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Preface

This book is the result of a 2 hour a week course I gave at the faculty of
mathematics at Kyushu University, Fukuoka in summer 2008. It started out
as a typeset version of my handwritten preparations that I made available
to the students as a supplement and a compensation for my lazy blackboard
hand writing. But after a couple of weeks I was offered the opportunity of
turning them into these lecture notes.

Discrete differential geometry has its roots in the 1950s when mathemati-
cians like Robert Sauer and Walter Wunderlich started to investigate differ-
ence analogs of curves and surfaces. Later in the 1990s Ulrich Pinkall and
Alexander Bobenko made crucial connections between these discrete objects
and discrete integrable equations studied in mathematical physics. These
integrable equations can be viewed as the second source of discrete differen-
tial geometry in its modern form. From then on the focus somewhat shifted,
when applications of the discrete structures became apparent in computer
graphics and industrial mathematics.

The material covered in this book is by no means a comprehensive overview
of the emerging field of discrete differential geometry but I hope that it can
serve as an introduction. Choosing material in a rapidly growing field like
this is difficult. On the one hand there is already too much to cover in one
course on the other hand, the chosen material can become out of date rather
fast and interesting results can even appear during the ongoing semester.

The choice I made was to roughly follow what one usually finds in in-
troductionary courses in differential geometry of curves and surfaces. This
of course means that many aspects of discrete differential geometry are very
much underrepresented. In the introduction I will give some suggestions for
further reading that will broaden the view on the subject in several directions.

Discrete differential geometry investigates discrete analogs of objects of
smooth differential geometry. Thus, through the notes I refer to various
notions of classical differential geometry. But while knowledge of basic dif-
ferential geometry is of course helpful, most of the material should be under-
standable without knowing the smooth origin of the various notions.

I decided to leave the original segmentation in individual lectures visible.
Although it might not always align with the contents, this is how I prepared
and taught the coures. You will find the number of the current lecture in the
heading of each page.

I am grateful for all the hospitality and encouragement I got from the



department of mathematics at Kyushu university and I feel that my stay
there in 2008 was way too short. I owe many thanks to my students who
attended the course as well: They gave valuable feedback and found many
errors in the first versions of this text. It goes without saying that I am
responsible for any errors — orthographic and contend wise.

Tim Hoffmann — Munich, 21.3.2008
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1 Introduction

Motivation
Name of the game

The name “Discrete differential geometry” (DDG) sounds like a “contradictio
in res”E]. The term differential in differential geometry (DG) stands for the
usage of calculus and analysis for studying geometry and this clearly needs
smooth and not discrete objects. But differential geometry is not only a set
of techniques but it rather stands for notions and constructions or definitions
as well and discrete differential geometry aims for finding discrete equivalents
for these objects of investigation.

Of course there is not only one valid (or correct) discretization of, say,
a surface. So which is the right one or the best one? There is of course
no answer to this and in discrete differential geometry one often has several
discretizations of the same thing coexisting and which to prefer is a question
of what one intends to do with it. However, originally discrete differential ge-
ometry arose from the observation that certain discretizations are more than
a mere approximation of a smooth object and that they possess interesting
properties of their own.

In some sense discrete differential geometry can be considered more fun-
damental than differential geometry since the later can be obtained form the
former as a limit. Discrete differential geometry is richer since it deals with
more ingredients (like combinatorics) and since some structures get lost in
the smooth limit (e. g. the tangential flow on a smooth regular curve is triv-
ial while on a discrete curve it is not, or the symmetry between surfaces and
their transformations).

The recent interest in discrete differential geometry is partly due to its
applications in computer graphics (texture maps, re-meshing,...), architec-
ture (glass and steel constructions for freeform models usually need planar
face meshes), numerics (partial difference equations), simulations (flows, de-
formations), and physics (lattice models).

Since this course can not cover the many facets of discrete differential
geometry further reading is highly recommended: For a very structural pre-
sentation of the subject that emphasizes the underlying integrable structure
I recommend the book of Bobenko and Suris [BS08]. An introduction into

LA contradiction in the thing itself.
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the architectural aspects can be found in the beautiful book by Pottmann et
al [PAHAOQ7]. The most classical book on the subject should be mentioned
here as well: It is the book “Differenzengeometrie” by R. Sauer [Sau70] which
can be considered as one of the roots of discrete differential geometry.

2 discrete curves in R? and CP!

2.1 basic notions

We will start very simple, by discretizing the notion of a smooth curve. That
is, we want to define a discrete analog to a smooth map from an interval
I C R to R™. By discrete we mean here that the map should not be defined
on an interval in R but on a discrete (ordered) set of points therein. It turns
out that this is basically all we need to demand in this case:

Definition 2.1 Let I C 7 be an intervaﬂ (possibly infinite). A map v : I —
R"™ s called a discrete curve. It is in fact a polygon. ~y is said to be periodic
(or closed) if I =7 and if there is a p € Z such that y(k) = ~v(k + p) for all
kel.

We will write 7, = v(k) and even v = v, 71 = Yr+1, and 3 = 1. This
looks silly at first but it will turn out handy once we denote shifts in different
directions with 1 (= v(k+1,1)), 72 = (v(k, 1+ 1)), yiz(= v(k+1,1—1)), etc.

In classical differential geometry the next notions one would define for
a curve would be the tangent vector (its derivative) and the arc-length of a

curve. So let us do this for our ldiscrete curvel as well.

Definition 2.2 The edge tangent vector of a|discrete curvd v : [ — R"™ is
defined as the forward difference

Sk = Vht1 — Wk

(we could have written S := v, — v as well).
Sometimes we will write Ay, := Ypr1 — Y& for the forward differences.

Remark.  Note that while the jedge tangent vector| Sy (S for segment) is
labeled like the point v it should be thought as attached to the edge between

Y& and Y1

2the intersection of an interval in R with Z
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Also note that we called the forward differences edge tangent vectors since
we will introduce a second type of tangent vectors (located at the vertices)
later on.

The arc-length of a curve is usually introduced as the integral of the
length of the tangent vector and in our discrete case this turns out to be
exactly the length of the polygon: :

Definition 2.3 arc-length of a[discrete curvd v : I — R™ is defined as
L(7) = > 1A%l

kel

Example 2.1 The|discrete curve v : N — R? = C,

Vi = ek(76+i5)’ €, 5>0

is a discretization of the logarithmic spiral (see Fig. .' t s et It s
(like its smooth counterpart) invariant under a homothety x +— e =Tz, Let

us calculate its[arc-length]: we set w = (—e +1i6).
L(v) = 235 et — ek = e — 1 2o I

= e =12 (e7)F = |7 — 1|,

l—e—¢"

Figure 1: A discrete logarithmic spiral.
We see that the of the discrete logarithmic spiral is finite.

9



10 Tim Hoffmann Lecture 1

A smooth curve is called parameterized by arc-length, if its derivative is of
unit length everywhere. We adopt this definition as well:

Definition 2.4 A discrete curve v : I — R"™ is called parameterized by
arc-length if [|Avy| = 1.

Remark.

e Unlike the smooth case we can not reparameterize a curve. A discrete
curve is parameterized by arc-length or it is not.

e Sometimes it is convenient to call a curve with ||[Avx|| = ¢ # 0 para-
meterized by arc-length as well.

1

2sin ©
n

15 parameterized by arc-length. It can of course be viewed as a discretized
circle. Note however, that a closed |arc-length parameterized discrete circle is
not possible for all radii.

Example 2.2 A regular n—gon inscribed in a circle of radius r =

Example 2.3 A cycloide is a curve obtained by tracing a point on a circle,
while rolling the circle on an axis. Again we will discretize this in the most
naive way (see Fig. [9):

Figure 2: A discrete cycloide.

We “roll” a reqular n-gon on the x-axis and mark the position of a distin-
guished vertex whenever an edge of the n-gon lies on the axis. The resulting
|discrete curve is given by:
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In the above example, whenever e~k = 1, we have Avy,_; = 0! This

corresponds to the cusps in the smooth cycloide, where it is not regulalﬂ
This motivates the following definition:

Definition 2.5 A discrete curve v : I — R"™ is called regular if any three
successive points are pairwise disjoined.

Remark.

e This implies that for fregular{|discrete curves| the [edge tangent vectors|
do not vanish.

e To archive this it would have been sufficient to ask for any two suc-
cessive points to be disjoined. However, a little later we will define
vertex tangent vectors|as well and this definition will ensure their non-
degeneracy as well.

Reparameterization of a curve can be understood in different ways: Firstly
5 : I — R" is a reparameterization of v : I — R™ if there is a diffeomor-
phism ¢ : I — I such that ¥ = v o ¢. Secondly, as a (trivial) tangential
flow. If v is arc-length parameterized we can look at the flow given by 4 = +/
(Here “dot” denotes the time derivative while “prime” stands for the deriva-
tive with respect to arc-length). The flow for this deformation is simply a
reparameterization (s, t) = (s + t), that even preserves arc-length.

The first interpretation has only a trivial discrete analog: If I and I are
two discrete intervals of the same cardinality, we can pre-compose v : I — R"
with the order preserving or the order reversing bijection ¢ : I — I to form
4 = v o ¢. The second interpretation however, is interesting:

Definition 2.6 A flow on a |discrete curvd v : I — R™ is a continuous
deformation

v:IxRDOIxJ—R"

of v with vo = 7, that is given by a vector field v := 4 = %7 I xJ—R"
describing the evolution

d

’Y:%-

3A smooth curve is called regular at a given point, if its derivative at that point does
not vanish.

11
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Thus, to formulate the notion of a tangential flow, we will need the notion
of a tangential vector at the vertices of a |discrete curve| (to prescribe the
direction). If the [discrete curvel v is larc-length parameterized] the simplest
guess here is to average the [edge tangent vectors;

1 1
T= 3 (Ay + Avz) (OY Ty = B (A + A’Yk—1)>

For arbitrary curves there is a better choice:

Definition 2.7 The vertex tangent vector of al|discrete curvd~y : I — R? =
C s given by

o AYAY
Ay + Ay
T is the harmonic mearﬂ of theledge tangent vectors|

T := A"y

Remark.

e The definition works in R™ as well, since any three points will lie in a
common R2.

e The definition is the reason for our definition of For aregular]

[discrete curvel no [vertex tangent vector| will neither be zero nor infinite.

e If v is[arc-length parameterized| one has

Al = 9 878 ZATAN(AT+AY) _, At Ay
Ay + A 1Ay + Ax |2 Ay + Axq|?
B S+ 57
1+ (S, S1)

So in case of an [arc-length parameterized| curve the [vertex tangent]
points in the same direction as the averagededge tangent vectors|

e Note however, that an jarc-length parameterized| curve usually does not
have [vertex tangent vectors| of constant length!

Definition 2.8 A tangential flow for an |arc-length parameterized [discrete

v : I — C is a flow whose vector field points in direction of the [verted]

[tangent vector| and that preserves the |arc-length parameterization).

4The harmonic mean is the inverse of the arithmetic mean of the inverse quantities.

12
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Proposition 2.9 Fuvery[tangential flou] is a constant multiple of the
[tangent vector| field:

4 = alhy.

Proof. The condition for the curve to stay [arc-length parameterized| under
the flow ¥ reads

0

Ay, Av).
Expanding this gives

0= 2(Av, A%) = 2(Ay, an Ay — aAly)
But

? 1+{Ay,Avg)

<A7,Ah’7> _ <A’y Av+Ay >

(A A >+<A A 7> _
SR 1 ang

Ayi+A
<A%Ah%> = <A%m>

— (A8 HAvAY) g
1+(Ay1,A7) '

Thus one can deduce 0 = a; — a(= Aa) and o = const. O

13
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Remark.

e This is the first justification for our peculiar choice of the [vertex tangent|

vector]

e In the smooth case a straight line can be characterized by the fact, that
its tangential flow is a translation. This is no longer true in the discrete
case. A regular zig-zag constitutes a counter example. It is a common
phenomenon in discrete differential geometry, that the discretization
has some extra freedom which will vanish in a smooth limit (but which
might allow for non-smooth limits as well).

NN NN

Figure 3: For this zig-zag the tangential flow is a translation.

2.2 curvature

The curvature of a plane curve is defined to be the inverse of the radius of
its osculating circleﬂ Thus a way to establish a notion of curvature for a
discrete curve is to define a discrete osculating circle.

We will consider three choices here:
vertex osculating circles:

The vertex osculating circle of a |discrete curvel at a point 7, is given by the
unique circleﬂ through the point and its two nearest neighbours ;11 (see
Fig |4)).

Defining the osculating circle is through three neighbouring points gives
just the “right” non-locality since it corresponds to involving second deriva-
tives. This choice for an osculating circle also matches our choice for the
vertex tangent vector| as the following lemma emphasizes:

Lemma 2.10 The|vertex tangent vector| at a point v 1s always tangential to
the lvertex osculating circle at that point.

5The osculating circle in a given point of a smooth regular curve is the best approxi-
mating circle in that point.
SWe will consider a straight line to be a (degenerate) circle as well.

14
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Figure 4: The vertex osculating circle.

To show this we first prove the following elementary lemma:

Lemma 2.11 Given a triangle ABC, let M be the circumcenter (the center
of the circumscribing circle), and let « = Z(AB, AC), = Z(BC, BA), and
v=Z(CA,CB). Then

Z(MB,MC) = 20

as illustrated in Fig. [

Figure 5: Angles in a triangle.

Proof. The triangle MCA is isosceles so Z(MC,MA) =7 —2/(AM, AC).
The same argument holds for M AB giving /(M A, M B) = n—2/(AB, AM).

15
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But since Z(AB, AM) + Z(AM, AC') = « holds, we have
%0 = 2/(AB, AM)+2/(AM, AC) = 21 — Z(MC, MA) — Z(MA, MB)
— Z(MB,MC).
[l

Corollary 2.12 For the radius r of the circumscribing circle and the edges of
the triangle a = |B—C|,b = |C—A|, andc = |[A=B|, 2r = 2% = -t ¢

sin « sin 3 ~ Sin ¥
holds.

Proof. (of Lemma Given Yg—1, Vk,, and yg11 of aregular|discrete curvel
We set B = Y1, A = v, and C' = 74y;. Assume the edge B — C is
parallel to the real axis, then the angle of the tangent to the circumcircle at
Ais L(—i,MA) = a + 23 using the previous lemma. On the other hand
the argument of A~, = 22259 is /(BC,BA) — Z(BC,AC) = 3 — v =

Avy+Avyi
f—m+ (a+ ) =20+ a— 7w since Ay + A~ is parallel to the real axis. So
the tangent and the [vertex tangent vector| are parallel. O

Remark. This is the second justification for our choice of the [vertex tangent]
fvectorl

Let us calculate the curvature that arises from this definition of an osculat-
ing circle: The radius of the |Vertex osculating circle| is given by r = %7
so we get for the curvature

B 2 sin ¢y,
|Ave 4 Avyp_i|

Kk

where ¢, = Z(Avyk_1, Ayg).

Note that the sign of the curvature agrees with what one would expect
from the smooth case (a curve bending to the left has positive curvature).
We saw already the the definition has a flaw, namely that [arc-length param-|
leterized| |[discrete curves| cannot have arbitrarily large curvature (at most 2
actually, since the radius is always bigger or equal to %)

edge osculating circles:

Another choice of osculating circle over coming the above problem is given
by the circle touching three successive edges Si_1, Sk, and Sii1 (or their
extensions) with matching orientations (see Fig. |§[) More precisely it is

16
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Figure 6: The edge osculating circle.

the circle that has its center at the intersection of the angular bisectors of
Z(—Sk_1,Sk) and Z(—Sk, Sk11) and that touches the straight line through
Sk.

We will call this the edge osculating circle. 1t is not as local as one would
like since it involves four successive points. In addition the definition works
only for planar curves since the three successive edges need to lie in a plane.
Its radius is given by

_ A9
tan % + tan % .

osculating circles for arc-length parameterized discrete curves:
Best would be a mixture of the two notions and in fact for [arc-length para-|
meterized|ldiscrete curves we can take the vertex centre of curvature but the
circle around it that touches the two corresponding edges in their midpoints
(see Fig.[7). Here we can calculate the the radius to be

1

r = .
21;&11%5

Definition 2.13 The curvature of al|arc-length parameterized|discrete curve
v 15 given by
¢

= 2tan -
K an2

with ¢ = Z(Avy, Avi).

We will now make a slight contact with integrable equations by looking
at how our evolves with the [fangential flow] - mainly because the

17
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Figure 7: The osculating circle for discrete arc-length parameterized curves.

proof is instructive. Exhaustive treatment of the integrable background of
discrete differential geometry can be found in [BS08].

Lemma 2.14 Thelcurvaturd x of an[arc-length parameterized|discrete curvd
evolves with the tangential flow] v = a Ay as

K a( )
= —(K1 — K7).
R

Proof.  For the [tangential flow| A% = iuA~ for some real function p since
Ay L A~ and

_ Avi+Ay Avy+Ay
= <Oé1+<AV1,A7) Oé1+<A%Avi>’ZA7
— o Bwidy  (Br1,idy)
1+(Ay1,Ay)  14H(A7, A1)

_ sin ¢1 sin ¢ 1
= a (1+cos¢1 + 1+cos¢> - 045("4’1 + K)‘
[}

; 1+itan & ; A~v—A~+ .
Now % =l = 2 = TR g = 220201 and with that at hand one
7 1—itan § 2—ik i Ay+Ayg

can calculate

: AyAy; K’
=4(p — pi = (u—p1)(1+—).
. O
Remark. Note that ¢ = 2arctan 5 and ¢ = ﬁ Thus
. ,%; a —
o= = :§(m1—ﬁ1):a(tan%—tan%).

4

18
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Both versions of the equation can be treated as a (space) discrete integrable
equation - the “0-th” flow of the mKdV hierarchy.

19
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Remark. Some words about normals: For planar curves we can easily define
vertex and edge normals by taking ¢ times the corresponding tangent vectors
but our definition of [edge osculating circle| adds a second version of vertex
normal vectorl} The angular bisectors’ In the smooth setup 7" = ix7’ holds
for arc-length parameterized curves. If we discretize v as AA~ we find

o AA~y = isin pAly
o AAY =iri(Ay+ Ay)

e The vertex centre of curvature m is given by m = v + Z%Ah”y.

Theorem 2.15 The discrete function r determines a

[parameterized |discrete curvd up to euclidean motion.

Proof. Given k fix 7 and the direction of A~y. Then ~ is determined by
the recurrent relation
2+1kK

Vi1 = Ve + AYe—1 SP
— 1R

]

2.3 new curves from old ones: evolutes and involutes

We will now look into generating new discrete curves from old ones. First
we will look into the classical notions of evolutes and involutes, which have
strong connections to discrete versions of the four vertex theorem. The by
far most important construction — the discrete Tractrix — will follow.

Definition 2.16 The sequence of vertex/edge centres of curvature of a
[ular| [discrete curve v gives rise to a new curve the vertex/edge evolute of

v.

Remark.

"In the smooth setup one can define the centre of curvature as the intersection point
of infinitesimal neighbouring (arbitrarily close) normal lines.

8Reversing the argument we could introduce a second edge osculating circle by taking
the circle that touches the (possibly extended) edge and has its centre at the intersection
of the two adjacent vertex normal lines.

20
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e the evolute need not be
e for the vertex evolute 4 holds Ay L Axy

e for the edge evolute vertices get mapped to edges and vice versa

Example 2.4 The evolutes of the logarithmic spiral v are similar logarith-
mic spirals: Since vy is invariant under the homothety z — e~ so are its
evolutes.

the next example shows that both notions of evolute are on equal footing.

Example 2.5 e The edge evolute of a[cycloidd with even “n” is a trans-
lated again.

e The vertex evolute of a with odd “n” is a translated

again.

\/V\/
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in the “n” is even case the idea of the proof is the following (consult Fig. @
for an illustration):

O VT

Figure 8: Intersection points of the edges.

The argument of an edge of a is arg(A~y,_1) = arg(1 — e_“‘f%ﬂ) =
5 — %’T for k # n but we will take a “continuous continuation” and think of
the argument of an edge of length 0 to be 5. So for even n Ay, L Aypyn
and the direction of the perpendicular bisectors coincide with the directions
of the edges of the cycloide half a period away. Then we can show, that the
(edge) tangent line through an edge of the cycloide will always go through the
upper left vertex of the rolling n-gon (see above image) and the perpendicular
bisectors will always hit the lower left vertices of the rolling n-gon (again see
above). Thus one can place a copy of the cycloide translated by half a period
below the original one and the perpendicular bisectors of the first will coincide
with the tangent lines of the second since both lines have the same direction
and a common point.

For the odd case one can observe that Z(—Av,_1, Avy,) = 7 — = Since
this is clearly a constant the edges of the cycloide form isosceles triangles with
their corresponding points of the evolute and since again angular bisectors and
edges half a period away have same argument, what is left to show is that the
edges of the cycloide and of the evolute have same lengths.

Definition 2.17 Lety be alreqular||discrete curve. 7 is called a (edge/vertex)
involute of 7y if v is (edge/vertex) |evolutd of 7.

22
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Remark. Any [regular{|discrete curve| is [involute| of a 2-parameter family of
ldiscrete curves| To see this for vertex start with any point 4 (this
freedom gives rise to the 2-parameter family) and mirror it at the first edge
of v to get 4;. The curve 4 obtained by iterating this is clearly a curve that
has 7 aslevolutel A similar construction holds for the edge [involute]

Note that this is different in the smooth case where one only sees a 1-
parameter family of involutes:

2.4 Four vertex theorems

The following classical global result was first proved by Mukhopadhyaya 1909
(see [Muk09]):

Theorem 2.18 (four vertex theorem) Any regular simply closed convex
curve has at least four vertices (points where k' =0).

This remarkable result has seen many generalizations and many different
proofs (and many discretizations as well) since then. One of them is a theo-
rem by Bose (1932) (O. Musin [Mus04] notes that Kneser had the theorem

ten years before Bose [Bos32)):

Theorem 2.19 Let v be an oval with no four points lying on a common
circle. Denote by s, (s_) the number of osculating circles that lie outside
(inside) v and with t, (t_) the number of circles that touch v in three distinct
points from the outside (inside). Then

8+—t+:S_—t_:2
holds.

If one defines a vertex as a point where the osculating circle lies outside or
inside the curve, then a four vertex theorem follows.

The literature on four vertex theorems is vast. We will now look at two
discretizations the first of which (by O. Musin [Mus04]) is a discrete version
of the Bose/Kneser theorem. But first we have to define what a discrete
vertex should be (simply asking for Ax = 0 will not do of course).

23
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Definition 2.20 The (vertez/edge)|curvaturd (or curvature radius) of alreg

lular||discrete curve is said to have a true critical point (vertex) if Ak (or Ar)
changes sign at that point.

Remark.  Note that “point” can be an edge, depending which notion of
curvature is considered.

Definition 2.21 v : [ — C is said to be simply closed if it bounds a topologi-
cal disc (its interior). It is called strictly convex if for all non successive 7;,;
the connecting line (without the endpoints) lies completely in the interior of

Y-

In the following we will say that a circle is full if it contains all the points of
the curve and we will say that it is empty if it contains none in its interior.

Theorem 2.22 (O. Musin’s discrete Kneser Theorem) Let v : Z —
C be a |strictly conved [reqular| |discrete curve with more than 3 vertices no
four of which lie on a common circle. Denote by s, (s_) the number of
lvertex osculating circles that are full (empty) and byt (t_) the full (empty)
circles that go through 3 non neighbouring points of v. then

S+—t+:S,—t,:2.

holds.

24
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Proof.  Claim 1: A convex n-gon can be triangulated and there are n — 2
triangles in each triangulation.

proof: Cut the n-gon along an inner edge. Iterate with both halves until all
polygons are triangles. In particular it follows from this, that each triangu-
lation has at least one (in fact even two) triangles with two border edges. So
given a triangulated n-gon one can cut away such a border-triangle to obtain
a triangulated n — 1-gon. This can be done iteratively n — 3 times until only
a triangle is left. So the triangulation of the n-gon contained n — 2 triangles.

Claim 2 (geometry): The set of full (empty) circles through 3 points of a
convex n-gon as in the theorem gives rise to a triangulation.

proof: Start with any full circle through 3 points of the n-gon. The three
points give rise to a triangle. Now for any inner edge of the triangle, the pencil
of circles through its two endpoints contains a full circle (the one we started
with) so it must contain a second one (these two circles are the border cases
of all the full circles that contain the two points only). The second circle gives
rise to a second triangld’] sharing an edge with the first. Thus we always find
a neighbouring triangle that comes from a full circle. Likewise if we have two
full circles through three points, their triangles will not intersect. The two
circles necessarily will intersect (if one lies completely inside the other, the
outer could not have touched the polygon) and the pencil of circles through
the two intersection points will contain only two that touch the polygon.
Moreover the points of touch for them will be separated by the line through
the two intersection points (since the polygon is convex and the circles must
touch in 3 points simultaneously). Thus the triangles formed by them can
not intersect.

Together we can conclude that the triangles given by the full circles
through three points will form a triangulation.

Claim 3 Given a triangulation of a polygon. Denote by s the number of
triangles with two border edges and by ¢ the number of triangles with no
border edge, then s —t = 2 holds.

proof: Denote by r the number of triangles with one border edge. Since the
triangulation contains n — 2 triangles we have s +r +¢ = n — 2. Since the
triangulation has n border edges we have in addition n = 2s+7r or r = n—2s.

9Note that by assumption full circles can only touch in 1, 2, or three points.

25
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together we know n — 2 = s +n — 2s + ¢t which gives the claim
2=s5—1.

Applying the third claim to the triangulation(s) from the second gives a
proof of the theorem. O

Corollary 2.23 If one defines a vertex to be a point of the curve that has a
full or empty osculating circle a four-vertex-theorem follows immediately.

Corollary 2.24 If in addition the vertex centres of curvature all lie on the
same side of their neighbouring oriented edges, the vertex curvature has at
least 4 wvertices.

This extra condition is automatically satisfied for [arc-length parameterized|
curves.

Proof. Let the vertex osculating circle at v be full. Then the radii r1, 7, and
r1 of the vertex osculating circles at 71,7, and 7, satisfy

YA A
—‘ 71’§7‘1<r, and —’ 27‘§7"1<7“

(The centres lie somewhere between the centre of the full circle and the edge’s
midpoint). Thus r —71 > 0 and r; —r < 0 and Ar changes sign (and so does
Ak). A similar argument can be carried out for an empty circle. O

We will now turn to a notion of vertex, that is defined by the cusps in
the curves evolute. The notions and the theorem together with its proof are
essentially from Tabachnikov [Tab00)].

Definition 2.25 A set of oriented lines is called generic if no three con-
secutive lines intersect in one point. The caustic of a generic set of lines
li,...,l, is the|discrete curve given by the intersection points of Iy with 114
(for all k). A cusp vertex of the caustic is a point where the orientation of
theledge tangent vectors of the caustic changes with respect to the orientation
inherited form the lines.

Example 2.6 The vertex|evolutd of a|discrete curvd is the caustic of its edge
normals while the edge is the caustic of the angular bisectors.
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Figure 9: A closed discrete curve and the caustic of its angular bisectors.

Corollary 2.26 With the conditions of the last theorem, the vertex [evolutd
of the curve has at least four [cusp verticed

Proof. The proof uses the same argument as the one of the last corollary.
Namely that the centres of curvature neighbouring a full curvature circle’s
centre lie on the side towards the edge on the edge normal lines. [

Definition 2.27 Let vy be a closed|[conved]|discrete curvd of period n. A set of
lines ly, passing through the ~y is called exact if for the angles o = Z(l, Avy)

and = Z(—An,1)
H sin oy, = H sin [y,
k=1 k=1

holds.
Example 2.7 The angular bisectors of the inner angles are trivially exact.

The next theorem in its full extend is due to Tabachnikov while the special
case of angular bisectors is due to Wegner.
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Theorem 2.28 (Tabachnikov) Let v be a closed |conved |discret]

of period n > 3. Given a set of lines ly, ..., 1,, then its
has at least four [isp verficed

Corollary 2.29 (Wegner) A four-vertez-theorem for the edge
radii.

Proof. Given a curve v and its edge 4 we have for the curvature

radii r; = |91 — ’y|sin7r2;¢ and r = |5 — ’y]sin%. Thus Ar; =r —r; =
(17 =~ = 131 — 7|) sin “2;¢ holds and the signum of Ar depends only on the
signum of the of the angular bisectors. O
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Proof. Let 4 be the of 4. The condition for a set of lines to be
has a simple geometric background: The set of lines I, is if and only if
a curve § with its points 0, € [, and edges parallel to v is a closed curve as
well. This is easy to see because |0y — Y&|/|0k+1 — Vet1| = sin(ag41)/ sin(Gx)
by construction. Thus 0,41 = 61 & [], sinoy/ ], sinBx = 1. Now take a
parallel curve ¢ (which we know is closed) and translate the edges between ~y
and 0 to the origin forming a third curve v, = §; — y,. Again the edges of v
are parallel to v. Moreover the Triangles Ay 10 are similar to Aygyes1Yx
with some factor of similarity A\x. One can read of the cusps of ¥ from the
differences AX: 7, is a cusp vertex iff A\, and A\, differ in sign. Since
> ANy = 0, we know that it changes sign at least twice. Now assume that
it changes sign exactly twice and suppose that A\, >0 for k=1,...,5—1
and A\, < 0 for k = j,...,n (it can never be 0 since the set of lines is generic
by assumption). By “integration by parts” we find

Do AN = D A1 Vhr 1 = D ARV = D ARVE = D AR Ve

But if we choose the origin on a line crossing the edges 1,72 and 7;, vj41
then all AXgyiy1 lie on one side of the line and can therefore not sum up to
zero. Thus the assumption was wrong and there is one more change of sign.
Since the A\ sum to zero the number must be even which forces the number
to be at least four. ]
Remark. Unlike the smooth case, we can not generalize the discrete four
vertex theorems easily to non convex curves. Wegner has counter examples
here.

2.5 curves in CP!

We will now turn to Mdbius geometry for a moment, meaning we want to
do geometry invariant under Mobius transformations. They are the group of
transformations generated by (an even number of) inversions on Circleﬂ.

9 Z—C

Z—=T +c

|2 —cf?

Ohyperspheres in general but we are concerned with plane geometry for now. We will
however, think of straight lines (hyperplanes) as circles (spheres) as well
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gives the inversion on a circle with centre ¢ and radius r. Choosing ¢ = 0
and r = a leaves us with z — a?/Zz and choosing ¢ = ir gives in the limit
r — oo the inversion on the real axis:

., Z—ir . . r? . r’4+irz —r
lim r*———— +ir = lim — _
r—oo |z —ir| r—oo Z + ir r—oo  Z4ir

_I_
S
I
5
Il
I8

In a similar manner we can treat the inversion on any other line. The com-
position of the inversions on two lines will give a rotation around their inter-
section point and if they are parallel it will give a translation.

Combining the above maps gives in general maps of the form

az+b
cz+d’

Z =

with ad — be # 0

(and an additional complex conjugate if the number of inversions was odd).
In complex analysis Mobius transformations are usually introduced in this
form as fractional linear maps. The zero of the denominator generates a pole
and in turn one can think of a/c as the image of oo under the map. This shows
that Mébius transformations are in fact mappings from C* = C U {oco} onto
itself. But C* can be seen as CIP' — the complex projective line or the space
of all 1-dim linear subspaces in C?: Each line ¢(}) in €* can be identified
with the complex number a/b except for the line t(g) which one identifies
with oo (think of each line getting identified with its intersection with the
line (t) which is unique and possible for all lines except the one parallel to

).

Figure 10: Points in RP! correspond to lines in R?.
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If we now identify z with (}) in C? if 2 # oo and z = oo with (;)

then a matrix M = < Z Z) € GL(2,C) acts on z € CP' by M(z) =

( CCL d ) (i) = (Z;f;’) = zjig, which is a Mobius transformation. Since

scaling does not matter here we can normalize M to be in SL(2,C). In
homogenous coordinates, Mobius transformations are just linear maps form
SL(2,C).

Now let us find the simplest invariant in Mobius geometry. For (g) and

T a()0) - m ) )

but this expression is not invariant, since scaling the vectors in C? will change
the value of the determinant. In fact there is no invariant for two or even three
points in CP' in general position, since up to scaling one can always map
three distinct vectors to three other distinct ones by a Mobius transformation:
Muvy = Mwy, Mvy = dws, Mvs = Azws gives 6 equations for 6 unknowns
(A1, A2, A3 and 3 entries in M) and can in general be solved.

For 4 vectors in general position we can form an invariant:

Definition 2.30 The cross-ratio of four vectors vy, . .., vy in C2\{0} = CP!
15 given by
det(vl, ’Ug) det(’Ug, U4)

det (Ug, ’03) det (’U4, ’Ul)

=: cr(vy, Vg, U3, Vy).

Since det((‘ll), (11))) = b—a, for four finite points a, b, c,d the cross-ratio reads

a—be—d
b—cd—a’

cr(a, b, c,d)——

This is well-defined and invariant under scaling since all four vectors appear
linear in the numerator and in the denominator.

We will now give the cross-ratio some interpretation in the setup of our
curves. If v isjarc-length parameterized| we can calculate

—1
ctnr ) = gedam= (1) (5+1)

—1
2z /1 2i+kK
2@+n (1 + 21+/@i>>
= (20 + k) (20 — k1) = 15(2i(k1 — K) + KKy +4)

Il
/\,\

'—‘/'\ »—u
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So er(vi, v, 711, 7) — 1/4 = (1/16)(2iAk + kK1 ). Now for a smooth curve

1

K= 27 and thus

’7/” ’7” 2
2iK + K = 27 -3 (7) =:25(9).

Here S(v) denotes the Schwarzian derivative. It is not really a derivative
but it measures how far a function is from being a Mobius transformation
(S(M) = 0 and S(M(f)) = S(f) for all Mobius transformations M). We
will define the cross-ratio minus 1/4 to be a discrete Schwarzian derivative.
Note that since cr(1,2,4,3) = 1/4 the discrete Schwarzian derivative of an
larc-length parameterized| discrete straight line (or the identity) will be 0 and
since the lcross-ratiol is invariant under Mdébius transformations so will be our
discrete Schwarzian derivative.
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Next we will show that our [vertex tangent vector| is in fact a Mobius
geometric notion. For this we calculate the Mdbius transformation that sends
—1,0, and 1 to 71,7, and ;. In other words we want to find a,b, ¢, and d
such that

—a+b_ ) b_ a—l—b_
“erd YoaT 7V cxa”

It turns out that ¢ # 0 and thus we can choose d = 1 giving us a = v — 1 —

Y1

SN2 — ~ and ¢ = — 1=2F1

N5 o e n-
Now the derivative of M(z) = %is is M'(z) = (Zj;g; and its value at 0
is
M(0) = (v =) —7) —n =2y +7) +v(n — 27+ )
71— M
(=71 =
Lm0

Y1 — 7

Reading this in a differential geometric way it says that the unit tangent
vector of the real axis at 0 is mapped to our vertex tangent vector at v and
by composition of Mobius transformations we see that the differential dM
of a Mobius transformation M sends the vertex tangent vectors of a discrete
curve 7 to the vertex tangent vectors of M (7).

To investigate discrete curves v € CPP' (and in particular flows on them)
we will usually lift them into C?: T, = A\ (71’“) (in case 7, = oo set I'y = Mg ((1)%
and in order to fix the scale freedom A we will require det(I'y, ['y11) = 1
Define

U = det(Fk_l, Fk+1).

Then one finds I'yy1 = upl'y — 'y and

1

UrUk+1

Qr = 07“(%—1,%,%+2, '7k+1) =

Since det(I',I'y —I't) = 2, I" and I'y — I'y are linear independent and any
' on I" can be written as

P—al+ 2 -1y,
u

Mthis is a discrete version of Keppler’s 2nd law: the line joining a planet and its sun
sweeps out equal areas in equal intervals of time - or for the orbit p(t): det(p(t),p’(t)) =
const. Discretizing the derivative as a difference gives our normalization.
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the condition for such a flow to preserve our normalization reads

d
Ozadet(F,Fl):a—ﬁ—l—al%—ﬁl.

So we can require (ag +a) = — (51 — ).

Lemma 2.31 The quantities u and Q evolve under a flow I' = oI + %(Fl —
I'y) with

uZU(a1+a1+ﬁ1—ﬁ1)+2<ﬁ—&)

Ui Uy

2 2@ 16— )+ Qi - Qe
Proof. A straight forward calculation. m

Lemma 2.32 Given a|discrete curvd v, if its lift T evolves with I' = al’ +
g(Fl —TI'y), then

= BA"M.
Proof. Insert and expand using the fact that ~+ is the quotient of the two
components of the vector I' = (EE—;) v =TW/T®, O
The simplest flow one can think of is = 0 resulting in oy = —a. This

flow corresponds to the initial freedom of choosing the scaling of I'y and is
clearly not visible on the curve v in CP'. Next we can choose 3 = const,
say # = 1/2 and for simplicity & = 0. This gives for the curve I" and the
quantities v and @

' = LIy -TIy)
U = i — u_11 — 20u
Q = QQ1—Q)

the evolution equation for () being the well known Volterra model (see
[FT86]). For the curve v in CP* the flow reads 4 = 1/2A"y. In case of
an [arc-length parameterized| curve this is our tangential flow][™]

2The notion of arc-length parameterization is not a Mobius invariant one but if it
happens that the curve is arc-length parameterized with one choice of oo, then it will stay
so under this flow and choice.
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Next we choose § = (Q + (1) and get

Qlo-

= 2((Q—1)(Q1 — Q1)+ Q:1(Qu1 + Q1) — Q1(Q1 + Q1))

Y= 15 (20(k1 — K) + KRy +4) + (20(k — K1) + R1R - 4)) Ay

Here we assumed again that v is jarc-length parameterized| and up to some
scaling and a constant tangential flow part one can think of this as a discrete
version of 4 = S(v)y" where S(7) denotes the [Schwarzian derivative, In the
smooth case the curvature then solves the mKdV equation & = " + %ﬁ%’ :

With § = S(v)7' = (% +ix')y and k = 25 we find:

;Y/ _ (K'K—I—i/i”) ,—i-(%z-i-i/i,)’)/”
= (K + )y,

,-y// _ Z( "o %H2I€/),}/ _ (Iﬁ” + %3>"§7/7
= —i (i(" + k%) — (KK + %4) + k(K" + %3)>
— /{///_’_ %,{2%/

Therefore one can think of the evolution of the discrete s as a discrete
mKdV equation [HKO04]. It can be computed to be

2

1 f% = i(m — K1) +é ((% +1)(kn1 +K) — (% + 1)(/£+/-@H)> )

Remark.  One can conjecture with good reason (again see [HK04]) that a

hierarchy of flows can be generated by iterating B7* — " = % as we

old

have in essence done above. the conjecture here is that % can always be
“Integrated” to give a closed (locally defined) expression for 5",

We are now about to introduce a Lax-pair for the equations that arise
from the flow evolutions. That is, we will describe them as compatibility
conditions for a linear matrix problem.

The matrix F7 = (I'Ty) (T stands for the matrix transposed here) clearly
evolves by

Ff:FT<_“1 é)::FTLT
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since I'; = ul’ — I'1 and for a flow I' = al’ + %(Fl —I'1) we get

B
A +ﬁ5 2 —. FTyT,
=25 a1 — [

So we have the matrix problem Fj,; = L F} and Fk = V. F}, and the com-
patibility condition for this system is (using Ly, = Fj, 1 F; ')

Ly = FonF' = B F B F = Vi Fen By — Fron By 'V BGF
= VipiLly — Li Vi

This set of equations in essence gives us back the condition on o and the
time evolution of w. the matrices L and V are called a Laz-pair.
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2.6 Darboux transformations and time discrete flows

Lemma 2.33 Let a,b, and d € CP' in general position be given and choose
p € C. Then there is a unique ¢ € CP* with cr(a,b,c,d) = p and the map
sending d — ¢ given a and b is a Mobius transformation.

Proof. Since cr(0, 00, x,d) = O;f"xfl%g = dTT"” there is a unique x = 1 —p that

satisfies ¢r(0, 00, z,1) = p and since there is a unique M&bius transformation
M sending a,b, and d to 0,00, and 1, ¢ = M~!(z) is the unique number
satisfying cr(a,b,c,d) = er(M(a), M(b), M(c), M(d)) = cr(0,00,2,1) = p.
If one fixes any Mobius transformation M sending a and b to 0 and oo
independent of d then p = dij can again be solved for z giving the Mobius
transformation N : d + d(1—p). Thus the map sending d to cis M~'oNoM
and indeed a Mobius transformation. Note that it is unique although we had

freedom in the choice of M. O

Corollary 2.34 The quantity Qr = cr(Vi—1, %k Ver2, Vit1)determines the
discrete curve v uniquely up to Mobius transformations.

Proof.  Given 7y, 71, and 75 We can iteratively reconstruct v by the above
lemma given (). Choosing different initial points g, 71, and 7, gives a curve
that is related to the first one by applying the Mobius transformation that
is fixed by the condition M(~;) =;, i =1,2,3. O

Definition 2.35 Let v be a |reqular||discrete curvd in CP'. Given u € C
and an initial point vy the unique|discrete curve v satisfying

e (Ves Vit 1, Vi1, Vo) = M

for all k is called a Darboux transform of .

Remark. There is a 4 (real) parameter family of [Darboux transforms| for a
given curve.

Now assume 7 is a curve with period n. Then for any [Darboux trans
4, the map sending ¥, to 7, is a Mobius transformation H. It depends
on the curve 7 and the parameter p of the [Darboux transformation| but not
on the initial point 7y. Generically a Mobius transformation has two fix-
points (corresponding to the two eigenlines of the SL(2,C)-matrix)[F] So
if (and only if) we choose Jy to be one of the two fix-points the

7 will be again. All together:

3 The two fix-points may coincide: A translation only fixes co. If a Mdbius transforma-
tion has three fix-points it is already the identity.
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Lemma 2.36 For each parameter n € C there are in general two distinct
|Darboux tmnsforms{@

We can read them as history and future of a time-discrete evolution.
The next lemma shows how the quantity () changes under this evolution.

Lemma 2.37 Let~ be a|Darboux transforml of v with parameter p and define
Sk = (V=1 Yi> V41, Vi) - Then

~ Sk
Qr = Q"
Sk+1
and <
k41
(1 —p)Qr = i

(1= s%)(8k41 — 1)

For use in the proof we will state some identities for the under
permutation of the arguments in Fig. [11]

It should be read in the following way: the four vertices are symbolizing the
four arguments, the arrows show their order as arguments in the [cross-ratio]
the dashed line and the not drawn edge connecting the start and end points
will form the differences in the denominator, while the two solid lines give
rise to the differences in the numerator of the expression.

Proof. Using the above identities one finds

(I—p) = (Ve Vot1, Vet Vi)
Qr = cr(Vh=1, Vs Ve+25 Vht1)

Qr = CT(%—M%;%H,%H)

T-sp r(Ve—1, Vs Vos V1)

Sk+1 _ X
See-1 r(Ves Vet 15 Vot1, Vht2)

Multiplying the first two and the last two equations gives the second claim.
For the first claim define 3 = cr(Jk—1, V&, Yk+1, k). One finds s5; = 1 and

14The set of closed Darboux transforms is in fact a Riemann surface. The map form it
into the complex p-plane is a branched double cover.
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PRSI R
s | //
7/ | | 7
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Figure 11: Cross-ratios for permutations of the arguments.
by symmetry
1
— 0, = Sk1 — Skt _ 1
(1= 1)@ (1-3k)(Bk+1—1) (1—i)(skil—1) (1—5)(1—8%1)
_ Sk _ Sk Sk+1 _ Sk _
T Gk (A=skr1) T skg1 (I=sk)(sk41—1) T skt Qk(l M>‘
O]

Remark.

e This time discrete evolution can easily be identified with the time dis-
crete Volterra model [HKO04].

e 11 = 1 should be viewed as a time discrete version of our 3 = const flow
(the C'P! version of the tangential flow).

e We can create lattices with prescribed from given Cauchy
data (like a stair case path or a pair of lines with m = const and
n = const).
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The next lemma [HJHP99] will give us a Bianchi permutability theorem
as well as a way to Darboux transform whole lattices.

Lemma 2.38 (Hexahedron lemma) Given a quadrilateral x, ... x4 € C
with cross-ratio cr(xy,xe,x3,x4) = . Then for any A € C there is a unique
quadrilateral y1, Y2, ys3,ys € © to each initial y; such that

cr(yi, Y2, Y3, ya) = p = cr(xy, T, T3, Ty)
Cr(ylayQVrQ?xl) - >\/'L Cr<y3ay47x4;1’3)
cr(ya, ys, 3, 12) = A = cr(ys, y1, T1, T4).

Proof. Evolve y; around x1, x9, 3, 24 using the unique cross-ratio evolution
to generate o, y3, and y4 and check for the two unused cross-ratios. O

Corollary 2.39 (Bianchi permutability) Given a|reqular||discrete curve
v in CP! let 4 be a|Darbouz transform| of v to the parameter A and 7 be a
\Darbouz transform| of v to the parameter . Then there is a unique curve Ey
that is a A-Darboux transform of v and a p-Darboux transform of 7.

Proof. Choose 7, to have ¢r(vo, o, %, 40) = 2. Then by the previous lemma
A and CT(&Ov&la’?l?’?O) = U

m
and cr(J0, 91,71, 7o) = A. This clearly can be extended along the whole
triplet of curves. []

o
there is a unique 7, that gives cr(v1,%1,71,71) =

Corollary 2.40 (Darboux transformation for meshes) Given a map z :
7?2 — C with all elementary quadrilaterals having cr(z, z1, 212, 22) = p then
for each initial point Zoo and each A € C there is a map z : 7> — C such
that

CT(27217212722) = W,
cr(z,21,21,2) = A
cr(z, 20,29, 2) = M.

Proof.  One can interpret the sequence vy, = 2 as a discrete curve and
Y = zk1 as a p-Darboux transform of it. Then starting with Zy, we can
create a A-Darboux transform for . The Binachi permutability now states
that ':yk = Zi,1 is given uniquely such that %k = Zk1 is a A-Darboux transform
of 4% = 211 and a p-Darboux transform of 7;. Iterating this defines the map
Z uniquely and satisfies the stated cross-ratio conditions. O]

40



Lecture 8 Tim Hoffmann 41

Figure 12: A Tractrix and Darboux transform of the straight line.

Remark. We can relax the conditions here: if z : Z? — C has cross-ratios
cr(Zh 1, 2kt 1,05 Zht1,0415 Zhitl) = % then for A € C and an initial Z,( we find
a unique map Z : Z2> — C with

cr(Zkts 2kl 2kt 1,041 Zhit1)

CT(Zk,z, Rk+1,05 Rk+1,15 Zk,z) =

CT(Zk,z, k415 Rk,l+1, Zk,z) =

-

Now we will turn back and discuss what the Darboux transformation is in
the euclidian picture.

Definition 2.41 Let v be a smooth arc-length parameterized curve. ¥ is
called a Tractrix of v if v := 4 — v satisfies

e |v| = const,
o 5|0

If 4 is a Tractriz of v the curve 7 := vy+2v = y+2(§—+) is called a Darboux
transform of .

Fig. [12| shows the Tractrix and Darboux transform of a straight line.

Lemma 2.42 The Darboux transform of an arc-length parameterized curve
1s again parameterized by arc-length.

Proof. Since |v| = const, v L v holds. Now
A =14+407)+4 @ 0Yy=1+40"9)=1

since 4" || v L v O
Note that ¥ is a Tractrix of ¥ as well.
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Definition 2.43 Let v be a|arc-length parameterized |discrete curve. Then
7 is called a Darbouz transform of v if |1 — 4| =1, |7 — | = = const and
Y, 71,71, and 5 do not form a parallelogram. ¥ = 1/2(5 + ) is then called a
discrete Tractrix of v (and 7).

Remark.
e [t is easy to see that the definition implies Ay+AY || (7 =)+ (1 —71)-

e cr(v,m,M,7) = l% For the absolute value of the cross-ratio this is
obvious. For its argument, observe that the triangles (v,71,%) and
(¥,71,71) are similar giving that the arguments of (y — v1)/(71 — 1)
and (1 —7)/(¥ — ) sum to a multiple of 27.

So indeed the euclidean Darboux transform is a special case of the one
we formulated for the CPP* picture.

e One can show that the Darboux transformation commutes with the
tangential and (m)KdV flows: If 4 and a Darboux transform 4 evolve
with one of these flows they stay related by a Darboux transformation
for all times.

3 discrete curves in R?

When describing curves and surfaces in R? we will frequently switch models
for R? depending on whether we do euclidean or Mébius (or other) geometry.
when doing euclidean geometry a quaternionic description turns out to be
the most useful.

3.1 R? and the Quaternions

Definition 3.1 The Quaternions H are the 4-dimensional real vector space
spanned by 1,1, qj,and k furnished with a multiplication given by

ij=k jk=1, ki=j 1*=j°=Kk*=-1.

There is a representation of H in the complex 2 x 2-matrices gl(2,C) =

Mat(2,C) via
Y A0 B U A
oy =—i | o) 1 oy =—i| . g |

~ (10 .
1:<01), 1
42
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. (1 0
Ik%—wg:—z<0 _1>.

The matrices o, are sometimes called Pauli spin matrices. In analogy to the
complex numbers one defines for ¢ € H, ¢ = a + i + 7] + 0k

e Re(g) =«

e Im(q) = ¢ — Re(q) = Bi +7j + dk
e =q—2Im(q) =a—Pi—vj—dk
ol = V@i = T+ T+
and finds

1 q
¢ =—.
|q|?

Note that in contrast to the complex case Im(q) is not a real number (unless
it is 0) but lies in the imaginary quaternions ImH := span{1, j, k}.
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We will identify the real 3-dim vector space ImH with R?. For v, w € R?
we will denote the usual euclidean inner product with (v, w) = viw; +vows +
vswsz and the vector product with v X w = (vews — V3We, V3w — VIW3, V1Wy —
vow; ). Using the identification we now find for v, w € ImH = R?

vw = — (v, w) +v X W

thus the quaternionic product incorporates both scalar and vector product
in R? in one multiplication formula.

Clearly R* D 5% = {a € H | |a] = 1} and using our matrix representation
of H we also see {a € H | |a|] = 1} = SU(2) Now for a unit quaternion
a = cos & +sin $v with v € ImH, |[v| = 1 the map

T — ara”!

on ImH is a rotation around the axis v by the angle w

ara™' = cosw r +sinw v x r + (1 — cosw) (v, z) v.
However the correspondence is not one-to-one since a and —a represent the
same rotation. The map furnishes a group homomorphism S* = SU(2) —
SO(3) with kernel {F1} showing that SU(2) is a double cover of SO(3) (see
e.g. [EHHT92]). More generally one finds

Theorem 3.2 (Hamilton) For any map F € O(3) there is a € S* such
that F(z) = axa™t if F is orientation preserving and F(x) = aza™' if F is
orientation reversing.

Again we only cite the analog theorem for O(4) by Cayley:

Theorem 3.3 (Cayley) Any orthogonal transformation F € O(4) can be
written as either F(x) = axb or F(z) = x — aZb, a,b € S depending on
whether F' is orientation preserving or orientation reversing.

Example 3.1 We will introduce the notion of a moving frame for curves in
this example. The idea is to attach an (orientation preserving) orthogonal
transformation to every point of the curve that maps the first unit basis vector
to the tangent vector of the curve. The image of the remaining vectors of the
standard orthonormal basis will then span the normal space at that point. We
will make use of our above considerations and describe the transformations
with quaternions:
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Let v : I — R? be a smooth arc-length parameterized curve. F : I — S3
is called a (smooth) frame for ~ if

FUF =+
It is called parallel if in addition
(F5F) ||
holds. If we write A :== F'F~1 then the parallelity condition gives that A €
span{j, k}:
FUF | (FF) =-F'F'FjF+ F 5P F'F=F1(GA- Aj) F.

Soi | jA— Aj or A € span{j,k}. Knowing this we can write A = Uk with
U e C = span{l,i}.

Definition 3.4 V is called the complex curvature of 7.

The same can be done in the discrete domain:

Definition 3.5 Let v : I — R3 be an |arc-length parameterized |discretd
lcurvd. F: 1 — S* with F~'%F = Ay is called a discrete frame. F' is called
a parallel frame if in addition Tm(F, ' jFy,_1 F; '3 F) || Im(Avy_1Avg) holds.

Again we can define A by Fyy1 = AxFy and one finds that
A = cos ¢ _ sin ?62" ik
2 2

with T = Z(By,B), B = % and ¢ = Z(Avi, A7) as before. Now we

can renormalize F' such that A =1+ %]k.

Definition 3.6 V is called the (discrete) complex curvature of . T is the
discrete torsion.

The absolute value if the discrete [complex curvaturd is the we al-
ready defined for plane curvesE Note that both smooth and discrete complex
curvature are defined up to a unitary factor only (the constant of integration
/summation for the exponent).

150ne can actually show that the smooth complex curvature is given by ¥ = ket ST in
terms of the curvature x and the torsion 7.
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3.2 Mobius transformations in higher dimensions

We will now collect a few facts about Mobius geometry in space. Therefore
we will for now treat hyperplanes as hyperspheres in the same way we already
did with lines and circles in the plane.

Definition 3.7 The Mobius group s the group of transformations of R™ U
{o0} that is generated by inversions on hyperspheres (or planes).

Remark. Note that the stereographic projection can be viewed as an inver-
sion on a sphere restricted to S2.

The was the simplest invariant in plane M/”obius geometry
and we can almost transfer this result to arbitrary dimensions: there is always
a 2-sphere through 4 points in R"™. It is unique if the points are in general
position otherwise the points lie on a circle already. Now this sphere (or
any sphere containing the circle) can be viewed as the Riemann sphere of
complex numbers. On that we can compute a and assign it to the
4 points. The only ambiguity is the orientation of that 2-sphere: It is not
fixed by the 4 points and a change of orientation will change the
into its complex conjugate.

Definition 3.8 The cross-ratio of four points in R™ is given by the real part
and absolute value of the complex|[cross-ratid of the four points on the sphere

through them interpreted as the Riemann sphere.

In R* = H the for ¢i1, q2, g3, and g4 can be computed via real part

and norm of

ger(qr, g2, 43, qa) = (01 — ¢2) (02 — g3) (g3 — q1)(qa — @) .

Lemma 3.9 qcr is invariant under M/”obius transformations up to a con-
Jugation with a non vanishing quaternion.

Proof.  qcr is clearly invariant under translations and scaling. So we can

restrict our proof to the case of the inversion ¢; +— ¢; ' and ¢; # 0. But
qerla s a a5 a) = (@) 6 )@ ) e —a ) —a)
= ¢ (@~ @) (@) (e—au)la—a) '«

= q; qer(q1, 42, 43, @) 1.

-1
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]
Remark. 1If ¢, q0,q3, and ¢4 are co-planar we can rotate and translate the

plane into span{1,i}. Here the quaternionic coincides with the

complex one.
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4 discrete surfaces in R?

4.1 isothermic surfaces

We will now consider isothermic surfaces. The class of isothermic surfaces
covers a wide range of classical surfaces including quadrics, surfaces of revo-
lution, and minimal as well as cmc (constant mean curvature) surfaces.

When discretizing isothermic surfaces we will follow the “historic route”
(as in [BP96]) first and then give an alternative description that allows a
more direct formulation of these discrete surfaces. But first we will collect
some basic facts about isothermic surfaces in the smooth setup.

Definition 4.1 Let f : R? > G — R™ be an immersiof . f is called a
conformal if f, = % and f, = g—i satisfy fo L fy and || fzl = || fyll-

f is called isothermal if in addition fy, = % € span{ f,, fy }-
Remark.

o A surface is called isothermic if it admits parameterization|
e One can rephrase the above definition of as a conformal

parameterization by curvature lines.

e since all directions in the plane (or on a sphere) are curvature directions

any [conformall parameterization of a 2-plane or 2-sphere is fisothermall

Lemma 4.2 If f is a surface in [isothermal parameterization and M is a
Moébius transformation, then M o f isisothermal again.

Proof.  We only have to check that inverting f leaves it isothermal, since
the conditions to be are invariant with respect to scaling and
translations.

Let f = ”JfHQ then we find

fom HUECRIE) g g, B2 401D

16 An immersion is a smooth map whose differential is injective in every point.
ITTt is slightly confusing, that classically coordinates are called isothermic,
while a surface is called isothermic if it allows for coordinates.
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fol?

Since | fl? = U IMNL® = 4NFI2 (f, £ + 4N FIP (S £)7) = e =

”H];?H”f = || f,|I> we see that f is conformal, The fact that f,, € span{f., f,}

can be computed easily as well. O

Lemma 4.3 If f is[isothermal then f* given by

o
/=117

Jy
1,112

fi = = -

18 1sothermal again.

Proof. let us set e* := || f.||* = || f,||*>. Then

2uy62“ = (€2u)y =2 <fx7 fxy> .

and

2u e = () = 2 (fy, fuy) -
giving fo, = uy fo + Uy fy. Now

f;y = (6_2uf:c)y = 6_2u(u:cfy — Uy fs) = f;w

showing that we can indeed locally integrate f; and f; into a surface f*.
This f* is automatically conformal and the above formula shows that f;, €

span{ fy, fy'} = span{ f., f,} as well. O
Definition 4.4 f* is called the dual isothermic surface of f.

The next lemma gives us the crucial information that will lead to a dis-
cretization of isothermal parameterized surfaces [BP96]:

Lemma 4.5 Let f be a smooth immersion and

fi = f+e

€2

Joo + fyy + 2fay

(—f. )+§( )
fo = f+€(+fx_ y)"‘%(fm‘i‘fyy_Qf:vy)
fs = f+e(+fx+fy)+%(fm+fyy+2fxy)
fo = frel—fot+ 1)+ 5 (foe+ fuy — 2fy)

be the quadrilateral given by the truncated Taylor expansion of f(x+e, y+te)
at some point (z,y). Then
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i Cr(f1>f27f37f4) = _1+O(€) <:>f 7;8
i Cr(f17f27f37f4) = _1+O <:>f ZS

Proof. First we can translate the quadrilateral to have f; = 0 and scale it

by 1/(26) glVIHg fl = O?f? = fw - 6facy7f3 = fw + fya f4 = fy - Efa:ya then we
can invert sending f; to infinity and leaving

. Joe — €fay Jet [y fy — €fay
= = i m e
1 fo — €fayll 1fo + fyll 1fy — €yl
Now cr(fi, fo, f3, fa) = ﬁ 7 and we need to find out what the conditions

on the parameterization are if fo — f3 = f3 — f1 + O(€*) or equivalently
2f3s = fo+ f1+ O(¥), k € 1,2. Expanding with the denominators of the
right hand side of

fx+fy f:r:_efxy f _E.f:(:y k
= O
ot FuB e = ehol? T Tfy =l (&)

and omitting terms that are of e-order greater than 1 gives

212 U ll” = 2€ (o Seu) (£ 17 = 2 (fy Fey)

= (fo = efuy) L 1* = 26 {fys fuy)) + (fy = €Ly (1 fall® = 26 ([, fu)) + O(€")
. The constant part yields

o fothy
[EAk

which gives that f must indeed be [conformall Using this the linear term
reads

=2fat fy) (fa + fuys fr) = =2fa Py Fr) = Fay (P + 1 f2ll*) = 2£ (fos fay)

giving that f,, € span{f,, f,} and thus showing that f needs to be
fmall O

Since all essential properties of isothermic surfaces are phrased in terms of
their parameterization it seems natural to discretize this parame-
terization and not arbitrarily parameterized isothermic surfaces. This basi-
cally fixes our combinatorics to quad-meshes (planar graphs with all faces

||f:cH2ny”2 = fx||fy||2 + fnyxHZ
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being quadrilaterals) or at a regular neighbourhood to pieces of Z2. This is a
design decision led by the hope that we will be able to find discrete analogs
of all the above properties (and more) of smooth isothermic surfaces.

The last lemma then motivates the definition of discrete isothermic sur-
faces as maps with equal to -1 for all elementary quadrilaterals.

Definition 4.6 F : Z? — R" is called discrete isothermic if the
of all elementary quadrilaterals is -1.
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Remark. We will also call F' : Z? — R” |discrete isothermic if

677
cr(Frg, Forgs Frevrie1, Frgp1) = — <0, o, f € R.

B

This corresponds to a parameterization f with |f,| = <, |f,| = g, fo L fy, s
a real function, and f,, € span{f,, f,}.

Example 4.1

o Any map z : 72 — C with cross-ratio -1 as discussed earlier constitutes
a discrete isothermic map. Since isothermal maps in the plane are just
conformal maps these discrete maps are called discrete conformal or
discrete holomorphic maps. Examples include the identity and z(k,l) =
ek tiBl 3 — 21 o — 9 arcsinh(sin 2).

T~ n 2

o Starting with Fyo and Fy,; the cross-ratio evolution gives rise to a
unique F : 7? — R™.

The following two lemmata show that our discretization indeed fulfills what
we would expect from a proper discretization: It shares essential properties
with the smooth counterpart.

Lemma 4.7 Let F be |discrete 1sothermid and M be a Mobius transforma-
tion. Then M o F' 1s|discrete 1sothermid again.

Proof. This is obvious, since the defining property of given is

invariant with respect to |[Mobius transformations| ]

Lemma 4.8 Let F' be|discrete 1sothermid. Then F* given by

A
Fi:+1,l - FI:,Z = [ Frrrs — Fkl”z(FkH,l — Fy),
k41 kil = e — FulP E,+1 k.l

15 |discrete 1sothermad again. It is called the dual.
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Proof.  Looking at one quadrilateral we can identify the plane containing
it with C and subsequently work in the complex numbers. Set a = F} — F,
b= F12—F1, Cc = FQ—F12, and d = F-Fg Then Z—; = % and (l+b+6+d =0.

Using a* = I} — F* = £, and likewise b* = %, ¢ =% and d* = Bd we find

a*c* o?bd  «

bdr FPac B
If the dual edges a*,b*, ¢*, and d* form a quadrilateral its will be
the same as the one of the original quadrilateral. What is left to show is that
a* +b* +c* +d* = 0. Conjugating the left hand side and multiplying it with
ac results in

ac+ﬁ%c+oza+ﬁ%c :ac+6%d+aa+ﬁ%b:0.
This shows that we can integrate the dual edges into closing quadrilaterals.

O
Remark.  As in the smooth case dualizing is a duality: F** = F up to
translation.

Example 4.2 Minimal surfaces are known to be isothermic and the dual
surface is their Gaufl map (it maps into the unit sphere and thus is a con-
formal map into S?). In fact minimal surfaces can be characterized by this
property and the dual of any conformal map into S? is minimal. We can use
this characterization to construct discrete minimal surfaces:

1. Start with a discrete holomorphic map.
2. map it onto S? with a stereographic projection

3. dualize

The resulting |discrete 1sothermid surface is called a discrete minimal surface.
At the moment we can justify this only by construction but we will soon
see that there is a notion of discrete mean curvature that vanishes for these
surfaces as well.). The above mentioned identity map will lead to a discrete
Enneper surfacd™®| (see Fig. and the discrete exponential map gives a
discrete Catenoid™| (see Fig.
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Figure 13: A discrete Enneper surface.

Note that the procedure outlined here is essentially a discrete version of the
well known Weierstraf$ representation for minimal surfaces (see e. g. [EJO7])
and as in the smooth case one can write the whole procedure in one formula:
given z : > — C discrete holomorphic, set

1
F—F= §Re( (1—zlz),i(1+zlz),zl+z))

21— %

1

29 — X%

1
F,—F = §Re ( (1 — 292),i(1 + 292), 22 + z))

4.2 The classical model for Mobius geometry

We will now turn to an interesting description of Mobius geometry in space.
In the plane we turned to the projective description in homogeneous coordi-
nates to linearize the Mobius group and now we again seek for a model where
the Mobius transformations become linear maps. Avery thorough treatment

8The Enneper surface was introduced 1863 in an explicit parameterization by Alfred
Enneper.

19The catenoid was found 1744 by Leonard Euler. It was the first minimal surface that
was discovered.
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Figure 14: A discrete Catenoid surface.

of various models for Mobius geometry can be found in the Book of Udo
Hertrich-Jeromin [HJO03].

We will identify points p € R"™ with light-like lines (1-dim subspaces) in
a Minkowsky R"*2. But we will also find that hyperspheres (or planes) have
a simple description in this model (as space-like unit vectors).

Consider R™"*? together with an inner product (z,y) = —x0y0+2§§:} TiYk-
Then v € R™ is called space-like / light-like / time-like if (v,v) is greater
than / equal to / less than 0. The light-like vectors form a double cone the
light cone. They can not be normalized, since they have length 0.

Now identify p € R™ with

poe (LHIPIE 1= llpl”
: s ).

It is easy to check that (p,p) = 0 and p is indeed light-like. If on the other
hand {(q,q) = 0 for some ¢ € R""? we find a p € R" with p = \q by

1

p=———(q1,- - Gn)
QO+Qn+1<1 n)

(note that p might be 00).
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Next let s be an oriented hypersphere s in R"™ with center ¢ and radius
r. Oriented means here that the radius can be negative. We will identify s
with )
=5 (L4 (llell® = %), 26,1 = (1= lel|* = 1))

and a plane with the normal form (v,n) = d, ||n|| = 1 is mapped to
§=(d,n, —d).

Again it is easy to check that ($,5) = 1 and § is a space-like unit vector in
both cases.

If ¢ € R"*? is a space-like unit vector we can find the radius of the sphere
it represents by r = q0+;n+l and its center by ¢ = r(q1,...,¢,) (if go+¢nt1 =0
the sphere is actually a plane with normal n = (¢, ..., ¢,) and normal form

(0,m) = o).

Remark. The geometry behind these identifications is the following: Using
a stereographic projection one can map R" into S® C R"™"!. Thus points
and hyperspheres in R"™ correspond to points and hyperspheres in S™ but
the hyperspheres in S™ can be identified with the tip of the cone in R"*!
that touches S™ in that hypersphere. Now embed R™*! in R"*2 by as {1} x
R™!. Then S™ gets mapped into the in R"*? and the points that
represent hyperspheres get mapped to vectors outside the light cone (and
thus can be normalized to length 1).
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To see why this model is useful we state the following lemma:
Lemma 4.9 In the above setting

e a point p lies in a sphere s: pe S < p L S

o for two spheres s1 and sg: cos Z(s1, S2) = (81, S2)

e For a sphere s the map & +— & — 2 (%, 5) § is the inversion on s

e for two points p and q: (p,q) = —3||p — q||* (note that this only holds
for the normalization we have chosen for p and §. In general one can
choose the scaling of p and q freely).

Proof. 1In all four cases the proof is just a simple calculation:
e For a point p and a sphere s with radii r and centre ¢

1 — —
w):o@nc—puzmpes
T

<ﬁ7 '§> = §(T -
holds.

e For two intersecting spheres s; and sy with centers ¢; and ¢, and radii
r1 and 7y respectively, the intersection angle ¢ is given by the cosine

law
ller — 02||2 = 7‘% + 7‘% — 21179 COS ¢

giving
i s —[len — e ?

COS @ =
QS 27"17”2

On the other hand
o 1
<51, 82> = m(r% —+ T’g — <Cl — C9,C1 — Cg)).
e The inversion on s is given by

g T—c¢C

Tr—T +c

lz = cl?
Now first we find that I(z) := & — 2(%, §) § is an orthogonal map:
(), 1(3)) = 405, (5,5) — 4(2,8) (&, 8) + (2, 2) = (3, 5).
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therefore I sends light-like vectors onto light-like vectors. So
. L+gf 1—lg
I(z) =\
() =M1 g =0
for some point ¢ and a factor A. One easily finds that \q = |35:—;‘2(0 +
ﬁ(m —c¢)) and A = m;—;‘Q and concludes that
2
,
q = m(l’ — C) +c
as claimed.
e The last claim is again a direct calculation
co L plP 1+ gl L—|pP1—1q 1
(b, q) = 5 5 Hp a5 5 =3 -ap—a)
O
Remark.
e Mobius transformations are orthogonal maps in this model.
e Since I4(z) = = — 2(%, §) § is orthogonal it maps spheres into spheres.
o [(5)=—3s.
o I(H=tes511t
e all the above extends to hyperplanes naturally.
e A circle in R? can be defined as the intersection of two distinct spheres

containing it ¢ = s1 Nsy so ¢ = {p € R* | (p,81) = (p, %) = 0}.
Thus a circle is uniquely defined by the time-like 3-dim subspace that
is perpendicular to §; and S,. As a consequence all spheres that contain
c are given as linear combinations of §; and $,. the 3-dim subspace is
of course fixed by prescribing 3 light-like vectors in it, showing that a
circle is determined by three points on it.

The next theorem shows how this model of Mébius geometry helps rewriting
the condition for isothermality.
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Theorem 4.10 A smooth surface f : G D R? — R™ is isothermic with

1foll* = az)e, | f,I? = Bla)e™, fu L fy, foy € sPaR{fs, [y}
iof and only of

A

(€ f)ay = /\e_uf

for some function \.

Proof. Let f be an isothermic surface in a parameterization as stated in
the theorem. Then f,, = u, fo + u. f, since || fo|?> = (fo, fo) = a(z)e?"@Y) =
2(fes foy) = 2| fo||*u, and the analog for || f,||. Now

f _ <1+H2f||27f, 1*||2f|\2)
(€ f)e = —wee™f+e((f, fa) s frr = (f2 )
(e_uf)xy = _nye_uf + u:cuye_uf - ucce_u(<fa fy> ) fya - <f7 fy>)
_uye_u(<f? fx> ) ]fma - <f> fz>) + e—u(<f’ fxy) 9 fmya - <f7 fxy>)

= (ugty — ugy)e ™ f.

If on the other hand ¢ : G € R? — R"*? with g,, = Ag is given,
set e = §o + Gny1 (note that we can assume go + G,r1 > 0!). Then
Ae™" = /\A(QO + gnt1) = (9o + Gnr1)ey = (Uatly — Ugy)e™. S0 A = ugtty, — Uyy.
Setting f = e“g we find X ) R

Jay = uyfo + ua fy
This implies in particular f,, = u, f, + u, f, and (fO)zy = (fu, fy) + {fs fay) =

~

(far fy) +uy {f, fo) +ua (f, fy) = Uy(f())z + uz(fo)y which gives f, L f,.
Finally set a := || f.||[?*¢"?“. Then

_ 2 (fe, fxy> e =2 (for fo) uy€2u

e4u =0

Qy
so a = a(z) and like wise f = ((y). O

Definition 4.11 A map f : G C R* — R", n > 1 is said to solve the
Moutard equation if

fzy = )‘f

holds for some function .

We see that isothermic surfaces are in one to one correspondence to so-
lutions to the Moutard equation in the light-cone.
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Considering this observation, it seems a natural approach to discretize
the Moutard equation and interpret solutions to it that lie in the light-cone
as discrete isothermic nets. If we denote A F' := F; — F and likewise AqF' 1=
FQ—F then AlAzF = AgAlF = (Flg—FQ) — (F1 —F) - F12+F— (F1+F2)
is clearly a discretization of the mixed second derivative. Since AsAF is
defined on a quadrilateral rather than on a vertex comparing it with AF is not
symmetric. A symmetric choice for the right hand side is A(Fio+F+ F + Fy).
Now a discrete version of the Moutard equation is

F12—|—F—(F1+F2) - )\(F12+F+F1—|—F2)
& Fio+F = B (F+ )

The next definition is due to Nimo and Schief (see [NS98]):

Definition 4.12 F : Z? — R", n > 1 is said to solve the discrete Moutard
equation if there exists \ : Z? — R such that

14+ A
F12+F:—1_)\(F1+F2)

holds (the diagonal averages are parallel).

Lemma 4.13 The restriction of the |discrete Moutard equation| to quadrics
of constant length ¢ € R is admissible (and determines \).

Proof. Let (F, F) = (Fy, F1) = (F», F3) = ¢. Then
<F12,F12> = )\2 <F1 + FQ,Fl +F2> —2X <F1 + FQ,F) +c=c

ifA=0or

Ny (Fi+FF)
(Fi + F>, F\ + F5)
and (F\ + Fy. F)
+ Fa
Fro=2 : ’ Fi+EF)—F
12 <F1+F2,F1+F2>( 1)
(Fio is F mirrored on F| + F» or —Fyy is F' inverted on IIII::ii%II ) O

Note that ¢ = 0 is allowed here. Note also that z — 2%@1 +Fy)—x

sends I} to Fy and vice versa and is an orthogonal transformation.
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Lemma 4.14 F : 7Z? — R", n > 1 is discrete isothermic with

(073

e

CT(Fk,z, Fk+1,l, Fk+1,l+1, Fk,l+1) =

with af > 0, if and only if a scaled version of F solves the|discrete Moutard

in one component of the light cone.

Proof. Let F be a solution to the |discrete Moutard equation| in the light cone
of R""? with first components > 0 and F its projection to R™. Obviously
Fls is a linear combination of F', Fy, and Fy. So the four points lie in a com-
mon 3-space giving that the corresponding points in R" are concircular (and
therefore have a real . Moreover the notes above on orthogonality
of the map that constitutes the [discrete Moutard equation| show that

<F7 F1> = <F2,F12>7 and <F7 F2> = <F17F12>

is true for any solution of the|discrete Moutard equationl. Thus one can define

ay 1= <Fk,07Fk+1,0> = <Fk,la Fk+1,l>

B = <F071,F0,l+1> = <Fk,l7Fk,l+1>

All oy, and 3; have the same sign, since we assumed F to lie in one component
of the light-cone. Now

<F7F1> <F12,F2> _ a%
~ ~ ~ ~ 2"
<F1,F12> <F27F> &

To see that the [cross-ratio| is negative we can compute

ler (Fygy Frevrts Frriin, Fra)]? =

(1 —cr(Frg, Fror Frrgin, Frgo))? = +—— —
(P B2) (R F)

O (B, By)
Iy, F: ! o
_ (k) 52 = (1+ 5)2 = (1 + |er(Exgs Fyr1gs Frigs1, Fru)]).
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So the cross-ratio needs to be negative and F' is discrete isothermic.

If on the other hand F is discrete isothermic map in R"™ with cross-

ratio —% we can scale its lift ' € R™2 point-wise in such a way that

<Fk,laﬁk+1,l> = ay and <Fk,lypk,l+1> = B. Now given F, F, F1», and F,
with <F, F1> = <F2,F12> = o and <F,FQ> = <F1,F12> = 6 we know that
they are linear dependent (since the corresponding F’s are concircular) and
MFIQ = F+ Vﬁl +77F2
must hold for some p, v, and 7.
0 = uQ <ﬁ12,F12> = 2(Va+nﬁ+un<ﬁl,ﬁz>)
= —Uun <F1, F2> = va-+ 776

a = <F12,F2> = i(5+v<ﬁhﬁ2>)
= = = —va
A /J/A A A
g = <F12,F1> = l%(a+77<F1,F2>)
= %3 = —np

So together one concludes
n=—puvand v =—un = p==x1land v = Fn

and Fyy — F = /\(ﬁl — ﬁ’g) or Fig+ F = /\(ﬁl + Fg) But we already saw
that the second solution corresponds to a negative cross-ratio of F' (and thus
the first would give a positive cross-ratio). Thus we finally conclude that the
scaled F solves the Moutard equation. O]
Remark. The scaling factor that makes F asolution to the Moutard equation

can be interpreted as a discrete version of the metric factor e™".
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4.3 s-isothermic surfaces

We will now briefly discuss solutions to the discrete Moutard equation in the
space-like unit sphere. This sphere is sometimes called deSitter space.

Definition 4.15 A map F : 7> — R"*2? with <F,F> =1 is called a (dis-

crete) s-isothermic map iff F solves the discrete Moutard equation.

Lemma 4.16 |[s-isothermid maps are Mobius invariant.

Proof. By definition. ]
s-isothermic maps are build from spheres (which are represented by points in
ldeSitter space]) that have for each quadrilateral a common orthogonal circle
or a common pair of points: The four spheres of a quadrilateral are collinear,
so they span a 3-space. The orthogonal compliment of that 3-space is a 2-
dimensional subspace, that — if space-like — describes a circle (the 1-dim set
of space-like unit vectors in the 2-space give all the spheres that contain the
circle), but if time-like contains exactly two light-like directions that give two
points contained in all four spheres (remember: a point lies on a sphere iff
their vectors in Minkowski R? are perpendicular). In the limiting case of the
2-space being light-like the touching light-like direction should be counted as
a double point.

In case that the four spheres do touch, the orthogonal circle is inscribed
in the quadrilateral formed by the centres of the four spheres.
Remark.

e Four cyclically touching spheres in R? always have a circle through the
four touching points.

e Four cyclically touching circles in R?, that do not lie on a common
sphere have a unique orthogonal sphere.

Definition 4.17 (and Lemma) Let F' be with centres ¢ and
radii r. F* given by

ci —C Cy — C
g —c = , Cp—C=—
™r Tor
r*zl
r

is [s-isothermid again and called a dual surface of F.
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Proof. we have to show, that F* is well defined and [s-isothermid
If Fis then its lift F' solves a Moutard equation and we have

1 1 1 1 c ¢ & &
-4 — = (_+_)7 _+£:)\(_1+_2)
T 12 T1 T2 T 12 T T9

and |c> + 1 + |cio|* + iy = A (|er|® + 77 + |e2|* + r3) which fixes A. Now
0=(c =)+ (= cf) = (¢ = 5) = (&g = )

Cc1—C C12—C C12—C: Cco—C
s (=4 __cz2—c 12—C2 __ C2
1T T1271 T1272 ror

o (rm)r-alra)——(Er)ari(e)
+

o () M) 8- () (k)

& 0)g3=-0)3

So ™ is well defined. Since F' and F™ are dual to each other the condition
that the edges of F' sum to 0 is equivalent to F* being a solution to the
moutard equation. O

Example 4.3 Following the method in example [{.9 we can produce discrete
s-isothermic minimal surfaces by means of a discrete Weierstrafi method.
The discrete holomorphic map s replaced here by a circle pattern that can
be thought of as a s-isothermic surface in the plane. This kind of discrete
holomorphic map can be generated by means of a variational principle from
given combinatorics [BS04]. Fig. shows a s-isothermic Enneper surface
and Fig. (16| shows a s-isothermic Catenoid. A full treatment of s-isothermic
minimal surfaces can be found in [BHS06].

4.4 curvatures

There are many possible approaches towards notions of curvature for discrete
surfaces. The one we will follow here emerged in the last years and it turns
out, that it covers astonishingly many cases of special surfaces that have
already been discretized. It uses the Steiner formula and is covered in detail
in [BPW].
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4.4.1 the Steiner formula

Definition 4.18 Let f be a smooth immersion with unit normal field N. A
parallel surface f! is gwen by f' = f +tN. For sufficiently small t, f' is a
smooth immersion again and N* = N.

Definition 4.19 Let f be a smooth immersion with normal field N. The
area A(f) of f is given by

A(f) = /det(fx,fy,N) dxdy = /wf
where wy is the “volume form” of f.

Lemma 4.20 Let f be a smooth immersion with normal field N, mean cur-
vature H and Gauf curvature K. If f' is a smooth parallel surface for f
then

A(fY = /(1 + 2tH + t*K) det(f., f,, N) dedy = A(f) + 2tH(f) + *K(f)

where H(f) and K(f) are the integrals over mean and Gauf curvature of f.

Proof. Using the coefficients a, b, ¢, d of the Weingarten operatorﬂ as read
from N, = af, + cf, and N, = bf, + df,, we calculate the derivatives of f*

to be:
o (f2 = fo+tNo=(1+at)fs +ctf,
(fY)y = fy+tNy=0btfe +(1+dt)f,

Now

A(fY) = [det((f*) (f*)y: N) dzdy
= [det((1+ at)fy + ctf,, btf, + (1 +dt)f,, N) dzedy
= [(1+at)(1+ dt) det(fa, fy, N) + cbt® det(fy, fz, N) dzdy

= [(1+2tH +#2K) det(f., f,, N).

20The Weingarten operator is the linear operator that represents the second fundamental
form of a surface with respect to the first.
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Here is an alternative proof: Since N* = N we find that Kw = K'Ww'
1(\?0‘56 that the focal points are the same) so (k_i)t = % +t and @ = é +1t.
ow

A(fY) = [Ju'=[Hw= fk:lk‘g(k—ll —i—t)(é + t)w

= [+ (k1 + ko)t + (k1ko)t?)w = [(1+2tH + *K)w.

O
Remark. one can use this to show for example
. K
-~ 1+4+2tH + 2K
. H—-tK
1+ 2tH + 2K
If the immersion f is of constant positive Gaufl curvature K = const and
t= :I:\/L? then
g HF¥VEK VK
1+£27C +1 2
So parallel surfaces in distance ¢ = :t\/—lf are of constant mean curvature.

Definition 4.21 A line congruence net is a map F : 7Z* — R3 with planar
faces together with a map | from Z? into the set of straight lines in R? such
that F; j € l;; and [, ; intersects l;41; and l; j41 for all i,j € Z.

Lemma 4.22 A line congruence net has a 1-parameter family of parallel line
congruence nets Fy that have parallel faces and share the lines Ffj €lij.

PTOOf. Write l070 = F(),o + tN0,0- Fixing to we set Fot?o = F0,0 + t0N070.

. to - . . to to
Now if F}5 is known, then there is a unique F;?; ; € l;11; such that F}?, ; —

F% || Fiy1; — F; and analogously for the other lattice direction. Since F

has planar faces the closing condition around quadrilaterals is automatically
satisfied. [
Remark. Note: If one thinks of the lines [ as normal lines the definition forces
the net to be something like a discrete curvature line parameterization: FY —
F'|| Fy— F and Fi — F' || F; — F implies, that the “Weingarten operator” is
diagonal. However, to really have a discrete curvature line parameterization
the normal directions should meet additional conditions.

To derive a discrete Steiner formula, we will need some results on planar
quadrilaterals with parallel faces.
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Definition 4.23 (and lemma)
The oriented area of a triangle A = (p1, pa, p3) is A(A) = %[pg — p1,p3 — i)
with [p;,pj] = det(p;,p;, N) and N the normal of the plane containing the

triangle. The oriented area of an n-gon g with vertices (po, ..., Pn—1) 1S
1 n—1
Alg) = b [pis Pit1]
=0

with the understanding that p, = pg.
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Figure 15: A s—isoth%rénic Enneper surface.
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Figure 16: A s—isgbhermic Catenoid.
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Proposition 4.24 For a given polygon the set of all polygons with parallel
edges forms a vector space.

Proof. Given an n-gon (py, ..., p,) any other n-gon (qi, . . ., q,) with parallel
edges can be described by ¢; and the scaling factors \; from ¢;.1 — ¢; =
Apiv1 — pi), @ = 4,...,n — 2. Sums and scalar multiples for the polygons
correspond to sums and scalar multiples for these coordinates. O]
The following definition can be found in [PAHAOQ7].

Definition 4.25 Let P = (p1,...,pn) and Q = (q1, - .., qn) be polygons with
parallel edges then

= %Z (s, Gis1) + (@35 Dis1])

=1

A(P, Q)

is called the mixed area of P and Q).

Lemma 4.26 1. A(P,Q) is a symmetric bilinear form on the vector space
of polygons with parallel faces.

2. A(P) is a quadratic form thereon

3.
AP +tQ) = A(P) + 2tA(P, Q) + t*A(Q).

Proof.  Direct computation. A(P,Q) = A(Q, P) by definition. Also by
definition A(P) = A(P, P). Finally:

AP +1Q) = %Z[pz + 1Gis Piv1 + tqit]
= % > ([pi, pisa] + tlps, @ia] + tai, piva] + (6, @i1))

= A(P) +2tA(P,Q) + t*A(Q).

O

Now given a line congruence net (F[) we define a normal map (generically

not of unit length) by choosing one normal N;; such that F;; + N;; € [;;

and determine the length of all other normals by the condition that F' 4+ N

should be a parallel mesh. But if F' + N is a parallel mesh, then N has
parallel quadrilaterals as well (see Fig. , SO

A(F +tN) = A(F) + 2tA(F,N) + t?A(N).
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Figure 17: A line congruence net and its Gaufl map.

Definition 4.27 Let (F,l) be a line congruence net with normal map N.
The mean curvature H and the Gaufl curvature K are given by

A(F +tN) = (1 +2tH + t*K) A(F)
for each quadrilateral.

Remark. H and K depend on the scaling of N. Still surfaces of constant
curvatures are well defined.

Minimal surfaces: Since H = %. F'is minimal iff A(F, N) = 0.

Definition 4.28 Two quadrilaterals P and () with parallel edges are said to
be dual to each other if
A(P,Q) = 0.

Proposition 4.29 Two quadrilaterals P = (p1,...,ps4) and Q = (q1,...,q)
with parallel edges are dual to each other iff

p1—D0s |2 —qs, and py—psll @ —gs.
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Proof. Let a,b,c,d and a*, b*, ¢*, d* denote the edges of P and () respectively.
For R = P+ t(Q) we know

A(R) = i[Ry— Ri,Rs— Ro]+ i[Ry — Rs, Ri — Ry]
= L(la+ta*, b+ tb*] + [c+ tc*, d + td*]).
Now A(P,Q) is 1/2 the term linear in ¢ therein so
4A(P,Q) = [a*,b] + [a,b] + [c*,d] + [c, d*]
= [a*a+ b+ [a+ b0+ [c",c+d + [c+d,d]
= [a+bb"—a*+c —d]=2[a+bb + ]

So A(P,QQ) = 0 < a+b || b*+ ¢*. The same argument works the other
diagonal as well. O

Lemma 4.30 Fach planar quadrilateral has a dual one. It is unique up to
translation and scaling.

Proof. Let m be the intersection of the diagonals of the quadrilateral
P1, P2, p3, pa and let v = F="r and w = (2= We can assume that m = 0.

Then
P = «av, p3 = YU
p2 = pw, ps = ow

Now we define

g1 = _éwa q3 = _iw
42 = —%U, qa = —3V
and find
@—q = —%v—l—éw:a—lﬂ(ﬁw—av):%(pg—pl)

So p and g have parallel edges.

To show uniqueness we assume that ¢ is an other dual quadrilateral. By
translation and scaling we can achieve, that the intersections of the diagonals
of ¢ and ¢ coincide and that ¢; = ¢;. Since ¢o — ¢1 || g2 — ¢1 and §» and g, lie
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on the same diagonal they must coincide as well. Iteratively it follows that
g3 = q3 and ¢4 = qa. O
Remark. Note that although every planar quadrilateral has a dual one this
is in general not true for entire meshes. Meshes that are dualizable are called
Koenigs nets [BS].

Lemma 4.31 The dual of a quadrilateral with cross-ratio cr(dd) = —% is
dual in the above sense.

a
8

Proof. exercise. ]

It follows that the discrete (isothermic) minimal surfaces are minimal in
the H = 0 sense.

Theorem 4.32 the line congruence net F' with normal N has constant mean
curvature H # 0 iff there exists a dual surface in constant distance

F*=F +dN.

F* with normal N has mean curvature —H and the surface F + gN has
constant Gaufy curvature K = 4H?,

Proof.  We find A(F,N) = HA(F) < A(F,N) = A(F,F) < A(F,F —
%N) =0. Sod= —% and I+ dN needs to be dual. Since F' = F* — dN it
follows that F™* has mean curvature —H. Finally

d A(N) A(N)

K+ = A(F + IN) — A(F) + dA(F,N) + £ A(N) = 4

O
This notion of discrete cmc surfaces coincides with the one introduced in
an algebraic way by Bobenko and Pinkall [BP99].
With this we end our introduction in discrete differential geometry. The
interested reader may find more on most of the subjects in the cited literature
and especially in the books mentioned in the introduction.
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