet on the edge q;14q;, where indices are taken modulo 5.

Proor. It is sufficient to assume that pg, p1, ps are not collinear and show
the result for the case ¢ = 0 illustrated by Figure 2.9. By introducing vertices
Ds, g5 in the edges pypy and quqo, resp., we convert both P and () into parallel
hexagons, and Theorem 2.7 is applicable. The statement that QQ* degenerates
to a point translates to the statement we want to show. O

2.3.3 Vanishing mixed area for 8-, 7- and 6-gons (again)

Theorem 2.6 is recursively applicable, but the number of cases to be dis-
tinguished because diagonals are parallel and derived polygons cannot be
constructed becomes greater. The following result for generic 8-gons follows
directly from Theorem 2.6 and Proposition 2.2 (see Figure 2.10).
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FIGURE 2.11: Parallel 7-gons P,(Q with vanishing mixed area, which are inter-
preted as 8-gons with pg = p7 and ¢g = ¢y, respectively. The derived polygons
P*,Q* are parallel quads with area(P*,@Q*) = 0 and consequently antiparallel
diagonals.

Pe7 = p; Py = p;

FIGURE 2.12: Parallel hexagons P, with vanishing mixed area, which are in-
terpreted as 8-gons with pg = pr7,p2 = p3 and ¢¢ = q7,q2 = q3 respectively.
The derived polygons P*, Q* are parallel quads with area(P*,Q*) = 0 and conse-
quently antiparallel diagonals. For a geometric characterization, only one half of
Q* is needed.

Corollary 2.10. Parallel 8-gons P, Q) where the derived polygons P*,Q* can
be constructed have vanishing mixed area exactly in the following three cases:



22 2. DISCRETE MINIMAL SURFACES

(i) both sets {po, p2, P4, D6} and {45, 47,5, 45} are contained in a straight
line;

(11) po # pa and popy is parallel to q1p5,

(111) pa # pe and paps s parallel to qips.

The obvious way to treat parallel 7-gons is as 8-gons with two coincident
vertices: We simply add an 8th vertex p; = pg and g7 = ¢¢ to each an apply
Corollary 2.10. This is illustrated by Figure 2.11. It is interesting to observe
that also for hexagons we get again an easy geometric condition if we treat
them as 8-gons with 2 coincident vertices (see Figure 2.12). Disregarding
special cases, we have:

Corollary 2.11. The parallel hexagons (po, p1, D2, Pa, Ps, Ps) and (qo,q1,G2,q4,
g5, q6) generically have zero oriented mized area if and only if poV pa || 41 V 5,
where

@1 = (@1 +[p2 —pol) V(2 V1), 3= (g5+ [pa—ps]) N (g6 V qo)-

ProOF. The polygons are extended to 8-gons P, with the same mixed
area by letting ps = po, pr = ps, q3 ‘= @2, and ¢; := ¢s. The derived
quadrilateral @)* according to Corollary 2.10 has the two vertices ¢j, g5, so
the result follows. O

2.3.4 Polygons with vanishing mixed area as a result
of a closing theorem

The following proposition, which is some kind of a closing theorem, generates
parallel pairs of polygons with vanishing mixed area.

Proposition 2.12. Let k be an even number and P = (po, ..., px—1) a planar
polygon. Moreover, let dy and d; be arbitrary points in R? and qo € dy +
[p1 — pr—1]. Then there exists a unique polygon Q = (qo, - - .,qx—1) such that

¢ — Qi1 || pi — Diy1, the lines
{@i + [pic1 — pisa] | @ even)}

intersect in dy and
{gi + [pi-1 — pita] | @ odd)}
intersect in dy (see Figure 2.13).
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Ps D4
O Q.

F1GuRrE 2.13: Tllustration of the closing theorem stated in Proposition 2.12. Since
Q* degenerates to a single point dy, the mixed area of P and ) vaneshes.

PrROOF. Uniqueness follows from the construction. To prove the existence
of the polygon @), we construct the 2-periodic sequence (d;);cz with d;4 o = d;
from the given points dy, d;.

The polygon @ with the desired properties exists if and only if @) is parallel
to P and if the concurrence of

¢+ [pi — piv1],  digr + [pi — pige] and  giy1 + [Piy1 — Pige]
for all i € {0...k — 2} implies that
Qk—1 + [Pk—1 — Do), do+ [pk—1 —p1] and gy + [po — pi]

are concurrent.

The lines

¢ + [pi — piv1], div1+ [pi —piv2] and @1 + [pis1 — pivol

are concurrent for all 4 € {0...k — 1} if and only if

det [ <(iz> % <pi —Opz‘+1) : (difl> % <pz‘ —Opz‘+2> ’ <Qiir1> % <Pi+1 6 pi+2) } -0
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This determinant has the form

—p} +pin —p; + Py —Dip1 T Diye
det Pi = Pis Pi = Diyo Pit1 — Dito =
det(qi, pi — piv1) det(digy1,pi — pive) det(giv1, Piv1 — Div2)
= det(qs, pi — Piv1) - det(p; — Pita, Piv1 — Pit2)—
— det(dit1, pi — piv2) - det(pi — piv1, Piv1 — Pit2)+
+ det(git1, Piv1 — Pive) - det(p; — Piv1, i — Piya)-

Because of the equations

det(pl- — Pi4+1,Pi — pi+2) = det(pi — Di+1,Piv1 — pi+2)
=det(p; — Pit2, Pit1 — Pit2),

this determinant equals zero if and only if

si := det(g;, pi — pit1) — det(dir1, pi — pit2) +det(git1, piy1 — pive) = 0. (2.8)
Assuming that Equation (2.8) holds for all i € {0...k — 2} we have to show
(2.8) for i =k — 1.

0=Y (=1)'s; =det(qo,po — p1) — » (—1)"det(dir1,pi — piya)+

%

ol
[\
T
[\

s
Il
=)
Il
o

+ (=1)* 2 det(qe—1, Pr—1 — Pr)
=1

because k is even. The sum Zf;oz(—l)i det(d;y1,p; — pir2) can be written as

k=2 k-3

Z det(dy, pi — pit2) — Z det(do, pi — pit2) =
i=0 i=1
i even i odd

=det(di,po —p2+p2—Pa+ ...+ Pr2—Dr)—
—det(do,p1 —p3+p3 —ps+ ... pr—3 — pr—1) = 0+ det(do, p1 — pr—1)
because k =0 mod (k). So we get
det(qo, po — p1) — det(do, p1r — pr—1) + det(qr—1,pr—1 — pr) =0
which is Equation (2.8) for i = k — 1 (with indices modulo k). O

The property that this closing theorem generates pairs of parallel poly-
gons with vanishing mixed area is based on Lemma 2.5.
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FI1GURE 2.14: A discrete Enneper’s surface ® in the shape of a hexagonal mesh,
which corresponds to a spherical mesh ¥ by a discrete Christoffel duality. The
marked hexagons correspond to each other.

2.4 Discrete minimal surfaces

Section 2.1.3 already introduced in general terms the definitions of curvature
according to [5, 20]. Recall that a polyhedral surface @ is a discrete minimal
surface with respect to a Gauss image ¥, if ®,3 are parallel meshes such
that corresponding faces have vanishing mixed area. We view ® as a discrete
Christoffel dual of ¥, and vice versa.

Not every quadrilateral mesh ¥ with planar faces (i.e., not every a poly-
hedral surface with regular grid combinatorics) has a Christoffel dual ®: It
turns out that exactly the discrete Koenigs nets (see [6, 7]) have this prop-
erty. A quadrilateral mesh M with regular grid combinatorics is called dis-
crete Koenigs net (see [7]) if there exists a dual mesh M*, which is parallel
to M, such that the non-corresponding diogonals are parallel (see Figure
2.8). A remarkable charakterization of discrete Koenigs nets in terms of the
Desargues configuration can be found in [7]. The property of being a smooth
or discrete Koenigs net is invariant under projective transformations.

2.4.1 Construction of hexagonal minimal surfaces

Figure 2.14 illustrates a parallel pair (X, ®) of meshes (for more details, see
the example below). The faces of 3 are tangent to the unit sphere, so it
makes sense to consider ¥ as a discrete Gauss image of ®. As ® has been
constructed such that the mixed area of corresponding faces vanishes, ®
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FI1GURE 2.15: A discrete Enneper’s surface created in the same way as Figure 2.14,
but with a different size of the spherical mesh 3. Here ® has self-intersections.
The viewpoint is different from that of Figure 2.14.

is discrete minimal. It should be mentioned in this place that the exact
relation between the discrete Gauss image Y and the unit sphere S? can be
of a different nature: We could also require that vertices of ¥ lie in S, or its
edges are tangent to S2. The three cases of vertices, edges, and faces having
an exact tangency relation with S? correspond to the mesh ® having offset
meshes ¢ 4+ d¥ at constant vertex-vertex distance d, or edge-edge distance d,
or face-face distance d [21, 20]. Note that the property of vanishing mixed
area does not only occur between minimal surface and Gauss image, but also
between a surface ® of constant mean curvature H with respect to a Gauss
image X, and its offset ® + %Z.

The construction of a discrete Christoffel dual (i.e., ® from ¥) for hexag-
onal meshes is easy, as there are enough degrees of freedom. The fact that
dim P(P) = 4 leads to a three-dimensional space of parallel polygons () with
area(P, Q) = 0. Consequently adding a new hexagon of ® to already con-
structed ones is an operation which has 3 — k degrees of freedom, where
k is the number of known vertices (which are shared with already existing
neighbours of the hexagon to be constructed).

This yields a discrete Cauchy problem
with a unique solution which initial data con-
sisting of two strips of hexagons in different
directions as indicated in the figure aside.

Example 2.13. Figure 2.14 shows a hexagonal mesh > which is circum-
scribed to the unit sphere and its Christoffel dual mesh ® which assumes
the shape of an Enneper’s surface. This example is constructed as follows:
We start with an isothermic curvature-line parametrization z(u,v) of the
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known smooth Enneper’s surface M. Next we tile the parameter domain
with non-convex hexagons — we used dilates of the hexagon with vertices
(0,0), (3,%), (1,0), (1,1), (3,32), (0,1). Mapping the vertices of this tiling
with the parametrization x yields a hexagonal mesh &, with non-planar faces
inscribed to M (it looks very much like Figure 2.14, right). Each planar
hexagon has a center, say (u*,v*), and we consider z(u*,v*) as the center of
the corresponding spatial hexagon. Next we construct the mesh 3 by parallel
translating the tangent planes of M in the centers of hexagons such that they
touch the unit sphere. Vertices ¢; of ¥ are found by intersection of planes
(see Figure 2.14, left). Having constructed ¥, we find its Christoffel dual ®
by optimizing ®, such that mixed areas of corresponding faces ) in 3 and P
in ® are zero, and such that corresponding edges ¢;q; and p;p; are parallel.
This amounts to minimizing the quadratic functional

Apar D 1@ = a5) % (pi = )P + M Y [l area(P, Q)]

edges faces

This is done by a standard conjugate gradient method, and turns out not to
change the shape of ®; much, despite the fact that the theoretical number
of degrees of freedom is larger.

2.4.2 Reciprocal parallelity in discrete minimal sur-
faces

In the quad mesh case, there is an interesting connection of minimal surfaces
with reciprocal-parallel meshes. A reciprocal-parallel mesh pair is defined as
meshes which are combinatorial duals of each other (there is a correspondence
face—vertex, vertex—face, and edge—edge), such that corresponding edges are
parallel [23]. Proposition 2.2 immediately shows that ® is a minimal surface
with respect to X if meshes composed from diagonals of quads in both >, ®
are reciprocally parallel [20]. This is illustrated in Figure 2.17. It should be
mentioned that reciprocal parallelity of meshes in connection with discrete
minimal surfaces also occurs in other places, for instance in [27].

For hexagonal meshes, we similarly can derive pairs of reciprocal-parallel
meshes from a Christoffel dual pair (¥, ®). The geometric characterization
of vanishing mixed area according to Theorem 2.7 and Figure 2.7 leads to the
configuration of lines in meshes 3 and ®, which is illustrated in Figures 2.16a
and 2.16b. Obviously, the configuration of diagonals in ¥ (Figure 2.16¢) is
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FIGURE 2.16: Reciprocal-parallel meshes ¥*, ®* derived from Christoffel dual
meshes Y, ®. The edges around a face in ®* serve as equilibrium forces acting in
the edges adjacent to the corresponding vertex of ¥*. (a) Hexagonal mesh 3 with
face Q. (b) Hexagonal mesh ® of the same combinatorics such that corresponding
faces @ of ¥ and P of ® have vanishing mixed area. (c) Triangle mesh whose edges
are derived polygons Q* in mesh ¥. (d) Hexagonal mesh whose edges are the lines
p1p*, p3p*, psp* in each hexagon of ®, where p* is the degenerate polygon P*. Note
that ®* does not have planar faces. In (e) and (f), the geometric characterization
of vanishing mixed area which yields diagonals and their parallels is read in reverse
order compared to (a)—(d): Diagonals are taken from the non-convex hexagons in
the mesh .



2.5. DISCRETE CONSTANT MEAN CURVATURE SURFACES 29

@ o (© (@) (©) (0

FIGURE 2.17: Reciprocal-parallel meshes derived from a quadrilateral mesh X
and its Christoffel dual mesh ®, which is combinatorially equivalent such that
corresponding quadrilaterals P and @ have vanishing mixed area. From left: (a)
Mesh ¥ with face P. (b) Mesh ® with face @ corresponding to P. (¢) Quadrilateral
mesh ¥* composed from one half of diagonals of 3. (d) Those diagonals in ® which
are parallel to the previous ones according to Proposition 2.2 constitute a mesh
®* reciprocal-parallel to ¥*: vertices in ¥* correspondence faces of ®*. (e) and
(f) show the reciprocal-parallel mesh pair ¥**, ®** composed from the diagonals
omitted in (¢) and (d).

reciprocally parallel to the configuration of lines in ®, which consist of the
to-be edges of degenerate derived polygons (Figure 2.16d). A different choice
of diagonals in ¥ would lead to a different pair of reciprocal-parallel meshes.

Obviously for each vertex of ¥*, the cycle of edge vectors adjacent to the
corresponding face of ®* serves as equilibrium forces acting on that vertex.
Thus, ®* represents a collection of equilibrium forces for ¥*. These forces
(scaled) are shown by Figure 2.16c.

As the relation area(P, Q) = 0 is symmetric, the geometric configuration
of the triangle P* and the degenerate triangle QQ* exists also if the roles of P
and @ (i.e., the roles of ¥ and ®) are exchanged: One half of the diagonals
in ® constitute a triangle mesh ®**, which possesses a reciprocal-parallel
hexagonal mesh ¥** associated with ¥ (see Figures 2.16e and 2.16f). Figure
2.16f also shows equilibrium forces for ®** which are a scaled version of the
edges of X**.

2.5 Discrete constant mean curvature surfaces
In contrast to Section 2.3 where we studied vanishing mixed area of parallel

polygons to obtain vanishing mean curvature, we are now interested in a
geometric characterization of nonzero constant mean curvature. We give a
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FIGURE 2.18: A discrete nodoid which is a surface of revolution with constant
mean curvature (see Remark 2.17, Example 2.18, and Figure 2.21).

constant ¢ € R\ 0 and discuss an incidence geometric characterization of a
mesh with Hp = ¢ for all faces P of the mesh. After simple manipulations of
the definition of the discrete mean curvature we get the following equivalence:

Hp=c <= area(P,P+c¢'Q)=0 (see [5]).

Since a dilation with factor A\ changes the mean curvature with factor
1/A, which is valid in the smooth setting as well as in the discrete setting,
we can always prescribe ¢ = —1. We choose ¢ = —1 just for the sake of
simplicity of further computations.

The above formula already indicates the connection between vanishing
mixed area and constant mean curvature and therefore suggests the use of
the derived polygons defined in §2.2.2. We extend these polygons with one
further derived polygon P* = (p¢) (see Figures 2.19 and 2.20) defined as

i = (p2i—1 + [P2i—2 — p2i]) N (P2it1 + [P2i — D2iva])-

Theorem 2.14. Let P = (pg,...,pn-1) and Q = (qo, - - -, qn-1) be two paral-
lel polygons, where N is even, and let P* and Q* be a pair of derived polygons
(see § 2.2.2). Then the discrete mean curvature Hp is equal to —1 if Q* and
P* are equal up to translation.
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FIGURE 2.19: A pair of parallel quadrilaterals P and @) such that the mean curva-
ture Hp equals —1 (see Theorem 2.16). The derived polygon P* of a quadrilateral
consists just of the diagonal of P. P* degenerates to a pair of parallel lines.

PrOOF. We show that area(P, Q) = area(P) which is equivalent to Hp =
—1. Since the mixed area of two polygons is invariant under translations, we
can assume that QQ* coincides with P*. From the definition of p; follows that

D = poic1 + p2i1(P2i2 — po;) and P = poiy1 + Aair1 (P2 — P2it2)
for some \; and ;.
4area(P, Q) = 4area(P*, Q%) = 4 area(P*, P*)

(N-1)/2 . -
= Zz‘fo det(p;, i1 — i)
= ZF det (P2is P2it1 + H2iv1(P2i — Paiv2)
— (p2i—1 + A2ic1(P2i—2 — D2i)))
= Z det PQw P2z+1) + det(p2“p2z+1)
+ f1oi41 det(pai, —poita) + Agi—1 det(pai, —pai—2)
(N-1)/2
= 2area(P) + Zi:o p2i—1 det(pai, pai—2) + Aaiy1 det(pai, paito)

* (N-1)/2
& 2area(P) + Zz‘:o det(pai, p2i—1(p2i—2 — P2i))

+ det(p2i7p2i+1 — P2i—1 — ﬂ2i71(p2i72 - in))
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FIGURE 2.20: A pair of parallel hexagons P and @ such that the mean curvature
Hp equals —1. The derived polygons P* and Q* are equal up to translation.

= 4area(P).
For the equality (*) we used det(a,b) = det(a, b — a) and the equality

Dy = D2i—1 + poi—1(P2i—2 — P2i) = D2it1 + Aaip1(P2i — P2iv2)-
O

We can show by a simple numerical example that the condition in Theo-
rem 2.14 that the two derived polygons Q* and P* are equal is not sufficient
for constant mean curvature. However, for quadrilaterals and hexagons the
'if” can be replaced by ’if and only if’.

Theorem 2.15. Let P = (po,...,ps) and Q = (qo,-..,q5) be two parallel
hezagons which fulfill the requirements of Definition 2.4, and let P* and Q*
be a pair of derived polygons (see § 2.2.2 and Figure 2.20). Then the discrete
mean curvature Hp is equal to —1 if and only if Q* and P* are equal up to
translation.

Proor. The ’if” part is Theorem 2.14. Let us assume that Hp = —1. We
have to show that the tiangles p, ps, pi and ¢, g5, ¢; (w.l.o.g. we consider
the even labeled polygons) are equal up to translation. By the definition of
the derived polygons which implies that corresponding edges are parallel we
have only to show e.g. p] — pj = ¢f — q;-

The construction of the derived polygons also guarantees the existence of
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surface name | generating curve mean curvature
plane straight line orthogonal to =0

the axis of revolution
cylinder straight line parallel to the #0

axis of revolution
sphere circle with midpoint on the # 0

axis of revolution
catenoid cosh =0
unduloid undulary #0
nodoid nodary #0

TABLE 2.1: All types of surfaces of revolution with constant mean curvature. An
undulary is the locus of one focus of an ellipse rolling on a straight line without
slipping and a nodary is the locus of one focus of a hyperbola (see Figure 2.21)
rolling on a straight line without slipping.

values o, a3, 517 557 >\17 >\37 o, W such that
Go = @1 + a1(p2 — po) = g5 + Bs(po — pa)
41 = q3 + a3(ps — p2) = q1 + Bi(p2 — po)
and
Po = a5 + ps5(pa — po) = @1 + M (po — p2)
pi=q + pi(po — p2) = g3 + A3(p2 — pa)
Hp = —1 implies area(P, P — Q) = 0 and therefore by Lemma 2.3
Z det(pi, (¢i+1 — Pit1) — (¢i-1 — pi-1)) = 0.
i€{0,2,4}
Rewriting this equation yields
det(po — p2, q1) + det(pa — pa, g3) + det(ps — po, gs)
+ det(p2 — po, p1) + det(ps — p2, p3) + det(po — ps, p5) =0,
and using the elementary rule det(a,b) = det(a, b+ Aa)
det(po — pa, q1 + B1(p2 — po)) + det(pa — pa, g3 + az(ps — p2))

Po )
+det(ps — po, g5 + B5(po — pa)) + det(pa — po, p1 + 11 (po — P2))
+det(ps — p2, p3s + A3(p2 — pa)) + det(po — pa, s + ps5(ps — po)) = 0.
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Replacing with the notions of (2.9) and (2.10) yields

det(po — po, q7) + det(ps — pa, q7) + det(ps — po, 45)
_'_det(pQ - pOaﬁT) + det(p4 - p?aﬁi) + det(po - p47ﬁ8) = 07

which implies

det(po — ps, (7 — @0) — (B — Pp)) = 0.
g7 — q; as well as p; — p;; are both parallel to pg — p2. We also assumed that
Do, P2, P4 1S a non-degenerate triangle. Thus we conclude that

(1 — a0) — (1 — Bp)
must be zero, which is what we wanted to show. O

Analogous to the case N = 6 of Theorem 2.15 there is also the if and
only if condition for the quadrilateral case N = 4 even though the derived
polygons P* and Q* degenerate to pairs of parallel lines (see Figure 2.19).

Theorem 2.16. Let P = (po,...,ps3) and Q = (qo,.-.,q3) be two parallel
quadrilaterals and let P* and Q* be a pair of derived polygons which degen-
erate to pairs of parallel polygons (see § 2.2.2 and Figure 2.19). Then the
discrete mean curvature Hp is equal to —1 if and only if Q* and P* are equal
up to translation.

PrRoOOF. The ’if’ part is Theorem 2.14. We have to show that

(p3 — p1, (po — p2)L> = (g3 — q1, (po — p2)L>-
Analogous to the proof of Thoerem 2.15, we get
Hp =-1 <= Z det(pi, (¢i+1 — piv1) — (g1 —pi-1)) =0
1€{0,2}

and therefore
det(po — p2,p3 —p1 — (g3 — q1)) = 0,

which is what we wanted to show. O

Remark 2.17. According to the Theorem of Delaunay (see e.g. [12, Theorem
3.4, p. 46]) a surface of revolution with constant mean curvature is locally
one of the surfaces listed in Table 2.1.
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Example 2.18. Figures 2.18 and 2.21 show a hexagonal mesh which assumes
the shape of a nodoid (see Remark 2.17). We construct this example as
follows: We start with a rotational symmetric hexagonal mesh Y covering
the sphere and construct a mesh ® parallel to ¥ (i.e., same combinatorics
and edgewise parallel) minimizing energies according to the following goals:

(i) Constant mean curvature H, = —1 for all facets of the mesh.
(ii) Arbitrary radius of one circle of hexagons of X.
(iii) Fairness of the mesh.

(iv) Same rotational symmetry as .

With some specific choice of the radius for the circle of hexagons (ii) the
optimization prozess could result in ® covering a sphere again. However, the
choice which leads to Figure 2.18 leads to a discrete surface which after a
visual inspection reminds us of a nodoid (see Remark 2.17). A smooth nodoid
is a surface of revolution whose generating curve in a plan through the axis
is a nodary. Nodaries are plane curves which are can be generated as locus of
focus of a hyperbola rolling on a straight line without slipping. Figure 2.21
shows a nodary and indicates how close the discrete nodoid approximates
the smooth one.



36 2. DISCRETE MINIMAL SURFACES

FIGURE 2.21: A discrete surface of revolution with constant mean curvature (see
Remark 2.17 and Example 2.18). The surface is cut open along a plane passing
through the axis. Visual inspection reveals that the considered surface is a nodoid.
The generating curve n, which is a nodary, is indicated. Also the hyperbola h with
its two focal points F} and F5 which generates the nodary is illustrated.



Chapter 3

Conformal hexagonal meshes
and minimal surfaces

In the present chapter we establish a discrete Christoffel dual construction
for special hexagonal meshes, namely conformal ones. Most of this chapter
can be found in [16].

2%
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FIGURE 3.1: A discrete Enneper’s surface (right) and its discrete Gauss image
(see Example 3.24). This instance of the discrete Enneper’s surface is a result of
the discrete Christoffel dual construction stated in Definition 3.8 whereas Figures
2.14 and 2.15 are the result of an optimazation prozess minimizing the mixed area
(see Example 2.13).

37
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3.1 Multi-ratio and vertex offset meshes

For the notion of pairs of parallel meshes see the introduction of §2.1.3 and
for offset meshes and offset distances of parallel meshes we refer back to
§2.4.1

For quad meshes H. Pottmann et al. [20, 21] showed a connection be-
tween the existence of vertex and face offsets on the one hand, and circular
and conical meshes on the other hand. In the present chapter the circular
meshes are the more important ones. A circular polygon is a polygon with a
circumcircle and a quasi-circular polygon is edge-wise parallel to a polygon
with a circumcircle (see e.g. [14]). A circular mesh is a mesh where each face
is a circular polygon and a quasi-circular mesh is a mesh where each face is
a quasi-circular polygon.

A quadrilateral is circular if and only if its cross-ratio is real. A gen-
eralization of the cross-ratio to polygons with an even number of vertices

20 .., Zn—1 is the so-called multi-ratio (see e.g. [3])
20— 21)(z2 — 23) .. (2o — Zn_
(20, -y Zn1) = (20 = 21)(22 = 25) (22 1>.
(21 — ZQ)(Z3 — 24) L (Zn—l — Z())
Obviously, the multi-ratio q(zo,...,2,_1) is invariant under orientatin pre-

serving Mobius transformations since it is invariant under translations, dila-
tions, rotations and transformations of the form z — 1/z. However, a real
value for the multi-ratio is invariant under anti-Mobius transformations as
well (see §1.2.1).

Lemma 3.1. Let (2;) = (z0,-..,2n-1) with n even be a polygon in the com-
plex plane. Further let «; denote the angles between z;_o — z;_3 and z;11 — 2;
and let 6; be the internal angles between z;_1 — z; and z; 11 — z;, where indices
are taken modulo n. Then the following statements are equivalent.

(i) There exists a polygon parallel to (z;) with all vertices on a circle.
(ii) The angles «; fulfill

Zi oo i € wZ, or, which is equivalent, Z 0% € /.

e

(111) The multi-ratio q(zo, . . ., 2n—1) 1S Teal.
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(iv) The interior angles 0; have the property

Zi evenei - Zz oddei - - ; 27(.

PROOF. (i) = (ii): Without loss of generality assume that (z;) lie on a
circle. For regular n-gons (w;) (see Figure 3.2) we have o; = 32% for all 4,
which yields ), ..., @ = 3m. When changing one single vertex of (w;) on
the circle, e.g. w; —— w;, the directions w;;1 —w; and w; —w;_; will change
about the same angle «, which follows from the inscribed angle theorem.
We get a new n-gon (w;) with @; = w; for all i except for i = j. For the
corresponding angles we have

Q1 = Qj1 —Q, O =0 —Q, Qjpo = Qjpo+a and a3 = ajp3 + a,

where all others remain unchanged. Therefore

Z&Z: ZO{Z‘ZBWETFZ.

i even i even

FIGURE 3.2: For a regular 8-gon we have an angle of 37/4 for all oy =
Z(wi—2 — wi—3,wiy1 —w;). When changing a vertex w; to w; on the circumcircle
the corresponding angles a;_1, oj, aj12 and 43 are replaced by ;1 = a1 —«,
aj = aj — o, @ji2 = ajy2 +a and a3 = a3 + «, respectively.
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If we change each vertex of the regular polygon (w;) until they come to the
positions of (z;) the sum of the considered angles remains in 7Z.

(ii) = (i): Now we start with a polygon (z;) with corresponding angles «;

such that
Z o; € 1.

1 even

Starting with an arbitrary vertex wg on a circle we construct vertices wy, .. .,
w,, on this circle with edges w; —w;_; parallel to z;—z; 1 for alli € {0,...,n},
where indices are taken modulo n only for z; but not yet for the points w;
(see Figure 3.3 with w; = z;). Until now we do not know whether w,, = wy or
not. From “(i) = (ii)” we know that the polygon (w;)}'Z, fulfills condition
(ii). Using the assumptions we can conclude that also w,, — w,_; is parallel
to wy — w,_1 which yields w,, = wy.

(i) <= (iii): With 2z — 211 = agpexp(ipr) and ar = Qr_2 — Prr1 We get

- k-2
Qo z) = [ B2 =) et

z —z a ei¢k+1
k even ( kt+1 k) k even kt+1
ag—2 ; ag—2 .
= || —ew"“:( ” )exp(z E aj).
a a
k even k+1 k even k+1 j even

This yields
q(z0y -y 2n-1) E R <= Z a; € TZ.

J even

(i) <= (iv): This statement without proof can be found in [14]. Our prove
is analogue to ’(i) <= (ii)’. We start with a regular n-gon, where the an-
gle condition of (iv) is obviously fulfilled, and move the vertices along the
circumcircle. According to the inscribed angle theorem this does not change
the sum of odd and even labeled agles, respectively.

Now we start with a polygon fulfilling the equation of (iv). Again, we move
the vertices of a regular n-gon on its circumcircle until its edges are parallel
to the given one. This is posslible since the circular polygon fulfills the angle
condition even when moving the vertices. O

Corollary 3.2. Let M be a Mébius transformation and let (z;) be an n-gon
with n even. Then (z;) is quasi-circular if and only if (M (z;)) is.
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PROOF. q(z0,...,2n-1) = a(M(20),..., M(2n,—1)) € R follows from the Mo-
bius invariance of the multi-ratio. O]

Remark 3.3. The construction of a parallel polygon with vertices on a circle
either closes up for all starting points zgy, or for none of them (see Figure 3.3).
Let (w;)?=y be an arbitrary polygon and let (z;)T_, be contained in the circle
S where z; — z;11 18 parallel to w; — w41 (indices taken modulo n only for

w; ). We define
p:SH— R?
2 u(z) =21 — 2] N [zn_1 — 2]
Then the set u(S*) is a conic section, which is a consequence of properties
of projective mappings between pencils of lines (see Figure 3.3, right).

Theorem 3.4 applies the above properties of polygons to meshes. The multi-
ratios which are mentioned are computed w.r.t. an arbitrary choice of Carte-
sian coordinate system in each face.

Theorem 3.4. Fach of the following statements concerning a mesh M with
planar faces implies the other five.

(i) M has a vertex offset.

(i1) Every face of M is a quasi-circular polygon.

FIGURE 3.3: Left: The construction of a parallel polygon with vertices on a circle
closes up for all starting points zp or for none. Right: The set of all points u(zp)
which arise from the construction of Remark 3.3 are located on a conic section.
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(111) For each face, the angles «; fulfill both,

Z%GWZ and ZaiEﬂZ,

i even i odd

respectively.
(w) For each face, the angles o fulfill Y. ., € TZ.
(v) The multi-ratio of each face is real.

(vi) For each face, the interior angles 0; have the property

The equivalence of statements (i) < (ii) < (iv) can be found in [14], and
(i) < (ii) for quad meshes can be found in [20]. The rest follows immediately
from Lemma 3.1.

3.2 Conformal hexagons

Both conformal and curvature line parametrisations play a fundamental role
in the theory of minimal surfaces. On the one hand, the Weierstrass repre-
sentation converts a pair of a holomorphic and a meromorphic function (i.e.,
conformal parametrizations of §?) to a certain parametrization of a mini-
mal surface. On the other hand, Christoffel duality converts a conformal
parametrization of the sphere to an isothermic parametrization of a minimal
surface and vice versa. We now aim at a discrete analogue of a continuous
conformal surface, using hexagonal meshes.

Definition 3.5. A hexagon (2o, ..., z5) is called conformal if both cr(zo, z1,
29, 23) = —1/2 and cr(zg, 25, 24, 23) = —1/2.

The prototype of a conformal hexagon is a regular hexagon. Since Mobius
transformations leave a real cross-ratio of four points invariant, we immedi-
ately see that conformality of hexagons is Mobius invariant and each hexagon
which is Mobius equivalent to a regular hexagon is conformal.
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For a conformal hexagon both quadrilaterals zg, z1, 29, 23 and 2z, 25, 24, 23
are circular since their cross-ratios are real (see Figure 3.4). The multi-ratio
of conformal hexagons is

(ZO — 21)(2’2 — 2’3)(24 — 25) 1 (23 — Zo)(2’4 — 25)

Wetr- - 2) = (21— 22)(2s — 20) (55 — 20) 2 (2 — 2a)(25 — 20) o

which implies, with Lemma 3.1, that this hexagon is quasi-circular.

Definition 3.6. Let f : U C R? — R3? be a smooth reqular mapping. Then
the hexagon

fo=Ff+els fs=Ff—cl
fi— oS Vi, [
fomfm St ey, fomfa it ey,

is called infinitesimal hexagon at (z,y) where f = f(x,y) € R3, f, = 0f/0x
and f, = 0f/0y.

Note that in general infinitesimal hexagons are not planar. According to
the Taylor expansion the vertices f; of the infinitesimal hexagon differ from
f(z;) in terms of order o(e), where z; are the vertices of a regular hexagon
with radius € and centered at (z,y).

For the following we extend the cross-ratio to points of R?® (see e.g. [4]).
Four points in R? define a plane or sphere, which is identified with C U oo
via stereographic projection.

Theorem 3.7. Consider a reqular mapping f : U C R? — R3 and the
associated infinitesimal hexagon fo,..., fs for a point (z,y) € U. Then

5 <)
21

Z3
24 )

FIGURE 3.4: An arbitrary conformal hexagon (z;) with its two circles.
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cr(fo, f1, fa, f3) = —1/2 + o(e) and cr(fo, f5, fa, f3) = —1/2 + o(e) for all
(z,y) € U if and only if f is a conformal mapping.

PROOF. Translation x +— x — f — ef, and scaling = — 2z /e transform the
vertices to

X():O X3:_4fz
Xlz—fx+\/§fy X4:_3fa:_\/§fy
X2:_3fx+\/§fy XSZ_fx_\/gfy'

The inversion X; = X;/||X;||?> sends X to co. As all three transformations
do not change the cross-ratio up to complex conjugation we get

~ X, — X
cr(fo, f1, fa, f3) = cx(Xo, X1, Xy, X3) = cr(00, X, Xo, X3) = ﬁ
1 — 2

We start with the first cross-ratio condition

cr( fo, f1, fo, f3) = —% +o(e) = X;— Xy = —%(X1 - )N(z) +o(e), (3.1)

which is equivalent to

50 " 3— I L+ B Y = o(e),

where A = || =3f, +V3f,|1?, B= |- f. +V3f,||* and C = || f.||*>. Collecting
the coefficients of f, and f, we get

(g5 (B ) e

which is equivalent to

—%AB+QBC—AC:O and —3B+A=0

because of the linear independence of {f,, f,}. It is easy to see that —3B +
A =0 [f = Ifll and —3AB +9CB — CA = 0 < 3(fo, f2)* -

6<fyafy><fa:7 fm> + 12<fxa fy>2 + 3<fya fy>2 - 8\/§<fo fy><fy7 fy> = 0. Further,

it is easy to see that Equation (3.1) is equivalent to

2v/3(fy. fu)
; .

Ll = 1Al and [(fes i) =0 0r (fer fy) = (3.2)
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Since ||, > (fo, fu) = 2v3/3||f,]|? would impliy 1 > 2/3/3, which is a
contradiction, f, and f, must be orthogonal. We get

cr(fo, f1, fo, f3) = —1/2+o0(e) and  cr(fo, f5, fa, f3) = —1/2 4 o(e)

is equivalent to || f;|| = || f,|| and (fs, f,) = 0, which is further equivalent
to the conformality of f. ]

3.3 A dual construction for conformal hexagons

With a view towards the smooth Christoffel dual construction of Section 3.4,
we introduce a dual construction for conformal hexagons.

Definition 3.8. For a conformal hexagon (z;), let a; :== z; 41 — z; be the edge
vectors, where indices are taken modulo n. A hexagon (=) is called dual to

(z1) if z

25—z =—1/(z1 —20) = —1/ag 2y — 23 =—1/(z24 — 23) = —1/ag
zy — 2] = 2/(2 —21) = 2/ar zs — 2y =2/(2 —2) = 2/
m—n=—1/(—n)=-1/aa z—2z=-1/(20—2)=—1/a5

(see Figure 3.5).

Proposition 3.9. Let (z;) be a conformal hexagon, a; := z;11 — z; and b :=
zo — 23. Then

21

20

25

FIGURE 3.5: Left: Edge coefficients in the discrete dual construction (Defini-
tion 3.8). Right: A conformal hexagon and its dual. For each conformal hexagon
Z0, ..., 25 both quadrilaterals zg, 21, 22, 23 and zg, 23, 24, 25 are circular.
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agQa 1 asa
02 305

. 5
. ’L :07 b:(), —_— __’ —_—
(Z) leoa ag + ay + as + alb 9 a4b

1
=3
(1) 2z — 25 = 2/b and in particular zy — z3 is parallel to 25 — 2.
(11i) The hexagon (z;) posesses a dual hexagon.

(iv) The dual (2}) is a conformal hexagon, and is unique up to translation.

(v) Non-corresponding diagonals of both quadrilaterals 2o, 21, 22, 23 and 2o,
25, 24, 23 are transformed according to

20 — 2 23— 21
2] — 23 =3———— 25— 20 =3 ———
1 3 |ZO_Z2|2’ 2 0 |Z3—le2’
20 — 24 23— %5
2 — 25 =3——— 2 — 20 =3—.
5 3 |ZO—Z4‘27 4 0 |Z3—Z5|2
In particular they are parallel:
22— 20 || 21 — 23, 2 — 23| 20 — 2,
24— 20 || 25 — 23, 25 — 23 || 25 — 25

(vi) Applying the duality twice yields the original hexagon, up to translation:

(7)) = (z).
PROOF. The properties of (i) follow immediately from the definition.
Using the properties of (i) we get

. 1 E—i-l _ WGy — 209G + dod1 _ @10y + @b+ apm _
0 S m @ @ apa1az apa1a2
~ 2az+b+a)  —2a; 2
2a0az ab b

which implies (ii). We consider 1/az — 2/@; + 1/as which is —2/b analog to
the proof of (ii). This yields

—1/ag + 2/ — 1/az — 1/az +2/as — 1 /a5 = —2/b+2/b = 0,
and therefore (iii). The cross-ratios of the involved quadrilaterals are

* % * %
CI'(ZS,ZI,Z;,Z;) — (Zo Z1)<z2 Z3) — a

0
Gima)—a)  —2(-%) 2
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and .
cr(2g, 25, 21, 23) = Ty
which implies (iv).

The proof of (v) can be found in in A.I. Bobenko and Yu.B. Suris [7, Corollary
31].

1 20 — 21 123—20
CI“(Z(),...,23>:—§<’:> . s :—§ﬁ
17— <2 2 7 <3
ZQ—ZQ+22—21_ 123—ZQ+22—ZO
Z1 — k9 2 Z9 — 23
20 — 22 29 — 20
2 —2=- +1
Z1 — %2 R2 — %3
2 1 3
— — =

Z1 — %9 22—23_20—22'
Taking the complex conjugate of the last equation yields

2 1 3(2’0-22)
o — k= =24 — = — = )
1 3 1 2 2 3 (Zl — 22) (22 — 23) |ZO . 22|2

All other cases in (v) can be shown analogously.

Applying the dual operator * twice yields

1 1
Kok kk _ — . — .
Zivl T A __ﬁ__ —1 = Zit1 — %
i1 Zi <_
(Zit1 — 2)
or 5 5
ok kk o _ _
i+l — R — (W I e Zi+1 — Zi,
i+1 i

which implies (vi).

3.4 Christoffel dual construction

The following theorem by E.B. Christoffel [9] characterizes isothermic sur-
faces via a dual construction. An isothermic parametrization is a conformal
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cuvature line parametrization. It is known that all minimal surfaces can be
expressed in isothermic parameters. For the unit sphere S?, every conformal
parametrization is isothermic.

Theorem 3.10 (Christoffel). Let f be an isothermic parametrisation. Then
the Christoffel dual f*, defined by the formulas

fr=rl and fy= 2

AR 1Fyll?

exists and is isothermic again. The dual f* is a minimal surface if and only
if f is a sphere.

The next two propositions state properties of the smooth Christoffel dual
construction.

Proposition 3.11. Let f : U C R? — R3 be an isothermic parametrisa-
tion, let f* be its dual, and consider the ball B.(z,y) with radius r centered
at (x,y). Then

iy AU (Br(,)))
r—0 .A(f*<Br<m7 y)))

where A is the surface area.

= L@ 9P vl

Proposition 3.12. Let f : U C R? — R3 be an isothermic parametrisa-
tion, € > 0 and r = ¢/\/m. Further let p : U — U with ¢(z,y) = (ex,cy)

RS
S O A 7
e R e
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\\\e\ s~~~ [ 72 =

K

4
ff‘lf ’ ‘
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|
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FIGURE 3.6: A discrete catenoid and its discrete Gauss image (see Example 3.25).
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be a parameter transformation, f.:= f oy the transformed function and f*
its dual. Then

limg A(f.(B, (. )AL (Br(@.9)) = 1 (33

We consider the dual construction of discrete isothermic surfaces as quad
meshes [4, 2]. The dual 2, .. ., 25 of a conformal square with vertices z, ..., 23
is defined via

2 — 2 = (=1)"/(zi01 — ).
For a square P with edge length [ and its dual P*, which then has edge length
1/1, we obtain A(P) = [?, A(P*) = 1/I? and therefore

AP)

A(P*)

and A(P)A(P") =1,

which are discrete analogues of Propositions 3.11 and 3.12.
Computing the area of hexagons is more involved than the rectangle case.
For a conformal hexagon (z;) and its dual (z) we have

*

Zip =2 = —1/(zi — z)
for i € {0,2,3,5} and
Zipn — % = 2/ (i1 — 2)
for i € {1,4}. Multiplying each vertex z; with r € R\ 0 we get the hexagon
(w;) := (rz;) and its dual (w}) with
Wiss = w; = 1z — %) anduwl,, —wf =~ /(G = F)
for i € {0,2,3,5} and
Wiy —w =2/ (Zin — %)
for i € {1,4}. Consequently
Wiy —wi =17 (2 — %)
The areas of (z;) and (z}), are denoted by A(z;) = p and A(z}) = ¢ respec-
tively. Then

A(w;) =1 A(z) =r*p and A(w}) = _A(lzz*) = e

q.
r r2
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This yields disretizations of Propositions 3.11 and 3.12, namely

2
= 7“1_p = 7“27“22 and A(v;)A(v]) = pg. (3.4)
2

LS

The fact that r does not occur in (3.4) means that A(v;).A(v}) does not
depend on the discrete parametrisation.

FIGURE 3.7: Linear combinations of parallel meshes, where one is a discrete
catenoid and the second is a discrete helical surface are members of the corre-
sponding associated family of minimal surfaces. Special combinations can lead to
quad meshes (see Figure 3.21 on page 74). The case illustrated here is in fact a
discrete helicoid, which means that it discretizes a surface generated by the he-
lical motion of a straight line which orthogonally intersects the helical axis (see
Example 3.30).
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3.5 Discrete conformal and discrete minimal
surfaces

Definition 3.13. A discrete (hexagonal) conformal surface is a mesh with

reqular hexagonal combinatorics where each hexagon is conformal in the sense
of Definition 3.5.

This definition is motivated by the following statements:

(i) The definition of planar discrete conformal surfaces (Definition 3.13) is
Mébius invariant (see Section 3.2).

(ii) According to Theorem 3.7, the limit of cross-ratios of the two quadri-
laterals of the infinitesimal hexagon both equal —1/2 if and only if the
considered mapping is conformal.

(iii) The discrete dual construction fulfils the property (2*) = (z;), which
is analogous to the smooth dual construction (see Proposition 3.9 (vi)).

(iv) The discrete dual construction always closes for conformal hexagons
and transforms a discrete conformal surface into another one (see Propo-
sition 3.9).

(v) The discrete dual construction of Definition 3.8 fulfils discrete analogues
of properties of the smooth dual construction (see Propositions 3.11 and
3.12 and Equations (3.4)).

Consequently, a discrete conformal surface can be seen as a discrete analogue
of a smooth conformal parametrized surface.

Remark 3.14. (i) Since each face of a conformal mesh has multi-ratio
—1, it posesses the vertez offset property (see Theorem 3.4).

(i1) All vertices of a circular hexagonal mesh are always contained in a
sphere or in a plane. We can say that a circular hexagonal surface is
a discrete analogue of a surface with umbilic points only.

The next definition is motivated by Theorem 3.10.

Definition 3.15. A discrete (hexagonal) minimal surface is the dual of a
conformal mesh covering the unit sphere.
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Here the word “covering” can be understood as “inscribed”, “edge-wise
tangent”, i.e., circumscribed or “face-wise tangent”, i.e., circumscribed. Later
we show that a certain notion of discrete mean curvature vanishes for all such
minimal surfaces.

Remark 3.16. A more general definition of conformal hexagonal meshes can
be derived from the dual construction for quad meshes in [7]. Instead of taking
cross-ratios —1/2 in Definition 3.5, we take fractions —ov, /B, where m and
n identify the row and the column of the position of the quadrilateral. This
can be interpreted as a discrete reparametrization of the standard conformal
mesh. The dual construction then must be modified in the following way:

21 — 25 = —Bm/ (21 — 20) 2y — 25 = =P/ (22 — 23)
zy — 2] = /(22 — 21) zy — 2y = an /(25 — 24)
23 — 25 = =B/ (23 — 22) 25— 25 = —Pm/ (20 — 25).

After this change Proposition 3.9 is still valid.
3.6 A construction of planar conformal meshes

This section describes an explicit construction of a conformal hexagonal
mesh, which we are going to use later.

20
Z5

Z4

<3
FIGURE 3.8: Left: An arbitrary conformal hexagon (z;). Right: A planar confor-
mal mesh 3* o a!(z;) = ol o ¥(z;) (see Proposition 3.17).
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Proposition 3.17. Let (z;) be a conformal hexagon and let o and [ be two
similarities, which map (zy4, z5) to (22, 21) and (z3, z4) to (21, 20), respectively.
Then o and 3 commute, i.e.,

aof=Foa and ["odl(z)=a'oB"(z)
is a conformal mesh, with no gaps, where (k,1) € Z* (Figure 3.8).
PROOF. There exist ¢,1 € R and v,w € C such that

alz) =re®z+v and B(z) = seVz +w.

We obtain
a(zs) =rez +v =2 B(z4) = sez, +w = z
a(zy) = 1€z +v =2 B(z3) = s 23 +w = 2,

which implies
re" (25 — 24) = 21 — 2 andse™ (zy — 23) = 2 — 21.

It follows that

T R4 — R5 21 — 22 T )25 — 20 29 — 23
61(90 ) — — _el(%’ b) — ,
S Z3 — 24 20 — 21 S 20 — 23 Z3 — 20

because of the cross-ratio condition of conformal hexagons. Further,
s€¥ 2y +w — (se™ 23+ w) = rezy +v — (rezs +v),
—_— —_——
=z1 =Z1
which implies 3(z2) = a(z). Since

) =ste ™ — sTle T Mw, a7 (2) = r ey — r e

and
-1 -1
a”(22) = 87 (20)
we have
rle %y —plemy = s_le_wzo — s e Wy
and

rezo + v = se¥zy + w.
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We multiply the last two equations and get

2070 — 200 +va N (29) = 20z — w2y +wB M (2) = v= ww.
(21 = 20)
We want to show that o a = a o 3. Therefore we compute
ao f(z) = rse’ Pty e v
and
Boa(z) =rse®)z 4 seu +w.
Consequently,
aofB=Poa < (re” —1)w = (se" — 1)v. (3.5)

Replacing v by w(zy — 22) /(24 — 20), the last equation is further equivalent
to

(rét® — 1) = (se® — )2 30) — a(z),
(24 — 20)
which we have already shown to be true. O

To obtain circular conformal meshes we have to start with a circular confor-
mal hexagon and then apply Proposition 3.17.

A similarity which is no translation is decomposable into a dilation and a
rotation. The center of rotation of o and 3 is v/(1 — re*?) and w/(1 — se™),
respectively. From equation (3.5) we obtain that both centers must be the
same if and only if @ 0o 8 = 80 . In R? we take the 3 x 3 matrices

1 | o 1 | o
A= Rew and B = Rew
Imo rD, Imw sDy

for a and 3, where D,, is the 2 x 2 rotation matrix by an angle of w. Since
A and B commute, i.e., AB = BA, o' o 3* can be written in the form
exp(llog A + klog B).
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3.6.1 Discrete holomorphic functions

Now, we consider a mesh M with arbitrary combinatorics stored in the graph
G. The double D of G is a quad graph defined such that the new vertices
V(D) are the old ones V(G) combined with the vertices of the dual graph
V(G*) (see e.g. [6] and Figure 3.9). A quadrilateral of D consists of the two
vertices incident with an edge of G and the two vertices incident with the
corresponding edge of G*. A function f is discrete holomorphic with (possibly
complez) weights v if for each quadrilateral (2o, wy, 21, w; ) of the double graph
D the equation

T = fl) ) = =y

holds. A discrete Laplacian operator with weights v then acts on a complex-
valued function via

(Af)z) = Y vlw2)(f(w) - f(2)),
weEstar(z)

where star(z) consists of all vertices which are connected with z by an edge
of G. Further, f is called discrete harmonic if

(Af)(z) =0

F1GURE 3.9: Left: A graph G with arbitrary combinatorics. Right: The double D
(dashed lines) of G (see §3.6.1). The vertices of V(D) are the vertices V(G) (white
points) and the vertices of the dual graph V(G*) (black points). The double D
is a quad-graph where each quadrilateral (zo,wo, 21, w;1) consists of two vertices
(z0,21) of V(G) and the two vertices (wop,w;) of V(G*) corresponding to the two
adjacent faces incident with (z,, 21).
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for all verticies z of the graph.
We consider complex functions defined an a graph G with values coming
from the embedding in C.

Proposition 3.18. The vertex coordinates of the mesh M with double graph
combinatorics derived from a conformal hexagonal mesh generated with Propo-
sition 3.17 are function values of a discrete holomorphic function defined on
a reqular hexagonal graph.

Proor. We consider points w; generated with the same similarities as the
mesh M, starting with one arbitrary point. These new points are the function
values of the vertices of the dual mesh M*. Here, the word ’dual’ does not
mean the Christoffel dual of the mesh M but the combinatorial dual of M
being seen as a graph. Since the new mesh with vertices

V(M) UV (M)

and double graph combinatorics is generated via similarities, the ratio (z; —
20)/(wy — wp) is constant for each quadrilateral. Therefore there exists a
“nice” weight function v that fulfills (3.6) and which is constant at the edges
(20, 21) and (wp, wy) of the mesh. O

Corollary 3.19. The vertex coordinates of the conformal hexagonal mesh M
generated with Proposition 3.17 and its dual mesh M* are function values of
a discrete harmonic function defined on a reqular hexagonal graph.

ProOOF. This follows immediately from Proposition 3.18 and [6, Theorem
7.3], which says that a discrete holomorphic function f, defined on the double
graph D of an arbitrary graph G, restricted to G or G* is discrete harmonic.

]

Corollary 3.20. Let (z;) be a hexagon which is Mdobius equivalent to a reg-
ular one. Then, the conformal hexagonal mesh M generated with Proposi-
tion 3.17 1s discrete harmonic with constant weights.

PROOF. Let (z;) be a hexagon of the mesh M (see Figure 3.10). Then,
without loss of generality we have to show that the sum of the vectors of the
edges emanating from zs is the zero vector. If (z;) is a regular hexagon, then
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the proposition is obvious. For the non-regular case let us assume further
without loss of generality that

az) = re'z
which means that the center of rotation is 0. Therefore we have to show that

(21 — 22) + (23 — 22) + (re"P23 — 29) = 0.

re¥zy —zg =re¥(z3 — z4) = —=re

2 (21— 22)
_ 1 (22 — 23)(21 — 21) _ (21 — 29) (23 — 21)
2 (25 — 24) (25 — 24)

To finish the proof we must show that
pi= (21— 2)(25 — 24) + (23 — 22) (25 — 24) + (21 — 22) (23 — 24)

is zero. The cross-ratio conditions of four successive vertices of (z;) are equiv-
alent to crp(k) = 0 for all k € {0,...,5}, where

crp(k) = (2 = 241) (Zhaz — 20) + 5 (211 — 2n2) (2s — 20)-

A computer analysis with Mathematica of the system of algebraic equations

crp(0) =0
crp(5) =0
p=0
in the unknowns z1, ..., z5 leads to the following equation which can be very-
fied by hand by a careful computation:
, 4 8 4
P = sem(0)erp(2) - Serp(1)erp(2) + serp(1)erp(3)
2 4 4 2
— gcrp(())p + gcrp(l)p + 2crp(2)p — gcrp(B)p + gcrp(él)p =0.

Therefore, p = 0. That is what we wanted to show. O]
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FiGURE 3.10: Illustration to the proof of Corollary 3.20. This mesh is harmonic
with constant weights if the vectors z; — 22, 23 — 29, and a(z3) — 22 sum up to 0.
Because of the construction with similarities it is sufficient to verify this property
for one single vertex only.

3.7 Polygons with vanishing mixed area and
discrete minimal surfaces

In this section we discuss the connection between discrete minimal surfaces
defined in [5] and those of Definition 3.15.

In smooth differential geometry a minimal surface can be defined as a
surface with vanishing mean curvature in each point. A discrete minimal
surface in this setting is a mesh where the discrete mean curvature Hp (see
Subsection 2.1.3) is zero for all faces P of the mesh. Incidence geometric
properties of the polygons with vanishing mixed area were studied in Section
2.3 and [17]. A result of [5] is that two parallel quadrilaterals have vanishing
mean curvature if and only if their non-corresponding diagonals are parallel
(see Figure 2.2).

According to Proposition 3.9, (v) the non-corresponding diagonals of the
quadrilaterals of a conformal hexagon and its dual are parallel. This yields

Proposition 3.21. A discrete minimal surface in the sense of Definition 3.15
has vanishing discrete mean curvature and therefore is a discrete minimal
surface in the sense of [5].
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Remark 3.22. A pair of meshes M and M’ is called reciprocal parallel,
if their combinatorics are dual (correspondences are vertex-face, face-vertex
and edge-edge) and corresponding edges are parallel. The connection between
the existence of a reciprocal parallel mesh and infinitesimal flexibility was
studied in [27].

Proposition 3.9, (v) says that non-corresponding diagonals of conformal
hexagons of the quadrilaterals with cross-ratio equal to —1/2 are parallel.

From a discrete conformal surface and its dual we can derive two pairs of
reciprocal parallel quad meshes by choosing the edges

*

Zzo— 20| 25 — 27 and z4— 2z || 25 — 22

FI1GURE 3.11: A pair of dual hexagonal meshes M and M*. The mesh M on the
upper side consists of hexagons (z;) where the union of the vertices z, 22, z4 form
a quad mesh M (dashed). The dual hexagonal mesh M* consists of hexagons
(2F), where the union of the vertices 27, 23, 2 form a quad mesh M". According
to Remark 3.22 and Proposition 3.9, (v), M and M are reciprocal parallel.
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for the first pair and
2 —z3 ||l 25— 25 and zs— 23 25 — 2

for the second pair (see Figure 3.11).

3.8 Examples of discrete minimal surfaces

As a preparation to the construction of examples, we have to discuss the
relation between Christoffel duality and Weierstrass representation. We start
with an arbitrary conformal map which is a holomorphic function g : U C
C — C where ¢'(z29) # 0 for all 2z € U. This is a conformal parametrisation
of a part of the plane. With the stereographic projection

O(z) := !

m@?ﬂz\ —1)

we get
n:=%og

as a conformal parametrisation of the sphere. By applying the Christoffel
duality (Theorem 3.10) to n we get an isothermic parametrisation f* of a
minimal surface with

Iz

"e and [y = Ty (3.7)

[

17222
On the other hand we get minimal surfaces f with the same Gauss image as

f* via the Weierstrass representation (see e.g. [11]):

Theorem 3.23 (Weierstrass representation). For a holomorphic function h
and a meromorphic function g (with some restrictions) the map

1.1 1.1
=Re | h-|=(——9),—=(— 1 3.8
F=re [1: (36 -0 -5C +a1) (3.5)
15 a parametrisation of a minimal surface. ® o g is the Gauss image of f.
As any holomorphic function f(x 4+ iy) satisfies

0
, J—
Re(f) - ag} Refa
Equations (3.7) and (3.8) produce the same result if and only if n = ® o g

satisfies the condition that n,/||n,||* equals the integrand in (3.8).
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FIGURE 3.12: The derived quad mesh (dashed) [m,n] := a™ ™ o 32"(z) with
(m,n) € Z represents a discrete parametrization of the conformal hexagonal mesh
generated with two similarities a and (8 following Proposition 3.17. We chose z
arbitrarily.

3.8.1 Examples

For our examples, we start with a circular hexagonal conformal mesh in C
and apply the discrete Christoffel duality to the stereographic projection of
the mesh.

Let a and 8 be two similarities which generate a conformal hexagonal
mesh as explained in Section 3.6 and choose z € C such that a(z) # z #
B(z). We call a mesh ™" o 3%"(z) with (m,n) € Z?* a derived quad mesh
(Figure 3.12). The derived quad mesh represents a discrete parametrization
assigned to the conformal hexagonal surface. We basically distinguish three
cases:

(i) Both av and [ are translations.
(ii) « is a rotation and (3 is a dilation with the same fixed point.

(iii) Both, a and 3 are similarities with the same fixed point but different
from a pure translation, rotation, or dilation.

For (m,n) € Z? and after an appropriate change of parameters, the derived
quad mesh is of the form m + in in (i), €™+ in (i), and el@+®)(m+in) jp
(iii), where a,b € R, a,b # 0. Therefore the meshes discretize the meppings
2+ 2, 2 — %, and z — e@T®)? regpectively.
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e

Ficure 3.13: Left: Circular conformal mesh which discretizes z +— z. Center:
Discrete Gauss image, which is the stereographic projection of the circular confor-
mal mesh. Right: Discrete minimal surface generated as the discrete Christoffel
dual of the Gauss image. According to Example 3.24 the hexagonal mesh is a
discrete Enneper’s surface.

FIGURE 3.14: Left: Circular conformal mesh which discretizes z — e (A > 0)
(a symmetric hexagon, which is M&bius equivalent to a regular one is marked).
Center: Discrete Gauss image, which is the stereographic projection of the cir-
cular conformal mesh. Right: Discrete minimal surface generated as the discrete
Christoffel dual of the Gauss image. Referring to Example 3.25 the hexagonal
mesh is a discrete catenoid.
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7(Re(z1))
21 22
0 (o)
a2 %)

25

FIGURE 3.15: The construction of a symmetric hexagon which is Mobius equiv-
alent to a regular hexagon. Here the angle o and the point z; are given. The
construction is described in Remark 3.26.

Example 3.24 (Discrete Enneper’s surface). Letting g(z) = z and h(z) = z
yields

n(x +iy) = (2x, 2y, x? +y? — 1),

?2+y?+1
and it is easy to verify that n,/||n.||? is equal to the real part of the integrand
of (3.8). This is exactly the case of Enneper’s surface (see Figures 3.1 and
3.13). We see that Christoffel duality of the regular hexagonal mesh generates
a discrete Enneper’s suface.

Example 3.25 (Discrete catenoid). We start with a symmetric hexagon
which is Mobius equivalent to a regular hexagon but not itself regular (see
Figure 3.14, left and Remark 3.26) and apply Proposition 3.17 to get a cir-
cular conformal mesh with rotational symmetry. This mesh discretizes the

holomorphic function
Az

g(z) = e
with an appropriate choice of A > 0. We compute n(z) = (®og)(z) = &(e?)
and see that n,/||n.||* equals the real part of the integrand of (3.8) for
h(z) = 1/X = const. The resulting minimal surface is the catenoid (see also
§3.8.2). We see that Christoffel duality of a hexagonal mesh with rotational
symmetries as described generates a discrete catenoid (see Figures 3.6 and
3.14).

Remark 3.26 (Symmetric conformal hexagons). There are several ways to
construct a symmetric hexagon (z;), which is Mébius equivalent to a regular
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hexagon. We consider a very simple construction where z; and o, which is
the angle between z1 — zo and z5 — 24, are given.

The following construction is demonstrated in Figure 3.15. Without loss
of generality we choose the hexagon to be symmetric with respect to the real
axis of the complex plane. Then z5 = Z7.

We consider the Mobius transformation v, which maps zs, 0, z1 onto ws,
wo, wy, where (w;) is a reqular hexagon. Likewise, vo maps ws, wo, wy onto
ws, wy, wy. The Mdbius transformation v = v 0 45 0 1 maps an arbitrary
choice of zy onto a point zy so that zs, zo, z1, 2o and ws, Wy, Wi, W are
Moébius equivalent. Because of the symmetry we have to choose zy on the real
azis. Y(R) is a circle. Therefore zo is one point of the intersection of this
circle with the line Rzy.

To construct this circle we consider the image under v of the two special
points Re(z1) and the point at infinity zo, of the complex plane. Because of
the cross-ratio condition we get

v(Re(z1)) = Re(z1) +i3Im(z1) and ~y(2o0) = Re(21) + Z% Im(z).

Because of the symmetry of the Méobius transformation v with respect to the
line joining z1 and z5, the above constructed points y(Re(z1)) and v(zs) form
a diameter of the circle. The hexagon (z;) lies on a circle which completes
the construction.

We got now a symmetric hexagon which is also shown in Figure 3.14 left.

3.8.2 Discrete hyperbolic cosine

In this subsection we discuss discretizations of the smooth hyperbolic cosine
which provides us with a motivation for the naming of the discrete catenoid of
Example 3.25. First, we consider four properties of this smooth trigonometric
curve, the first and second also appears in physics:

(i) The catenary is the solution to the problem of describing the curve
of an ideal chain hanging in the gravitational field. This leads to the
second order ODE (see e.g. [28, III. § 11])

2" =c/1+ (27)2, (3.9)
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with a constant ¢, which includes the gravitational acceleration and
material specifications. The solution to the ODE (3.9) is the catenary

1
z(y) = - cosh(cy + di) + ds
with dy,ds € R.

(ii) The catenoid is the only nontrivial surface of revolution which is a
minimal surface (see e.g. [10]). The meridian of this surface, possibly
after a change of the parameter, is of the form

ccosh(y/c)

for some nonzero real number ¢, when rotating round the y-axis. There-
fore, the graph of the cosh function appears as the Christoffel dual of
the meridian curve ® o exp(x) of the unit sphere, where @ is the stere-
ographic projection.

(iii) We have the following connection between the length of the catenary
and its area under the graph:

Theorem 3.27. A curve (z(y),y) in R? describes a possibly stretched
hyperbolic cosine if and only if for all y1,y> € R the equation

A=cl

holds, where ¢ is a real number, A is the area under the graph and [ is
the length of the graph, both between the points y; and ys.

For the proof see [8].

(iv) Let z(y) = cosh(y) be the radius function of the parallel circuits of a
surface of revolution. Then n(y) = (— tanh(y), 1/ cosh(y)) is its Gauss
image and z(y) and n(y) fulfills

(log z(y))" = (logn(y))".
This property is used in [5, Example 1] to define discrete catenoids.

We now turn to the discrete setting and consider polygons (p;)icqo,..,N}
with p; = (p;,p?) € R? and segment lengths I; = ||pi1 — pil|. There are
straight forward disrcetizations of the above smooth properties of cosh, which
can serve as a definition:
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(i) The discretization of the catenary is a polygon which fulfills the second
order difference equation

This equation implies a position of equilibrium.

(ii) We consider a planar conformal quadmesh, which is rotational sym-
metric (see Figure 3.16), project it stereographic to the unit sphere
and compute the Christoffel dual according to [4]. The dualized merid-
ian polygons can be seen as a discrete cosh (see also [5, Example 1]).

(iii) A discrete cosh is a polygon which fulfills
Ai = Cli

for all i € {0,..., N}, where A; is the area between the line segment
pir1p; and the y-axis.

(iv) The discrete curvature theory of [5] leads to a construction of a discrete
catenoid which is described there ([5, Example 1]) and which fulfills the
difference equation

Alogp; = Alogn,,

where (n;) represents the corresponding meridian polygon on the unit
sphere.

Unfortunately, as can be seen from numerical examples, the definitions
of the discrete versions of the hyperbolic cosine of (i), (ii), and (iii) are not
equivalent. However, we can combine the three cases. We substitute the
length [; in (i) by /; from (iii). Note that the constants are possibly different
and therefore they do not cancel. We get

AAp; = c(A; + Aiyy) (3.11)

with some constant ¢. Now we have the following

Theorem 3.28. The discrete hyperbolic cosine of (ii) constructed via the
discrete Christoffel duality for the quad mesh setting fulfills Equation (3.11).
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B N\ N N\

fo i B E
Olfo 5

0

FIGURE 3.16: A planar conformal quad mesh discretizing e*. The zoom illustrates
the sequence (3.12) generated with the similarity x — x f1/ fo.

Proor. We consider the planar conformal mesh discretizing e* and con-
structed via similarities (see Figure 3.16 and [4]). W.l.o.g. one discrete pa-
rameter line (f;)icqo,..,n} lies in the z-axis and therefore we denote by f; the
x value of this point. Then we have 0 < fy < f; and
Ji= fi—l%, which implies f; = f—il (3.12)
0 0

The stereographic projection to the unit circle in the zy-plane, which has the

form
1 2
(z) = 2 +1 <x2—1>’

leads to points ¢; = ®(f;). Now we compute the discrete Christoffel dual
(pi) of (¢;) with the initial value py = (r,0) (see also Figure 3.17). Then,

Agi—y

e (3.13)

pi =Dpi-1+
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Ay

O \[) I .

po = (r,0)

Ficure 3.17: The Christoffel dual polygon of a meridian polygon of the unit
sphere which on the other hand is the stereographic projection of the planar quad
mesh illustrated in Figure 3.16.

for all i € {1,...,N}. We set a := f;_; and b := f; and compute
Agi1 = ¢i — ¢pi1 = (b)) — ®(a)

B 1 2b _ 1 2a
TRz \BP -1 a2+1 \a?—1

T (a2 i(?)zbs )+ 1) (1a_+abb)

and its norm
4(a — b)*

@+ D@+ 1)’

1 1—ab
Am*“_ma—b><a+b>‘

An interesting fact is that the y component d of Ap,_; is independent of ¢
because inserting f;_14; for a and f;;; for b yields

A1 |)* =

and get
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PO IR SR ) T W [
2firs = Fiores) 20/ f T — f g
fi+fiii  a+b

“2(fi— fia) 20—a)

Further we compute the second differences

1 1—ab 1 1-b2
AAp; = —Ap;j 1 +Ap; = ——— . - a
D Di—1 + AD 2(a—b) (a+b> 2 _%) <b+%

B ((b2+1)/2b>

— 0 ,

We recall that A; denots the area between the line segment p; . 1p; and the
y-axis and d is the y component of this segment. Therefore

. pzl—l + pzl

1 1
Ai,1 = d and Az = Md

2 2

We choose the initial value py = (7,0) in such a way that

1 __b+a219
Pi-1 = 2(a —b)?

Then, p; = p;_, + Ap;_, and p}, = p; + Ap}. It turns out that p; is equal
to pi_, with a replaced by b and b replaced by b?/a. And analogous for p;
with a replaced by b?/a and b replaced by b®/a?. This mean that the choice
of that special r is independent of 7. Therefore

. a+tab? ond ol — a®+b!
TR Pitt = Top(a — by
and further
A 4 A (a+b)3(1 +b?)
i—1 i

8b(a — b)3
Now we can compute the factor ¢ of Equation (3.11)

AApt  A(a—b)?
(A +Aipr)  (a+b)37

which is independent of transformations of the form a replacing by b°/a’™!
and b replacing by b""!/a’. Therefore c is independent of i. O
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FIGURE 3.18: Hexagonal mesh as discrete catenoid. The meridian polygon, which
is indicated can be seen as a discrete cosh.

The last theorem is a result for the discrete cosh function appearing as the
Christoffel dual of a meridian polygon in the setting of quad meshes. How-
ever, since we want to give a motivation for the hexagonal case (see Exapmle
3.25) with the appropriate duality construction (see Definition 3.8), addi-
tional considerations are necessary. Our goal is to interpret the polygonal
line indicated in Figure 3.18 as discrete hyperbolic cosine. Because of the
coefficients appearing in Definition 3.8 and Proposition 3.9 the dual construc-
tion of (3.13) must be modified as follows:

Agiy

Pi—1 +2——— for 7 even,
D O
o Agiy ‘
pi—1 + 33— for ¢ odd.
N

Also the sequence (3.12) changes into 0 < fy < f2 and

fiio é for 7 even,

Ji= Jfo
Miz1i+ (1 =X)fi1 for i odd.

with some A € (0,1). With this changed notions Theorem 3.28 modifies to
the conjecture
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The discrete hyperbolic cosine constructed via the discrete Christof-
fel duality in the hexagonal setting fulfills

AAp! =

)

c1A; + A1 fori even,
CQAZ‘ + ClAi—i-l for ) Odd7

where ¢ and cy are independent from 1.

The proof of this conjecture appears to be much more complex than the
proof of Theorem 3.28, such that we can only provide verifications for a
list of examples with the help of a computer. The following program was
written in Mathematica. Note that in the list of examples all etries of the
form r[i] - r[0] are all zero, which is expected and which supports the
conjecture.

f[i_/;EvenQ[i]] := f[i - 21*f[2]1/f[0]
f[i_/;04dQ[i]] := laxf[i + 1] + (1 - la)*f[i - 1]
stlx_] = 1/(x"2 + 1)*{2*x, x"2 - 1}
s[i_] := st[£f[il]
plo] := {r, 0}
pli_/;EvenQ[i]] :=

pli - 11 + 2%(s[i] - s[i - 1]1)/Norm[s[i] - s[i - 1]1]1°2
pli_/;0ddQ[i]] :=

pli - 11 + 3*(s[i] - s[i - 1]1)/Norm[s[i] - s[i - 1]1]1°2
plli_] := pli + 21 [[1]1] - 2*p[i + 11[[1]1] + pl[il[[1]]
dli_] := pli + 11[[2]] - plil[[2]]
Afi_ ] := (pli + 11[[11] + p[i1[[111)/2*d[il]
AA[i_/;EvenQ[i]] := cxA[i + 1] + A[i]
AA[i_/;0d4dQ[i1] := A[i + 1] + c*A[i]
glli_] := (p1[i]/AA[i])/(p1[i + 1]/AA[i + 1])

For[i = 0, i < 5, i++,
{
f[0] = Random[Integer, {1, 1000}],
f[2] = £[0] + Random[Integer, {1, 100}],
la = 1/Random[Integer, {2, 100}],
Lc = Flatten[Solve[{gl[0] == 1, gl[1] == 1}, c, rl],
gglli_] = gl[i] /. Lc,
Lr = Flatten[Solvelggl[jl == 1, rl],
rrr =r /. Lr,
For[j = 0, j < 4, j++,
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{
ii = Random[Integer, {0, 100}],
Lr = Flatten[Solve[ggl[ii] == 1, r]],
rr =r /. Lr,
Print["f([0]=", f[0], " f[2]=", f[2], " 1la=", la, " «r[", ii,
"1-r[0]=", rr - rrr]
}
]

f[0]=111 f[2]=116 1la=1/99 r[46]-r[0]=0
fl0]=111 £[2]=116 1a=1/99 r[63]-r[0]=0
f[0]=111 £f[2]=116 1a=1/99 r[45]-r[0]=0
fl0]=111 £[2]=116 1a=1/99 r[35]-r[0]=0
f[0]=467 £[2]=567 1la=1/78 <r[70]-r[0]=0
fl0]=467 f£[2]=567 1la=1/78 r[8]-r[0]=0
f[0]=467 £[2]=567 1la=1/78 r[48]-r[0]=0
f[0]=467 £[2]=567 1la=1/78 r[13]-r[0]=0
f[0]=666 f[2]=711 1a=1/32 r[30]-r[0]=0
flo]l=666 f[2]=711 1la=1/32 r[84]-r[0]=0
f[0]=666 f[2]=711 1a=1/32 <r[58]-r[0]=0
flo]l=666 £f[2]=711 1la=1/32 r[69]-r[0]=0
f[0]=26 £[2]=80 1la=1/94 r[36]-r[0]=0
f[0]=26 £[2]=80 la=1/94 r[89]-r[0]=0
f[0]=26 £[2]=80 1la=1/94 <r[76]-r[0]=0
f[0]=26 £[2]=80 1la=1/94 <r[56]-r[0]=0
f[0]=109 £[2]=137 1la=1/17 r[21]-r[0]=0
f[0]=109 £[2]=137 1la=1/17 <r[51]-r[0]=0
f[0]=109 £[2]=137 1la=1/17 <r[16]-r[0]=0
f[0]=109 £[2]=137 1la=1/17 r[89]-r[0]=0

Example 3.29 (Helical surface). We start with an arbitrary hexagon, which
is not regular, but Mobius equivalent to a regular hexagon. We apply Propo-
sition 3.17 to get a mesh which discretizes the function

9(z) =€,

where a € C\ 0 (see Figure 3.19, left). With h(z) = 1/a it is easy to verify
that n,/||n.||* equals the real part of the integrand of (3.8). For a € R we
obtain the catenoid (see Example 3.25) and for a € iR we obtain the helicoid
and especially for a = i the helicoid with the parametrization

f(z,y) = (sin(x) sinh(y), cos(x) sinh(y), x).
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FIGURE 3.19: Left: Circular conformal mesh M which discretizes z +— €** (a €
C\ (RUiR)). According to Proposition 3.17 we start with an arbitrary hexagon
which is Mobius equivalent to a regular hexagon and apply similarities. Here the
mesh M overlaps itself (multi-valued function). Right: Stereographic projection
of the mesh M.

FIGURE 3.20: A discrete minimal surface which discretizes the smooth helical
surface given by (3.14). The corresponding Gauss image is shown by Figure 3.19,
right.
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FIGURE 3.21: Each hexagon (z;), which is M6bius equivalent to a regular one (left)
can be dualized in three different ways, by interchanging the coefficients 2 and —1
in the discrete dual construction (Definition 3.8). Two of them, (z}) and (Z}) are
illustrated here. The linear combination 1/3z; + 2/3ZF yields a quadrilateral.

For a = a1 +iay (a1, as # 0) we get the surface

(—a? + a2)/(aa)? cosh v 0
f(u,v) = Dyy - Day 2aya,/(aa)? sinh v + 0 . (3.14)
0 u/(aa)

where D, is the rotation matrix for rotation around the z-axis by an angle
of t, w = aa/(2a,a;) and o = (a3 — a?)/(2a1az). We see that this is a helical
surface too.

The Christoffel dual of the considered hexagonal mesh generates a discrete
minimal surface illustrated in Figure 3.20.

Example 3.30 (Associated family, helicoid). The spherical hexagonal mesh
of Example 3.25 can be dualized in yet another way. We interchange the
coefficients 2 and —1 in the discrete dual construction and get a helical
surface. The edges of all faces of this mesh are parallel to the corresponding
edges of the catenoid given in Example 3.25. Linear combinations of these two
discrete surfaces give all members of the associated family of this minimal
surface. A special combination yields a quad mesh which discretizes the
helicoid (see Figures 3.8.2 and 3.21).



3.8. EXAMPLES OF DISCRETE MINIMAL SURFACES 5

FIGURE 3.22: Linear combinations of parallel meshes, where one is a discrete
catenoid and the second is a discrete helical surface are members of the corre-
sponding associated family of minimal surfaces. Special combinations can lead to
quad meshes (see Figure 3.21 on page 74). The case illustrated here is in fact a
discrete helicoid, which means that it discretizes a surface generated by the he-
lical motion of a straight line which orthogonally intersects the helical axis (see
Example 3.30).
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