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Preface These notes have been written to prepare the lecture course Geometry Processing & Discrete Shells
which I taught at the Institute for Numerical Simulation, University of Bonn, in summer term 2017 . Sec. and
Sec. are based on the geometry processing textbook by Mario Botsch et al. [BKPT10]. Sec. is related to the
notation and curriculum of the elementary differential geometry textbook by Christian Bér [BarQ0]. Large parts
of Sec.[3] are based on the PhD thesis of Max Wardetzky [WarO6] whose main results have been published in
[HPWO6]. Furthermore, we briefly summerize the results by Cohen-Steiner and Morvan [CSMO03] and introduce a
triangle-averaged discrete shape operator [Heel I, HRWW12]. Sec.[starts with an introduction to 3D elasticity, as
it can be found in several works by Philippe G. Ciarlet and coworkers, cf. e.g. [Cia88],ICia00, [Cia05, (CMO08]; parts
of this section are also based on the elasticity chapter in [BraO7al] and the section on bending problems in [Bar15].
Finally, the seminal papers on I'-convergence for a membrane model [LDRO9S, [LDR96] and for a bending model
[EIMO2al [FJMO02bl [EFIMMO3]], respectively, are introduced to derive a dissimilarity measure between two shells.
Sec.[5] then finally introduces the concept of shape spaces and in particular the variational time-discretization and
geodesic calculus proposed by Rumpf and Wirth [WBRS09, RW 13| [RW15] as well as its applications on the space
of discrete shells [HRWWT12, HRS™ 14, HRST16].

Many paragraphs and figures in this manuscript have been adopted from my PhD thesis [Heel6|]. There is no
guarantee for correctness, however, if you find any mistakes or typos please let me know.

Behrend Heeren, July 2017



0 Introduction

First, 3D acquisition technology, such as
e computer tomography,
e MRI,
e 3D laser scanning,
e ultrasound,

e radar,

enable higly accurate digitalization of complex (geometric) 3D objects.

Second, numerous (scientific) disciplines rely on analysis and processing of such geometric data, e.g.

e neuroscience / medicine

e mechanical engineering

e material sciences

e architecture

e geo-exploration and urban modeling

e entertainment (animation, computer games etc.)

e.g. to understand geometric structures and enable/facilitate new scientific discoveries.

Third, revolution in digital manufacturing technology (e.g. 3D printing), novel materials and robotic production
will soon allow the automated creation of complex, fully functional physical objects from a digital design plan.

Geometry processing closes the gap between acquisition of raw geometric data and production based on geometric
models. Here we focus on data describing the surface/boundary of compact three-dimensional solids, which are
digitally represented as polygon meshes (e.g. triangle meshes).

Typical problems in geometry processing are for instance
e smoothing and filtering of data (e.g. removal of topological and geometric errors, noise removal)
o surface reconstruction and parametrization (to apply mesh-based algorithms)
e remeshing (to increase mesh quality)
e model repair (remove artefacts like holes)
e simplification and approximation (reduction of complexity)

e deformation, modeling and interactive design

The primal focus of this course is the mathematical foundation of deformations and modeling tasks (animation) of
complex geometric objects represented as triangle meshes. In particular, we are interested in dynamics i.e. defor-
mation paths and nontrivial motions. Hence we assume we are already given a nice triangulation (parametrization)
without topological errors, geometrical noise or mesh artefacts. To enable efficient algorithms we build on state-
of-the-art simplification and approximation techniques to design a hierarchical/multiresolution method.

The main focus of this course will be:

e local geometry: geometric quantities on a single discrete surface (i.e. triangle mesh), in particular the notion
of discrete curvature, and a convergence analysis thereof

e physics: nonlinear deformations based on a physically sound thin shell model and a corresponding discrete
analgon (discrete shells)

e global geometry and dynamics: deformation paths and navigation in the space of discrete shells which is
considered as a Riemannian manifold



1 Surface representations

The common definition of a surface in the context of computer graphics applications is
”an orientable, compact, continuous 2D manifold embedded in 3D, which might be closed or not”.

Intuitively, a surface can be understood as the boundary (or part of the boundary) of a non-degenerate 3.D solid.
Here, non-degenerate means that the solid does not have any infinitesimal thin parts or features, such that the
surface properly separates interior and exterior of the solid. We will give a precise mathematical definition later.

1.1 Implicit vs. explicit representations

There are two major classes of surface representations: explicit (or parametric) and implicit surfaces.

Parametric surfaces are defined by a vector-valued parametrization function
f:QCR? = R3,
that maps a two-dimensional domain €2 C R? to the surface
S=f(9).
Implicit surfaces are defined as the zero-levelset of a scalar valued function
F:R*—R,
such that
S={recR?®: F(x)=0}.

Example (Torus, 0 < r < R)

(R+ rcos@)cosd
£0.6) = | (R+rcost)sing |, (6,0) € 2=0,2m)?,
rsin 6

F(z,y,2) = (2® + v + 22 + R* —r?)? —4R*(2* + 7).

Note: For more complex shapes it is often necessary to split the domain into several patches (consistent/smooth
transition has to be guaranteed, cf. definition of a manifold).

Regularity In most applications, the first step in generating a reasonable surface representation is to establish
continuity. A parametric surface S (subject to the parametrization function f) is locally manifold at a point p € S
if there is € > 0 such that the pre-image of B.(p) N S under f is an open ball in @ C R2. In other words, this
means that (the neighbourhood of) p is fopologically equivalent (homeomorphic) to a disk — the latter definition
also applies to implicit surfaces.

Except for a well-defined set of sharp feature-curves and -corners, a surface should be smooth in general. Math-
ematically, this is measured by the the regularity of f resp. F, i.e. a surface is of class C* if f € C*(Q) resp.
F € C*(RR?). In applications, one often requires an even stricter property than smoothness, namely fairness. Here
not only the continuity of the derivatives is considered but also their magnitudes and variations. However, there is
no rigorous definition of the aesthetic concept of fairness. Usually, a (discrete) surface is considered as fair if the
curvature (or its variation) is globally minimized.

The two representations (i.e. parametric vs. implicit) have almost complementary strengths and weaknesses. These
become obvious if we investigate the performance of typical geometric operations, e.g.

e evaluation, e.g. compute surface normals (e.g. for rendering)

e (spatial) queries, e.g. inside/outside or signed distance queries

e modification, e.g. of geometry or topology

Common criteria are usually efficiency and robustness of these operations.



Parametric surfaces
+ reduction of many 3D problems on the surface to 2D problems in the parameter domain
+ capture finest geometric details
+ easy to sample (e.g. sample points or normals for rendering)
+ efficient shape editing possible, e.g. by composition of f : 2 — R? with some deformation ¢ : R® — R?

- generating a parametric surface representation can be very complex, since the parameter domain has to
match the topological and metric structure of the surface

- change of topology expensive (re-parametrization), since topology of parameter domain is equivalent to the
topology of the surface (parametrization is continuous and injective!)

- inside/outside resp. signed distance queries are expensive

- detection of self-collision is hard

Implicit surfaces
+ no holes as long as F' is continuous
+ no geometric self-intersections
+ as surface is zero-level isosurface, (signed) distance queries are easy to answer (e.g. inside/outside queries)

+ well-suited for construction of complex geometric objects (Boolean operations applied to geometric primi-
tives)

- geometric detail resolution depends on voxel-size
- generate sample points, rendering and texture mapping etc. is relatively difficult
- surface modification and shape editing

In this course: parametric surfaces (due to applications considered here!)

1.2 Approximation power

A natural choice for parametrizing functions are polynomials, because they can be evaluated by elementary arith-
metic operations. Furthermore, due to the Weierstrass Theorem, each smooth function can be approximated by a
polynomial up to any desired precision (on a compact domain). From Taylor’s theorem we know that a smooth
function on a compact interval of length h can be approximated by a polynomial of degree p such that the approx-
imation error behaves like O(hPT1). As a consequence, there are two possibilities to improve the accurancy of the
approximation: one can either raise the degree of the polynomial (p-refinement) or partition the domain in small
patches, i.e. use more segments for the approximation (h-refinement).

In Geometry Processing applications one usually prefers h-refinement. With the today’s computer architecture,
processing a large number of of simple objects is often easier and more efficient that processing a smaller number of
more complex objects. This leads to the somewhat extremal choice of C piecewise linear surface representations,
i.e. polygonal meshes, which have become the widely established standard in geometry processing.

Hence we consider p = 1 and h — 0, i.e. we are dealing with an approximation power of O(h?) which is
controlled by second-order information of the surface, i.e. curvature bounds.



1.3 Examples of parametric representations

Example 1 (Subdivision surfaces) Starting from a coarse control mesh Sy with vertices ¢1,...,¢, € R3, a
sequence of meshes 51, So, . .. with growing complexity is generated by applying so-called subdivision rules.

Loop subdivision algorithm (for triangle meshes): Forn = 1,2, .. .:

e topological update: each triangle of S,,_1 is divided into four congruent triangles by adding a new vertex on
each edge midpoint of S;,_1

e geometric update: compute new positions for all vertices in S,, by local average operations
Theorem: S,, converges to a surface S, that is C? except for a finite set of points where it is C*.

Furthermore, S, can be parametrized over Sy by means of (cubic) spline functions ¢; : 2 C R? — R, i.e.

n

f(ua 1}) = Zci¢i(uav) s

i=1

where (u,v) € R? are barycentric coordinates. Note, that the support of ¢; is the face 2-ring of the ith vertex.
This representation allows for an intuitive control of the limit surface by picking and dragging the control points
¢; € R®. Hence subdivision surfaces (and related concepts) are popular for shape editing and Computer Aided
Design (CAD) as it is used e.g. in vehicle manufacturing.

Adaptivity: each basis function ¢; = ¢? on the control mesh Sy can be written as a linear combination of refined
basis functions {d)f }; belonging to Si, k > 0. That means we have

bi(u, U) = Z O‘fj ?(ua v)

with certain scalar weights afj. This inherent hierarchical structure allows for highly efficient algorithms.

However, subdivision techniques are restricted to meshes with so-called semi-regular subdivision connectivity, i.e.
one has to assume that the given triangle mesh has been obtained by such a subdivision process. Furthermore, as
the limit surface is smooth, the treatment of boundaries and feature creases is difficult.

Further references on subdivision surfaces: Course notes SIGGRAPH 2000 [SZ00]; subdivision FEM and simu-
lations [[COS00, [CO0T], ICSAT02, [DSB07, [CL11, TMPR16]|; implementation [Sta99 [SZ00], BLZ00, [GKS02|

Example 2 (Unstructured triangle meshes) In contrast to subdivision surfaces unstructured triangle meshes
allow for arbitrary connectivities. Furthermore, geometric details, feature creases etc can be represented easily,
hence unstructured meshes provide a higher flexibility and still allow for efficient surface processing.

A triangle mesh M, consists of geometric and topological components, whereas the latter one can be represented
by a graph structure, i.e. we have a set of vertices

V={v1,...,0n}
and a set of triangular faces
F={f1,-- s fm} CY XV XV.
Based on V and F one can deduce a set of edges
ECVYxV.
The geometric embedding of a triangle mesh is given by a mapping

E: V=R E)=X;.



An important topological quality of the mesh is whether or not it is a (discrete) 2-manifold. This is the case if it
contains neither non-manifold edges nor non-manifold vertices nor self-intersections.

The famous Euler formula states an interesting relation between the number of vertice, faces and edges in a closed
and connected (but otherwise unstructured) mesh:

Xmy, = VI + | FI = €] =2(1—yg), (1.1)

where g is here the genus of the surface (intuitively, the genus counts the number of handles of a surface). Since
for most applications g is small, one can neglect the left hand side. Furthermore, as each edge is incident to two
faces and each face has three edges, we have 3|F| = 2|€| and one can deduce the following mesh statistics:

e the number of triangles is twice the number of vertices, i.e. | F| ~ 2|V,
e the number of edges is three times the number of vertices, i.e. |€| = 3|V,
o the average vertex valence (number of incident edges) is 6.

In this course: unstructured meshes!



2 Differential geometry of parametric surfaces

In this chapter we gather basic properties of parametric surfaces S C R®. For further reading we refer to [Bar00,
dC76] (cf. also third chapter in [BKPT10]).

Definition 2.1. (Regular surface) The set S C R? is a regular surface if for each p € S there is an € > 0, an open
set 2 C R? and a smooth mapping z : 2 — R3, such that

() () =8N B.(p) and z : @ — S N B(p) is a homeomorphism.
(ii) The Jacobi matrix D¢z € R*? has rank 2 for each £ € Q.

Remark: In the following we will assume that ¢ is large enough such that S N B.(p) = S, i.e. there is a global
parametrization x : ) — S.

Let us consider some & = (£1,&2) € Q and let p = 2:(§) € S. Then we define
T,8 = {3(0) |7 : (=1,1) = S, (0) = p}.
Note that by the same definition we have
TeQ={a(0)|a: (-1,1) = Q, a(0) = ¢} = R%.
If we consider « : (—1,1) — € with a(0) = £ and 7, := x o & we have ,(0) = Dz&(0) and get
TS = Dz Te§Q) = span{0¢, x(§), Oz, z(€)} .
In the following, we will denote the tangent vectors

Vi = 9ia(9) = 0(6) = i) = Does, i=1.2,

as canonical basis of T,,S, where ey, ep € R? are the standard basis vectors of R2.

2.1 First and second fundamental forms

Definition 2.2 (First fundamental form). The first fundamental form in p € S is given by
gp TS xT,S =R, g,(U,V):=(U,V)gs.

After choosing a basis of T,,S—here and in the following the canonical basis (V;, V2)—we can represent g, by a
symmetric, positive-definite matrix g = g¢ € R*? with

i.e. we have g = Dz” Dz. The pull-back of g, to the parameter domain Q2 C R? is defined as
9 (u,v) = gp(Dxu, Dzv) =ulgv, wu,veTeQ=R2.

Geometrically, the first fundamental form is necessary to measure on the surface, e.g. to determine lengths of
curves or angles between tangent vectors. Let v, = x o « be as above, then the length of ~, is defined as

1 1 1
Lhal = [ Va0l dt = [ /(Daife), Daditeo dt = [ \iDeT Dri(0) a0 .
-1 -1 -1
where we actually have Dz = Dx(«(t)).
To simplify notation, we will often drop the index and write g = g, or g = g¢, respectively. In particular, g refers

to the bilinear form as well as to its representative matrix in RR22. Note that g€ R22 is invertible, since S C R?
is assumed to be regular.



For some A C 2 and for some function ¢ : S — R we have

/ wdaZ/(wox)(f) /ot ge de.
z(A) A

and in particular for p = 1 we get
vol(z(A)) = / V/det ge €.
A

Differentiation For a function ¢ : & — R we define the differential d,¢ as a linear form acting on tangent
vectors V' € T},S as directional derivative, i.e.

dolV) = et

for an arbitrary curve v : (—1,1) — S with v(0) = p and §(0) = V. For a vector-valued deformation ¢ : S — R3
the definition above holds for each component of ¢ = (¢1, ¢2, ¢3). In particular, d, ¢ defines a linear map between
the tangent spaces, i.e.

dqu : TpS — T¢(p)¢(8) .

Definition 2.3 (Normal field). Let S C R? be the 2-dimensional unit sphere. The (unit) normal field of S is a
mapping n : S — S? with n(p) L T,S for all p € S. We say that S is orientable if there is a continuous normal
field. In particular, as rank(Dz) = 2, we will write

T1 XT2

n(p) = (nox)(§) (&)

IREEEE R

Definition 2.4. (Shape operator) Let S C R? be regular and orientable, p € S. The shape operator S, : T,S —
T,S at p is the linear mapping defined via S, (U) = dpyn(U) for U € T},S.

Remark: As 7T}, (,) 5% = n(p)* = T,S the shape operator S, is indeed an endomorphism on 7},S.

Definition 2.5. (Second fundamental form) Let S C IR? be regular and orientable, p € S. The second fundamental
form h = h,, is the bilinear form on 7,,S associated with S, i.e.

ho(U, V) = g,(S,U, V), U,V €T,S.
The corresponding matrix representation b = he € R*? is given by
hij = hp(Vi, Vj) = 9p(SpVi, V) = (dpn 0iz, 05 ) gs = (Oi(n o x), 0a)ps - (2.2)
Note that since n(p) L T,,S we have
0= 0, (gp(n 0w, 052)) = g, (D10 0 ), 052) + gy (0 ), 0,0y) = hy(Vi, V3) + gp ((m 0 ), 0) |
hence h € R?? is symmetric and we have
hij = —(no x,@%x)m .

Finally, we can represent the (symmetric) matrix h € R?2 by

on(p) an(P)] 3,2
o6 " og, | SR

h=Dn"Dx, Dn= [

If we write S, in the canonical basis (V1, V), i.e.

2

SpVi = Z 5, Vi
k=1



for i = 1,2, the coefficient matrix s = s¢ € R*? is the representation of S, in the parameter domain. Since
2 2 2
hij = gp(SpVi, Vj) = gp(Z Ski Vi, Vj) = ki gp (Vk, Vj) = Skigks,
k=1 k=1 k=1

we get h = sTg, i.e. due to the symmetry of g and h we have
se = g¢ he . (2.3)

Remark on notation: S, denotes either the endomorphism on 7,,S or the corresponding matrix S, € R?3, whereas
s € R?2 denotes the matrix representation of S, in the canonical basis.

Since g and h are symmetric forms on 7},S we get for U,V € T,,S
9p(SpU, V) = hyp(U,V) = hp(V,U) = gp(Sp V. U) = g(U, SpV),

which means that S}, is symmetric with respect to the metric. Hence S, and thus s¢ diagonalize in an orthonormal
basis.

Definition 2.6. (Curvatures) The eigenvalues k1, k2 of s¢ are denoted as principal curvatures of S in p = z(§).
The mean curvature in p is defined as the sum H, = tr s = k1 + 3 and the Gaussian curvature in p as the
product K, = det s¢ = K1 - Kka.

Note that det S, = 0 since there is no normal variation in normal direction, hence the eigenvalues of S, are given
by 0, K1, K2.

The normal curvature of p € S in some direction U € T,,S is defined as

_ (U, U)
KJP(U) - gp(U, U) .

Intuitively, #,(U) describes the curvature of a curve v : I C (—1,1) — & withy(0) = pand v(I) = SN (T, S)*
at t = 0. If one obeys the ordering convention x; < kg, one can show that

"= Urg%,ls fp(U)s - ke = veris (V).

2.2 The relative shape operator

Later, we aim at measuring differences between two (discrete) surfaces up to rigid body motions. That means, if
§cC R? is a parametric surface and ¢ : S — R is a deformation, we aim at quantifying the dissimilarity of S and
S := ¢(S) up to rigid body motions.

Theorem 2.7 (The Fundamental Theorem of Surfaces). Congruent parametric surfaces in R® have the same
first and second fundamental forms. Conversely, two parametric surfaces in R> with the same first and second
fundamental forms are congruent.

Hence the theorem above suggests to measure differences of first fundamental forms g and g as well as second
fundamental forms h and & of S and S, respectively. First, it is easy to see that g = § if D¢” D¢ = 1. Indeed,
if z : Q — R3 is a parametrization of S then & = ¢ o x is a parametrization of S, and hence § = Dz’ Dz =
DxTD¢T D¢Dz. Second, since the shape operator represents the second fundamental form in the metric, one
often penalizes deviations in the shape operator. Furthermore, if g = ¢ then h = hiff. s = §, cf. (2:3). In the most
general setup one aims at comparing the embedded shape operators .S, : T,S — T,,S and S}; : TZ;S — TZ;S‘ , for an
arbitrary point p € S and p = ¢(p). However, since these operators live on different tangent spaces one defines:

Definition 2.8. (Pulled-back shape operator) The pulled-back shape operator Sj[¢] : T,S — T,S is given by

9p (Sy181U, V') = hypy (DOU, DOV) , VU,V € T,S . (2.4)

10



Definition 2.9. (Relative shape operator) The relative shape operator S;f‘l [¢] is defined as the pointwise difference,
ie.
Sl T,S = 1,8,  Si¢] =S, — Sild]. (2.5)
The matrix representations s¢[¢] € R?2 and 52"’1 [¢] € R*? of S7[¢] and Si'[¢], respectively, are given by
stlol = gc 'he,  SE'Q) = se — slo] = ge H(he — he) . (2.6)

Remark: The fundamental theorem of surfaces provides a geometric argument why to measure differences in first
and second fundamental forms. Later, we will also consider a physical justification.

2.3 Differential operators

For a (differentiable) function f : 2 C R? — R, the gradient is defined by
d
(V (@), W)t = 2 f(a +tW)‘ | W eTQ =R
t=

Now consider a function f : § C R* — R. Forap = z(£) we have Vs f(p) € T,S. If we represent Vs f in the
canonical basis, i.e. Vs f(p) = >, v;V; = Dxv for some v = vy € R?, we have the implicit definition

gdv,w)z%f(ﬁ—i—tw)‘ =(Vf(&), w)rz Yw e TQ.

where we used the notation f = f oz : Q C R? — R. Hence we have v = Vf = ge 1V f and hence
Vsf=Dxg 'V(foux). 2.7
For a (differentiable) vector field w : Q C R — RY, the divergence div w fulfills

/divw-wdxz—/w,vs@)mddw Vi € C(Q).
Q Q

Now we consider a vector field w on S. As ussual, w(p) € R?2 represents the coefficients w.r.t. the canonical basis,
i.e. the embedded vector field is given by p — 25:1 w; (p) Vi (p) with Z _,wi(p)Vi(p) € T,S. Analogously,
we consider @ = w o x as being a vector field on Q. Let ¢ € C§°(S) such that p = p oz € C§(Q) and
vp = g7V € Tef. Then

/div‘gu%@«/detggdﬁ ::—/gg(u?m(;)\/detggdf:—/ Rr2y/det ge d§ = /le det gew) - ¢ d§,
Q Q

where we have used integration by parts in the last step. Since this is supposed to hold for all test functions we get

(divsw)ox =

J(;deiv<M(wox>: Zafz( det g¢ wox)(g)).

Definition 2.10. (Laplace-Beltrami operator) For some function f : & — R, the Laplace-Beltrami operator is
givenby Agf =divsVsf,ie.

2
(Bsf)or= i 20 (Vdetge Y- 706, (£ 02)(9))

where we have used the notation ) ; 9ij g’ k= 6.

Theorem 2.11. Letid : S — R? the identity mapping (or the embedding), i.e. id(p) = p for all p € S, then we
have

(Asid)(p) = —H(p) n(p) , (2.8

where H(p) € R is the mean curvature in p.

11



2.4 Intrinsic vs. extrinsic surface quantities

Definition 2.12. (Isometric surfaces) A differentiable mapping ¢ : & — S between two surfaces S C R? and
S C R3 is alocal isometry, if for each p € S the differential d,¢ : T,S — Ty(p)S is a linear isometry with respect
to the first fundamental formes, i.e.

Gp(ViW) = Gg(p) (dp(b(v)v dp¢(W)) YWV eT,S.
If a local isometry ¢ : S — Sis bijective we say that ¢ is an isometry. If there is an isometry ¢ : S — S, then the
two surfaces S, S are said to be isometric.

A quantity of a surface, e.g. some function fs : & — R, is said to be intrinsic, if it is not distorted under local
isometries, i.e. we have fs = fs o ¢ for every local isometry ¢ : S — S. Otherwise, a surface quantity is said to
be extrinsic.

Remark: An intrinsic quantity only depends on the first fundamental form.

Obviously, the first fundamental form is intrinsic, as well as the Laplace-Beltrami operator. However, mean cur-
vature (and thus also the principle curvatures) is an extrinsic quantity, as, for example, H = 0 for the plane but
H =1 for the cylinder, whereas plane and cylinder are locally isometric. Likewise, the second fundamental form
as well as the shape operator are also extrinsic quantities. However, the Gaussian curvature is not extrinsic:

Theorem 2.13 (Theorema egregium (Gauss)). The Gaussian curvature is an intrinsic invariant of a surface.

This implies that the sphere cannot be unfolded onto a flat plane without distorting the distances, i.e. a sphere and
a plane are not isometric, even locally. This fact is of enormous significance for cartography: it implies that no
planar (flat) map of Earth can be perfect, even for a portion of the Earth’s surface.

Later, we want to quantify distortions induced by isometric deformations. The results above imply that this can be
done by measuring differences in shape operators (in a suitable matrix norm) or, even simpler, differences in mean
curvature. On the other hand, measuring differences in Gaussian curvature does not make sense due to Gauss’
theorem. Hence a particular focus will be on deriving a discrete notion of mean curvature whereas the discrete
notion of Gaussian curvature is less important.

Nevertheless, an important property of Gaussian curvature of an surface is the relation to its topology as stated in
the Gauss-Bonnet theorem:

Theorem 2.14 (Theorem of Gauss-Bonnet). For a compact, orientable, closed surface S C R? we have

/KdazZﬂ-Xg,
s

where the Euler-characteristic xs € IN is given as xs = 2(1 — g), where g denotes the genus of the surface here.

Since S can be approximated to arbitrary precision by some triangle mesh M; = (V, F, ), the Euler formula

(I implies
/Kda:27r(\v|+|]-‘|f|5|). 2.9)
S

We will see that a fundamental (even defining) property in the derivation of a discrete Gaussian curvature is that
this theorem holds on discrete surfaces as well.

12



3 Discrete Differential Geometry

Differential and geometric quantities defined on a surface require the surface to be sufficiently smooth, e.g. the
definition of curvatures requires the existence of second derivatives. Since polygonal meshes are piecewise affine
and globally only of class C°, many of the concepts presented in Sec. [2|can not be applied directly. However,
usually a discrete surface (i.e. a polygonal mesh) is assumed to be an approximation of a smooth surface. Hence
one aims to compute approximations of differential and geometric properties of the smooth surface directly from
the mesh data. This leads to the derivation of discrete equivalents of the geometric notions of classical differential
geometry. In particular, the study of the discrete equivalents themselves defines a new and active mathematical
field, namely Discrete Differetial Geometry (DDG).

Discrete differential geometry aims to develop discrete equivalents of the geometric notions and methods of
classical differential geometry. [...] It can be said to have arisen from the observation that when a notion from
smooth geometry (such as the notion of a minimal surface) is discretized properly, the discrete objects are not
merely approximations of the smooth ones, but have special properties of their own which make them form in

some sense a coherent entity by themselves. [...] The discrete theory would seem to be the more fundamental one:
The smooth theory can always be recovered as a limit, while there seems to be no natural way to predict from the
smooth theory which discretizations will have the nicest properties. Oberwolfach report 2006

The behavior of physical systems is typically described by a set of continuous equations using tools such as
geometric mechanics and differential geometry to analyze and capture their properties. For purposes of
computation one must derive discrete (in space and time) representations of the underlying equations.
Researchers in a variety of areas have discovered that theories, which are discrete from the start, and have key
geometric properties built into their discrete description can often more readily yield robust numerical
simulations which are true to the underlying continuous systems: they exactly preserve invariants of the
continuous systems in the discrete computational realm. Such theories make up the nascent field of discrete
differential geometry Discrete Differential Geometry: An Applied Introduction [DGSWOS]]

Guiding principles of DDG:

e Weak/integrated notions Higher order quantities, such as curvatures, are defined in an integrated or weak
sense e.g. a discrete Laplace-Beltrami operator is defined as an element in H~'. In particular, on general
meshes convergence is mostly shown in a weak or integrated sense, e.g. in H !,

e Spatial averaging To get a pointwise evaluation, e.g. at a vertex, one computes the integrated quantity in a
neighbourhood of that vertex and divides by the associated area (cf. [MDSBO02])

e Attach quantities to appropriate locations, i.e. associate physical/geometric quantities at their natural
locations, not necessarily at vertices. Here the field of Discrete Exterior Calculus (DEC) is an appropiate
tool (not considered here, cf. [DKTOS, [HirO3, DHLMO5I).

e Discretize theory, not equations! That means, one aims at a consistent discrete theory. To ensure the
existence of fundamental properties (e.g. Gauss-Bonnet), one often uses fop-down instead of bottom-up
approaches, e.g. one directly defines a notion of discrete curvature without having a notion of a discrete
normal field in the first place.

3.1 Basic notions

As mentioned above, a triangular mesh is uniquely determined by its geometry and its connectivity. The geometry
is described by the embedding E : V — R?, i.e. the coordinates of the vertices, and the connectivity is encoded
in the set of faces 7 C V x V x V or equivalently in the set of edges £ C V x V. Note that all further structural
properties of the mesh, such as neighbouring relationships, boundary etc., can be derived from F or &£, respectively.

Geometry. If n € IN denotes the number of vertices in the mesh, we often identify a vertex X; = E(v;) with
v; € V or with its global index 7 € {1,...,n}. Likewise, if m € IN denotes the number of faces in the mesh,
we often identify a face f; € F with its global index j € {1,...,m}. Moreover, we might represent a face
f = (io, i1, 42) by its embedded triangle ' = T'(f), i.e.

T= T(f) = (E(vi0)7 E(vi1)7 E(Ulz)) = (Xim Xi17 Xlz) - ]Rg' (3.1

13



Besides its global index ¢ € {1,...,n}, each vertex X = X, belongs to at least one face f, hence it has an
additional local index j € {0, 1,2} with respect to f. That means, we sometimes rewrite (3.1)) as

T=T(f) = (Xo(f). X1(f), X>(f)) CRZ. (3:2)

Analogously, each edge E of a mesh belongs to at least one face and hence it also has a local index j € {0, 1,2}
with respect to f, i.e. E = Ej(f). Moreover, we make use of the convention that an edge with local index j (wrt.
face f) connects the nodes with local indices j — 1 and j + 1 (wrt. face f), where the notation is modulo 3, i.e.

Ej:Xj—l_Xj+17 36{071,2} mod 3.

That means E; is opposite X; in face f, if j is the local index wrt. face f. In the following, it will be clear from
the context if we are referring to the global or local index of a vertex or edge, respectively.

Topology. We assume that each mesh is a two-dimensional discrete manifold, or (discrete) 2-manifold, in the
sense of [DKTOS|. This is the case if it contains neither non-manifold edges nor non-manifold vertices nor self-
intersections. That means for example, that any pair of triangles either shares one edge or one node or that their
intersection is empty. In particular, we do not allow for hanging nodes, i.e. nodes that do not belong to any face, or
degenerated faces, i.e. faces with less than three different nodes.

Orientation. The order of the local indices of nodes within one face determines the orientation of the face and
hence of the mesh. Since we only consider (approximations of) orientable surfaces we assume that all local indices
are ordered consistently.

Definition 3.1 (Discrete surface). A discrete surface is a triangular mesh M, = (V, F, £) along with an injective
embedding E : V — R?, such that My, is a discrete 2-manifold which is orientable (i.e. has consistent local index
ordering).

Remark: A discrete surface is entirely described by the pairing Mj, = (E(V), F), where E(V) € R3".

Parametrization. We assume that each discrete surface M, is parametrized over a reference or parameter do-
main €2, Yet different from the continuous setting this reference domain is not a connected subset of R? but rather
an abstract collection of multiple reference triangles as it is often used in the context of subdivision surfaces (cf.
[Rei93]). Thus each face f € F of My, with the corresponding embedded/geometric triangle T = T'(f) as in
(BT) resp. (32) is parametrized over a reference triangle given by the unit triangle

o (3)()-(2pew

via an affine mapping X : w — T, which is defined by
Xp(&) = Xp(&1,&2) =G X0 (f) + £Xao(f) + (1 = & — &2)Xo(f) (3.3)

for the barycentric coordinates £ € w, i.e. § = (&1, &) with0 < &1, & < 1and & +& < 1. Formally, the reference
domain is given by ), = w x F, a global parametrization via X : (&,7) — X, (£). Wherever it is possible, we
drop the dependence of the local parametrization X on the face f; in the following and write X = Xy, .

Discrete first fundamental form. Let S C R? be a regular embedded surface with (local) parametrization
z:Q — Sand ¢ € Q. Following Def.[2.2] resp. we can represent the first fundamental form g at some point
z(€) by the matrix g¢ = Dx(£)T Dx(€). According to (3.3), the local parametrization X of a a discrete surface
M, is affine, hence its derivative is constant on each triangle f € M,,, i.e.

pxly = (52 S5 = [x0) - o) | () - Xoln)] = [Ba0)| ~ Es(r)] €22 G

Hence the definition of an elementwise constant discrete first fundamental form follows canonically:

Gy = (DX|;)"'DX|; e R*?, feF. (3.5)
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To simplify notation we will often drop the dependence on f and write G = Gy. Note that det Gy = 0 iff. f
has parallel edges, which is not admissible due to the assumption that M}, is a discrete 2-manifold. Hence Gy
is invertible for each f € F. Furthermore, we get the following formula for the area ay = |T'| of an embedded
triangle:

af:/ da:/\/detG’de:%\/deth. (3.6)
T w
3.2 Discrete Laplace-Beltrami operator

Definition 3.2 (Weak derivatives). Let S C R? a regular surface. Then u : S — R has a weak surface gradient—
also denoted by V su—if

/g(Vgu,V)da:f/divSVWLda, YV € C(S,R?).
S S

More general, let 3 = (1, ..., Bq) be a multi-index with |3| = Y, Bk and §° = on ...85'1. Then u € L?(S)
has a weak derivative 9P)u, € L?(S) if

/8(B)ucpda:(fl)‘6|/u35¢da, Vo € C5°(S) .
S S

Definition 3.3 (Sobolev spaces on a surface). Let S C R? a regular surface, m > 0. We set

H™(S) ={uec L*S)|30Puec L*S) Yo<|B|<m},

s = 3 [ 10 da.
B1<m ”S
Furthermore, if I' = 0S # @ we set
Hg"(8) = {u € H™(S) |ulp = 0},

where u|r = 0 holds in the sense of traces and if S is closed, i.e. S = @, we set
HIMS) = {u e H™(S)] / wda = 0}
S
The dual space of H™(S) is denoted by H~""(S), i.e. we have
H™™(S)={¢: H™(S) = R |/ linear } .

Likewise we define H, ™ (S) = {¢: H*(S) — R | ¢ linear }.

Remark: H™(S) is a Hilbert space for all m > 0, hence complete and reflexive. We have H™ C L? c H™™.
Furthermore, due to the Sobolev embedding theorem, we have H?(S) — C%%(S) which does not hold for H1(S).

If X is a vector space and X" its dual space the dual pairing is defined as
(@'|z) = (@' |x)x x =2'(z), 2’ €X' ,xeX.
For some differentiable vector field v € C?(S, R3) the divergence theorem (resp. Green’s identity) reads
/ div svpda = —/ g(v,Vsp)da —|—/ vg(v,ns)ds, Ve CYS).
S S oS

Note that the last term vanishes if ¢ = 0 on dS. A special case is given by v = Vsu for some differentiable
function u : § — R. This motivates the following definition:

Definition 3.4 (Weak Laplace-Beltrami). Let S C R? a regular surface. Then a weak Laplace-Beltrami operator
As : HY(S) — Hy*(S) is defined by

(Asu|p) = / Asupda = —/ g(Vsu, Vsp)da, Vo€ H}(S).
s S
Remark: For some set A C S a local notion can be defined by

/ Asupda = —/ 9(Vsu, Vso) da+/ 0g(Vsu,ng)ds, Vo€ Hy(S). 3.7
A A dA
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Linear FEM on a discrete surface. For a triangle mesh M, with n vertices we associate the linear FEM space
spanned by the nodal hat basis.

Definition 3.5 (Linear FEM space). If M, denotes a discrete surface with n vertices we set
Xy =span{¢1,...,¢n}, @i(X;)=10di;, ¢; affineon each face . (3.8)

In particular, ¢; € C*(M},) and ¢; € H'(M},), hence X,, C C°(Mj,) and X,, C H'(M},). Furthermore, we
make use of the notation ¢; = ¢; 0 X : Q, C R?> —» R.

Intuitively, the steepest ascent direction of a basis function ¢; located at some vertex v; on a triangle T'(f) =
(Xi, X, X}) is orthogonal to the opposite edge, i.e. E;, and scales as hi_l, where h; is the corresponding height
in T'w.r.t. E;. Hence we expect

1 BX (X, — X))t
“nEl T 2a;

Vi ¢
h¢f

= v/\/lh ¢l
f

since ay = % |E;| hi. Note that here and in the following we make use of the convention V- = V x Ny, that
means V' is in the tangent plane induced by 7T'(f) C R3. On the other hand, using (2.7) one can indeed verify

(X — X;)*

V .
h (bz f 2(lf

= DX|[; G;' VRe(¢i0 Xy) = (3.9)
Note that Ve (¢ 0 X¢) € {(—1,—-1)7,(1,0)7, (0,1)7'}, depending which local index is assigned to ¢; within
f. B~y construction, the basis function set fulfills the condition of partition of unity, i.e. for each £ € €2, we have
>; ¢i(&) = 1. That means, on a triangle T'(f) = (X;, X;, X&) we have

Vadi| + Vads| +Vnon| =0. (3.10)
f f f
A discrete function u : M}, — R, i.e. a piecewise affine function, can be represented as a vector (u;); € R™ with
u; = u(E(v;)) fori = 1,...,n. For the concatenation & = u o X : Q; C R? — R this yields the representation
W) = ui di(€). (3.11)

Furthermore, (3.11) and (3.10) imply

u Uk
= X; — X 7)( - X;
thf 2af i W)+ 20 ( )t

Remark: Note that we have omitted the rigorous definition of Sobolev spaces on polyhedral surfaces (e.g. discrete
surfaces) here. Later, we will introduce a bi-Lipschitz mapping between a smooth surface S and its polyhedral
approxiation M,. Based on this map, one can identify H*(M},) with H*(S) since weak differentiablility is pre-
served under bi-Lipschitz maps (which is a consequence of Rademacher’s theorem). For details on the definition
and construction of Sobolev spaces on polyhedral surfaces we refer e.g. to Sec. 2.2 in [War06].

Next, we derive a weak notion of a discrete Laplace-Beltrami operator using two different approaches. Eventually,
we derive a pointwise evaluation by means of spatial averaging.

Discrete Laplace-Beltrami & cotan formula from a FEM point of view. If we define the stiffness matrix
L eR™" by

Lij = /M 9(Vnoi, Vio;) da :/ (Vioi, Vioj)rs da,

My,

we can define a weak Laplace-Beltrami operator Ay, : X, — (&X3)’ via

(Apulv) == —/ g (Vyu, Vyv) d Z Uu; UJ/ (Viroi, Vio;) da = Z Lijuvy, (3.12)
My,

i,j=1 3,j=1
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where % = (u;); and ¥ = (v;); are the coefficients (e.g. nodal values) of two discrete functions u, v : Mj; — R.

Next we derive the evaluation of the entries of L. For i # j we get
Lij = Z/ (Vioi, Vaoj)rs da = / (Vioi, Vioj)gs da+/ (Vioi, Vioj)rs da
jer/T(s Ty T,

with T, = T'(fx) = (X4, X, Xi) and T; = T(f;) = (Xi, X, X;). Since V5, ¢; and Vj,¢; are constant on T, we

get with (3.9)

X, — X))+t (X, — X))t _cos 1
[ (Fhs T da = g R I S s - ) = g ot
k

2ay, 2ay, 4ayg

where 7, denotes the inner triangle angle (wrt. f}) at vertex vy and we have used
1.
ap = o sy | X = Xl [ X = X5
Likewise we get

1
/ (Vioi, Vioj)rs da = -5 cot
Ty

where ; denotes the inner triangle angle (wrt. f;) at vertex v;. Altogether, we have shown that for i # j we get

1

Lij = 7§(C0t Q5 + cot 57]) . (313)

Using (3.10) we finally get
Li=)Y_ [ (Vadi, Vadidrsda=—> [ (Vadi, (Vadj + Vad))rsda ==Y Lij, (3.14)

fe]-‘ T(f) fe]-‘ T(f) Z?g]

and by (3.12) we compute

(Apulgi) = Zszuk =5 Z (cot avjj + cot Bij) (u; — wi) - (3.15)
ijN(vi)

Remark: The representation (3.13) resp. (3.14) is the well-known cotan formula [Dzi88, [PP93,[DMSB99].

Using the paradigm of spatial averaging one can formally write down a vertex-wise evaluation of the discrete
Laplace-Beltrami. Note that the support of a basis function ¢; is given exactly by the 1-ring of faces at vertex v;,
denoted here by A;. Using

1
m; = ¢1da:/ ¢ida:*|Ai|,
A 3

My,

we might define

1 1
(Ahu)i = A;Lu(Xi) = — / Ahu (}51 da = o Z (COt Q5 + cot ﬁ”)(uJ — ui) . (316)
Mi JA; g v; EN (v4)
Remark: The lumped mass matrix is given by the diagonal matrix M = diag(mg, ..., m,). Then in the standard
FEM notation one obtains (Apu); = —(M ! Lu);, where @@ = (u1,...,u,)7T.

17



Alternative derivation & local definition. In the following we present a (geometric) derivation of a weak notion
of a Laplace-Beltrami operator. In particular, a local version is defined. Let v; € V be an arbitrary but fixed vertex
of My, and let A; be some area associated with v;. We postulate that the (usually piecewise linear) boundary 0A;
intersects each adjacent edge of v; at its midpoint. Usually, one considers barycentric cells, Voronoi cells or mixed
Voronoi cells [BKP™10, MDSBO02]]. As in the definition of a weak Laplace-Beltrami operator in we set for
u € H'(M},) and some basis function ¢; € H'(My,):

/ Apu - ¢jda:= —/ (Viu, ¢j)grs da —|—/ @ (Vpu, Ng)gs ds.
A A; DA;

Summing over all basis functions yields:

/ Apuda = Z/ Apu¢jda
A; J=1 A;
= Z ( - / <tha vh¢j>]R3 da + / ¢j <th, Ns>R3 ds)
j=1 frief AinT(f) a(A:NT(f))

= Z/ <VhU,N5>]R3dS.
fief OA;NT(f)

Now consider one fixed triangle T'(f) = (X;, X;, Xi). e Let Ej, the segment connecting the edge midpoints of
(v;,v7) and (v;,vy), i.e. Ejp = —1E; == 1(X; — X},). Since OA; runs through all edge midpoints we have

E% 1
/ (Vhu, Ng)gs ds = —/ (Vihu, No)gs ds = | Ejp| - (Viu| , =25 Vgs = = (Vau| , (X — X3) )gs
8A;NT —E; 7Bkl 2 f
Xi— X3), (X — X X — Xa), (X; — Xi))w
_ (Uj _ Uz) . <( i k)a( J k)>]R3 + ('U/Ie _ uz) . <( J 1)7( J k)>]R3

4af 4af

Let 7y, and ;, denote the inner triangle angles (wrt. f) at vertices v; and vy, respectively. Using

1 . 1.
ap = 5 siny; || X; — X[ | X; — Xill = 5 Sin vk Xk — Xa|l | X5 — X5 -

2
we get
cos; = WX =X (X5 = X)) o (K = ), (X = X))
TG = Xl X — X ! 2af ’
X — X)), (X — X, ) X — X3), (X — X,
sy = e = X0) (K = X)) (06 = X0), (X = X))
[ Xk — Xl | X5 — Xl 2af
Finally, due to cot § = ‘;’fnsg we get

1
/ (Vhu, Ng)ps ds = 3 ((uj — ;) cot g + (ug — u;) cot '}/j) ,
OA;NT

and summing over all triangles T'(f) with X; € T'(f) gives

1
/ Apuda = 5 Z (cot oy + cot Bij) (uj —wi), (3.17)
A v; €N (vy)
which correponds exactly to (3.15). Using the paradigm of spatial averaging one can formally write down a
vertex-wise evaluation of the discrete Laplace-Beltrami:
1 1
(Apu); == T /A Apuda = oA EXN% »)(cot @ij + cot Bij)(u; — u;) . (3.18)

il

Remark: Note that the integrated version of the discrete Laplace-Beltrami results in the same formula, i.e.
and coincide. The only differences are given in the pointwise representation (3.16) resp. (3-18)), depending
on the size of the associated area A;. However, if A; denotes the barycentric cell, then |A;| is given by one third
of the sum of the triangle areas in the 1-ring of v;, hence (3.16) equals (3.18). Meyer ef al. [MDSB02] discuss the
impact of the specific choice of A; based on numerical experiments.
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Mean curvature functional and function. Using the identity (2.8) one gains a weak notion of an infegrated
mean curvature vector ﬁ n € (X])? associated with vertex v = v; by the vector-valued expression

. 1
(Hauloy) == —/ Mpidgida=— > Ly(X;-X)=-3 > (cot i + Cotﬂij) (X; - X3).
M v; EN(vy;) v; EN(v;)
(3.19)

Moreover, the paradigm of spatial averaging yields a pointwise mean curvature vector

(ﬁh)(vi) = Z Mij<ﬁh|¢)j> = — ! Z (COt Qg + cot ﬂ”> (X] — Xz) . (320)

2mi
v; €N (vy) v; EN (v4)

In the terminology used by Wardetzky et al. [War06, [HPWO06, War08]| the representation (3.19) is referred to as
mean curvature functional whereas (3.20) is denoted as mean curvature function.

Different Laplace-Beltrami operators used in GP and CG Above, we have derived the cotan formula rep-
resenting a (weak) notion of a discrete Laplace-Beltrami operator. However, there exist also different notions of
discrete Laplace-Beltrami operators in Geometry Processing or Computer Graphics, usually starting with a generic
representation of the weak notion, i.e.

(Lu)i =D wij(uy —w),
J
where w;; are the weights associated with the discrete operator. Here one assumes

(Lu); ~ / Apup;da = (Apulp;),
My,

for some (basis) function ¢; : Mj; — R with local support in the vicinity of the ith vertex, e.g. ¢; = ¢;. The
simplest choice, for example, is given by Taubin’s operator [Tau95] by setting w;; = 1. A detailed discussion is
given by Wardetzky et al. [WMKGO7|], who derive an axiomatic approach based on characteristic properties of
the smooth Laplace-Beltrami operator. In detail, they list a number of properties that a discrete Laplace-Beltrami
operator should have, e.g. symmetry wrt. L? scalar product, positve weights (~ maximum principle), local
support. Their main result is that none of the standard discrete Laplace-Beltrami operators used in GP or CG
satisfies all of the desired properties on general meshes. Moreover, the different operators have complementary
strenghts, hence it often depends on the application which one is appropiate.

For example, the cotan Laplace presented here violates the axiom of positive weights on general meshes. Fur-
thermore, it is not purely intrinsic, that means, its evaluation can lead to different results even for two isometric
surfaces with different triangulations. On the other hand, the cotan representation has been proven to converge to
the smooth Laplace-Beltrami in a weak formulation [HPWOG6, as it will be discussed in Sec. @

Further references [PP93,[DMSB99, MDSBO02| [War08| Tau95, WMKGO07]
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3.3 Convergence of discrete mean curvature

Wardetzky et al. [War06, HPWO06, [WarO8] investigated the convergence properties of the mean curvature func-
tional (3.19) as well as the mean curvature function (3.20). In this section we summarize partial results of their
convergence analysis—for the full results we refer to the original papers.

In particular, the following question is considered: consider a sequence of discrete surfaces M}, converging (in
Hausdorff-measure) to a smooth embedded surface S. What are the measures and conditions that geometric objects
on My}, converge to the corresponding objects on S? The lantern of Schwartz constitutes an example of what can
go wrong: pointwise convergence without convergence of normal fields.

Example: Schwarz lantern Consider a straight smooth cylinder C' C R® with unit radius and unit height.
Divide this cylinder into m € IN evenly spaced circles, and divide each of these circles into n € IN equal segments,
thus obtaining a m x n grid of points on C' which can be connected by flat triangles. Now twist every other
horizontal ring by 7/n to generate an alternating grid of points. All triangles of the so obtained discrete cylinder
C,n are congruent. Now let m and n approach infinity. The main observation is that the normals of the triangles
of the discrete cylinders C,, ,, will approach the normals of C' if and only if

— 0.
n2

One cannot expect convergence of geometric properties from pointwise convergence alone. One of the main results
of Wardetzky et al. [War06, HPWO06, War08] reads: If M;, — S in Hausdorff distance, then convergence of nor-
mal fields is equivalent to convergence of metric tensors resp. area resp. Laplace-Beltrami operators. Furthermore,
it is shown that in order to prove the convergence of geometric properties it often suffices to additionally require
convergence of normals. In particular, it is shown that convergence can in general only be obtained distributi-
nally, i.e. in a weak/integrated sense. For polyhedral surfaces approximating smooth surfaces one cannot expect
pointwise convergence of curvatures but only distributinal convergence.

Shortest distance map & geometric splitting. Let us consider the following setup. Let S C R? be a regular
embedded surface, and let M}, be a sequence of meshes (with h — 0) that approximates S. The convergence
analysis of Wardetzky is based on the construction of a bi-Lipschatz map between M}, and S such that the metric
distortion induced by this mapping is bounded by Hausdorff distance and derivation of normals (and the shape
operator). In the following, we shall make this precice.

Definition 3.6 (Medial axis and reach). Let A C R? be a closed subset. The medial axis of A is the set of those
points in R* which do not have a unique closest neighbor in A. The reach of A is the distance of A to its medial
axis.

If S C R? is a smoothly embedded surface then its medial axis corresponds to the locus of centers of spheres
tangentially touching S in at least two points without intersecting S and the reach of S is the infimum over the
radii of such spheres.

Remark: The reach of a smooth surface S is bounded above by the radii of osculating spheres of S:

1
reach(S) < inf .
S T (PRI

(3.21)

Note that a compact and smoothly embedded surface S always has positive reach (but a polyhedron does not).

Definition 3.7 (Normal graph, shortest distance map). A discrete surface My, is a normal graph over the smooth
surface S if it is within the reach of S and the map which maps each point on M}, to its closest point on S is a
bijection ¥ : Mj;, — S. The inverse map ® = ¥~! : S — M, which takes p € S to the intersection point
®(p) € My, of the normal line through p with the discrete surface My, is denoted shortest distance map.

The shortest distance map ® naturally splits into a tangential and a normal component:

®(p) = ids(p) + ¢(p) - n(p) s
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where ids is the embedding of S into R? and ¢ is the scalar-valued (signed) distance function.

The shortest distance map ¢ induces a metric on S which allows to compare the spaces M}, and S as metric
spaces:

(U, V) 5 (dD(U), dO(V))gs  ace.. (3.22)

Definition 3.8 (Metric distortion tensor). There exists a symmetric positive definite 2 x 2 matrix field on & which
represents a linear mapping A(p) : T,§ — T,,S such that fora.e. p € S

ga(U, V) := (Ap)U, V)gs = (d®(U), d®(V))ps, VU,V € T,S. (3.23)

The linear operator A is smooth on the pre-image of the interior of triangles of M, and denoted by metric distortion
tensor.

The next theorem shows that A only depends on the distance between the surfaces S and My, the angle between
their normals and the curvature of the smooth surface S.

Theorem 3.9 (Geometric splitting of metric distortion tensor [War06]). Let My, be a closed polyhedral surface
with normal field N which is a normal graph over an embedded, closed, smooth surface S with normal field n.
Then the metric distortion tensor A satisfies the decompostion property

A=PoQ toP ae onS. (3.24)

The linear operators P and Q, respectively, can be represented by symmetric positive definite matrices which can
be diagonalized (possibly in different ON-frames) to take the form

14+ ¢k 0 (n,No®)? 0
P’”( 0 1+¢/{2>’ QN( 0 1)' (3.23)

where k1 and ko denote the principal curvatures of the smooth manifold S.

Remark:The matrix representing P is positive definite by the assumption that M, is in the reach of S, i.e.
¢ < reach(S) and hence 1 + ¢ - k; > 0 by (3.21).

Proof: Consider some fixed triangle T € My, andlet ¥ : T — S. Since ¥ = &' we get for some py, € T
Y(pn) =pn = (90 W)(pn) - (n o W)(pn).
The differential d,, ¥ : T,,, M, — T,,S, with p = U(py,), is given for V' € T, M, by
dp, U(V) =V = (noW) - (dpd(dp, ¥(V))) = (¢ 0 W) - (dpn(dp, ¥(V))), (3.26)
where d¢ is a linear form on 7},S. Since V = d,, ¥(V) € T,,S we get

0= (dp, ¥(V),n0¥) =(V,inoW) —dyp(V) - (noW,noW) ~(¢po¥)- (dn(V),nol)

=1 =0
and hence we get d, (V') = (V,n o ¥). This can be plugged into (3.26) and we get with d,n = S,,
dp, U(V) =V = (no W) - (VinoW) — (¢o V) - (Sy(dy, ¥(V))),
and a re-ordering yields
(Id Y (poW)- Sp) d,, U(V) =V — (V,noW) (noW)
where Id : T,,S — T,,S is the identity mapping. Hence we define

PT,S - T,S, PW):=W+¢-S,(W),
Q:Ty,M, —=T,S, QV)=V —(V,noW)(noW),
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where P is a symmetric endomorphism on 7},S, Q a projection from 7, »n My onto T}, S. This representation yields
Pd,, U(V) = Q, i.e. dp, U(V) = P~' o Q and hence d® = d¥~! = Q~! o P. If we define a linear mapping
Q1 T,8 — T,S via

Q71 (W), W) = (Q7' (W), Q™ (W),

we get
(A(W1), Wa) = (d®(W1),dD(W2)) = (Q~" o P)(W1),(Q " o P)(Wa))
= ((Q7" o P)(W1), P(Wa)) = (P o Q" o P)(W1), Wa).
This finishes the proof since .S;, has eigenvalues 1, k2 and Q. as the projection from 7, M;, = N< onto

T,S = n, has eigenvalues 0, (n, N o ®) and 1. O

Definition 3.10 (Hausdorff distance). Let A, B C R? be non-empty subsets. Then the Hausdorff distance between
A and B is defined as

dp(A,B) = max{ 51612 ;Ielf d(z,y), 51611; ;I&_lf d(z, y)}
@ y

=inf{e >0|A C U (B)and B C U (A)},
where U (Y) ={z € R?* |3y € Y : d(x,y) < €}.

In the following, we will often assume that a sequence of polyhedral surfaces (My,, ), converges in Hausdorff
distance to a smooth surface S if n — oo resp. h,, — 0. To ease notation we write M,, := M, in the following,
where one might think of n as being the number of nodes of M,,.

Definition 3.11 (Totally normal convergence). Let S C R? be a smooth surface and (M), a sequence of
polyhedra with shortest distance maps ®,, : S — M,, and normal fields (N,,),. Then (M,,),, is said to converge
normally to S if || N,, o ®,, — n||c — 0. Normal convergence is called totally normal if the Hausdorff distances
dp (S, M,,) also go to zero.

Each element M,, in the approximating sequence induces a metric on the smooth reference surface S deter-
mined by the respective distortion tensor A,,. For almost every p € S, A, (p) is an endomorphism of T,,S. Let
[Anloc = esssup,es || An(p)|. Then convergence of metric tensors means || A, — 1||o — 0.

Wardetzky et al. [War06, HPWO06, [WarO8|] have shown that under the assumption of convergence in Hausdorff
distance of a sequence of polyhedral surfaces to a smooth surface, the following conditions areequivalent: (i)
convergence of normals, (ii) convergence of the metric distortion tensors, (iii) convergence of area, and (iv) con-
vergence of the Laplace-Beltrami operators (in operator norm). The proof is based on translating these geometric
conditions into algebraic properties of the metric distortion tensor. The equivalence of such algebraic conditions,
in turn, is then derived from the splitting of the metric distortion tensor into a product of symmetric operators,
¢f. Thm[3.9] However, we will only consider the equivalence of totally normal convergence and convergence of
metric tensors here.

Theorem 3.12 (Equivalent conditions for convergence [War06]). Let S C R3 be a compact smooth surface,
and let M, be a sequence of polyhedral surfaces which are normal graphs over S and which converge to S in
Hausdorff distance. Then the following conditions are equivalent:

[Npo®, —nllee =0 <= |4, — 1] —0. (3.27)

Proof: Let A,, be the sequence of metric distortion tensors induced by M,, and let A,, = P, Q;, 1P, be the geo-
metric splitting given by Thm.[3.9] Then Hausdorff convergence M,, — S implies ||P,, — 1| s — 0 and normal
convergence in L™ is equivalent to (n, N o ®) — 1. O
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Convergence of mean curvature functional For a function u : § — R we define a surface gradient V 4u based
on the metric g 4, i.e.

d
YW eTS: ga(Vau,V):= %u( + tV)‘ = (Vsu,V)gs, = Vau=A'Vsu.

t=0

Next, we define two (weak) Laplace-Beltrami operators As, A, : H}(S) — Hy '(S): One corresponds to
Def.[3.4 whereas the other one is based on the shortest distance map resp. on the metric g4,,.

(@sule) = [ g(Vsu,Vsv)da =~ [ (Vou Vv da,
S S

(Apulv) = 7/ 94, (Va,u, Vg, v)y/det A, da = — / (A, 'Vsu, Vsv)gs/det A, da,
s s

The definition of the Laplace-Beltrami operator A,, is based on the pullback of the polyhedral metric to the smooth
surface via (3.22)). On the other hand, one can define an intrinsic Laplace-Beltrami operator directly on the polyhe-
dral surface My, itself, ¢f. (3.12). The main technical difficulty is to rigorously define the Sobolev space H} (M},)
on a polyhedral surface. A very general scheme for defining H} is based on a version of Rademacher’s theorem
which assures that weak differentiability is preserved under bi-Lipschitz maps, then H}(My},) is identifies with
H}(8S) via ®. Finally, one can show that A,, is equal to the pullback of the intrinsically defined Laplace-Beltrami
operator on M,. For a more detailed discussion on this issue we refer to [War06] and state only one result here:

Theorem 3.13 (Consistency with polyhedral theory, (Lemma 3.2.2 in [WarQ6l))). Let My, be a polyhedral surface
which is a normal graph over the smooth surface S with corresponding shortest distance map ®. Then u €
L2(®(S)) ifand only if u o ® € L*(S). Similarly, u € Hi(®(S)) if and only ifuo ® € H}(S).

In the spirit of Thm.[2.T1]the notion of a (weak) Laplace-Beltrami leads to the following definition:

Definition 3.14 (Discrete mean curvature functional/ Weak mean curvature). Let ids : S — R? and idpy, :
M,, — R3 be the embeddings of S and M,,, respectively, and let id}, = idp, o ® : S — R3. Then we define a
(discrete) mean curvature functional by
H = —Asids € (H71(S))?
H, = —Aid, € (Hy'(S))?

Theorem 3.15 (Connection with cotangent formula). The discrete mean curvature functional, when restricted to
the subspace spanned by nodal basis functions, can be expressed using the cotangent formula, i.e.

<ﬁn|¢z> = —% Z (COt ;5 + cot 52]) (Xj — Xz) .
v; €N (vy)

Convergence of the mean curvature functionals is to be understood in the operator norm of linear bounded maps
between the spaces (H} (S))? and (Hy '(S))4, i.e. for F € (Hy '(S))%:

Flu
HFHHgl(S) = sup w.
ueHy(S) ||u||H§(s)
u#0

Theorem 3.16 (Convergence of weak mean curvature, [War0@]). Let M,, be a normal graph over the smooth
surface S. Then

VH = Hallyrs) < VIST (IVAE AL AL = Lloo + Vet A, A7 oo 10 = dnlc) . (3:28)

where |[Id — d®,, ||« := esssup s [|(Id — d®y,), || with (Id — d®,,),, : T,S — R>. In particular, if a sequence
of polyhedral surfaces (M,,),, converges totally normal to the smooth surface S, then the corresponding mean
curvature functionals converge in Hy ' (S).
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Proof: We consider the triangle inequality
H—H, = Asid — Apid: = (Aid — Apid) + (Anid — Apid®). (3.29)

Since (Vsid, V) = V and (Vs(idag o @),V) = d®(V) for any vector field V on S, we get with Holder’s
inequality for u € H}(S)

[(Asid — Ayid|u) | gs = H/ (v/det A, A7' — 1) Vsuda
S

= VIS Iv/det An ALY = Lloo [lull y(s)

R<

and
I{ALd — Anid;’;|u>||]R3 = H/ ((Vsid — Vsid)), v/ det AnAT_L1 Vsu)da
S

— H/(Id—d(I)n)(\/detAnAgl)Vsuda
S R3
< VSTV det Ay A7 |oo 1d — d®ploc [y s) -

Under totally normal convergence we get ||A, — 1]|oc — 0, ie. [|v/det A, A, — 1]|c — 0. It remains to
show ||Id — d®, |~ — 0. Consider a single triangle 7, of M,, let n o ®~! denote the pull-back of the
normal field n on S to the triangle T,,. From the proof of Thm. we know that d® = Q‘l o P, with
Q(V) =V —(nod® " V)(nod ). Totally normal convergence implies P — Id as well as Q — Id,
hence d® — Id almost everywhere. [

R3

Counterexample to L2-convergence [War06]

Definition 3.17 (Discrete mean curvature function). Let (¢;); the standard hat basis of linear FEM on M. Then
we define the discrete mean curvature function by

n

Hip) = S (Hil)) Mg, (p), (3.30)

ij=1

where M;; = [\, i ¢;daresp. My; = (f,, ¢ida)d;; denotes the (lumped) mass matrix and 3, M, M*/ =
(51‘]‘. ’

Denote by ﬁ = Hyn(p) the smooth mean curvature vector of the smooth surface S, and let (ﬁn)n with
ﬁn = Hj, denote the sequence of discrete mean curvature vectors associated with the sequence of polyhe-
dral surfaces (M,,),, with M,, = M, . We show that in general ||ﬁn - ﬁ” 12 does not converge to zero.

Consider the cylinder S of height 27 and radius 1. We construct a sequence (M,,),, of polyhedral surfaces whose
vertices lie on this cylinder and which converges to S totally normally. Let the cylinder be parameterized as

r=cosu, Yy=sinu, z=uv.

Let the vertices of M, be given by

u=""_ i=0,...,20 -1,
mn

_ J2jsing., j<2n

] 2n, j=2n

This corresponds (up to the uppermost layer) to folding along the vertical lines a regular planar quad-grid of edge
length

.om
hn, :28111%.
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In other words, all faces of M,, are rectangular (in fact quadratic except for the uppermost layer). It will now
depend on the tessellation pattern of this quad-grid whether there is L? -convergence of discrete mean curvature
or not. Indeed, consider the regular 4 — 8-tessellation scheme (depicted e.g. in Figure 7 in [HPWO6]). Away from
the boundary, there are two kinds of vertices - those of valence 4 and those of valence 8. Call them p4 and pg,
respectively. Let Vi, = {v € V| valence of v is k} for k € {4,8}. Using the cotan-formula, it is easy to see that
the coefficients of the weak mean curvature satisfy

(Huldo) = ANy An=2 (l—cos%) ,

for all v € V4 and v € Vg, where N,, denotes the (radial) outward cylinder normal field at vertex v. Then (away
from the boundary) we get with (3.30) based on the lumped mass matrix

ﬁn(p) = Z m;l An - &o(p) - No(p) + Z m;l An - ®0(p) - No(p),
vEVy vEVSR

where

v =

2/3h;2%, veEV,
4/3h2%, veVy

Since \,,/h% = 1foralln € IN we get
Hops) =2 Hu(ps).
Note that for all v € V we have ﬁn(E (v)) > ¢ > 0 for n — oco. Hence ﬁn is a family of piecewise affine func-

tions oscillating between different values at vertices with valence 4 and vertices of valence 8 with ever growing
frequencies. Such a family does not converge in L2.
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3.4 Notions of discrete curvature measures

In later applications we primarily want to make use of extrinsic curvature measures, i.e. we focus here mainly on
a discrete notion of mean curvature and the shape operator.

Having in mind Gauss’ Theorema Egregrium, a simple consideration of two triangles glued together at one edge
reveals that on a discrete surface:

e mean curvature is concentrated at edges,
e Gaussian curvature is concentrated at vertices.

Hence, a shape operator is also naturally associated with edges. Nevertheless, discrete shape operators are often
associated with a triangle by taking into account the bending accross the three edges. Finally, one can also define
shape operators on vertices e.g. by averaging over adjacent edges. In the following, after having introduced several
concepts of normals on a mesh, we consider vertex-based and edge-based curvature quantities, where the primal
focus is on the latter one.

Normals First, we define the weighted face normal N ;€ IR resp. the unit face normal Ny € S? on a triangle
T(f) = (X05X17X2) by
~ (Xl — XO) X (Xg — Xo)

N(f):Nf:(Xl_XO)X(XZ_XO)v N(f)=Ny= (X7 — Xo) x (X2 — Xo)[|~

Since extrinsic bending is naturally measured across edges, a normal field associated with edges is a canonical
choice. Usually, these edge normals are located at edge midpoints and computed as weighted average of the
adjacent triangle normals, i.e. if f; and f,. are the adjacent faces of some edge E we set

Olefl + OzTNfr

Np =
lou Ny, + Ny,

) (3.31)

where the weights might be chosen e.g. as . = «; = 1/2. Another ansatz for defining an edge normal is given
by postulating Ng L F and then parametrizing Ng via the angle e.g. between Ny and N(fs), where s € {l,r}.
Computing vertex normals as spatial averages of face normals (alternatively, of edge normals) in a local 1-ring
neighbourhood leads to normalized weighted average of the (constant) face normals, i.e.

arN
N(w) = N, — Do reni(w) @r Ny .
”ZfeNl(v)afoH

There are numerous alternatives for the weights a ¢, e.g. oy = 1 or ay = ay or ay = ¢, where vy is the interior
triangle angle in f at vertex v. For most applications, the latter angle-weighted vertex normal provides a good
trade-off between computational efficiency and accurancy.

Vertex-based curvature measures As mentioned above, discrete Gaussian curvature is supposed to be concen-
trated at vertices. Following the principles of DDG, one defines the discrete Gaussian curvature such that a discrete
version of Gauss-Bonnet holds. That means for some area A, associated with some vertex v € V one defines an
integrated Gaussian curvature by the so-called angle-defect, i.e.

/ Kp(z)da =21 — Z Yr, (3.32)
Av fvef
where «; denotes the interior triangle angle in f at vertex v, and verifies immediately
1
Kn(x)da = Z/ Kn(z)da=2a[V| =) > 5 =2n (V| - 5|F) = 2n (V| + |F| - [€]),
My vey Y A veEY fwef 2

where we have used } . vy = 7 as well as 3| F| = 2|€] in the last step. Cohen-Steiner and Morvan [CSM03]
prove the convergence of to its continuous counterpart (in an integrated sense!), cf. also Sec. [3.3] Following
the paradigm of spatial averaging one might define Gaussian curvature evaluated at a vertex, i.e.

fA,Kh(CL’) da 1
Kh(U)_ |Av| - |A1)<27T_fvzef7f)
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Using the identity (2.8) as well as the weak notion of a discrete Laplace-Beltrami operator from Sec. [3.2]one gains
an integrated mean curvature vector associated with vertex v = v; resp. the area A; = A, by

1
/ Hy(z)N(z)da := —/ Apid(z) da = ~5 Z (cot o + cot ﬁij) (X, — Xi).
v; EN (vy)
Moreover, the paradigm of spatial averaging yields a pointwise mean curvature vector
Hp(v;)N(v;) := \A | / Apid(z = 2|A | GXN‘Z ) (cotaij —&—cotﬁij) (X, — Xi).

Finally, one can define a pointwise notion of (the absolute value of) mean curvature by

1
|H|(Uz) = M Z (COt Q5 + cot ﬂlj> (XJ — Xz)
v; €N (vy)

The convergence of (integrated) mean curvature has been investigated e.g. by Wardetzky and co-workers [War06}
HPWOQ6, [War(O8] as shwon in Sec. as well as by Cohen-Steiner and Morvan [CSMO3]]. Meyer et al. [MDSBO02]
discuss the impact of the specific choice of A, for the approximation properties of vertex-based curvature measures
in practice. Finally, we refer to the work of Hildebrandt and Polthier who define a vertex-based shape operator as
average of adjacent edge-based shape operators [HP04] and investigate convergence properties of an integrated as
well as pointwise defined shape operator [HP11]].

Edge-based curvature measures As mentioned above a discrete notion of mean curvature is naturally associated
with edges, more precisely, with the bending between two adjacent faces. Intuitively, the isometric bending of two
adjacent triangles sharing an edge F is captured by the so-called dihedral angle 0, i.e.

05 ::A(N(fl) % B, E % N(fr)), E=T(f)NT(f).

Hence we have 0 = 7 if N(f;) | N(f.). Since bending in either direction should be penalized equally (in
absolut value) with positive values if fg > 7 and negative if 05 < 7, one intuitively expects

)
Hp ~ —2 cos 7E . (3.33)

Note that sometimes the quantity 6 — 7 is refered to as dihedral angle as well, then (3.33)) is usually replaced by
Hp ~ 2 sin %2, A Taylor expansion of (3.33) about 7 leads to

Hg ~ (0 — )+ O(|0g — n*).
Finally, based on H, one can define an edge-based shape operator S € R33 by
Sp =5 Hi (Ng x B)@ (Np x ).
which satisfies SgE2 = 0 (no curvature along the edge), SgNg (no bending in normal direction) and tr S = Hp.
The discrete notion of mean curvature as stated in (3.33)) can be found in several approaches, cf. e.g. [CSMO03|
BMEFOQ3,, IGHDS03l [HP04, [War06, [Sul08, [Hee16], and will be justified in the following. Note, however, that in

most approaches a discrete notion of mean curvature is first derived in an integrated sense, i.e. if dg denotes an
area associated with edge E satisfying E C dg C T'(f,) UT(f;), ones sets

9
Hpg(z)da = —2 cos?E IE]l .
dgp
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Convergence results by Cohen-Steiner and Morvan [CSM03] Let V' C R? a convex body such that S := 9V
is a smooth and compact surface. For € > 0 and some area B C S consider the offset

Ve(B) ={z+etn(z):x € B, t€[0,1]}.
Then Steiner’s tube formula reads (cf. [CSMO03!, [SulO8|])

|[Ve(B)| = /ch—fe /Hda+fe /Kda (3.34)

which can be re-formulated as
/ Hda = 252(|V€(B)| —¢ |B|) +O(e) .. (3.35)
B

Now let B, C Mj,. For illustrative reasons, we first consider By, = T1 U T5. If E = T7 N Ty, then we postulate
0r > 7 since By, is supposed to be (part of) the boundary of a convex body. For some € > 0 we define the offset
V.(Bp,) in a canonical way. If S denotes the angle between N (f1) and N(f2) we get

VBl — e 1Bl = 22 . x5,

which represents a Sg/(27)-fraction of the volume of a cylinder of height ||E|| and radius e. Using (3.33) with
Br = 0 — m suggests the definition

Hpda:= (0 —m)||E|.
B
For arbitrary B, C T} U T5 one obtains analogously
Hy, da := (9E — 7T) HEQ Bh” s
By,
and for arbitrary B, C M}, one obtains

Hyda= > (0p — ) |ENBy| +O(e),

Br ECB,,

since the cone-like volume V, (B},) sitting at a vertex is given by a fraction of the ball of radius €, hence scales as 3.

Definition 3.18 (Delaunay triangulation). A Delaunay triangulation for a set of points in R? is a triangulation such
that no point is inside the circumcircle of any triangle.

Remark: The Delaunay triangulation of a discrete point set P in general position corresponds to the dual graph of
the Voronoi diagram for P. The Voronoi region V,, associated with one point p € P is defined as

V, = {q € R?|dist(p,q) < dist(p’,q) Vp' € P}.
The Voronoi diagram is simply the tuple of cells V, for all p € P.
Definition 3.19 (e-sample). A point set P C R? is an e-sample of a regular surface S C R? if forall p € S
Brep(p)NP#2,
where 7 (e, p) = € - dist(p, med(S)), where med(S) denote the medial axis of S.
Cohen-Steiner and Morvan [CSMO3|| prove the following convergence result:

Theorem 3.20 (Convergence of weak edge-based mean curvature [CSMO3]). Let S C R? be a smooth surface,
not necessarily the boundary of a convex body, M;, = (V,F,E) an approximating triangle mesh and ¢ > 0
sufficiently small. If the set {E(v)|v € V} is an e-sample of S and the triangulation of My, is Delaunay, then for
any B, C My,

> (6 —7) |EN B 7/ Hda

ECBy, ®~1(Bn)

— 0(e), (3.36)

where ® : S — My, is the shortest distance map which is a homeomorphism if h is sufficiently small (cf. Sec. )

Remark: The proof is based on differential 2-forms and geometric measure theory and is beyond the scope of this
course. A similar convergence result is shown for the discrete Gaussian curvature as defined in (3.32)), as well as
some discrete seecond fundamental form.
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Non-conforming FEM  Using the canonical basis functions set {¢ g} g of a Crouzeix-Raviart element on M,
namely ¢p(mp) = g for an edge midpoint mp € R3 of edge F' and ¢g|s linear on each f € F, itis easy to
verify (cf. Lemma 2.4.5 in [War06])) that

4
Apudpda =2 cot(<(Ej, E)) (ug, — ug) . (3.37)

My, j=1

Here we have used the notation u(z) = ) p ug¢g(z) andif E =T NT’, then U; E; = Owg withwg =T UT".
Note that (3.37) is the non-conforming analogon to the conforming approach in (3.15). Using the identity (2.8)
one gains an integrated mean curvature vector associated with an edge E by

0
H,Nda:=— | Apidégda=—2cos 7E |E|| Ng, (3.38)
wg Mh

where N denotes the outer angle-bisecting normal to M, at edge ' and 0 is the dihedral angle at /. Again,
(3.38) is the non-conforming analogon to the conforming approach in (3.19).

Triangle-averaged discrete shape operator We have already derived a matrix representation G € R?? of a dis-
crete first fundamental form that lives in the reference domain. Furthermore, G = G/ is constant on each triangle
f. Hence we aim at defining a matrix representation H = Hy € R22 of a discrete second fundamental form that
also lives in the reference domain and is elementwise constant. If we make use of we can eventually derive a
matrix representation S = Sy € R*? of a discrete shape operator by setting S = G ?1H f-

Let f € F be an arbitrary triangle of a discrete surface S with a local parametrization X = X as defined in (3.3).

Note that we have ax ax
T&ZXl_XO:E27 @:XQ—X():—El. (339)

Plugging this into (2.2) yields for the entries of H = H:

Hyy = <dN(E2)’E2>]R3 Hyy = —<dN(E2),E1>R3

Hayy — _<dN(E1)7EQ>R3 Hyy = <dN(E1),E1>]R3

For an edge E € M, we define an edge normal Ng by (3.31) using uniform weights o, = o = 1/2. With nor-
mals associated to edge midpoints, the (discrete) 1-form dN acts on line segments connecting these midpointsﬂ
For a triangle f with edges Ey, F1, E5 we denote the corresponding edge normals by Ny, N1, N5 and the connect-
ing line segments by E;;, i.e. F;; connects the midpoint of E; with that of E;, ¢f. Fig.[l} In particular, we have
the vector identity F;, = —2 E;;, where k is the complementary index to 7 and j in f. Using this notation, the
fundamental theorem of calculus implies

AN (Ey,) = —2dN(Ey) = —2 / dN = —2(N; — N;) = 2(N; — ;). (3.40)
Eij
We can use (3.40) to simplify the entries of H = H further, i.e.

Hy1 = (dN(Es), E3) =2 (Ny — Nl,E2> =2 <N0,E2> + 2(Ny, Ep)
(AN (Es), ) = —2 (N — N1, E1) = 2 (No, —E1) = 2 (No, Es)
—(dN(E1), Ea) = =2 (N2 — No, E2) = 2 (N, Ea)

Hos = (AN(E1), E1) = 2 (Ns — No, E1) = 2 (No, Es) + 2 (Na, Ey)

F =
I

A continuous 1-form w on a surface S is a mapping with w(p) € T, S forall p € S, where TS is the dual space of T),S. Continuous
1-forms are naturally evaluated as integrals along piecewise differentiable curves v : [a, b] — S. An important example is given by w = df,
where f : S — R is a differentiable function, and f‘/ w = f(v(b)) — f(v(a)). The concept of Discrete Exterior Calculus (DEC) aims
at deriving a consistent theory of discrete forms on discrete manifolds, i.e. polygonal surfaces with certain properties. Analogously to the
continuous setup, discrete 1-forms (e.g. given as a differential of a discrete function on a discrete manifold) are evaluated as integrals along
discrete curves, i.e. polygonal chains. For further information and a comprehensive introduction on DEC we refer to [HirO3\[DHLMOSLIDKTOS].
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Figure 1: Support of discrete shape operator (left) and geometric interpretation of coefficients (right).

where we have used (IV;, E;) = 0 and Ey + E; + E2 = 0. Hence we get the representation

2
H=H;=2)Y (N;Ei_1)M;,
=0

with a basis (My, M1, M) of symmetric 2 X 2 - matrices given by

11 10 0 0
we(na)ome(og) e (0V)

In the following, we will interprete the terms (N;, F;_1) geometrically. We refer to the height in f with base E;
by h;, the neighboring triangle is denoted by f;, i.e. f N f; = E;, ¢f. Fig.[I} Then by definition, the dihedral angle
0; at E; between f and f; is given by two times the angle between h; and INV;, since NN; is the angle bisector of 6,
by definition. We further use h; = —FE;_1 + SE; for some € R and obtain

0; h;
COSi: Ni,il NzaEz 5 NzaEz .
Since ay := |f| = %|h;| | E;|| we have (N;, E;_) = —2% cos %, hence
cos
—4 2 3.41
of Z i (34D

Finally, using (3.3)), (3:41) and (2.3)), we get a matrix representation of our discrete shape operator
Sy =Gy Hp e R*?. (3.42)

Based on the discrete shape operator, we can now derive a representation of discrete mean curvature. Analogously
to the continous setting, the discrete mean curvature is defined as tr S, hence it is also constant on faces. First,

using (3:3) and (3:39) we get

G-l — 1 B> (Ey, Es)
I 7 det Gy \ (B Es)  ||B:?
and due to (3.6) we have det Gy = 4a? and hence one can easily show tr (G;lMi) = ﬁ’%l fori =0, 1, 2. Finally,
this yields
> cos &
Sy =t (G Hy) = =3 =~ 2 i) (3.43)
=0
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Remark I (Relation to non-conforming FEM): Based on (3.38) one could define an integrated discrete mean cur-
vature on a face T' = T'(f) by summing over all three edges F; of f, i.e.

2
1 0;
/TH(x) da= ;::O ~2c0s % 1]

where the factor 1/2 in front accounts for the fact that each edge is counted in both adjacent faces. Then by spatial
averaging one can derive a discrete mean curvature on faces Hy, i.e.

2
1 -1 0i
Hf:m/TH(x)daz—af ;COS§||Ez'||>

which correponds exactly to (3.43).

Remark II (Evaluation of embedded discrete shape operator): If we consider the tangent space given by the plane
of T(f) the canonical basis is given by (3.39). Then, by definition, the matrix representation of the embedded
discrete shape operator wrt. that basis is given by Sy € R?2.

Generalization Grinspun et al. [GGRZ06] define a discrete shape operators on general meshes similar to the
triangle-averaged operator introduced above. However, instead of prescribing an edge normal N to be the angle-
bisecting normal at edge E = T'(f) N T'(f’) the edge normal is supposed to fulfill Ny | E and is parametrized
over the angle v between Ny and Ny. The vector (vg) g is then considered as another set of degrees of freedom.

Further references: [[CSMO03|[BMFO03|[GHDSO03| [HP04, BWH™ 06,[GGRZ06|, TW06| [War06, HPW06, WBH' 07|
War08), [Sul08| [HP11l, Heel6l [VVPT16]
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4 Deformations of discrete shells

Eventually, we want to study deformations and deformation paths of discrete surfaces, i.e. triangle meshes. In
applications, e.g. in animation movies, the mesh represents (the boundary/skin of) a complex character and the
deformation path is supposed to describe a natural and non-trivial motion of that character. To obtain intuitive, vi-
sually appealing and natural results one needs to have a physically sound model. To this end, we go one step back
and start the physical modeling in the continuous setup. Discrete surfaces are approximations of regular surfaces
which have the physical interpretation of a thin shell. Vice versa, thin shells are three-dimensional solids with a
high ratio from width to thickness. Mathematically, they are represented as compact embedded surface describing
the midsurface of the material. Finally, this (regular/smooth) midsurface is approximated by a discrete surface.

Usually, one starts with theory of 3D elasticity and investigates deformation energies of some solid Qs C R? with
0 being a tiny but finite thickness of the material, i.e. {25 is a thin shell or plate from the physical point of view.
Then on considers § — 0 based on a suitable notion of convergence or by further apriori assumptions.

4.1 Elasticity theory

First, we give a survey on the theory of elastic deformations of solid three-dimensional bodies; for further reading
we refer to [Cia88, IMH94, BraOQ7bl]. Next, we derive a physically sound model for thin plates and shells based
on concepts from 3D elasticity. This summary is based on the comprehensive and detailed descriptions found in
several works by Ciarlet and co-workers [Cia00, |Cia03} ICMOS]].

Three-dimensional elasticity. Let O C R? be a homogenoug’]and solid object with boundary and ¢ € W12(O; R?)
a potentially large and nonlinear deformation. Typically, one assumes that ¢ is orientation preserving, i.e. det Do (z) >
0 for all x € O, and injective (i.e., no interpenetration of matter occurs). We postulate the existence of an elastic
deformation energy W, O] associated with the deformation ¢. By definition, elastic means that W solely de-
pends on the Jacobian D¢ of ¢. Furthermore, for so-called hyperelastic materials, W[, O] is the integral of an
elastic energy density W = W (D¢), i.e.

Wi, 0] = /O W(D¢) dz. @.1)

A fundamental axiom of continuum mechanics is frame indifference, i.e. the invariance of the deformation energy
with respect to rigid body motions. Hence, any coordinate transform z +— Qx + b for a rotation @ € SO(3) and a
shift b € R? does not change the energy, i.e.

W(D¢) = W(Q"DéQ) YQ € SO(3).

A direct consequence is that W only depends on the so-called right Cauchy—Green strain tensor C[¢] = D¢* D,
which geometrically represents the metric measuring the deformed length in the undeformed reference configura-

tion. The elastic strain is then defined by the difference E[¢] = 3(C[¢] — 1).

Furthermore, we might assume O to be an isotropic material, i.e. a rotation of the material before applying a
deformation yields the same energy as before, i.e.

W(D¢) = W(D¢Q) VQ € 50(3).

It follows from the Rivlin-Erikson-Theorem [RES3] that the above two conditions lead to the fact that the energy
density W only depends on the singular values Aq, A2, A3 of D¢, the so-called principal stretches. Instead of
the principal stretches, one can equivalently describe the local deformation using the so-called invariants of the

deformation gradient,
L= [Dgllr =\ AT+ A3+ A3,

I = [[eof Dol = /X303 + XA + A33,
13 = det D¢ = )\1/\2/\3 5

2This will later result in energy densities that do not depend on = € O.
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where | A||p = /tr (AT A) for A € R4 and the cofactor matrix is given by cof A = det AA~T for A € GL(d).

Hence there is a function W : R? — R with W (D¢) = W (11, I3, I3), where Iy, I5, and I3 can be interpreted as
the locally averaged change of an infinitesimal length, area, and volume during the deformation, respectively.

We shall furthermore assume that isometries, i.e. deformations with D¢pT D¢ = 1, are local minimizers with
W(D¢) = 0. Typical energy densities in this class are given by

W(D¢) = W(I1, I, I3) = arI? + axI§ + T(I3) 4.2)

for aj,as > 0 and a convex function I : [0,00) — R with T'(I3) — oo for I3 — 0 or I3 — oo. In this work we
focus on p = ¢ = 2 which corresponds to the Mooney—Rivlin model [Cia88]]. The built-in penalization of volume
shrinkage, i.e. W(I 1, I, I3) — oo for det D¢ — 0, enables us to control local injectivity. Incorporation of such
a nonlinear elastic energy allows to describe large deformations with strong material and geometric nonlinearities,
which cannot be treated by a linear elastic approach. A particular choice for a nonlinear elastic energy density was
introduced in [Wir0Q9] (c¢f. appendix A.1 of [WBRSI11]) as

A

A du A
W (D) = %||D¢||% + 7 (det D¢)? — (u i 2) log det Do — 7” -5 def23). (4.3)

Linear elasticity. If we assume the deformation ¢ to be “small”, i.e. close to id, a linear approach might be
sufficient. Let u be the displacement induced by ¢, i.e. u(z) = ¢(x) — z, that means we assume ||u(z)|| to be
small for all z € O. Then the elastic strain E = F|[¢] is linearized geometrically as follows:

E=_-(D¢p"Dp—1) = % (D(u+id)"D(u +id) — 1) = %(Du + Du") + O(Du” Du),

N | =

where €[u] := L(Du + DuT) is the linearized elastic strain. A typical energy density in linearized, isotropic

elasticity reads

=

Wi(De) = W*(Du) %a el 4.4)

where A : B = tr (AT B) for matrices A, B € R%<. Here o is the so-called stress-tensor given by

o = Mreull + 2uefu] = E (e[u] +

- 2 tre[u]]l) @5)

1-2v
which represents a linear material law, i.e. the stress o depends linearly on the (geometrically linearized) strain
€[u]. The physical parameters A, i € R are the Lamé parameters, the parameters

u(BA+2p) A

w+x g 2\ +p)’

are denoted as elastic modulus and Poisson’s ratio, respectively. The elastic modulus £ > 0 is a number that
measures an object’s resistance to being deformed elastically. Poisson’s ratio 0 < v < 0.5 is the ratio of trans-
verse contraction strain to longitudinal extension strain in the direction of stretching force. Virtually all common
materials become narrower in cross section when they are stretched, hence v is usually positive. Hence (#.4) can
be rewritten as ) N

W™(Dg¢) = W™ (Du) = 20 €lu] = B (trefu])® + ptr (e[u]?), (4.6)
Notation: Using the so-called elasticity tensor C : R*3 — R3* the relation (3] can be written as ¢ = Ce[u],
i.e. [@.6) becomes W™ (Du) = $ Celu] : €[u]. Often the relation o = Ce[u] is written in Voigt notation:

o11 1—v v v €11
0929 v 1—v v €29
o3z | E v v 1—v €33
oz | (1+v)(1-2v) 1—2v €12
J13 1—2v €13
023 1—2v €23
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Remark I: The nonlinear elastic energy density (4.3) satisfies the following consistency condition:
Wrr(L)(G,G) = AirG)? + Lr (G +GT)?).

Remark II: The nonlinear elastic density (@.3) is invariant with respect to rigid body motions, i.e. W (D¢) = 0
iff. ¢(z) = Qz + b with @ € SO(3). However, this is true for the linear elastic density (4.6) only in an in-
finitesimal sense. In detail, W™ is invariant with respect to linearized rigid body motions, i.e. W™ (D¢) = 0 iff.
¢(x) = Az + b with A € R33 skew-symmetric.

Variational setup. In elasticity theory one typically considers variational problems as the minimization of

£l6) = /O W(Dg) dz — /O F(g(2)) dz - / G(é()) da, @7

subject to suitable boundary conditions, where F' and G represent body and boundary forces, respectively, and
I' C 00. For linear elasticity one usually uses the representation in terms of the displacement © = ¢ — id, i.e.

EMu] = %/OCe[u}:e[u]dm—/ofudx—/rguda, (4.8)

for functions f : O — R and g : I' — R and subject to suitable boundary conditions. Existence of a minimzer of
is obtained by means of Korn’s inequality and the Lax-Milgram theorem. A nonlinear existence theory for
hyperelastic materials whose corresponding energy density W fulfills certain properties was established by John
Ball [Bal77].

However, we will utilize WV to define an elastic dissimilarity measure between shapes. That means, given two
shapes S4 and Sp which are supposed to describe two elastic materials O4 and Op, we aim at minimizing
¢ — W[¢p,Sa] subject to the constraint ¢$(S4) = Sp. The dissimilarity measure is then given by

2
de]asl

S4,88) = i W (D¢)dzx. 4.9
(S180)= W, J,, W PO 0

Towards a two-dimensional theory. Physically, a shell is a three-dimensional body which is very thin in one

dimension. The main objective of elastic shell theory is to predict the stress and the displacement arising in a thin
shell in response to given forces. In a variational setup,

this prediction is made by minimizing a suitable energy
functional. In the following, we show how a simplifica-
tion of the variational setup in three-dimensional elastic-
ity (introduced above) leads to a two-dimensional theory.
This simplification is done by exploiting the special ge-
ometry of the shell, and especially, the assumed “small-

ness” of the thickness of the shell, denoted by § > 0, S
cf. Fig. 2l Eventually, this assumption allows to elimi- Figure 2: Elastic shell S5 C R? with finite thick-
nate some of the terms of lesser order of magnitude with ness § > 0 and midsurface S.

respect to the thickness of the shell.

For simplicity, we will first consider plate theories, where the undeformed/reference configuration is flat. In
contrast, in shell theories, the undeformed/reference configuration is already curved, i.e. given by some material

with midsurface S C R?. Let w C R? be a domain in the plane, § > 0, and Q5 = w x (—%, %) Cc R3bea
thickened plate, ps = (£,2) € w x (—%, %) A deformation ¢5 € H'(Q5,R?) of this plate is characterized by a

stored energy function W as in (4.1), i.e.
WQs, 05l = | W(Dé¢s) dps,
Qs

and the functional W[{2s, ¢s] is optimized subject to forces and boundary conditions.

34



In the two-dimensional approach to shell theory, the above minimization problem is replaced by a (presumably
simpler) two-dimensional problem, which is eventually posed over the middle layer w C R? (resp. middle surface
S C R?) of the plate (resp. shell). The two-dimensional approach to shell theory yields a variety of different shell
models, which can be classified into two categories:

(i) The first category of models is obtained from the three-dimensional problem formulation by letting the
thickness § > 0 of the shell go to zero. This can be formulated rigorously by means of I'-convergence
[DGDMS3| Bra02]]. Depending on the scaling, boundary conditions and applied forces one obtains either a
so-called membrane shell model [LDR9S5, [LDR96], or a flexual or bending shell model [FIMO02al, [FIM02b),
FIMMO3|].

(i) The second category of models are obtained from the three-dimensional model by restricting the range of
admissible deformations by means of specific a priori assumptions that are supposed to take into account the
smallness of the thickness.

In the following, we present the main concepts from these two categories briefly.

4.2 Linear elastic shells: Reissner-Mindlin and Kirchhoff-Love model
Let w C R? bounded and simply connected, y := dw Lipschitz. In particular, we only consider plates here, that

means the two-dimensional domain w is flat and not curved. For § > 0 we define the reference domain of a thin

plate by Q5 = w X (—g, g) As above, we write p; = (£, 2) € Qs with § € w and —% <z< g. Let us assume

there is a body force f : Qs — R3 with f || e3 and f(ps) = f(£). There are no boundary forces and we make
use of clamped boundary conditions, that means we postulate u(x) = ug(x) forall x € T'y := v X (—g, g), and
ug : I's — R3 a given function. For simplicity we assume that uy = 0.

We consider a displacement

3%
u= | us :Q(s—HR?’7
us

which is supposed to minimize some elastic energy subject to the body forces and (clamped) boundary conditions.

To derive a two-dimensional elastic model we make use of the following apriori assumptions:

(H1) normal segmets undergo affine transformations

(H2) displacement in vertical direction only depends on &, i.e. uz(ps) = w(&) for some function w : w — R
(H3) points on w x {0} are only deformed in eg-direction, i.e. u1(£,0) = u(£,0) =0 forall £ € w.

Summarizing (H1)-(H3) we get

(1) o) = <06

U2
us(ps) = w(§)
for some mappings € : w — R? and w : w — R. A fourth hypotheses reads
(H4) normal stress vanishes, i.e. o33 = 0 where o = Celu].

The hypotheses (H1)-(H4) lead to the Reissner-Mindlin plate model.

If we add another hypothesis, the so-called normal hypothesis or Kirchhoff-Love hypothesis, i.e.
(H5) deformed normal is again normal to the deformed midsurface

we obtain the Kirchhoff-Love plate model.
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The deformed tangent vectors resp. the deformed normal of w are given by the partial derivatives of ¢ = id + w at

(€,0):

)

Deformed tangent vectors are again tangent to the deformed midsurface, however, this is in general not true for
deformed normals. However, (HS) postulates exactly this situation, i.e. we have

HG) = 9,0(6,0) L 9sp(£,0), i=1,2 = 0=Vew.

Next we derive a 2D plate model based on linear elasticity and the Reissner-Mindlin assumptions.

= <_;(9£()£)> = Du= ((szf)? _09> = eu] = (é(v_;;[f]g):r %(vfgu - 9)>

In particular, e33[u] = 0. Note that (@.3) and (H4) imply

E v
0=033 = m(ﬁgd[u]—’— I_QV(Ell[U]—f—EQQ[U}+633[’U/])) = 611[ ]+622[ ] 0.
Hence, since tre[u] = 0 we get o : €[u] = l%(e[u} : €[u]) and hence

) = E"w, 0] = /Q %a sefu] — f(z) u(z) dz

- / / % (22 €[] : €lf] +2- ilvsw —017) = F(€)w(€) dzdg

_ 0B / 01 + g /\V 9|2 de — 6/f de
- 24(1 T2 /)l ¢ w
—a(0,0) +v||Vew — 9\\%2 —(f,w)re

where we set v = and

E
4(1+v)

The Euler-Lagrange equation for the corresponding optimization problem reads:
Find (0, w) € (H}(w))? x H(w) such that

3a(0,1) +207(0 — Vew, )2 = 0 Vip € (Hy(w))?
29(Vew, Ved) 2 = (f,9) 2 V9 € Hy(w)

Remark: Note that 0 = tre[u] = —z tr€[f] implies div § = tre[f] = 0. Since ¥ € Hj(w) we have (6, Vi) 2 =
—(div6,9) 2 = 0.

Under the Kirchhoff-Love hypothesis the functional £™[u] simplifies further to
Eu] = E™w) :53L/ \D2w|2d£—6/ fwdé. (4.10)
241 +v) )., .

Saddle point problem and mixed methods. However, a standard FEM approach to optimize (¢.10) requires
H?-conforming elements. Hence one usually makes use of a mixed method based on a saddle point formulation:

1
Minimize 5@(9, 0) — (f,w)r2, subject to the constraint § = Ve w,
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where we have set § = 1 for the ease of notation. This leads to the Lagrange functional £ : X x M — R with

‘C(wa 97 )‘) = %a(ea 9) - (fvw)LQ + (A7 ng - H>L2 ’

with primal variables (w, ) € X and the "Lagrange multiplier” A € M. The necessary conditions for a saddle
point lead to a mixed formulation given by

V(”ﬂ/’) EX: 0= a(w,a)ﬁ(w; 0; A)[(”»w)] = a(@, 1/’) + (VEU - 1/% >‘)L2 - (fv 'U)LZ
VueM: 0=0L(w,0;N[p =(Vew — 6, 1) 12

To solve these equations, one can choose different spaces for X’ and M, respectively. A canonical choice would be
X = H3(w) x (H}(w))? and M = H~!(w). However, to avoid the H?2-regularity for the w component one can
also choose X = (Hj(w))® and M = H(div,w) := {n € H ! (w) : divp € H™'(w)} . Actually, one can show
existence of solutions of the necessary conditions in both cases. In practice, the latter choice (with less required
regularity!) is often preferred. A well-established discretization of these spaces in the so-called Discrete Kirchhoff
Triangle (DKT).

4.3 Membrane and bending energies by ['-convergence

As in the previous section we first study plate theories derived from 3D elasticity. However, in contrast to the
previous section, we here study an ansatz-free approach by means of I'-convergence. For an introduction to the
concepts of I'-convergence we refer to [DGDMS3|, IBra02].

Remark: Let us emphasize in particular that we focus on the qualitative understanding of the rigorous derivations,
i.e. we are interested in which objects the limit depends on. These objects will then be used to define a physically
sound dissimilarity measure between two thin shells. Hence we neglect quantitative aspects, e.g. the detailed shape
of limit integrands or values of physical constants in the limit, as these will later be chosen individually for different
applications.

Let w C R? bounded and simply connected, v := Ow Lipschitz. As, we first only consider plates here, that means

the two-dimensional domain w is flat and not curved. For § > 0 we define the reference domain of a thin plate by

Qs = w x (—%,2). The starting point is the elastic energy of a deformation ¢5 € H'(Q2s,R?), i.e.

Wips, Qs] = ; W(Dg¢) dps 4.11)

for some frame-indifferent elastic energy density W : R33 — R which is minimized on SO(3) and fulfills
W(1) = 0and W(F') = oo if det F' < 0. Furthermore, one usually assumes some regularity and certain growth
conditions. Typical energy densities are for instance

e The distance to the special orthogonal group, i.e. W (F) = dist*(F, SO(3)) ~ L||FTF — 1|/%.

e A generic isotropic material is described by the St Venant-Kirchhoff density given by
A
WN(F) = St (FTF — 1)) + %tr (FTF - 1)2. (4.12)

Note that W(D¢s) = 5 (tr E[¢s])? + ptr (E[¢s)?), with E[¢s] = 3(D¢F D¢s — 1), hence W is
deduced from W™ in (4.6) by replacing the linearized argument e[u] by its nonlinear counterpart E[¢;].
e A general Mooney-Rivlin model:
W(F) = a||F||3 + b||cof F||% + c(det F)? — dlogdet F + e,
with e € R s.t. W (1) = 0. Neo-Hooke material: b = 0.

In the following we will consider the limit behaviour of .11)) for § — 0.
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An excursion in I'-convergence.

Definition 4.1 (I'-convergence). Let (X, d) be a metric space, F; : X — R a sequence of functionals and
F : X — R. Then F}; I'-converges to I’ with respect to d, i.e. F; £> F,if

(i) liminf condition. For every sequence (x;); C X with d(z;,x) — 0 for some z € X we have

Flz] < liminf Fj[z;].
j—oo

(ii) limsup condition/recovery sequence. For each x € X there is a sequence (x;); C X with d(z;,z) — 0 and

Flz] > limsup Fj[z;].

j—o0
Some remarks on I'-convergence:
) If F; Ly F then F is lower semi-continuous (w.r.t. d), i.e. if d(zj,z) — 0then F[z] < liminf; , F[z;].
(i) If Fj L FandGis continuous, then F; + G Lr + G.
(iii) But, if F L Fand G; L5 G then not necessarily F; + G, L F+G.

(iv) If F; = F for all j, then not necessarily I £> F'. (Limit has to be Isc.!)

Note the importance of Isc. functions: The direct method of Calculus of Variations states that if X is a reflexive
Banach space, F'is weakly lower semi-continuous and coercive, then F' attains its minimum on X.

Example: X = R withd(z,y) = ||z —yl|, F}(z) = sin(jz) and F(z) = —1. Then F} L F. The liminf condition
is trivial. Let # € R. Define z; € R s.t. d(z,z;) = min{d(z,y) : sin(jy) = —1}. Then d(z,z;) — 0 and
—1 > Fj(x;), which proves the limsup condition.

A function F is said to be coercive if the following holds: If F'[x;] is bounded, then (x;); is precompact in X, i.e.
has a converging subsequence. A function F is mildly coercive if inf,c x F[x] = inf,¢cx F[z] for some compact
set K C X. A sequence (F}); is said to be equi-coercive if the following holds: If F;(x;) is bounded then (x;);
is precompact in X. A sequence (F); is said to be equi-mildly coercive if there is some compact set X C X such
that inf, ¢ x Fj[z;] = inf,, c i Fj[x;] for all j. If I is coercive, then it is mildly coercive.

Some properties related to the existence/computation of minimizers:
(i) Let F; — F, x; minimizer of F; and z; — «. Then « is minimizer of F' and Fj[z;] — F[z].

(ii) Let F; — F, (Fj); equi-mildly coercive, then thre is a minimizer = of F' with F'[z] = lim;_, inf, e x Fj[x;].
Moreover, if (x;); is minimizing sequence, then every accumulation point is a minimum point of F'.

Proof (i): Let us assume there is 2’ € X with F'[z'] < F'[z]. Then there is a sequence x; — 2’ with

Flz'] > limsup Fj[2}] > lim inf Fj[27] > liminf Fj[z;] > Flz] 4
Def[f1)ii) j—oo J—oo x; min. of F; J—00 Def [4.1)4)
Remark I: A minimizing sequence (x;); fulfills lim; F;[z;] = lim; inf,c x F}j[x] which is not necessarily a se-

quence of minimizers (which might not exist!).
Remark II: Note that (i) requires existence of minimizers of F; and convergence of minimizers, whereas (ii) pro-
vides existance of minimizers without these two conditions.

Applications of I'-convergence are for instance phase transitions or dimension reductions. In the latter case we
consider the functional (4.11) depending on a small parameter § > 0 with § — 0. However, for each 6 > 0 the
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functional is defined on a different function space, i.e. H*({s, R*). Hence one considers the variable transforma-
tion ps = (&, 2) € Qs — p = (£,62) € Oy and the corresponding gradient transformation Dy = (Dg, 10.), and
defines a rescaled functional by

W* s, ] =0 ; W(Ds¢s(p)) dp (4.13)

where p = (&, z). Note that still W*[¢s, 1] = W]ds, Qs]-

Depending on the boundary conditions a characteristic scaling of the elastic energy (@.11) resp. (@.13)) is observed.
If the boundary conditions induce a stretching of the midplane w, e.g. by

d 0

= (L1 x (-5,

),  ¢s(ps)

=ps £(a,0,0),
=1 ps £ (a )
for some a > 0, we observe W*[¢s, Q1] ~ W]gs, Qs] ~ 4. If we apply compressive boundary conditions, we
have 5 5

_575)’ ¢5(p5) =

for some b € (0,1), we observe W*[¢s, Q1] ~ W]ds, Qs] ~ 6°. In particular, the plate will accommodate the
boundary conditions by bending while keeping its midsurface unstretched. This leads to the investigation of two
different types of models. First, a membrane limit theory is derived by studying the I"-convergence of the rescaled
functional 61 W*[¢s, Q1] for § — 0. Second, a bending limit theory is derived by studying the I'-convergence of
the rescaled functional 63 W*[¢ps, Q1] for § — 0.

Qs = (_1’ 1)2 x (

1 =ps+ (b7 07 O) ) (414)

I'-limit for the membrane model. We assume the following growth condition
AllF|? =2 S W(F) < esl|FI* + ca (4.15)

for real numbers ¢; > 0 and define rescaled functional

WiLlos )= W' 165 2] = | W(Dso(w)dp.

Theorem 4.2 (Membrane I'-limit, [LDR93, [LDRO6]). The sequence (W2, )s is uniformly coercive in H' and
we L W,.on W.IL. the weak H'-topology with

Wyl co] = / QWan(Dé)dé, ¢ € H'(w,R?),

where QWsp : R*2 — R arises from a double relaxation process:
(1) For F € R3? define Wap(F) = minyers W(F|b)
(2) Computation of quasi-convex envelope, i.e. QWap(F) = inf{f Wap(F + D¢(x))dz : ¢ € Wol’oo}
If W fulfills the growth condition @T3), then the relaxation of [, W (D¢) dx is given by [, QW (D¢) da (w.r..
the weak H '-topology). The relaxation rel F' of some functional F is given by rel F' = sup,{G Isc. : G < F}.
Some remarks:
° Thm holds in W? for p € (1, 00) if (@.I3) is replaced by a corresponding p-growth condition.

e A corresponding result holds for a curved reference domain, i.e. w is replaced by some compact and smooth
surface S C R3.

e For general elastic densities W the computation of QW5 p can be very complex.

The growth conditions are fulfilled by typical energy densities representing isotropic materials, e.g. by
#.12). Furthermore, if the original density W was frame-indifferent, then the limit density is also frame-indifferent
and depends on the metric of the deformed middle surface only [LDROG6]. If additionally W (F") > W (1) for all
F € R*3, which is always the case in our examples as we assume W (1) = 0 and W > 0, the corresponding
membrane shell energy is constant under compression, i.e. the shell offers no resistance to crumpling [LDR96].
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Qualitative properties of membrane limit. For frame-indifferent and isotropic densities the limit membrane
energy can be written as an integral over the midsurface S whose integrand depends on the principal invariants of
the right Cauchy-Green strain tensor C[¢] = D¢T D¢ only (cf. Sec., where ¢ : S — R? is a deformation of
the midsurface S to S? = ¢(S). In detail, the pointwise linear operator C[¢] measures the distortion of tangent
vectors which are mapped from 7,5 to Tt (,,)S ¢ for some arbitrary point p € S, i.e.

9p(ClOIV, W) = gy(p) (Do V, Do W), VW €T,,S. (4.16)

If we assume that a local neighborhood of p and ¢(p), respectively, are parametrized over the same domain w C R?
by immersions z, 2% : w — R3, we can formally write ¢ = x% oz ~!. This concatenation property has been used in
[CLR04, LDRS03] to derive a two-dimensional representation of C[¢] € R>? by a distortion tensor G[¢] € R*?;
we refer to [Heel 1] for details. In particular, we can write

Glol =9 g4 (4.17)

with g = Dz” Dz and g4 = (D2?)" (Dx?) denoting the first fundamental form of the undeformed and deformed
configuration, respectively. Note that G[¢] as well as g and g, are defined pointwise.

From the considerations above we deduce a membrane shell energy W, ... which is supposed to measure the dis-
similarity in terms of tangential stretching and shearing induced by a deformation ¢ of the undeformed (reference)
shell S, i.e.

WonlS. ] = /S Woen(G16]) da. 4.18)

We shall make use of the density defined in (@.3) with d = 2. In particular, we have W,.,(F) = W,..(tr F, det F)
as well as W,,,(1) = 0 and 0pW,.,,(1) = 0.

I'-limit for the bending model (for plates). We have seen that the elastic energy (@.11)) resp. @.13) scales
like 63 if we apply compressive boundary conditions (#.14). In particular, the plate accommodates the boundary
conditions by bending while keeping its midsurface unstretched. However, as the volume of S scales like  the
integrand W (D¢s) approaches zero much faster. That means, since W is assumed to be minimized exactly on
SO(3), the Jacobian D¢s € R3*3 tends in a certain sense to SO(3). Friesecke, James and Miiller [FIM02b] came
up with a rigorous derivation of the thin-plate limit of three-dimensional nonlinear elasticity theory, not just under
the special compressive boundary conditions considered above but under any boundary condition that does not
induce tangential distortion of the midsurface. As for the derivation of the membrane model, the mathematical
setting in which these results are formulated is that of I"-convergence. However, due to the scaling mentioned
above, for the derivation of the bending model the limit process of

1

1

W ,ul¢s, Q5] = 5 W(D¢5) dps = =5 | W(Ds¢s) dp (4.19)
Q

is considered for § — 0. Although the approaches are similar, the bending model is more difficult to derive since

the limit functional contains higher derivatives and one is thus dealing with a singular perturbation problem.

Let W : R*3 — R be a continuous and frame-indifferent energy density fulfilling the growth condition W (F) >
cdist®(F, SO(3)) as well as W (F) = 0 if F € SO(3). For simplicity, we further assume that T represents an
isotropic material which satisfies the consistency relation

W rr(1)(G,G) = A(trG)? + Etr (G +GT)?). (4.20)

For example, W describes a St Venant-Kirchhoff material as in (4.12).

Theorem 4.3 (Bending I'-limit for plates, [FJIMO02a, [EIMO2bl). Under the assumptions on W stated above, the
following convergence holds in the H'-topology for § — 0:

r
W/ind[¢5’ Qé] - plate [(rb? ] ’
where W2 [bs, Q5] as in @19) and
(6,0] = = L, <2u tr (h[g]?) + u+>\/2 (tr h[¢])2) d¢ , onisometries ¢ : w — R3
plme 7 400 , otherwise
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Remark: The limiting energy thus depends on the second fundamental form h[¢] = Dn” D¢, where ¢ can be
thought of being a parametrization of the deformed plate ¢(w), i.e. n || (¢.1 X ¢2). Note that ¢ : w — R is an
isometry iff. (g4)ij; = ¢ - ¢ j = d;j, i.e. in particular det gy = 1.

Idea of recovery sequence (cf. [Barl5]). For simplicity, we consider a St.Venant-Kirchhoff material (4.12)) with

A=0and pu = 1, ie. W(F) = 1||[FTF — 1||>. Furthermore, we consider the representation #.13), i.e.

W2 (b5, Q] = 5le W (Ds¢s) dps, with Ds = (D¢, $0.). Let ¢ : w — R a deformation of the middle
plate that we seek to recover. We assume the sequence of deformations ¢s : ; — R3 is of the form

where n is the unit normal to the surface parametrized by ¢, i.e. (Ox®(§), n(§)) = 0 for k = 1,2. This means,
segments normal to w are mapped to straight lines that are normal to the deformed surface (cf. Kirchhoff-Love
hypothesis). We consider the splitting

DJQZ)J = [D;E(,ZS, 71] + 6Z[D§n> 0] .
Since the second fundamental form h = h[¢] = (D¢¢)” Den is symmetric and (Dgn)Tn = 0 we get

T _ [(Ded)TDep 0 2D¢¢pT Den (Dgn)Tn 2 o [(Den)TDen 0
Ds¢s Dsops = [ 0 In|? + 0z TLTDg’rL 0 + 6%z 0 0

~ [g+20zh+ 8222 0
B 0 1

where g = g[¢] = (D¢¢)T D¢ ¢ is the first fundamental form and 7 := (D¢n)T Den. Hence
WE [0, Q] = = - 6 / D568 Dogs 12 dp = 15 / / (g~ 1)+ 202 + 62222 dzde
2
=5 / / lg—1)|2 +402(g — 1) : h+26%22(g — 1) : v + 46222 ||h||® + 46°2%h v + 6*2*||r||? dz d¢
3

1 1 6
:/ﬁug_w g =) B+ Sl dg

1 _
g [ S IRIPAE g 12 =0
400 , otherwise

which correponds to W,.[#, w] in Thmi4.3|with A = 0 and p1 = 1.

*Convergence of minimizers. A direct consequence of I'-convergence is the convergence of minimizers of the
corresponding optimization problem (subject to forces and boundary conditions). Assume we have body forces
fs : Qs — R and rescaled body forces f5 : Q — R3 with fs(&,2) = f5(€,0z) such that 625 — f in
L?(Qy,R3) for some function f with f(&, z) = f(€).

Let (¢5)5>0 C H'(Qs, R?) be a sequence of minimizers of

bend [(bé, 95] f5 . ¢5 dp§
Qs

subject to suitable boundary conditions. Then (¢s)s converges for § — 0 in H'(Q;,R3) to a function ¢ €
H'(Q4,R?). This limit function is independent of z, defines a parametrized surface S = ¢(w x {0}) with first
fundamental form g = (V¢¢)T V¢ = 1, and satisfies ¢ € H?(2;, R3). Moreover, it minimizes

Welh, / fpda,

among all functions ¢ € H'(Q,R?) that are independent of 2, satisfy (V¢))TV¢tp = 1 and have the same
boundary conditions.
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[-limit for the bending model (for shells). More general, the two-dimensional midsurface of the reference
configuration is already curved. Instead of w C R? and Q5 = w x (—§/2,8/2), respectively, we consider a
smooth and compact surface S C R? and

J o
S(;:{x—i—zn(x)‘xe&ze <—2,2)}.

Theorem 4.4 (Bending I'-limit for shells, [ETMMO3])). Under similar assumptions as in Thm{d.3|the scaled energy

1
Winlds: 85 = 55 | W(Des) dps
S

I'-converges w.r.t the H'-topology to a two-dimensional limit functional given by

51 Js minyers Q(SF'(p) +v@n(p))da d €A
400 , otherwise ’

W&‘O/’lell[¢7 S] = {

with the quadratic form Q(G) = W pp(1)(G, G) and the admissible set of isometric deformations
A={¢p e W**(8,R?) | (Dian®)” (Diandp) = 1 ae. on S}.

Here the tangential derivative Dy,¢ € R3? can be extended to a proper rotation Q(p) = Q[#](p) € SO(3) if ¢ is
isometric. The two-dimensional limit energy density depends on the relative shape operator S;fl (p) : T,S = T,,S
as it has been defined in Def. Note that the limit bending energy W3, [#, S] is only finite for deformations
¢ € A, hence we will assume in the remainder of this paragraph that we are dealing with isometric deformations.

Remark: In Sec.[2.2] the relative shape oeprator has been defined via the pulled-back shape operator, cf. Def.[2.8]
A different (but equivalent) derivation is given by the pointwise definition

S5(p) = S(p) — Q)" Ss(6(p)) Q). PES, 421

where S(p) : 1,8 — T,S and Sy(q) : T,8° — T,S? are the shape operators on the undeformed and deformed
configuration, respectively. Here we have used the notation S? = ¢(S) and ¢ = ¢(p) for p € S. The relative
shape operator is supposed to measure the (pointwise) difference between the shape operators on S and S?, re-
spectively. However, as these operators live on different tangent spaces, i.e. rotated planes in R>, we must include
proper rotations to ensure well-definedness of the pointwise difference. Hence Q(p) and Q(p)” denote the linear
mappings between the two different tangent spaces, as illustrated in the following diagram:

Ts_ W s
Q(p)l [Q(p)T
Ty 3(S) ———— Ty d(S

o(p) )S¢(¢(p)) 50 ?(S)

We have Q(p) = D¢(p) € SO(3) and Dg(p)n(p) = n®(¢(p)), where n® denotes the normal on the deformed
surface. To this end, we can think of Q7' (S, o ¢)Q as being a pulled-back representation Sy of the shape opera-
tor Sy on the deformed configuration. The linear operator S§ : T,S — T},S is then implicitly defined as in Def.

As for the membrane shell energy we use the analytic results presented above to extract a generic bending shell
energy by setting

Wil 6] = / Wie(S5') da. (422)
s
In general, we make use of the density
Wiwa(A) = a(tr A)?> + (1 —a) |A]7, a€{0,1}. (4.23)
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In particular, for « = 1 we recover an adapted form of the Willmore energy measuring differences in mean
curvature. Recall that the matrix representation of the relative shape operator in the parameter domain was defined
in (Z.6)

s£'l0) = se — sl = g¢ (e — he).
It is not difficult to verify that for o = 0 we get

WialS.tl = [ 155 da = [ or (s8'107) Vderg . (4.24)
S

and for o = 1 we get

Wil S, 0] = / (trsgl)zda: / (trsrel ) Jdetgde. (4.25)
S w

Sketch of proof [Heel6|]: In the following we drop the specification of the point p € S in the notation. We have

2 2
”SrelHF _ ||S _ S:;“% = Z |:<€i,sej>]R3 - <€i,S;€j>]R,3:| )

i,j=1
2
tr S{;l = tr (S - S;;) = Z |:<€,L'7 Sei>]R3 — <€i, S:;el>]R3:| )
i=1
where (e1, ez, e3) is the canonical basis of R3. Let us assume that a neighboorhoud of p € S is parametrized

by some chart 7 : w C R? — R3. For ¢ € w such that p = 2(&) we have another basis (v1,v2,n) with
[v1|va] = Dx(§) and n = n(p) with

o _ -1, _.
€ = a1;U1 + a2V + agn, a; = | az | = [vi|va|n] e, =: Ae;,

where A € R33 represents the change of basis. Hence using the linearity of S we can write
(€i, Sej) = (a1iv1 + a2 + azin, a1;5v1 + azjSva + as;Sn) = Z akiar;g(vi, Svi) = Z akiaijhi -
k=1 k=1

An analogous computation for (e;, Sje;) and the identity (AAT); j<o = g~ yield the result. J

Full elastic model and dissimilarity measure. Given a surface S C R? representing a physical shell with
thickness 6 > 0 and a deformation ¢ : S — R?, a generic elastic deformation energy is given by

/ 5 Waen(G[8]) + 0° Wiwa(S5") da (4.26)
S

with W, (A) = W,(tr A, det A) as defined in @3)) for d = 2 and W,,,, as defined in @.23). Nevertheless, for
convenience we shall consider in the following a rescaled version of (4.26)), namely

g = /S W (GI6]) + 1 Wi SE') da. 4.27)

where the bending weight 7 represents the squared thickness of the shell. Note that #.27) is invariant with respect
to rigid body motions by construction, i.e. Ws[¢] = 0 and dWs[¢] = 0 if ¢(z) = Qz + b with Q € SO(3) and
b € R3. In particular, we have

Wslid] =0, dWs]id] = 0. (4.28)

Similar tp (#.9), we can derive a dissimilarity measure for two given shells S4,Sp C R? by minimizing
over all deformations satisfying ¢(S4) = S, i.e.

d2.,(Sa,Sp) = min / W (G0]) + 1 Wieo (S da . 4.29
he(S4,SB) o s /s (Gle]) +n (S5) 4.29)
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However, we do not discuss whether this definition is actually well-defined, i.e. if there exists such a minimizer.
Physically, one might regard the second shell Sp as a deformed version of the first shell S 4, i.e., the correspond-
ing material of Sp is just in a deformed configuration compared to its configuration in S4. Since every material
point has a well-defined position, one can view this correspondence as a priori information. In this setup, one
can then assume the dissimilarity measure to be well-defined. However, we will see in the next section that the
well-posedness of the corresponding discrete dissimilarity measure is trivial by construction of the discrete shell
space.

Remark: Note the relation between the dissimilarity measure and Thm. n 2.7 A2 (Sa,Sp) = 0iff. S4 and
Sp are congruent, i.e. they differ only by a rigid body motion.

Theorem 4.5 (Properties of isometries). Let S C R? be a surface parameterized by an isometric mapping x :
Q — R3, ie. g = 1. Then we have K = 0, 0;0;x - Opx = 0, i.e. 0;0j& = hyjn, and

ID?x|lp = |Az| = ||| F = |H]|.

Proof: We have K = 0 due to GauB’ Theorema Egregrium. Since 1 = g;; = 9;x-0;x wehave 0 = 9;(0,x-0,x) =
20;0,x-0jx. Analogously, since 0 = g;; = d;z-0;x we have 0 = 9;(0;x-0;z) = 0?x-0j2+0;x-0;0;x = d?x-0;.
Hence 0;0;x - O« = 0. Since 0;0;2 = ), Ffjﬁkx + h;jn we have Ffj = 0 and 0;0;& = hy;n. In particular, Az
has no tangential component, i.e. Az = fn. Since (Az) - n = tr (h) = tr (s) = H, we have = H. The vectors
(012, D2, n) form an orthonormal basis of R? for every & € €, so that |9;0;x| = |9;0;z - n| = |h;;| and hence

2 2
ID*z)|% = > |80l = > 10:052 - nf* = ||h]>.

ij=1 ij=1

Finally, we have ||h||% = ||s]|2 = (trs)? — 2dets = H? — 2K = H2. [J

4.4 Discrete shells and discrete deformation energies

According to Def. a discrete surface is a triangular mesh M;, = (V, F) along with an injective embedding
E :V — R3, such that My, is a discrete 2-manifold which is orientable. In particular, a discrete surface is uniquely
determined by its geometry and connectivity. We assume that My, is a polyhedral approximation of the midsurface
S of a thin elastic shell. Hence we will denote S := M, as a discrete shell.

In the following we consider (discrete) deformations between different discrete shells. Alternatively, we assume
a designated reference shell to be given which prescribes the connectivity/topology encoded in the sets } and F.
Then different shells a given by different embeddings of the topologically identical mesh.

Definition 4.6 (Dense correspondence and discrete deformation). We say that two discrete shells resp. triangular
meshes are in dense correspondence or in 1-to-1-correspondence if they share the same connectivity/topology.
Given two discrete shells S and S with embeddings E : V — R?® and E : V — R3, respectively, which are in
dense correspondence. A discrete deformation ¢ : S — S is the unique piecewise affine mapping defined by its
nodal values ®(E(v;)) := E(v;) fori =1,...,|V)|.

That means, if X' = (1—& —&)Xi +&X;+& Xy, € T(f), where T'(f) = {X;, X;, X} C Sand §;,& € [0,1]
barycentric coordinates, we have ®(X) = (1 — & — &)X, + &6 X, + &X, with T(f) = {X;, X;, X3} C S.

Remark: The (pairwise) dense correspondence will guarantee the well-definedness of a dissimilarity measure on
the space of discrete shells (cf. eq. (4.29)).

In the following we will consider families of discrete shells which are pairwise in dense correspondence. Actually,
dense correspondence defines an equivalence relation, i.e. we consider a fixed equivalence class. This means, all
discrete shells are based on the same sets of indices V and F, respectively. Nevertheless, for two discrete shells
S and S we will often denote the corresponding sets by V, F and V, F, respectively. This convention simpllifies
the notation, e.g. ay refers to the area of face f in S, whereas a ; ji=af denotes the area of face f in S. Here we

have to keep in mind that for f; € F and f; € F we actually have f; = f; but T(f;) # T( f,) since S and S have
different embeddings.
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Discrete membrane model. Let S and S two discrete shells that are in dense correspondence. We have elemen-
twise constant first fundamental forms and a unique correspondence between all faces. Furthermore, we want to
make use of the membrane model derived in Sec.[4.3]and in particular of the representation of the distortion tensor
. Hence to describe membrane distortions induced by a discrete deformation ® : S — S we arrive at an
elementw1se constant, discrete distortion tensor

g[‘I)Hf:(Gf)_le(b ER2’2, fer, fq>:fe]:'. (4.30)

Again using the continuous membrane model in Sec.[d.3|and in particular the generic membrane energy in {.18)
we define the discrete membrane energy by

W,.[S.§] = /s WGl da = 3" ap - Won(Gl0]]), S = 0(S). (“31)
feF

Note that a one point quadrature is sufficient as we are dealing with an elementwise constant discrete distortion
tensor. Different from (4.18), the discrete membrane energy directly depends on the undeformed and deformed
discrete shell. For the membrane energy density W, we can use exactly the same density as in ( , Le.

A

1

A A
Wien(G0]) = G0l + 3 decfally — (5 + 7 ) logden gl -

Note that tr G[®]|; controls the local change of length, i.e. the change of edge lengths, whereas det G[®]| s controls
the local change of volume, i.e. the change of triangle volumes. In particular, the density grows quadratically
for det G[®]|; — oo but due to the log-term it grows even faster for det G[®]|; — 0. This prevents a local
interpenetration of matter, i.e. the degeneration of triangles. Finally, we have W,,.(1) = 0 and dW,,,,(1) = 0.

Discrete bending model. Having a notion of a discrete shape operator given by (3.42) at hand, we can translate
the general representation of a bending energy given in (#.22)) (with the density (.23) and o € {0, 1}) directly
into the discrete setup. Setting o = 0, as in (4.24), we can define a discrete bending energy via

WolS,S] = Y ay-tr ((Sf ) ) , S=a(S), (4.32)
ferF

with ay = |T'(f)| as above. Alternatively, by choosing o = 1, as in (#.25), we can derive a discrete version of the
Willmore energy:

WoolS,8] = > ay - (tr (S; —sfq)))Q, S =a(s). (4.33)
feF

Note that a one point quadrature is again sufficient as we are integrating over an elementwise constant density.

A simplified discrete bending model. In the remainder of this section we investigate another definition of a
discrete Willmore energy and derive a representation that corresponds to a non-conforming FEM approach. Fur-
thermore, after some simplifications, we obtain the Discrete Shells bending model [GHDSO03] as a special case.

In (3.43), we have computed a triangle-averaged mean curvature, i.e.

_1 2 cose
trSy =tr(G; Hy) == ” 2 |E;|.
1=0

The discrete mean curvature functional which can be written as a sum over edges:

/trS’da— Zaf trSf—ZZ—cos—\E\— -2 Zcos—|E\

feF feF i=0 EcE

We introduce an area d € R corresponding to an edge E, such that [S| = 3 ;- dp and |dgNd g/ | = 0; a suitable
choice (for closed meshes) is given e.g. by dg = (ay + ayp) if E = T(f) N T(f'), cf. Fig. l 3l Furthermore, we
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make use of the notation [z = | E|. Then we rewrite the discrete mean curvature functional by introducing a mean

curvature density at edges:
—2 cos %E
trSda=» dg- — e
S Bee E

In the spirit of [MDSBO02] an approximative discrete Willmore energy can be deduced by squaring the mean
curvature edge density, i.e.

2
-9 253 4 208
/(trS)Qdaz E dg - (;OESQIE> — E mcle(Q)l%' (4.34)
s

Ee& Ee&

Remark: Wardetzky et al. [IWBH™ (7] present a discretization of the Willmore functional using the non-conforming
Crouzeix-Raviart element. The corresponding discrete Willmore energy (i.e. eq. (7) in [WBH™07]) coincides ex-
actly with the right hand side of @.34). This underlines the fact that models derived by principles of Discrete
Differential Geometry often correspond to non-conforming FEM approaches.

Now we further simplify #.34) to derive the Discrete Shells bending model proposed in [GHDS03]. A Taylor
expansion of the function f(#) = —2 cos ¢ about § = 7 yields f(#) = (6 — ) +O(|0 —7|?). Let S be a reference
shell, i.e. the undeformed configuration. If we assume that we have an isometricﬂ deformation ® : S — R3, i.e.
l3(py = lp and dg () = dp, we obtain up to higher order terms

Ok — O0p(p) )
tr (S — Se o ®)da = dp | ———=1 .
(s = sao®)da= Y ap (1

Ec€&

Again in the spirit of [MDSBO02], one arrives at the Discrete Shells bending model by squaring the discrete density,
ie.

wDS

bend

& (913 - 9<I>(E))2 2 &
[8,8]=) — =213, S=90(S). (4.35)
dg
EcE
Intuitively, W>, can be considered as a simplification of (4.33). Although ([#.33) coincides exactly with the
Discrete Shells bending energy introduced in [GHDSO3|], the authors in [GHDSO03]] derive their discrete bending
energy by using results from [CSMO3].

o)

Figure 3: Support of the Discrete Shells bending energy [GHDSO03]; the dihedral angle §p = ar — 7 at an edge
FE is defined as the angle between adjacent triangle normals, where a g is the angle between the two faces. The
darker region represents the area dg associated with E.

3When deriving (discrete) bending models, one typically assumes to deal with inextensible materials which are characterized by mostly
isometric deformations, cf. e.g. [GHDSO03|IBWHT06]. This corresponds to the analytic results presented in Sec. where bending modes are
of higher order and hence only decisive when the present deformation is (almost) isometric.
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A discrete dissimilarity measure. Finally, we are able to define a dissimilarity measure on the space of discrete
shells, given by a discrete deformation energy:

Definition 4.7 (Discrete dissimilarity measure). Given two discrete shells S = (N, F, &) and S = (./\7 JF.E ) that
are in dense correspondence, i.e. there is a unique affine deformation ® with S = ®(S). The discrete deformation
energy W = Wg[®] = WS, S] is defined by

W[Sﬂ S] - Wmem[sﬂ S] + nwbend [S7 S] )

where the bending weight 1 = §2 represents the squared thickness of the shell. The discrete membrane energy and
the discrete bending energy, respectively, are given by

WS, 8] = > ap - Wi (G[®]]),
ferF

hcnd S S Z ag - Wbmd(Sf - Stb )
feF

where G[®] € R?? denotes the discrete distortion tensor defined in (#:30) and S € R?*? the matrix representation
of the discrete shape operator defined in @ The membrane density W, and the bending density Wi,
respectively, are defined as

Woem(A) = gtrA—i— gdetA— (u—i— ;\) logdet A — p —

Wiea(A) = a(tr A)?> + (1 —a)tr (4%), «€{0,1}.

Z )

For ae = 1, a simplification leads to the Discrete Shells bending energy [GHDSO03]], i.e.

5.8=3 (0p — Oo(r))* 2

WDS
dg
Ee&

bend
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5 The shape space of discrete shells

It is due to Kendall that complex shapes, e.g. curves, images or solid materials, are considered as individ-
ual elements or points in a high or even infinite dimensional space, i.e. the shape space. Initially, this space is just
a collection of shapes without any mathematical structure. In particular, most shape spaces cannot be considered
as linear vector spaces. Nevertheless, one is interested in performing mathematical operations on the set of shapes,
for instance, for two given shapes one wants to compute a connecting path (cf. Fig. ). The notion of an optimal
or shortest path then induces naturally a distance measure which allows e.g. for a statistical analysis. It is a well-
established ansatz to consider a given shape space as a Riemannian manifold. In a nutshell, a Riemannian manifold
can be described as a collection of points that is locally equivalent to the Euclidean space, together with a so-called
Riemannian metric, i.e. an instruction how to measure local variations. On a Riemannian manifold the notion of a
connecting path and hence a (locally) shortest path, a so-called geodesic, is intrinsically given. Thereby, a geodesic
connecting two points can be considered as the solution of the interpolation problem. Similarly, one can extrapo-
late by extending geodesic paths via the exponential map or transport details via the parallel transport—both are
inherent concepts in Riemannian manifold theory. Hence the mathematical structure of a Riemannian manifold
leads to the solution of a couple of problems relevant e.g. in computer graphics.

AL

Figure 4: Morphing by means of interpolation (orange) computed between two input shapes (gray).

In this section we shall consider the shape space of discrete shells as a Riemannian manifold. We aim at combining
a physically sound model of thin shells (as it has been derived in Sec.[) with a consistent definition of geometric
objects in a Riemannian manifold. The key ingredient, as we will see, is the computation of (locally) shortest paths
in the manifold, i.e. geodesic curves. Hence the collection of geometric objects and corresponding operators in the
Riemannian framework is also referred to as geodesic calculus.

Continuous geodesics are minimizers of the so-called path energy. One way to approximate geodesic paths con-
necting two points in a generic manifold is via the minimization of a discretized path energy. Instead of discretizing
the underlying flow, the variational time-discretization proposed by Rumpf and Wirth is based on the
direct minimization of this discrete path energy subject to the prescribed data given at the initial and the end
time. In particular, this approach is built on a local approximation of the squared Riemannian distance, where this
approximation can be thought of as a dissimilarity measure between shapes. Hence, we shall use the (discrete)
dissimilarity measure derived in the previous section to apply the variational time-discretization to the space of
discrete shells in order to compute (time-discrete) geodesics.

Building on the variational time-discretization of geodesic paths, Rumpf and Wirth developed a compre-
hensive discrete geodesic calculus on the space of viscous fluidic objects and presented in a corresponding
complete convergence analysis on general finite- and on certain infinite-dimensional shape spaces with the struc-
ture of a Banach manifold. The generic definitions of several discrete geometric objects, such as exponential map,
logarithm and parallel transport, are appropiate to be transferred directly to other shape spaces. To this end, we
apply exactly this discrete geodesic calculus to the space of discrete shells to obtain useful and robust tools for
applications in computer graphics such as extrapolation or detail transfer.
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5.1 Geodesic calculus on a Riemannian manifold

Geodesics are usually defined as curves that transport their velocity vector parallely or equivalently, that are solu-
tions of the geodesic equation. Both definitions are based on the notion of a covariant derivative along a curve.
However, we first define geodesics as minimizers of the path energy. Later, we will see that this is well-defined as
these minimizers indeed satisfy the geodesic equation.

Remark: The geodesic calculus developed by Rumpf and Wirth was designed to work on general, possibly infinite
dimensional manifolds. However, the step from finite to infinite dimensions is very delicate hence we try to stick
to the finite dimensional setting whenever it is appropiate. This is in particular justified as the discrete shell space
is of high but finite dimension. In finite dimensional Riemannian geometry it is convenient to work with coordi-
nates, i.e. to consider a (local) parametric representation of the manifold and work in the (Euclidean) parameter
domain. On the other hand, it is often useful to derive a coordinate-free representation in order to transfer the finite
dimensional concepts directly to the infinite dimensional setting. In the following we will often start working with
coordinates and derive a corresponding coordinate-free representation afterwards.

References: All concepts based on finite dimensional Riemannian geoemtry are presented according to the well-
established textbook by M. doCarmo [dC92]; for further reading on infinite dimensional manifolds we refer to the
textbook by S. Lang [Lan95].

We define a differentiable manifold M of dimension d < oo in the sense of Definition 2.1 in [dC92| chap. 0],
i.e. there is a family of injective mappings =, : wo C RY — M with Uy2,(ws) = M, such that xgl 0 Ty 18
differentiable for any pair v, 5 with z (wa) Nzp(wg) # @. For convenience, we will assume in the following that
there is one global parametrization z : w C R? — M with z(w) = M. In particular, z is twice differentiable,
injective and regular in the sense that Dz has full rank. The tangent space 7, M of M at p € M is defined as

T,M = {4(0) | v: (—e, €) = M is a smooth curve with y(0) = p, € > 0}.

If x : w — M is a parametrization with z(§) = p for some & = (§1,...,&4) € w, the set (X1,...,X ) with
X =Xi(p) = Xi(§) =x,(¢) = g—g({) is a basis of T}, M, denoted as canonical basis. A vector field V on M

is a mapping with V(p) € T,M forallp € M.

A Riemannian metric on M is a mapping g : p — g, such that g, : T, M x T, M — R is a bilinear, symmetric
and positive-definite form, which varies smoothly in the sense that § — g;;(£) = g,(¢)(Xi(£), X;(§)) is a dif-
ferentiable function in w. A manifold equipped with a Riemannian metric is referred to as Riemannian manifold.
As (gi5)i; is a regular matrix in R%? there is an inverse matrix g~ € R%? which is denoted by ("), i.e.

997" = dir.

Remark: To avoid confusion, we denote the metric associated with generic Riemannian manifolds by Riemannian
metric and the metric on a two-dimensional embedded surface by first fundamental form, cf. Sec.[2.1]

Path energy and geodesics. Given a smooth path (y(t)):c[o,1] on a Riemannian manifold (M, g), the length of

this path is defined as
1
LlloOhenn] = [ a0 im)ar. 5.1)

Note that the path length is independent of reparameterization. This geometrically nice property leads to analytical
complications when dealing with the existence theory of shortest paths as well as to computational difficulties
when optimizing this non-convex functional. The path energy is defined as

EW(0)) o] = / G (1), 5(1)) dt (5.2)

In contrast to £, the path energy is not independent of reparameterization. A direct application of the Cauchy-
Schwarz inequality shows that

L[(y(t)eepo,11] < 1/EWE))eeio,n]
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and equality holds if and only if g, (y(t),y(t)) = const. We will see that minimizers of £ will have this
constant speed property. Thus, to identify shortest paths for fixed boundary data y(0) = y4 and y(1) = yp with
ya, yp € M we will seek for minimizers of the path energy and minimizers will be paths with constant speed.

Definition 5.1 (Geodesic path). For y4, yp € M a minimizer of the path energy among all path y : [0,1] — M
with y(0) = y4 and y(1) = yp is denoted as geodesic path connecting y4 and yp.

Rumpf and Wirth have shown in [RW 15] that this variational definition is indeed well-defined, i.e. a minimizer of
& exists and is unique under suitable assumptions. In particular, their results holds for general, possibly infinite
dimensional manifolds.

*Existence and uniqueness of geodesic paths. In this paragraph we summarize the theoretical existence and
uniqueness results by Rumpf and Wirth [RW15]]. In particular, the Riemannian manifold M does not necessarily
be finite dimensional. To this end, we need a precise technical setup. Let V be a separable, reflexive Banach space
that is compactly embedded in a Banach space Y. Let M be the closure of an open connected subset of V and
hence a Banach manifold, potentially with boundary (in which case we assume the boundary 9.M to be smooth).
We assume M to be path-connected. Let g : M x V X V — R be a Riemannian metric, which satisfies the
following hypotheses:

g is uniformly bounded and V-coercive in the sense c*||v]|3, < g, (v,v) < C*||v]3;.

(HI) g is continuous in the sense |g, (v, v) — g5 (v,v)| < B(|ly — Fllv)||v]|3/
for a strictly increasing, continuous function 8 with 3(0) = 0.

Hypothesis (HI) is globally fulfilled only for quite special Riemannian manifolds. However, the setup is also ad-
equate to analyze general, possibly infinite-dimensional manifolds locally, where the linear space V or its subset
M have to be interpreted as a chart of the considered manifold.

For ya, yg € M, the next theorem states the existence of a connecting path with least energy. The key point in
the proof is the weak lower semi-continuity of the continuous path energy (5.2) using the compact embedding of
VintoY.

Theorem 5.2 (Existence of continuous geodesics, [RW15]). Let (M, g) be a Riemannian manifold satisfying
assumption (HI). For ya, yg € M there exists a classical geodesic connecting ya and yg, i.e. a minimizer of
& in the space of all paths (y(t)):epo,1] € HY((0,1); M) with y(0) = ya and y(1) = yp. In particular, y is
continuous (in the V -topology).

As in finite-dimensional Riemannian geometry the shortest geodesic between close points is unique as stated in
the next theorem (cf. also Cor. 5.2 in [Lan935, VIII]).

Theorem 5.3 (Uniqueness of short continuous geodesics, [RW13]]). Under the assumptions of Theorem for
the metric g being C*(M; V' @ V')-smooth, classical geodesics are unique locally.

Once we have existence and uniqueness of geodesics, we can define a Riemannian distance of two points y 4, yp €
M in the usual way, i.e.

dist(ya,ys) = El(y())iepo.n] - (5.3)

Elietonl =

min min
y(0)=ya,y(1)=y5 (0)=ya,y(1)=ys
One can verify the axioms of a metric and show that the induced topology is equivalent to the V-topology, i.e.
Verllys — yallv < dist(ya,ys) < VO*|lyp — yallv.

Covariant derivative. Next, we will investigate the differentiation of vector fields on manifolds, which will lead
us to the notion of the covariant derivative. Finally, we will explore a connection to the Euler-Lagrange equations of
geodesic paths. As before, we first consider a finite dimensional Riemannian manifold M with a parametrization
x: Q C RY — M. This allows us to work with coordinates, that means, we can express all quantities in a finite
dimensional basis of the tangent space. However, to transfer the following concepts to the infinite dimensional
setup, we eventually aim at deriving a coordinate-free representation.
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The second derivatives x ;; = 0¢,0¢;x of the parametrization z : ) C RY — M decomposes into a normal
component and into a tangential component, i.e. we obtain

d
vij= Y TEXe+Y B,
k=1 l

where Ffj are the Christoffel symbols and (n;); is a basis of the normal space (7, M ). It follows that

d d
J,‘J'j -Xk = Zl“ﬁle . Xk = ZFﬁjglk. (54)
=1 =1

From the symmetry of second derivative of the parametrization we immediately obtain the symmetry of the
Christoffel symbols, i.e. I}, = I'¥,.

1

Proposition 5.4. Let g= = (gij )ijzl ,,,,, d be the inverse of g. Then we obtain the following representation of the

Christoffel symbols:

d
1
Iy = 5 Z 9" (giri — giga + giij) - (5.5)
=1

Proof: Differentiation of the metric and taking into account (5.4) gives

d d
Gjli = Ty TQ T T T = E L g + E L gmj »
m=1 m=1
d d
m m
Gijl = Ta-Tj+TiT5 = E I gmj + E % Gmi
m=1 m=1
d d
Glij = Tl TitTg-Ta= E L7 gmi + E L3 Ggma -
m=1 m=1

Summing the first and the third equation and substracting the second equation we obtain

d
Giti = Gija + i =2 Y Tl g,

m=1

which after multiplication with ¢! (i.e. applying . g'¥(...) on both sides) verifies the claimed representation. []

To obtain a coordinate-free formulation, we define a bilinear operator I' = I', : T, M x T, M — T, M by

[(X;, X;) =Y THXg,
k=1

and get for tangent vectors U = Y. u; X;, V = Zj v;Xjand W =3, w X;:

d

d
gp(LU, V), W) = Z w; v wi gk -
ikl =1

On the other hand, testing the right-hand side of (5.5) with U, V, W in the metric yields
1
g(D(U.V).W) = 2 ((Dyg) (VU W) + (Dyg) (U)(V. W) = (Dyg) (W)U, V).

Definition 5.5 (Christoftel operator). For p € M the Christoffel operator I' = T, is a mapping I',, : T, M x
T,M — T,M. For U,V € T, M the evaluation I', (U, V) is defined implicitly by

0T V), W) = £ ((Dyg) (V)T W)+ (Dy0) (U)(V, ) — (Dyg) (W)U, V)) W € T, M.
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Remark: Existence of such an operator is shown in Thm. 4.2 of [Lan95|, VIII].

Lety : I — M be a curve and W a vector field along the curve, i.e. W (¢t) = Z?:l wy ()X (y(t)). Let W (t) :==

Z;j:l wy(t) X (v (t)) and let V/(t) = 4(t) with V() = >, v (t) X;((t)), which is also a vector field along ~. The
product rule implies

d

d
th(t) => (wl(t>Xl('7(t)) + wi(?) Zx,lk(’y(t»vk(t)) :
k=1

=1

The covariant derivative %W(t) of W along ~y is defined as the projection of %W(t) onto the tangent space.
Hence we replace z j, by its tangential part, i.e. an:l L X = Ty (Xo, Xi):

d d
%W(t) = Z (wz(t)Xl(V(t)) + wi(t) ny(t) (X1, Xk)”k(ﬂ) = W(t) + Ty (W (1), V(1)) .

=1 k=1
This leads to the following (implicit) definition which is also coordinate-free:

Definition 5.6 (Covariant derivative). Lety : I — M be a curve and W : I — T'M a vector field along . We
define the covariant derivative 2 W of W along v at p = ~(t) for ¢t € I by

D .
930 (W0, U) = g3 (WO + T (W), 5(1) , U) VU € TyyM. (5.6)

Remark: Due to its coordinate-free formulation, Def. is also valid for infinite dimensional manifolds (cf.
[Lan93[)). Since the following concepts are based on this definition they are not restricted to finite dimensional
manifolds, either.

With a notion of a covariant derivative along a curve we can define a parallel transport, which is indeed well-
defined due to Thm. 3.3/3.4 in [Lan95, VIII]:

Proposition 5.7 (Parallel transport). Let v : [ — M be a curve. A vector field V : I — T M along -y is called
parallel if%V(t) =0forallt € I. Forty € I, Vi € T(+,)M, there is a unique parallel vector fieldV : I — TM
with V (to) = Vo. Furthermore, the map P 1)~y * Tyte)M — Tyy M, Poyr)—~yyVo = V(1) is a linear
isomorphism.

For a given vector Vy € T (1,)/M one can solve 2V (t) = 0 with V(ty) = V}, as an ordinary differential equation
to perform the (unique) parallel transport of 1} along the path.

As mentioned before, a curve v : I — M is usually defined to be geodesic if it solves the geodesic equation, i.e.
D
—¥(t) =0 Vtel.
(@)

This means, that y transports its own velocity vector parallely. The next theorem states that geodesics as defined
in Def.[5.T] are solutions of the geodesic equation:

Theorem 5.8. Ify : [0,1] — M is a geodesic connecting y(0) and y(1), then 25(t) = 0 for all t € (0,1).

Proof. Consider the Euler-Lagrange equation of the path energy and apply integration by parts to obtain

1
0 = 0,E[)(0) = / (Dya,)(9)(3:5) + 29, (3, 0) dt

1

| (020)@)(55) = 2Dy0,)0)5.9) — 20,(5.9)
0

for all smooth test vector fields ¢ along the path y. By the fundamental lemma we achieve

0= 0,(5:9) + (Dyg) (5)(39) — 5 (Dyay) )5 3) = 9, + T3 9),9) = gy (909) . O

dt
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In particular, minimizers y of the path energy satisfy a constant speed property, i.e. g, (y(t),y(t)) = const.

If V : I — TM is a parallel vector field along a geodesic path y : I — M the angle «(t) between the velocity
field ¢(t) and V' (¢) is fixed:

®osalt) - d( 9,(V.3) >gy<£v,y>+gy<v,;;y>_

at E\VaVVWaa D)~ VaWVV)alid)

Finally, we define the exponential map for a general manifold:

Definition 5.9 (Exponential map). Let y(t) = y(t,p,V) : I — M, 0 € I, be the solution of 2g(t) = 0
for initial data y(0) = p and y(0) = V. The (geometric) exponential map exp,, : T, M — M is defined as
exp, (V) =y(1,p,V).

To see that this definition is well-defined we refer to Prop.4.2 in [Lan95l IV]. Obviously, we have the scaling
property y(t,p, V') = exp,,(tV'), which implies that y(1, p, V') is well-defined if || V|| is sufficiently small. From the
local uniqueness of short geodesic paths we deduce that there exists § > 0, such that exp,, : Bs(0) — exp,,(Bs(0))
is a bijection. In this case, we define U, = exp,(B;(0)) to be the normal neighbourhood of p. Hence the notion
of an inverse mapping is locally well-defined:

Definition 5.10 (Logarithm). The inverse operator of the exponential map is called the (geometric) logarithm
log,, : U, — T, M, where U, denotes the normal neighbourhood of p.

5.2 Variational time-discretization of geodesics

In a sequence of papers, Rumpf and Wirth [Wir09, [WBRS09, RW 13| IRW 15] have introduced a time-discrete anal-
ogon of the continuous geodesic calculus presented in the previous section. The resulting time-discrete geodesic
calculus has already been applied to several Riemannian manifolds or shape spaces, e.g. in [HRWW12, [HRS™ 14,
BER15, IMRSS15| [Per15]. In this section, we provide a survey of the time-discrete geodesic calculus proposed
by Rumpf and Wirth and summarize important convergence results that will later be validated numerically on the
space of (discrete) shells. As before, we start with a variational formulation of discrete geodesics, defined via
minimizers of a discrete path energyﬂ However, different from the continuous setting, the notion of a discrete
geodesic will then serve as the core ingredient of the entire discrete calculus. Hence, the name geodesic calculus
is in particular justified in the discrete setting.

In the continuous setting the starting point of a geometric calculus on a Riemannian manifold is usually the def-
inition of a Riemannian metric. However, as we will see, the discrete geodesic calculus is solely based on the
notion of a (squared) Riemannian distance resp. a local approximation thereof. Obviously, a Riemannian distance
is induced by the metric (¢f. eq. (5.3)). On the other hand, given the Riemannian distance dist, one can recover the
Riemannian metric g, at some point p € M by

1
g, (V,W) = 5 o3 dist?(p, p)(V,W), V,W € T,M. (5.7)

For many applications, e.g. when dealing with physical shape spaces, it is difficult to define a Riemannian metric a
priori. On the other hand, it is often much easier to come up with the notion of a distance, e.g. by using a physically
sound dissimilarity measure (cf. Sec.[). To account for this circumstance as well as for the fact that Riemannian
distances are in practice hard to compute (as they require solving an optimization problem), the discrete geodesic
calculus is actually based on an approximation of the squared Riemannian distance which is easy to evaluate and
consistent with the metric by definition due to (5.7).

Variational time-discretization. In the following, we denote an ordered set of points Y = (yq, ..., yx) in the
manifold M as a time-discrete K-path. Often we interpret this discrete path as a uniform sampling of a smooth
curve y : [0,1] — M, i.e. we have yp, = y(t) witht, = kr fork = 0,..., K where 7 = K 1 and K € N

4We will often omit the prefix “time” when referring to a time-discrete object.
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denotes the sample size. Instead of using a straightforward time-discretization of the continuous path energy (5.2))
we first consider the following estimates

K
LI(y(®)eep,n] =D dist(yr—1, k) El(y(t))eeio,] Zdlbt Yk—1,Yk) » (5.8)
k=1

where equality holds for geodesic paths due to the constant speed property. The first estimate is straightforward,
and the second estimate follows with the Cauchy-Schwarz inequality, i.e.

kT K T
zdm T <Z< / 90 (00, 5(0)) dt> <> /k 9y (90, 9(1)) dt
_ =

17
since the expression on the right hand side is exactly 7 £[(y(t)):e[0,1]-

The estimate on the path energy in suggest that the sum on the right hand side might be a reasonable approx-
imation of £. However, as already mentioned in the beginning, the squared Riemannian distance dist? is often
difficult to compute in practice. Therefore we assume there is a smooth functional W : M x M — R , such that
fory, 5 € M

Wy, 7] = dist*(y, §) + O(dist* (y, §)) - (5.9)

Note that W is not required to be symmetric. For g smooth enough, a valid approximation of dist? is e. g. given by

Wy, 9] = 394(9 — v, — y). In general, we will see later in Thm. that g, = W 22y, y] implies for
smooth g and W.

Theorem 5.11 (Consistency conditions, [RW13]). Unter hypothesis (HI), zf W is twice Gateaux - differentiable
on M x M with bounded second Gateaux derivative, then Wly, §] = dist?(y, §) 4+ O(dist®(y, 9)) for i close to
y € M implies

W[y7y] = Oa WQ[Q,]J](V) = 07 W)QQ[?J,Z}](‘/: W) = 297/(‘/7 W)

forany V,W € V. Furthermore, W1ly,y|(V) = 0 and
Warly, yJ(V, W) = =Wasly, y|(V, W) = W[y, y|(V, W) = Wy, y|(V, W) .
If W is even three times Fréchet-differentiable, the implication becomes an equivalence.
We arrive at the following definition of a discrete path energy and a discrete path length (see [RW15]]):

Definition 5.12 (Discrete length and energy). For a discrete K-path Y& = (yo,...,yx) with y,, € M for
k=0,...,K we define the discrete length L™ and the discrete energy EX by

K

LEYE) =S Wikl EXYE =K Wi, il - (5.10)

k=1
Then a discrete geodesic (of order K) is defined as a minimizer of EX[Y ¥] for fixed end points yo, yx .

Note that discrete minimizers of the discrete path length L¥ are in general unrelated to continuous geodesics. Let
us consider the case M = R?\ B,,, where B, = {z : [z < r},and W[y, §] = ||y—7||?, as depicted in Fig.[5| Then
a discrete path (yo, . .., yx ) connecting y4 = (—ar,0) and yp = (ar,0), @ > 1, that minimizes the time-discrete
path energy tend to distribute uniformly along the connecting curve, as stated in Thm. If r > dist(ya,y5)/K
this is not realizable along a straight line connecting y4 and yp, cf. Fig.[5] However, the distribution of points
representing a discrete minimizer of L¥ is arbitrary, since moving points along the connecting line does not alter
the length.

*Existence and uniqueness of discrete geodesic paths. In this paragraph we gather important theorems from
[RW15], e.g. on the existence and uniqueness of discrete geodesics (c¢f. also [?]). These results will provide a
solid ground for the definition of further discrete geometric objects in the next section, which are based on discrete
geodesics.
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Figure 5: In general, minimizers of the discrete path length do not converge to continuous geodesics.

First of all, one needs to introduce a rigorous functional analytic setup. Let W : M x M — R be a local
approximation of the squared Riemannian distance dist?. In detail, it is supposed that WV is weakly lower semi-
continuous and that it satisfies the following hypotheses:

There exist €, C' > 0 such that for all y, §y € M:
dist(y,§) <e = [Wly,g] — dist*(y,9)| < Cdist*(y,9)

W is coercive in the sense Wy, §] > v(dist(y, 7))
for a strictly increasing, continuous function y with v(0) = 0 and limg_,~ y(d) = 0.

(H2)

Theorem 5.13 (Existence of discrete geodesics, [RW13l)). Given ya, yg € M, there is a discrete geodesic path
(Yo, - - -, Y ) Which minimizes the discrete energy EX over all discrete paths (4o, . .., 7x) with §o = ya and

Yk = YB-

Theorem 5.14 (Convergence of path energy, [RW15l). Under hypothesis (H2) there exists § > 0 such that
dist(ya,yp) < VKO implies

min  E¥[(yo,...,yx)] — dist*(ya, ys)| = O(7)
(yo,--wyK)
Yo=YA,YK=YB

Theorem 5.15 (Equidistribution of points along discrete geodesics, [RW15l]). Under hypothesis (H2)) there exists
§ > 0 such that if dist(ya, yp) < VK0, then discrete geodesics satisfy dist(yr_1,yr) < C7forallk =1,..., K
with the constant C' > 0 only depending on dist(ya, yp).

Theorem 5.16 (Uniqueness of discrete geodesics, [RW1S]). Ler (H1) and (H2) hold and assume W to be twice
Fréchet-differentiable on M x M. Forall yx € M and K € IN there exists € > 0 such that there exists a unique
discrete geodesic (Yo, - - -, Y ) With yo = ya and yx = yp for all yg with |lya — ysllv < &

Application to the discrete shell space. In the following we will consider families of discrete shells which are
pairwise in dense correspondence (cf. Def.[d.6). Actually, dense correspondence defines an equivalence relation,
i.e. we consider a fixed equivalence class. This means, all discrete shells are based on the same sets of indices V
and F, respectively.

Definition 5.17 (Shape space of discrete shells). Given some representative reference shell S, the shape space
of discrete shells M[S] is given by the equivalence class of S where the equivalence relation is given by dense
correspondence (as defined in Def.[4.6)).

Remark: In the following we assume that we are dealing with an arbitrary but fixed equivalence class M = M]S].

There are two important implications of Def[5.17;

1. The definition of a dissimilarity measure on M is well-defined, since for two given discrete shells S, S
having the same connectivity, a piecewise affine deformation ® : S — S is uniquely determined.

2. The discrete shell space M can be identified with RR3", where n is the number of nodes.

Combining Def.[d.7]and Def.[5.12]yields the notion of time-discrete geodesics in the space of discrete shells:
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Definition 5.18 (Time-discrete geodesic in the space of discrete shells). Given two discrete shells S4,Sp € M =

R3" we refer to the minimizer (Sg, S, ..., Sk ) of the time-discrete path energy
K
EX[So,...,Sk] =K Y WI[Sk_1,S], (5.11)
k=1

with Sg = S and Sk = Sp, as a time-discrete geodesic.
The variational formulation of the time-discrete geodesics leads to the following necessary optimality conditions:
0=0s,EX[Sy,...,Sk], k=1,...,.K—1,
<~ 0=0W[Sk_1,Sk] +1W[Sk,Sk+1], k=1,.... K -1, (5.12)

where 0; W refers to the variation with respect to the ith argument of W. Note that for a functional F' = F[X] we
make use of the notation

0=0xF[X] & 0=-L(Fx ) wvex,

= ! -

where the test directions V' live in a suitable test space X', which is simply X = R>®" if we consider variations
of discrete shell energies. To compute time-discrete geodesics we have to solve the system of nonlinear equations
(5:12) simultaneously, where we fix the two end shapes Sy and Sk

5.3 Time-discrete geodesic calculus

Let p, ¢ € M such that there is a unique geodesic y : [0, 1] — M with y(0) = p and y(1) = ¢. Then, by Def.[5.10}]
the logarithm of ¢ with respect to p is the initial velocity ¢(0) € T, M, i.e. log,(q) = ¢(0). The initial velocity
¢(0) can be approximated by a difference quotient in time,

y(r) —y(0)

T

7(0) = + O(7).

Thus, we obtain

Tlog,(q) = y(r) — y(0) + O(7?).
This gives rise to a consistent definition of a time-discrete logarithm (see [RW 15]):
Definition 5.19 (Discrete logarithm). Suppose the discrete geodesic (yo, - - -, yx ) is the unique minimizer of the
discrete path energy with yo = p and yx = ¢. Then we define the discrete logarithm (%LOG)p(q) =
Y1 — Yo- Note that % is part of the symbol and not a factor.
We consider the difference y; —yo as a tangent vector at p = yq. In the special case K = 1 we have ( %LOG)p(q) =

q — p. As in the continuous case, the discrete logarithm can be considered as a representation of the nonlinear vari-
ation q of p in the (linear) tangent space of displacementsﬁ] on p.

In the continuous setting, the exponential map exp,, maps tangent vectors V' € T}, M onto the end point y(1) of
the unique geodesic (y(t)):e[0,1) With y(0) = p and y(0) = V. That means, we have exp, (V) = y(1) and, via
a simple scaling argument, exp,, (txV) = y(ty), for k = 0,..., K, where ¢, = k7 and 7 = K~'. Let us again
consider a discrete geodesic (yo, . .., yx) With yo = p and yx = ¢. Since V = (%LOG)p(q) = y; — Yo is the
discrete logarithm in the tangent space 7, M, we aim at defining a discrete power & exponential map EXP’; such
that
k _ _
EXP, (V) = EXP,(kV) = ys .

This notation is motivated by the observation that exp(ks) = exp®(s) on R or more general matrix groups.
Furthermore, we would like to have the following recursive property, which holds in the continuous setup:

y(tr) = exp,(kV) = expy, \(2Vi-1), Vi-1:=logyu, ,yy(tk-1), k>2. (5.13)
That means, once we have defined a discrete version EXPi corresponding to epr(2~), we can use the recursive

relation (5.13)) to define EXP’; for k > 2 by
yr = EXPL(V1) =EXP], (Vic1), Vo1 = k-1 — Y2, (5.14)

Yr—2

for given yo = p and y; = yo + V4, as shown in Fig. [

SNote that these displacements are indeed well-defined, as we assumed that M embeds into a Banach space.
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Figure 6: A sketch of the polygonal path associated with the computation of EXP’; (V).

Note that the discrete analogon of Vj,_1 is exactly V_1 = (%LOG)yk_ka_l = Yr_1 — Yr_2.

It remains to define a discrete version EXP?, corresponding to exp,,(2-). Formally, we have the identity % log,, (expp (2V)) =
V, i.e. we can define EXP;O (y1 — yo) as the root of the function

Z (%LOG)yO(z) — (y1 — %)

for given yo,y1 € M. In fact, we are seeking for a third point y» € M, such that (yo,y1, y2) is a time-discrete
geodesic for K = 2. Using Def.[5.12] a necessary condition of this is given by

0= GQW[yanl](’(/)) + 81W[y1ay2]<’(/}> Vw S Va

where 0;)V denotes the Gateaux derivative with respect to the ith argument of V. Hence we define:

Definition 5.20 (Discrete exponential map). For given points yg,y1 € M, V1 = y; — yo, we define EXP;O (V1)
as the solution of

BWIyo, y1](¥) + 01 W[yr,yl(¥) =0 VY €V,
and hence EXP’;O(Vl) = EXszi2 (Vig—1) for Vi1 = yp—1 — yr—o and k > 2.

It is straightforward to verify that EXPII,{ = (%LOG);1 as long as the discrete logarithm is invertible. In fact, the
Euler-Lagrange equations for (yo, . . ., ¥ ) being a discrete geodesic with fixed end points yg and yx are given by

the K — 1 nonlinear equations

0= 0 Wyk—1,yk] (V) + OuWyk, yr11](¥0) Y eV, k=1,..., K -1, (5.15)
which have to be solved simultaneously. On the other hand, if we compute EXP];0 (y1 — yo) for given o,y € M
and k = 2,..., K, we get exactly the same system (5.13). However, in this case the system can be solved sequen-
tially.

Finally, we introduce a time-discrete notion of parallel transport along a discrete path as proposed in [RW135]. In
the continuous setting, given a path  : [0, 1] — M and a vector Vy € Ty()M, parallel transport Py, (r) Vo of
Vj along the path y is defined as the solution of the initial value problem 2V (¢) = 0 for t € [0, 7] and V (0) = Vj.
There is a well-known first-order approximation of parallel transport called Schild’s ladder (c¢f. [EPS72, [ KMNOQ]),
which is based on the construction of a sequence of so-called geodesic parallelograms; this method has been used
e.g. by Lorenzi et al. [LAP11]] to perform parallel transport of deformations along time series of images (see also
[PLI1]). We once more use the notation y, = y(¢x), tx, = k7, for samples of the path y : [0,1] — M. Given a
tangent vector V3,1 € T}, , M, the approximation V, € T}, M of the parallely transported vector Py, |, Vi1
via a geodesic parallelogram is illustrated in Fig.

The scheme in Fig. [/| can be easily transferred to the time-discrete setup by replacing y by a discrete path
(Yo, - - -, yx ) and the geodesics that define the geodesic parallelogram by time-discrete geodesics, e.g. of length 3.
Conceptually, we will again replace tangent or velocity vectors V' by displacements ¢ of points.

Remark: Let pg,p1,p2 € M. We define p = p(po,p1,p2) such that (pg, p©, p2) and (p1,p°,p) are discrete
geodesics for some p° € M. Then (po, p1,p2,p) defines a discrete geodesic parallelogram, p° is refered to as
center point of the parallelogram.
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Yoy =exp,,  (Vi—1)
yp = expyr (% 1Ogy£_1 (yk))
yz = exp,, , (2 logykfl(yi))

Vi, = log,, (v;)

Figure 7: A sketch of the parallel transport of Vi,_; € T}, , M from y;_, to y; along y via Schild’s ladder. Here,
yj, is the midpoint of the two diagonals of the geodesic parallogramm, i.e. (y},_;,y5, yx) and (yx—1, y§, ¥y ), which
are both geodesic curves.

Definition 5.21 (Discrete parallel transport). Let (yo, - - ., yx ) be a discrete path in M with Yr — Yx—1 sufficiently

small for k = 1,..., K and (, a sufficiently small displacement of yo, given as v, = yo + (o. Then the discrete
parallel transport of (g along (yo, - . .,y ) is defined for k = 1, ..., K via the iteration
D yi
yk_l c p 1
¢ Y = Y1+ ((§LOG)y£71(yk))7
k
Gk-1 yr = EXP}, | (v —vr—1),
Yk
Yk—1

where (, = y}, — yx is the transported displacement at y;,. We define

Pwa--».UO (yg - yO) = y% — YK -

The notation is chosen such that Py, . v Py g0 = Py vo.iire,...d0-

In the kth step of the discrete parallel transport the Euler-Lagrange equations to determine y§ and v} = yj + (x
for given y}, | = yr—1 + (x—1 and discrete path (yo, ..., yx) are

W,2[y£71a y;ﬂ(l/’) + W’l [ylfn yk](z/]) =0 Vw Y 3

Woalyr—1, ¥kl (V) + Wailyk, v (¥) 0 VeV.

If VW is symmetric, these conditions are the same as the Euler—Lagrange equations for inverse parallel transport, so
= Py,.... .y - However, if W is not symmetric this is not true in general.

*Convergence analysis of the time-discrete geodesic calculus. In the remainder of this section we gather im-
portant theorems from [RW15]], which examine the convergence properties of the discrete geodesic calculus as the
time step size 7 = % tends to 0.

First, we state that sequences of successively refined discrete geodesic paths converge to a continuous geodesic
path. To this end, one considers continuous paths (y(t)):c[0,1 on M which are composed of shortest geodesic
segments. This means, (y(t)), it k) is a (possibly non-unique) shortest geodesic path connecting y(%) and

y(£) forall k =1,..., K. We define an energy EX . L2((0,1);Y) = R via

EX[(y(8))ecion] :{ fj[(y(o),y(%)v--~7y(%)7y(1))], éfse(:y(t))te[o,u is a pw. geodesic path

where EX denotes the discrete path energy in (5.10). Based on these notational preliminaries one obtains the
following convergence result:
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Theorem 5.22 (I'-convergence of the discrete energy, [RW15]). Assuming (HI) and (H2)), the T'-limit of EX for
K — oo in the L*((0,1);Y)-topology is € .

We refer to [DGDMS83) Bra02] for an introduction to the concept of I'-convergence. It is a fundamental implication
of the I'-convergence EX — £, that minimizers of EX converge to minimizers of £, i.e. one has actually shown
convergence of time-discrete geodesic to continuous geodesics:

Corollary 5.23 (Convergence of discrete geodesics, [RW1S5]). Under (HI) and (H2), any sequence of minimizers
of EX contains a C°([0,1]; Y)-convergent subsequence, and the limit is a minimizer of &.

Taking into account the equivalence of the V topology and the manifold topology (cf. Sec.[5.1)), a similar argument
can be given for the piecewise linear interpolation of discrete geodesics (yo, - - . , Yx ) instead of piecewise geodesic
interpolations.

For convergence of discrete logarithm, exponential map, and parallel transport, the following smoothness hypothe-
ses are required (in addition to (HIJ) and (H2)):

(H3) The metric g is C%(Y; V' ® V')-smooth.
(H4) The energy W is C*(M x M; R)-smooth with bounded derivatives.

In [RW13] it is shown that under hypotheses (HI)) - [(H4) one can expect local uniqueness of (%LOG) and local
existence of (EXP2). Moreover, Rumpf and Wirth have proven that all time-discrete geometric objects introduced
above converge to their continuous counterparts:

Theorem 5.24 (Convergence of discrete logarithm, [RW15[]). Given y,y € M, assume that hypotheses (HI)) -
hold, that the continuous and discrete geodesics between y, § are unique, and that the continuous geodesic
lies in M. Then K(%LOG)yQ — log, y weakly in V (and thus strongly in Y) as K* — co.

Theorem 5.25 (Existence and convergence of discrete exponential, [RW13])). Lety : [0,1] — M be a smooth
geodesic. Under the hypotheses (HI) -|(H4)| EXPf(O) (%) exists for K large enough, and for 7 = - one obtains

[EXPE ) (49) —y(1)||,, = O(7).

Theorem 5.26 (Convergence of discrete parallel transport, [RW13]). Let y : [0,1] — M be a smooth path and
¢ :[0,1] — V a parallel vector field along y. For K € Wand 7 = K~ we set y, = y(k7), k =0, ..., K. Then

under the hypotheses - we have

o (42) -, -0

More generally, if the sequence (yy )1 only satisfies ||y — y(k7)||lv < e k =0,..., K, we still get

5P (S2) — 0] =00
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5.4 *Riemannian splines

For two points pg, p1 € M a smooth interpolation y : [0,1] — M with y(0) = pg and y(1) = p; is given by
the connecting geodesic path. However, for a sequence 0 =¢; < {2 < ... <t; =1 and corresponding points
P1,...,p; € M, there is in general no geodesic curve y : [0,1] — M that fulfills the interpolation constraints,
ie. y(t;) = p; for j = 1,...,J. In particular, a curve y satisfying the interpolation constraints does in general
not comply with the geodesic equation %y = 0. For example, a piecewise geodesic curve connecting py,...,ps
fulfills %y = 0 on each segment (¢;,t;41), j = 1,...,J — 1, but exhibits discontinuities in g at the interpolation
points. Nevertheless, if one is interested in a curve that on the one hand satisfies the interpolation constraints
exactly and on the other hand is as smooth as possible, one might consider the geodesic equation as a penalty term.
This motivation leads to the functional

! D. . D,
FllyO)eeponl = | gy | ;9@) 79(8) ) dt, (5.16)
0
where % denotes the covariant derivative along y as defined by Def.

In the finite dimensional Euclidean setting, i.e. M = R¢ and gp denotes the standard Euclidean product, the
covariant derivative of g is simply given by the second time derivative g, i.e. we have

Fouel 0(t)eepo.) = / L)) . (5.17)

Consider a discretization of the unit interval I = [0, 1] with nodes I, = {0=2¢p <22 < ... <zy =1}. A spline
function of degree k on I}, is a function s € C*¥~1(I,R9) such that s is a polynomial of degree < k on each
interval [z,,—1, 2,], n = 1,..., N. The following theorem is often refered to as Schoenberg’s theorem although it
has been proved first by de BOOIE}

Theorem 5.27 (de Boor, 1963). For0 =1t, <ty < ...<t;= landp,...,p; € R there is a unique minimizer
y € C%([0,1], R?) of Fruc that satisfies the interpolation constraints y(t;) = p; for j = 1,...,J as well as one
of the boundary conditions

4(0) = 4(1) =0, (natural b.c.)
9(0) = vy, (1) =wv1 forgivenvg,v; € R, or (Hermite b.c.)
y(0) = y(1), 9(0)=g(1), #(0)=7(1). (periodic b.c.)

The minimizer is given by the unique cubic spline, i.e. a spline of degree 3, satisfying the interpolation constraints
and boundary conditions.

As (5.16) can be seen as a generalization of (5.17) to Riemannian manifolds, we refer to F as spline energy and
we denote minimizers of F as Riemannian (cubic) splines.

On general manifolds there may be situations where global minimizers of the spline energy F do not exist. To
ensure well-posedness one can regularize the problem and consider minimizers of the augmented functional y —
Fly]+o&ly] with o > 0. Here £ denotes the path energy as defined in (5.2)). Under certain additional assumptions
on M and g one can then show existence of minimizers of F + o€ (see [HRST 16, Sec. 9]). Minimizers of a linear
combination of path energy and spline energy are often referred to as splines in tension, cf. e.g. [Sch66].

Variational time-discretization. In this section, we derive a consistent time-discretization of the spline energy
(5.16) that fits into the framework of time-discrete geodesic calculus presented in Sec.[5.2] As a motivation we
start taking a look at the Euclidean setup, i.e. M = R¢. We consider a curve y : [0, 1] — M and for some stepsize
7 = K~ auniform sampling y;, = y(tx) with t; = k7 for k = 0, ..., K. In the following, we focus on the local
configuration around some interior point yx, 0 < k < K. The continuous spline energy is given by (3.17), i.e.

6 Actually, Schoenberg cites de Boor’s paper [dB63] when referring to this result in [Sch64b]. For further reading on this we refer to
[Sch73lSch64al, a simple proof is given e.g. in [DHO2| 7.4].
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the covariant derivative of 7 is simply the second time derivative §j. Approximating the integrand ||3j()]|?

second order finite difference quotient yields

by a

2

Y1t Yk
g 2

=47~

. 29 — Yoot — Yt ||
el ~ |22

The key insight is to interprete the local average %(yk_l + yk+1) as the midpoint of a geodesic in the Euclidean
space connecting yx—1 and yy1, where a geodesic is given by the straight connecting line. Replacing the Euclidean
metric by a general Riemannian metric, i.e. the squared Euclidean distance dist?_(p, ) = ||p — ¢||* by the squared
Riemannian distance dist®, and the local average by the midpoint ¢, of a short geodesic connecting yj_; and
Yk+1, One obtains

D . D . 4 4 .
iy (0000, D0 ) = 47 it ).

If we finally substitute the squared Riemannian distance by the local approximation WV, we arrive at

D D

Zgte), —=u(te) ) = 477 Wlyr, 7 5.18
Iy(tr) <dty( k) 2 4( k)) T (Y, Ux] (5.18)
yr. is midpoint of the geodesic connecting yx—1 and yg41.

Using the simple numerical quadrature fol f)dt = ZkK:_ll f(tx) to integrate (5.18) we arrive at the definition
of a time-discrete spline energy:

Definition 5.28 (Time-discrete spline energy). For K € IN let Y& = (yo,...,yx) be a discrete K-path in M.
We define the time-discrete spline energy by

K—1
FRIYE] = 4K > Wiyk, Gl , (5.19)
k=1
subject to the constraint that (yx—1, Jk, Yr+1) is a discrete geodesic fork =1,..., K — 1, i.e.
Jr = arg min (W[yk,l, yl + W[y,yk+1]> yfork=1,..., K —1. (5.20)

yeM

Boundedness of the discrete spline energy does not necessarily imply boundedness of the discrete path energy
in general. Indeed, a discrete geodesic has zero discrete spline energy but positive discrete path energy. As
a consequence, minimizing the discrete spline energy might not be a well-posed problem. However, one can
consider the functional F¥ + o E¥ instead. Again, one can show existence of discrete minimizers for every o > 0
subject to the interpolation conditions as well as the I'-convergence of F¥ +oEX to FX + 0K (¢f. [?]). In what
follows, however, we stick to ' (without adding the path energy) since we never observed numerical instabilities
in practice.

Definition 5.29 (Time-discrete spline). For K € IN let Y& = (yo,...,yx) be a discrete K-path in M. Let
0=1i; <iy< ... <iy=K be anindex set (J > 2). We say that Y is a time-discrete spline interpolating
Yiys -+, Yi, if it minimizes (3.19) while fixing y;, forj = 1,...,J.

If J = 2, i.e. we only fix yo and yx, the time-discrete spline is precisely the time-discrete geodesic connecting yq
and yx .

Boundary conditions. Before proving consistency of the time-discrete spline energy, we will comment on the
boundary conditions. In the following, we formulate three types of boundary conditions, analogously to the Eu-
clidean case in Thm.[5.27] Therefore we temporarily consider a generalization of Def.[5.28| by introducing ghost
points y_1 and yx 1, which are supposed to extend the discrete path (yo, ..., yx ) in both directions. We derive
the boundary conditions in the generalized setting and eventually see that we do not need the ghost points at all,
i.e. end up with Def.[5.28|again. The generalized time-discrete spline energy is defined by

K
FK[y07' ayK] :FK[yfla Yo, .-, YK, Z/K+1] = 4K3 Zw[yk7:&k]7
k=0

s.t. gk = argmin (W[yk—la y] + W[yvyk-i-l]) ) for k = 07 s 7K .
yeEM
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Different to Def.[5.28]the index in the sum as well as in the constraint equations now runs from k = 0 to k = K.
The constraint equations can be expressed as the following necessary conditions which have to hold for all test
functions ¢y € V:

0] 0 =0Wly—1,70](¥) + WWI[go, y1](¥)
(1] 0 =Wlyo, 11](¥) + 01 W[§1,y2] ()

[K—1] 0=0Wyx—2,0k-1]®) + O0OWIKr-1,Yx](¥)
(K] 0 =0 Wyrk—1,9x](®) + OWiK, yr+1](¥)

We distinguish between the following discrete boundary conditions:

e Natural boundary conditions: The condition §(0) = 0 resp. §j(1) = 0 is given by enforcing g := yo resp.
UK = Yk, i.e. we have W(yo, §o] = 0 resp. Wyx, Gx] = 0. Obviously, the summation in F¥ will then
run from k£ = 1 to k = K —1 again. Furthermore, if we formally define

y—1:=EXP} (yo—v1), yx41:=EXP)  (yx —yx—1), (5.21)
condition [0] and [K] are fulfilled by definition, hence we end up with the setting in Def.[5.28]

e Hermite boundary conditions: Instead of prescribing first derivatives at £ = 0 and ¢ = 1 we will prescribe
y1 and yx 1 (note that yo and yx are always fixed). Again we set gy := yo and §x := yx and use (5.21) to
get back the setting in Def.[5.28](fixing at least yo, y1 and yx _1, yx).

e Periodic boundary conditions: We set yo = yx to have a closed curve. In order to ensure higher regularity
we additionally postulate yx 41 := y; and y_; = yx_1. Plugging this into condtion [0] and [K] we see
that these two equations coincide, i.e. we have §yx = gy. Due to the periodic identification summation runs
from k = 0to k = K —1 and we end up having K conditions for g, ..., yx—1.

Consistency of the time-discrete spline energy. In this section we prove consistency for the time-discrete spline
energy (5.19), which is based on a quantitative consistency error analysis of the approximation in (5.18).

Due to the variational constraint in the definition of F, we have to ensure that the objects 3, in (5.20), k =
1,..., K — 1, are indeed well-defined:

Definition 5.30 (Admissible path). A discrete path (yo,. .., yx) is admissible, if € = 2 maxy ||yx — yr—1]|v is
small enough, s.t. for each 0 < k < K any two points in B(yx) = {y € M : ||ly — yx||v < €} can be uniquely
connected by a discrete geodesic.

Remark 5.31. Lety : [0,1] — M be a curve with y;, = y(k7) for k = 0,...,K and 7 = K~!. Then we have
maxg || yx — Yr—1|] < 7||9]|co. Hence for any € > 0 there is a K € IN such that maxy, ||yx — yx—1]|v < €. This
means that (yo, . . ., yx ) is admissible if K is large enough.

Furthermore it follows directly from Remark [5.31}
Proposition 5.32. Fory € C([0,1], M), yx = y(k7), 7 = K~ and K € N we have

— yro1llv = O(1).
max |y = yr-allv = O(7)

Our main result will be proved at the end of this section:

Theorem 5.33. We assume (HI)) -|(H4)|to hold. Let y : [0, 1] — M be a smooth path with y;, = y(¢;) for t, = 7k,
7 = K !and K € IN. We assume that K is large enough such that (yo, ..., yx) is admissible in the sense of
Def.[5.30] We define gy, for k = 1,..., K — 1 such that (yx—1, Jx, yx+1) is a discrete geodesic. Then

D . D . ~
Fy(ty) (%y(tk% @y(tk)) = AK* Wy, Gi] + O(7) .

Using the first order consistency of the numerical quadrature rule fol f)ydt=r Zf:zl f(tx) +O(7) then results
directly in the consistency of the time-discrete spline energy (5.19):
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Theorem 5.34 (Consistency of time-discrete spline energy). We assume (HI) - to hold. Let y : [0,1] — M
be a path with y = y(tz) fortp = 7k, 7 = K~! and K € IN. We assume that K is large enough such that
(Yo, - - -, YK) is admissible in the sense of Def. Then we have for the spline energy F defined in (5.16) and
the discrete spline energy defined in (5.19), respectively:

|5 [yo, - yxc] = Fl(y(t))iepo,n]| = O7).-

Idea of proof: First, one introduces a consistent approximation of the covariant derivative based on
the geodesic parallelogram construction shown in Fig.[8] In par-
ticular, one shows that the geodesic parallelogram is actually flat,
i.e. all edge lengths are of order O(7), whereas the length of the )
short diagonal connecting y;, and §j is of order O(72). After- ~ efT----==="""""""" g T
wards, one proves that the evaluation of the covariant derivative in ~ Yk—1 : Yk+1
the metric can be approximated by the (properly scaled) squared ]
distance of y; and yi. Finally, a rather technical calculation re- Yk

veals that this quantity is proportional to the squared distance of Figure 8:  Geodesic parallelogram, i.e.
yy, and g, where the latter is the geodesic midpoint of the geodesic  (Yx—1, Uk, Yk+1) and (yx, U, Ux) are discrete
parallelogram. Then the consistency statement in is a direct con- geodesics.

sequence.
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