A Discrete Wedge Product on Polygonal Pseudomanifolds

Thesis by

Lenka Ptackova

In Partial Fulfillment of the Requirements
for the Degree of

Doctor of Science

Instituto de
Matemdatica
Pura e Aplicada

impa ,

Instituto de Matemaética Pura e Aplicada

Rio de Janeiro, Brazil

2017



(© Lenka Ptackova, 2017



Acknowledgements

I want to say big thanks to my advisors Luiz Velho and Fernando de Goes for helping me with my
research and for guiding me through my thesis. I cannot express my gratitude to Luiz Velho, not only I
have learned so much with him and he has given me a great freedom in my research, always supporting
me. But he has also been helping me during these 4 years of my doctoral studies at IMPA and has been
very kind with me, especially in the beginning when I was not even speaking Portuguese well enough
and only started with programming. He gave me the chance and I am very happy to have studied at
IMPA.

Thanks to Luiz I got in contact with Fernando, who is an incredible researcher, publishing in the
best journals year after year and coming with great ideas all the time. Even though I have not yet met
Fernando in person, thanks to him, his tips, his questions, and his help I was able to advance, and we
got to the results we have. I am also grateful to Mathieu Desbrun, who I visited at Caltech in February
2017, for helping me with later stages of my research concerning experimental evaluation.

I would like to thank professors Luiz Henrique de Figueiredo and Diego Nehab of Visgraf Lab for
teaching me about computer graphics and for making me think more about applications and utility of
my research. I think they are great teachers and I enjoyed the classes with them.

I am grateful to all the people at IMPA, all the researchers, students, office and other workers, to
everyone, for making IMPA such a pleasant and inspirational place. They have all been playing an
important role in my life here in Rio de Janeiro. Special thanks comes to my friends from Visgraf Lab,
you made me feel joy when going to school!

I also want to say thanks to my former math professors Zdena Skopové, Miroslav Lavi¢ka, Bohumir
Bastl, Franco Vivaldi, and also all the teachers of Department of Mathematics of FAV, University of
West Bohemia. And thank you all my friends all around the world.

At last, I want to thank whole my family: it is my family who provided me with the strength and
courage I have, thanks to them I can freely move around the world and pursue my dreams, always feeling

comfortable, because I know they love me. And I love them too!

ii



Abstract

Discrete exterior calculus (DEC) offers a coordinate-free discretization of exterior calculus especially
suited for computations on curved spaces. In this work, we present an extended version of DEC on
surface meshes formed by general polygons that bypasses the construction of any dual mesh and the
need for combinatorial subdivisions. At its core, our approach introduces a polygonal wedge product
that is compatible with the discrete exterior derivative in the sense that it satisfies the Leibniz product
rule. Based on the discrete wedge product, we then derive a novel primal-to—primal Hodge star operator,
which then leads to a discrete version of the contraction operator and the Lie derivative on discrete 0-,
1-, and 2-forms. We show results of numerical tests indicating the experimental convergence of our

discretization to each one of these operators.

Keywords: Discrete exterior calculus, discrete differential geometry, polygonal mesh, discrete wedge
product, cup product, discrete Leibniz product rule, discrete Hodge star operator, discrete interior prod-

uct, discrete Lie derivative.

Resumo

O célculo exterior discreto eferece uma discretizagdo do cédlculo exterior que € independente de sistema
de coordenadas e é especialmente adequada para computagdo nas variedades curvas. Neste trabalho,
nds apresentamos uma versdo desse cdlculo estendida para as malhas poligonais gerais que evita a con-
strucdo de qualquer malha dual e a necessidade de uma subdivisdo combinatorial. Essencialmente, nossa
abordagem introduz um novo produto wedge poligonal que é compativel com a derivada externa discreta
no sentido de que a lei do produto de Leibniz é mantida valida. Com base nesse produto, nds definimos
um novo operador estrela de Hodge discreto que ndo envolve malhas duais e que possibilita uma versao
discreta do produto interior e da derivada de Lie de formas discretas. N6s incluimos os resultados de
testes numéricos que indicam a convergéncia experimental de nossa discretiza¢do para cada um desses

operadores.
Palavras-chave: Cailculo exterior discreto, geometria diferencial discreta, malha poligonal, produto

wedge discreto, produto cup, regra de Leibniz discreta, operador estrela de Hodge discreto, produto

interior discreto, derivada de Lie discreta.
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Chapter 1

Introduction
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Figure 1.1: Discrete differential forms as cochains on simplicial and quadrilateral pseudomanifolds: O—form a° is located on
vertices, 1-form /3 L on edges, 2—form ’y2 on faces of a triangle (L), quad (C), and mixed mesh (R).

The exterior calculus of differential forms, first introduced by E. J. Cartan in 1945, has become the
foundation of modern differential geometry. It is a coordinate—free calculus and therefore appropriate
the analysis and calculations on curved spaces of differential manifolds.

The discretization of differential operators on surfaces is fundamental for geometry processing tasks,
ranging from parameterization to remeshing. Discrete exterior calculus (DEC) is arguably one of the
prevalent numerical frameworks to derive such discrete differential operators. However, the vast major-
ity of work on DEC is restricted to simplicial meshes, and far less attention has been given to meshes
formed by arbitrary polygons.

In this work, we propose a new discretization for several operators commonly associated to DEC
that operate directly on polygons without involving any subdivision. Our approach offers three main
practical benefits. First, by working directly with polygonal meshes, we overcome the ambiguities of
subdividing a discrete surface into a triangle mesh. Second, our construction operates solely on primal
elements, thus removing any dependency on dual meshes. Finally, our method includes the discretization
of new differential operators such as contraction and Lie derivatives. We examined the accuracy of our

numerical scheme by a series of convergence tests on flat and curved surface meshes.

1.1 Related Work and Applications

The first reference to DEC is considered to be [Bossavit 1998], where the author presents the the-
ory of discretization through Whitney forms on a simplicial complex and thus creates the so—called

Whitney complex. But some researchers believe it all started with the paper of Pinkall and Polthier



[Pinkall and Polthier 1993] on computing discrete minimal surfaces through harmonic energy minimiza-
tion using the famous cotan Laplace formula. Discrete Laplace operators have been since used in mesh
smoothing ([Crane et al. 2013a] and references therein), denoising, manipulation, compression, shape
analysis, physical simulation, computing geodesic distances on general meshes

[Crane et al. 2013b], and many other geometry processing tasks.

The first more complete textbook—like treatment about DEC on simplicial surface meshes we are
aware of is the PhD thesis of [Hirani 2003], in a certain way an expansion of it is [Desbrun et al. 2005],
where we can find extensions to dynamic problems. On the other hand, a concise introduction to the
basic theory with the arguably most important operators can be found in [Desbrun et al. 2008]. These
three publications have in common that they work with simplicial complexes only and use dual meshes.
Moreover, all their wedge products are metric—dependent, except for [Hirani 2003, Definition 7.2.1],
where we can find a discrete simplicial primal-primal wedge product that is actually identical to the
classical cup product of simplicial forms presented in many books of algebraic topology, including
[Munkres 1984] and [Massey 1991].

The SIGGRAPH 2013 Course material on Digital geometry processing with discrete exterior calcu-
lus [Crane et al. 2013c] also provides an essential mathematical background. Moreover, it shows how
the geometry—processing tools on triangle meshes can be efficiently implemented within this single
common framework.

An interesting but different new line of research is the so called Subdivision Exterior Calculus
(SEC), a novel extension of DEC to subdivision surfaces that was introduced in [De Goes et al. 2016].
SEC explores the refinability of subdivision basis functions and retains the structural identities such as
Stokes’ theorem and Helmholtz—Hodge decomposition. It allows for computations directly on the con-
trol mesh while maintaining the properties of their inner products and differential operators recognized
in [Wardetzky et al. 2007].

Next we summarize the key differences of our approach compared to existing schemes, but give
slightly more attention to the cup product which, for us, is the appropriate discrete version of the wedge

product.

The Cup Product and the Wedge Product

On smooth manifolds, the wedge product allows for building higher degree forms from lower degree
ones. Similarly a cup product is a product of two cochains of arbitrary degree p and ¢ that returns a
cochain of degree p + ¢ located on (p + ¢)—dimensional cells. The cup product was introduced by J. W.
Alexander, E. Cech, and H. Whitney [Whitney 1957] in 1930’s and it became a well-studied notion in
algebraic topology, mainly in the simplicial setting [Munkres 1984, Fenn 1983]. Later, the cup product
was extended also to n—cubes [Massey 1991, Arnold 2012].

Influential for us was the PhD thesis of Rachel Arnold [Arnold 2012], where various cup products on
simplicial and cubical n—pseudomanifolds are presented. She defines L? cubical Whitney forms and a
cubical cup product that fits together with the wedge product of cubical Whitney forms. She then defines
discrete Hodge star operators on cell complexes without reference to any dual cell complexes in order
to prove the Poincaré duality in simplicial and, more importantly, in the cubical setting. She explores
the extent to which the theory surrounding the Hodge star and Poincaré duality may be recovered in the

absence of a dual complex. Her Hodge star operators are metric—independent, unlike in the continuous



setting, which is fully sufficient for her purpose to prove the purely topological results.

In the case of the cup product on simplices, Rachel Arnold in [Arnold 2012] defines her cup product
as integral of the wedge product of two simplicial Whitney forms (Definition 4.2.1 therein), where
she cites Wilson ([Wilson 2007]) as the author. They defined their cup product of two cochains of
any degree and on any dimension. But Xianfeng Gu already in [Gu 2002, Theorem 4.7] introduced a
discrete wedge product of two simplicial 1-forms that is equivalent to the one of Wilson, yet he defined
his discrete wedge product only for two 1-forms. The same discrete wedge product then appeared also
in [Gu and Yau 2003].

In [Gonzalez-Diaz et al. 2011a] cup products on cubical complexes have been applied to compute
cohomology rings of 3D digital images (represented as cubical complexes Q(I)), thus simplify the
combinatorial structure of ()(I) and obtain a homeomorphic cellular complex P(I) with fewer cells,
which improves the computational efficiency. The authors think of the cup product as the way the n—
dimensional holes obtained in homology are related to each other. It is known that two objects with non
isomorphic cohomology rings are not homotopic. They give an example of a torus and a wedge sum of
two loops and a 2—sphere (Figure 1.2). Both these objects have two tunnels and one cavity, they have the
same homology groups, but the cavity () of the torus can be decomposed in the product of two tunnels
(a and B), i.e., « U B = -y, whereas the cavity of the second object cannot. However, for us the second

object will not even be a pseudomanifold.

Figure 1.2: (L) Hollow torus and its two 1-dimensional holes. (R) Wedge sum of a 2—sphere and two loops. Both these objects
have homology groups given as Hy = Z, H1 = Z X Z, and Hy = Z, where H, = Z represents a finitely—generated abelian
group with a single generator and H, = Z X Z represent the two independent generators in a finitely—generated abelian group.

Formulas for a diagonal approximation on a general polygon that are used to compute cup products
on the cohomology of polyhedrons are presented in [Gonzalez—Diaz et al. 2011b]. Their cup product
uses a complex structure called the AT-model (see [Gonzalez—Diaz et al. 2011b, Theorem 2]), and the
coefficient of their cochains lie in the field Z.

In common to previous approaches, this notion of discrete wedge product is metric—independent
and satisfies core properties such as the Leibniz product rule with discrete exterior derivative, skew—
commutativity, and associativity on closed forms.

A cup product on general polygons is investigated also in [Kravatz 2008], but their cup product is
dependent on the choice of the so called minimal and maximal vertices and it is not clear where the
result should live.

Alternative metric—dependent versions of the discrete wedge product on simplicial complexes were

also suggested in [Hirani 2003, Section 7.2]. In particular, specialized expressions were necessary to



address the different combination of primal and dual forms.

The Hodge Star Operator

The most common discretization of the Hodge star operator on triangle meshes is the so called diagonal
approximation, which is computed based on the ratios between the volumes of primal simplices and
dual cells. In contrast, we propose a Hodge star operator that is not an involution, i. e. it applied twice
does not gives an identity map in general. Our Hodge star cannot even be invertible, because there is
no isomorphism between groups of k—dimensional and (2 — k)-dimensional cells of general meshes.
This is a common drawback to all approaches that employ only primal meshes, we explain this further

in Section 3.3.

The Inner Product

By employing our proposed discrete wedge product A and Hodge star operator x, we define the inner
product matrices by M := Ax, that turns to be identical (for the case of product of two 1—forms) to the
one introduced in [Alexa and Wardetzky 2011].

The Contraction Operator and the Lie Derivative

The Lie derivative can be thought of as an extension of a directional derivative of a function to derivative
of tensor fields (such as vector fields or differential forms) along a vector field. The Lie derivative
is invariant under coordinate transformations, which makes it an appropriate version of a directional
derivative on curved manifolds. It evaluates the change of a tensor field along the flow of another vector
field and is widely used in mechanics.

Our discretization of Lie derivative of functions (O—forms) corresponds to the functional map frame-
work of [Azencot et al. 2013], but now generalized to polygonal meshes. Our discrete Lie derivatives
are thus linear operators on functions on a manifold that produce new functions, with the property that
the derivative of a constant function is O.

While maintaining the discrete exterior calculus framework, our work can also be interpreted as an
extension of the Lie derivative of forms presented in [Mullen et al. 2011b] from planar regular grids to

surface polygonal meshes in space.

1.2 Contributions and Overview

We start our treatment with a brief introduction to the discrete world of pseudomanifolds (Chapter 2),
chains of polygonal faces, and discrete differential forms as cochains on these pseudomanifolds (see
Figure 1.1). We also define the boundary and coboundary operators, the later being the discrete version
of the exterior derivative.

Our contributions are presented in Chapter 3, we:

e Define a discrete wedge product as a cup product on polygonal complexes and show experimental
convergence of the product of two discrete forms to the continuous wedge product of respective

differential forms (Section 3.2).



e Provide a novel primal-primal discretization of the Hodge star operator (Section 3.3) that is com-

patible with the discrete wedge product.
e Using these two operators we derive a discrete inner product (Section 3.4).

e Employing the discrete Hodge star and wedge product we then define the contraction operator
(Section 3.5). Together with the discrete exterior derivative we then use the Cartan’s magic for-
mula to derive the discrete Lie derivative and we discuss its convergence to the continuous analog

in Section 3.6.

Our findings are then summarized and further research is suggested in Chapter 4.



Chapter 2

Pseudomanifolds and
Discrete Differential Forms

Let us start with an informal motivation. Imagine we have a smooth manifold M and tangent bundle
on it T'M, which is a set of all tangent vectors in M, i.e., all tangent spaces T, M to M atx € M. A

k

R-valued (resp. vector—valued) differential k—form w” is a smooth antisymmetric k—linear map of a set

of k tangent vectors to a scalar (resp. vector), that is:
Wk TM x - x TM — R (resp. R™).

We denote the vector space of k—forms as QF (M).

For example, a O—form is just a function (we evaluate them at points), but a 1-form maps a tangent
vector to a scalar, and a 2—form assigns one scalar value to two tangent vectors 1, x T, at some point
xeM.

In the discretization process it is therefore natural to define discrete O—forms as scalars representing
the value of a function at vertices, discrete 1-forms as scalars representing a differential 1-form on
tangent vector field integrated along oriented edges, and discrete 2—forms as scalars encoding a density
through its area integral over oriented faces.

For example, let o € QY(M), 3 € QY (M) and w € Q?(M) be differential forms on a differentiable
2-manifold M and let K be a cellular complex (a mesh) on the manifold M. We define the corre-
sponding discrete differential forms (cochains, see Definition 2.3.1) ap € C°(K), fp € CY(K),wp €
C?(K) on each element of the mesh K as

ap(v) = a), Aole) = / B, wpl(f) = /f w,

where v is a vertex, e an edge, and f a face of K. We will omit the subscript p to denote discrete forms
and instead we will understand that a form is discrete iff it is from the group C*(K).

Further, we do not just want any oriented edges or faces in space, we want a well-behaved set of
vertices, edges, and faces: such well-behaved sets are the (orientable) pseudomanifolds.

A reader familiar with terms like cell complex, boundary operator, and cochains, may skip this

chapter and go straight to Chapter 3, where our actual contributions are presented and new operators are



defined.

2.1 CW Pseudomanifolds

Now we will go through some notions from algebraic topology to get to the definition of orientable
and nonorientable pseudomanifolds (Definition 2.2.2). Orientable and nonorientable pseudomanifolds
whose faces are polygons are the domains of our interest. Even though in practice we will work with

even better behaved set of cells (see Remark 2.1).

Definition. A space is called a k-cell if it is homeomorphic to the unit k-ball B*. Tt is called an open
cell of dimension £ if it is homeomorphic to Int B*. The set éf = éf — ef for £ > 0 is called the

boundary of the k-cell ef.

Note that an isolated point is an open and closed O-cell since it is the whole space of dimension 0.
Next we give the definition of a special class of cell complexes, called finite regular CW complexes; for

more details about CW complexes see for example [Munkres 1984, §38].

Definition 2.1.1. A finite CW complex is a space X and a finite collection of disjoint open cells e;

whose union is X such that:
1. X is Hausdorff.

2. For each open m-cell e; of the collection, there exist a continuous map f; : B™ — X that maps
IntB™ homeomorphically onto e; and carries BAB™ into a union of open cells, each of dimension

less than m.

If the maps f; can be taken to be homeomorphisms, and each set é; := €; — e; equals the union of some

open cells of X, then X is called a finite regular CW complex.

The Figure 2.1 shows an example of a regular and a non-regular CW complex.

Figure 2.1: (L) A regular CW complex. (R) A non-regular CW complex: The complex consisting of a point on a sphere is not
regular because both the endpoints of the 1-cell (circle) get mapped to the single O-cell (the point), therefore the map of the
boundary of the 1-cell is not a homeomorphism.

Definition. We say that ¢’ is a face of e if ¢ C €”, and denote as € < e". If €™ # e”, then e™
is a proper face of €” (e < e™). The subspace X? of X that is the union of the open cells of X of

dimension at most p is called the p-skeleton of X and it is a CW complex in its own right.

Definition 2.1.2. A CW n-pseudomanifold is an n-dimensional finite regular CW complex which sat-

isfies the following three conditions:



1. Every cell is a face of some n-cell.
2. Every (n — 1)-dimensional cell is a face of exactly two n-cells.

3. Given any two n-cells, e; and e}, there exist a sequence of n-cells
n n n
€0s€15---,€

such that e} = efj, ej = €}, and €]’ ; and e}’ have a common (n — 1)-dimensional face (i =
1,....k).

Remark. The definition above is due to Massey; by pseudomanifold he actually means a pseudomani-
fold without boundary. Massey calls compact the closed manifolds, i.e., by compact he means compact
without boundary. As mentioned in [Massey 1991, Chapter IX], it can be shown that any regular CW
complex on a closed connected n-manifold is an n-dimensional CW pseudomanifold. It is known that
every compact n-manifold admits a subdivision so as to define a regular CW complex structure on it
if n < 3. However, there exist compact 4-manifolds which do not admit such a subdivision. Some
important properties of pseudomanifolds can be found also in [Geoghegan 2008, Section 12.3].

A pseudomanifold is a more general notion than a piecewise linear (PL) manifold, which is a topo-
logical manifold with a piecewise linear structure on it. A pseudomanifold may not be a topological
manifold as it may have singularities of codimension 2. Yet it is a notion specific enough so as to allow

for the definition of orientability or nonorientability (as we will see in the next section).

We complete the treatment with the following definition of an n—dimensional pseudomanifold with
boundary, which is a slight modification of the given notion presented in [Seifert and Threlfall 1980,
Paragraph 24].

Definition 2.1.3. A CW n-pseudomanifold with boundary is an n-dimensional finite regular CW
complex which satisfies the following three conditions:

1. Every cell is a face of some n-cell.

2. Every (n — 1)-cell is a face of at most two n-cells and there exist at least one (n — 1)-cell which

is incident with only one n-cell.

3. Given any two n-cells, e; and e}, there exist a sequence of n-cells
n n n
€ps€15---,€C

such that e} = efj, ej = €}, and €]’ ; and e}’ have a common (n — 1)-dimensional face (i =
1,....k).

2.2 Orientable Pseudomanifolds

The next definitions are actually a result of a set of theorems in [Massey 1991, Chapter IX], but for our

purposes their implications are sufficient.



Definition 2.2.1. Let K = {K"} be a pseudomanifold on the topological space X. And let [} : ez_l]

be the incidence number of the cells e} and e}.~", for n > 0, such that:

1. If e~ is not a face of e}, then [e}} : eﬁ_l] = 0.

2. If eﬁ‘l is not a face of e}, then [e} : eﬁ_l] = +1.

3. If €2 and e% are the two vertices of the 1-cell e}\, then [ei 1 ed] + [e%\ : e%} = 0.

4. Let e} and 62_2 be cells such that 62_2 < e let el and eg_l denote the unique (n — 1)-cells
"1 such that 62_2 < e ! <el™! Then

e} : 62_1”63_1 : 62_2] + [e} : egfl][egfl : 6"_2] =0.

With these conditions it is possible to choose an orientation for each cell €Y} in one and only one way.

Thus we can specify orientations for the cells of a pseudomanifold by specifying a set of incidence
numbers for the complex. Even though the definition may look slightly cumbersome, it actually gives

the intuitive way to specify the orientation of cells, as we demonstrate in the Example 2.2.1.

Example 2.2.1. When using the definition, we assume we have a list of cells of K together with the

information as to whether e?_l < €] for any two cells e;‘_l and e

1. For each 1-cell e!, choose incidence numbers between it and its two vertices such that conditions

(2) and (3) hold, all other incidence numbers will be zero.

2. Now assume, inductively, that incidence numbers have been chosen between all cells of dimension
< n. Let " be an n-cell. Choose a face el ! of ", and choose [¢” : €} '] to be +1 or -1. Using
condition (4), determine [e™ : €'~ '] for all (n — 1)-cells e/~ ! < ™ which have an (n — 2)-face in
common with eg_l. Spread over the boundary e™ by repeating this process. All other incidence
numbers between e” and (n — 1)-cells will be zero by condition (1). And repeat this process for
each n-cell of K.

For example in Figure 2.2, in the first step the incidence numbers between the 1-cell e(l) and its vertices

were chosen to be [e} : €J] = —1 and [e} : €J] = 1. Next, we have chosen [e3 : €}] to be +1, therefore
the orientation of 3 will be the same as that of e}. But [e¢2 : el] = —1.

Figure 2.2: Boundary homomorphism on 2-cells e and e?.



Definition 2.2.2. Let K be an n-dimensional pseudomanifold (possibly with or without boundary), and
let e, e} be n-cells with a common (n — 1)-cell e"~!. We define orientations for e} and e} to be

coherent (with respect to ¢" 1) if:
[ef e 4 [eh e =0.

A set of orientations for all the n-cells of K is said to be coherent if it is coherent in the above sense for
any pair of n-cells with a common (n — 1)-face.
K is said to be orientable if all its n-cells can be oriented such that any pair of n-cells sharing an

(n — 1)-dimensional face are oriented coherently. Otherwise it is called nonorientable.

The orientability or nonorientability of an n-dimensional pseudomanifold X only depends on the
underlying topological space involved, and not on the choice of the regular CW complex K.

Before we define the boundary operator, we need one more definition:

Definition 2.2.3. Let K be a pseudomanifold. A p-chain on K is a function c¢ from the set of oriented
p-cells of K to the integers, such that ¢c(e) = —c(e’) if e and € are opposite orientations of the same
cell. We add p-chains by adding their values, the resulting group is denoted C,(K') and is called the
chain group of K. If p < 0 or p > dim K, we let C},(K) denote the trivial group.

The incidence numbers, or equivalently, the set of orientations of p-cells of K, give us such a p-

chain.

Definition 2.2.4. Let C,,(K),n > 0, be the chain groups of K. The boundary homomorphism
On: Cp(K) = Cpr_1(K), n>0,

is defined to be
On(e™) =Y [e" ey Med 2.1)

A

where € is an oriented n-cell of K withn > 0.

From the definition of incidence numbers it follows that d,, is well-defined and that 0,,(—e™) =

—0p(€e™). Next we give an example of computation of the boundary homomorphism in a polygon:

Example 2.2.2. Let €2 and €2 be two 2-cells with opposite orientation as in Figure 2.2. We will check
that 828(2) = —326% and 0201 = 0. We have:

826% = —i—e(lJ — e% - e% + eé,
Doe? = —el+ef +el—el,
thus Dze? = —ae?. And for §102€3, omitting the indexes of d, we can write

00et = O(+el — el —ed +el) = +0e} — Oef — Ded + del

= el —eg— (] —eh) —(eh —e§) +eg—e3=0.

10



Definition 2.2.5. A chain complex K = {K;, 0;} is a sequence of abelian groups K;,i € Z, and a

sequence of homomorphisms 0; : K; — K;_1 which are required to satisfy the condition
8i,1f9¢ =0 Vi.

For any such chain complex K = { K, 0;} we have that im 9,1 C ker 9; C K; and we can define

ker 8,

H;(K) = )
(£) im 0; 11

called the :th homology group of K.

If K is an n-dimensional pseudomanifold, then K? = () for p < 0 and p > n, thus Cp,;1(K) = 0

and the chain complex reads:

0 — Co(K) 2 2 o) 2 o 2 Gy(K) — 0.

2.3 Discrete Differential Forms and the Exterior Derivative

Having learned about chains and the boundary homomorphism we can now define cochains and the
coboundary operator on them, which correspond to our discrete differential forms and the discrete exte-

rior derivative.

Definition 2.3.1. Let K be a pseudomanifold and C,(K') the group of oriented n-chains of K. Let G

be an abelian group. The group of n-dimensional cochains of K, with coefficients in G, is the group
C"(K) = Hom (Cy(K),G).

The coboundary operator d is defined to be the dual of the boundary operator 9,, : Cp4+1(K) —
Cn(K), i.e., it is the homomorphism

d:C"(K) — C""HK),

such that dd = 0.

We can think of a cochain group C"(K) as dual of a chain group C),(K). We now give the formal

definition of discrete differential forms and the discrete exterior derivative:

Definition 2.3.2. A discrete g—form o on a pseudomanifold K is an element of C'?(K), the group of

g—dimensional cochains of K, that is
a? € C1(K) = Hom (Cy(K),G).
The discrete exterior derivative d, : C?(K) — C9T1(K) is the coboundary operator and it holds:

(dga?)(cq41) = a(Og41¢q41) = Z [cq+1 : cla(c). (2.2)
c€Cq(K)

11



The most common choices of the coefficient group G are (R, +), (C,+), or a vector space V' to-
gether with addition, which correspond to R—-valued, C—valued, and vector—valued discrete differen-
tial forms.

Similarly to the definition of chain complexes (Definition 2.2.5), we have the following:

Definition 2.3.3. A cochain complex (C* (K, R), d) is a sequence of abelian groups of n-dimensional
cochains C™(K) together with the coboundary operators d,, : C"(K) — C"1(K), i.e.,

0 & (k) et

di—1

S ok P 00K 0.
A g—form « is said to be a closed form (cocycle) if da. = 0, and it is called an exact form (cobound-
ary) if there exist a (¢ — 1)—form 3 such that d3 = «. Two closed g-forms are cohomologous if they

differ by an exact g—form, i.e.,
ker d,(C*)

HI(C*) = m.

Note that each exact g-form o« = df is closed, since da = ddf = 0.

If M is a smooth manifold and d is the exterior derivative, then the complex (2*(M ), d) is called the
de Rham cohomology complex on M. The quotient of the real vector space of closed g—forms by the
subspace of exact g—forms on M is called the g—th de Rham cohomology group of M and is denoted
Hyr(M).

Next we state an important theorem in differential geometry, called the Stokes’ theorem, whose

equivalent is valid also in the discrete setting.

Theorem 2.3.1 (Stokes). Let M"™ be an orientable n—(pseudo)manifold with boundary OM™ and w an
(n — 1)-form on M™ with compact support, then

/ dw:/ w.
M oM

I\

Figure 2.3: Stokes’ theorem on an orientable 2—pseudomanifold: a 2—form do on faces is the sum of 1-form « as in (2.2) and
two faces sharing an edge have opposite directions on that edge, thus the values on interior edges cancel each other pairwise
and only the contribution from the boundary edges remains.

Stokes’ theorem tells us that the value of an n-form dw over an orientable n-manifold is equal to
the value of w over its whole boundary. In the case of an orientable 2—dimensional pseudomanifold, the

validity can be easily shown — see Figure 2.3.
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Chapter 3

Contributions

This chapter contains the actual results of our research. Our approach is based on a discrete version of
the wedge product — the cup product (Section 3.2). Please note that we constantly switch between the

terms cup product and discrete wedge product, since they are equivalent for us.

3.1 Important Matrices

Throughout this report, we assume that K is a 2—-dimensional pseudomanifold with polygonal faces
f € F. Let us further denote v € V' the vertices, e € E the edges, and h € H the halfedges of the mesh
K.

The boundary homomorphisms and discrete derivatives can be represented by these matrices:

[60 : 'U(]] [60 : U|V|—1]
dog =0, = : (3.1)
lejz—1 * Vo] le1g|—1 : Vv |-1]
[fo : eo] [fo - €|-1]
di =0 = : : (3.2)
[fi7|—1 : €o] [fiF-1 : ¢B|-1]

We also denote B the incidence matrix between vertices and edges without distinction of the orien-

tation, where [e; : vj] is & if v; < e; and 0 otherwise:

1
B=—-
2d0®d0,

where © is the Hadamard (element—wise) product.

(3.3)

Further, the matrix fv represents the "weighted" incidence relation between vertices and faces, such

that fv;; is ]%[fi : vj] for a p;—polygonal face f;, where [f; : v;] is 1 if v; < f; and O otherwise:

oo Lfo o]

2
|

1
PIF|—1

[f|F|—1 2 vo)

13

1
p\F\A[

oelfo s vp-1]

fip|=1 -1

3.4)



To be later able to write the cup product in matrix form we need two more matrices denoted as R and

L. So let us now assume that we know the order of edges of a face f which is a p—polygon, we define

the incidence matrices R € RP*P and L € RP*P per face such that:

1 ife; is the k—th edge of the face f,
L[k, j] =< —1 if — e; is the k—th edge of the face f,

0 otherwise.

where

1 ifejisthe (k + a)-th edge or — e; is the (k — a)—th edge of f,
Raulk,j] = ¢ —1 ifejisthe (k —a)-thedge or — e;j is the (k + a)-th edge of f,

0 otherwise.

If we wish to express the discrete wedge product globally (for the whole mesh), we need to work

with halfedges instead of edges. In such a case the matrices L, R € R¥I*IH| read per a p—polygonal

face f:

Lk, j] = 1 if h; is the k—th halfedge of the face f with the same orientation as f,
= 0 otherwise.

=
—a:1 9 » as

where

1 if hj is the (k + a)-th halfedge of f with the same orientation as f,
Ralk,j] = ¢ —1 if hjis the (k — a)-th halfedge of f with the same orientation as f,

0 otherwise.

And the exterior derivative on 1—forms d; € RIFIXIH] pecomes:

dili, { 1 if hj is a halfedge of f; with the same orientation as f;,
11%, 7] =

0 otherwise.

3.2 Wedge and Cup Products

(3.5)

(3.6)

3.7

(3.8)

In this section we first present the wedge product in the continuous world and then give a general defi-

nition of a cup product of cochains to show the clear analogy between these two. We then proceed with

equations of cup products on triangles and quadrilaterals, by which we were inspired and later derived

formulas for cup products on general polygons (Subsection 3.2.3).
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The Wedge Product

A differential k-form « on a smooth n-manifold M is a tensor field of type (0, k) that is completely
antisymmetric, i.e., for « € QF(M) C T2(M) we have a(v,w) = —a(w,v) for all v,w € TM.
Let {e1,...,e,} be a basis of the tangent space T,;M to M at point z € M. Let a € TP (M) and
B € T(M), we define their wedge product o A 3 € T}, (M) at the point 2 € M by

(aAB) = ZsignTa(eT(l), o)) B(Er(g1)s - -+ s r(kti))s (3.9)

where the sum is over all permutations 7 of {1,...,k+ [} suchthat 7(1) < --- < 7(k) and 7(k + 1) <

-+ < 7(k +1). And we have that sign 7 = +1 if the permutation is even and sign 7 = —1 if it is odd.
Examples of computing the wedge products can be found in [Abraham et al. 1988, Section 7.1]. The

wedge product exhibits the following properties, which we maintain also in the discrete setting except

the associativity (compare with the later Proposition 3.2.3):
Proposition 3.2.1. For o € TP (M), 8 € TP (M), and v € T2 (M), we have

1. Nisbilinear: aN(c1f+c2y) = ci(aAB)+ca(aAy) and (cra+caB) Ay = ci(aAy)+ca(BA7)
for some constants c1,ca € R,

2. A is skew commutative: a A = (—1)MB A o,
3. Ais associative: a N (BA7y) = (aNB) A7,
4. Leibniz rule: d(a A B) = da A B+ (—1)Fa A dB.

For the proof see [Abraham et al. 1988, Proposition 7.1.5 and Theorem 7.4.1].

A Cup Product

The wedge product allows for building higher degree forms from lower degree ones, similarly a cup
product is a product of cochains of arbitrary degree p and ¢ that returns a cochain of degree p + q.

Whitney in [Whitney 1957, §9 of Appendix II] gives the following abstract definition of a cup prod-
uct, which also appears in [Arnold 2012, Definition 2.3.3].

Definition 3.2.1. Let X be a cell complex, the cup product of two cochains ¢ and ¢? is a bilinear
operation U : CP(X) x C9(X) — CPT9(X) that satisfies the following three properties:

1. Let o, € Cp(X) and 0y € Cy(X). Then o U o?is a (p + g)-cochain in St(op) - St(o,), where
St(o;) is the union of all cells in which ¢; is a face, and A - B denotes the union of all cells in A
and B.

2. d(cPUcl?) =dcP Uc? + (—1)PcP U dc? (Leibniz rule).

3. If X is connected, then there exist a real number ~, such that I° U ¢? = ¢ U I® = ~,cP, where

10 is the constant O-cochain that takes value 1 on the 0-cells of X.

The interested reader is also referred to [Massey 1991, Chapter XIII]. Whitney further asserts that

thanks to the Leibniz rule being valid, we have the following:
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Proposition 3.2.2. For o € H¥(X), B € HY(X), v € H™(X), the cup product defines a bilinear
operation H*(X) x H\(X) — H*(X), which is uniquely determined (well-defined) and is

1. skew commutative: o U 3 = (—1)¥' 3 U q,
2. associative: U (BU~) = (e U B) U~.

Thus the cup endows the cellular cohomology H*(X) with a graded commutative ring structure, with

the cohomology class of I° as unit element.

Comparing Proposition 3.2.1 with Definition 3.2.1 and Proposition 3.2.2, we affirm that both the
wedge and the cup product, respectively, are bilinear operations that take as input two forms, resp.
cochains, of arbitrary degree p and g and return a form, resp. cochain, of degree p + q. Moreover, they
both satisfy the Leibniz rule. But a general cup products is associative and skew—commutative only on
cohomology. Fortunately, for cup product on polygons we will recuperate the skew—commutativity for
any discrete forms (not just closed ones). However, our polygonal cup product will be associative only
on closed forms, see the Proposition 3.2.3.

Even though explicit formulas for computing cup product on a general cell complex are unknown,
there are well-known explicit formulas for cup products on simplicial and cubical complexes (e.g., see
[Arnold 2012]), and we expand the set of known cup products with cup products on general polygons

with coefficients in R, which is one of our contributions.
3.2.1 The Cup Product on Simplices

a’(vs) V2 U2

B'(e2) ey @V (U B)(er)

(e U~?)(fo)

72(f0) )

a®(v) ' (eo) ) (@°U ) (o) @ U () o e o

Figure 3.1: The cup product of simplicial forms is again either an O—form located on vertices, 1-form located on edges, or an
2—form located on faces.

Arnold in [Arnold 2012, Definition 4.2.1] presents the definition of the Wilson’s cup product U :
CP(K) x C1(K) — CPT4(K) given by

aUpB(e) :/Wa/\WB, (3.10)
(&
where W is the simplicial Whitney form (see [Arnold 2012, Definition 4.1.1]) and ¢ is an (p + ¢)-
simplex.

Using the equation (3.10) we computed simplicial cup products which we state as the following

definition:
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Definition 3.2.2. Let (vo, ..., vx) be a k—simplex, the simplicial cup product, i.e., the cup product of
forms defined on simplices reads:

(@ U B () = a(vo)B(wo),
(@20 w0,ur) = glalvo) + a(en))Br, )
(ao U 52)(1}0, v1,v9) = %(a(vo) + a(v1) + a(v2))B(vg, v1,v2),
2
(041 U 61)(1)0, V1, 1)2) = %Za(vi,viﬂ)(ﬁ(viﬂ,viH) — ,3(1)1'_1, 1)7;)), 1€ Z/SZ.

i=0
The action of U is illustrated in Figures 3.1 and 3.2.

Remark. In our derivation we actually obtained (a” U %) = &(a(vo) + a(v1) + a(v2))B(vo, v1, v2)

and not §(a(vo) + a(v1) + o(v2))B(vo, v1, v2). Butin the case of ¢, the Leibniz rule for d(a® U 51)
is only satisfied if d3 = 0, i.e., § is a closed form. Whereas for %, the Leibniz rule for d(a’ U ') =
daU B+ o U dp is satisfied for any « and 3.

V2
B (ex) e ae) ey :
e : G (e 2 8'(er)
(' U BY)(fo)
Vo €o 1 a'(eo) B'(eo) B'(eo)
(U BY)(fo) = a(eo)(B(e1) — Ble2)) + aler)(B(e2) — Beo)) + alez)(B(eo) — B(er))

Figure 3.2: The cup product of two 1-forms is a 2—form located on faces (L).

The simplicial cup product satisfies the properties of Proposition 3.2.3, which we prove therein.
Comparing the Proposition 3.2.3 with Propositions 3.2.2 and 3.2.1, we can see that our simplicial cup
product is skew—commutative on any discrete forms, not only on cohomology as the generic cup product,

but it is still not associative in general as the wedge product, only on cohomology.

3.2.2 The Cubical Cup Product

In [Arnold 2012, Definition 3.2.1] the author defines a cubical cup product U,, for which the product of
two cochains agrees with the wedge product of their cubical Whitney forms (see [Arnold 2012, Section
3.2.2]), thus the Whitney map provides a connection of cubical cohomology with de Rham cohomology
([Arnold 2012, Theorem 3.2.12]).

We do not state the definition of U, on an n—dimensional cubical pseudomanifold because it would
involve a lot of new notation that is unnecessary for the case or our interest — the dimension 2, i.e.,
quadrilaterals. Therefore from [Arnold 2012, Definition 3.2.1] we computed the cup product on k—

dimensional cubes for 0 < k < 2 and we present the formulas in the following definition:

Definition 3.2.3. The cubical cup product U : CP(K) x CY(K) — CPT(K) on a quadrilateral
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pseudomanifold K is defined by its action on a k—dimensional cube (vg, ..., vox_;) as:

(@ Up)(w) = «a
(@® U (vo, 1) =

—~
4
=]
~—
@
—~
<
=]
~—

(a(vo) + av(v1))B(vo, v1),

(QOUBQ)(U07U17U27U3) =

N e
VS
=

s
Il
=)

04(%))5(110701702703),

(a' U BY)(vo, v1,v2,v3) = a(vi, viy1)(B(Vig1, vir2) — B(vi-1,vi)), @ € Z/AL.

| =
NGl

@
i
o

al('ug, v3)

a’(vy)

v3 U3

B (v1,v2)

52(v0s v1, V2, V3)

B*(vs, vo)
a’ U B%(vo, v1,v2,v3) a' U BY (o, v1, va, v3)
a® U 3% (x0) v o(wg) B (vo,v1) W) oO(vp) a®(w1) o (vo, v1)

Figure 3.3: The cup product of cochains on a quadrilateral: for each degree the locations of the result of the product are
colored red.

The cup product of two cubical forms is illustrated in Figure 3.3 and it has the same properties as

the simplicial cup product — see Proposition 3.2.3.

3.2.3 The Cup Product on Polygons

As said earlier, we can extend the definitions of the discrete wedge product to any p—polygon such that
it still satisfies the defining properties of a cup product (Definition 3.2.1) and therefore automatically
also the properties of Proposition 3.2.2. Moreover, we show that our polygonal cup product is a skew—
commutative bilinear operation on any polygonal forms, not just on the closed ones, it satisfies the
Leibniz rule with discrete derivative, and it is associative on cohomology, viz. the Proposition 3.2.3.

Let us remember that a discrete ¢g—form a4 is a g—cochain

al = Z a(cq)a

cq€K
where ¢, is a g—cell of a pseudomanifold K.

Definition 3.2.4. Let K be a 2—pseudomanifold whose 2—cells (faces) are polygons. The cup product
CF(K) x CHK) — C*!(K) of two discrete forms o, 3! is a (k + [)—form o* U 3! defined on each
(k + l)—cell of K, that is,

OékUﬁl: Z akUﬁl(C;H_l).

cr+1EK

Let f = (vo,...,vp—1) be a p—polygonal face, (v;,v;) an edge, and v a vertex of K, the polygonal cup
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product is defined for each degree and per each (k + [)—cell as:

(a" UM (v) = a(v)B(v), (3.11)
(° U 8 s 15) = laen) + a(0;)) B0, v7), G.12)
p—1
ao 2 = 1 a(U; .
@00 = (Xt )0 a.13
LL;J 1 a p—1
@)=Y (5-2) T a0+ @) - 5 -, 14
a=1 p =0

where a(7) := a(e;) = a(vi, V(i4+1)%p) and %p means modulo p.

In Theorem 3.2.1 we prove that the polygonal cup product we have just defined actually is a cup
product, that is, we prove that it satisfies the defining properties of a cup product (Definition 3.2.1). But

we first prove, in the following Lemma, that it obeys the Leibniz rule with the discrete derivative.

Lemma 3.2.1. The discrete wedge product from Definition 3.2.4 satisfies the Leibniz rule with the dis-

crete derivative, that is:

do(a® U %) = doa U B+ U dyf,
di(@®UBY) =dopaUB+aUdp.

For d(a® U 8%) and d(a! U B) we get trivially 0 because there are no 3—dimensional chains (and thus

no 3—forms) on a 2—dimensional pseudomanifold.

Proof. We will prove the Leibniz rule for each degree separately.

The case d(a” U 8°): let e = (v;,v;) be an edge of K, then

(doa U B+ e U dof)(e) = () — oz(vi))ﬁ(vi) ‘55(@;‘) 4 a(v;) ;a(vj)

_ Bui)(=2a(vi)) + B(v;) (2a(v;))

2
= a(v)B(vj) — avi) B(vi) = (@ U B)(vj) — (a U B)(vi)
= do(a® U 8% (e).

The case d(a” U 3'):  Let us first simplify the notation and denote o; = a%(v;), B; = B(e;). Let
also any index i to be understood as i%n. Let f = (vp,...,v,—1) be an n—polygonal face with edges

e; = (vi, vi+1). Due to the indexes being cyclic (modulo n), we can reorder the following sums in this
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manner:

n—1 n—1

0, alyp N~ QT it~ Bici 6
d(a® U () = 30 AN, - 3 PE R,
1=0 i=0
n—1 L%J 1 a
(da”u ) (f) = > <2 - n) (qit1 — @) (Bita — Bi—a)
i=0 a=1
n—1 L%J n— %
= ZZ; 2 o (i)(Bita—1 — Bi—a—1 — Bita + Bi—a)
1 n—1 n—1
@UdB)(f)==> a ) B
n =0 =0
Thus we want to show that
n—1 B + B n—1 a LHT_lJ n—1
i—1 i i
> Gy = > o [ > (n—2a)(Bira—1 — Biva + Bica— Bica1) +2) Bj] ;
=0 =0 a=1 J=0

but instead we will show that the following equation (3.15) holds for any ¢ € {0,...,n — 1}, which

implies that also the equality above is true.

|_7L71

B+ B 1[$ -
- A
% =3, [ Z (n —2a)(Biva—1 — Bita + Bi—a — Bi—a—1) + 2 Z 5]} (3.15)
a=1 ]:O
If niseven,thena =1,..., L%J is equivalent to @ = 1,2,..., 5 — 1, and if n is odd, then it is
equivalenttoa = 1,..., ”T_l Thus we will first show the validity of (3.15) for n even and then for n

odd.

For n even we compute:

L]

> (1= 20)(Brra—1 — Brta) = (0= 2)(Bk — Brr1) + (n — 4)(Ber1 — Brs)

a=1
+ (1= 6)(Bk+2 — Br+3) + -+ + 6(Brrz—a — Bryz-3)
+ 4(Brrz2-3 = Brtrz—2) + 2(Brsz—2 — Brrz-1)
=nfr — 2Bk + Br+1 + B2 + Bras + -+ Braz g + Bern_o + Bryz_1),
ny
> (1= 20)(Br—a — Br-a—1) = (n = 2)(Be—1 — Br—2) + (n — 4)(Br—2 — Pr—s)
a=1

+ (n—6)(Br—3 — Be-a) + -+ 6(By—243 — By—n42)
+4(Bp-n42 — Br—n41) + 2(Bp—241 — Br—2)
=nBr-1— 2(Bp-1 + Be—2 + Br—3 + -+ Brr o+ Brynir + Brsz).
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Thus

%_1 k+n—1
> (0 —=20)(Brra-1 = Brva + Bi-a— Br-a-1) =n(Bra+ /) —2 > Bi
a=1 i=k
n—1
=n(Br-1+Br) —2) B
=0

and for n even we obtain

1
5=

1 n—1 B
o [ (12—:1 (n —2a)(Brya—1 — Brtra + Br—a — Br—a-1) + 2;@} = w
For n odd we proceed in a similar fashion:
Z(n —2a)(Brta—1 = Brta) = (0= 2)(Br — Br+1) + (n — 4)(Brs1 — Brt2)
a=1
+ (n - 6)(/8k+2 - Bk+3) +o 5(/8k+"T*173 - BkJr"TflfQ)
+ 3(51@#%172 - 51{#%171) + 2(51””7*171 - 51«#%1)
= 1Bk = 2(Bk + Br1 + Brao + Pz + o+ Bpynca o+ By ) = By,
> (0 —=20)(Be-a— Br-a-1) = (n—2)(Br-1 — Br—2) + (n — 4)(Be—2 — Br—3)
a=1
+ (= 6)(Br-3 = Br—a) + -+ 5(By_nzt iy — Byonziyy)
+ 3(”81‘7_"7_1"‘1 - Bk_nT—l) + (/Bk_ﬂT—l - Bk_nT—l_ﬂ
=nfr-1— 2(ﬁ]€+”7—1+1 + ﬁk+"T—1+2 +oo+ Br_3+ Br—2+ 5/@—1) - Bk-l-nT_l
Thus
nT_l k+n—1
Z(n - 2a)(5k+a—1 - Bk‘-{—a =+ 5]6—0, - Bk—a—l) = n(ﬁk—l + 5kz) -2 Z Bz
a=1 i=k
n—1
=n(Bre-1+Bk) —2)_B;
§=0
and for n odd we get
e = Br—1 + B
o [ Z (n —2a)(Br+a—1 — Br+a + Br—a — Br—a—1) +2 Z 5;} =—5
a=1 §=0

We have shown that the equality (3.15) holds for any i € {0,1,...,n—1}, which implies d1 (a°UB') =
doaU B +aUdif. O

Now we are ready to claim that our discrete wedge product on polygonal pseudomanifolds actually
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is a cup product:

Theorem 3.2.1. The polygonal cup product from Definition 3.2.4 is a cup product, i.e., it satisfies the
Definition 3.2.1.

Proof. The equations (3.11)—(3.14) are bilinear, therefore the polygonal cup product is a bilinear oper-
ation.

It also satisfies item 1. of Definition 3.2.1 — the result of product of two forms is located on a face that is
incident to both the elements where the two original discrete forms reside.

Due to Lemma 3.2.1, our product satisfies item 2., the Leibniz rule.

We will now prove that item 3. of Definition 3.2.1 also holds. A pseudomanifold K as we defined
it is a connected cell complex, therefore we have to show that there exist a real number ¢ such that
IUaP = a? U I = £aP, where IV is the constant O—form that takes value 1 on the vertices of K.

Using the equations of Definition 3.2.4, we can thus write:

IUa® = Z IOUa (v) ZIO (vi)a i): Z 1a0(vi):1a0,

v, EV(K) v; €V v; €V
AUl = Z AUIl(y) = Z P (v) I (v;) = Z a®(v)1 = 1a?,
v, EV v, EV v; EV

Puat = Z I uat (v, vj) = Z foz (vi, v5)

(’Uiﬂ)j)EE(K) (’l)i,’l}j)EE
141

= 2 7‘; o' (vj,v7) = 1at,

(vi,vj)EE

) 0(q).
AUl = Z ol U (v, 05) = Z al(vi,vj)f

(’Ui,Uj)EE (Ui,Uj)EE
1+1
= . al(vi,vj)%:lal7

(vivj)eE
0 2 _ 0 IO(UJ') 2/ ¢
Ve = z Pue(fy=3 3 ey

fi€F(K fi€F vi<f; pi

szF

70 — IO 2/ ¢ IO(UJ)

Ul =Y a?ur(f) = 3 a2 3

fi€F fi€F v =< fi pi

- X ) = 1

fi€F Pi

where p; is the number of vertices of a face f;. We thus conclude that £ = 1 satisfies I°Ua®? = a?UI? =
EaP Vp €{0,1,2}. O

Proposition 3.2.3. The polygonal cup product from Definition 3.2.4 satisfies these properties:
1. Bilinearity.

2. Skew—-commutativity o U B! = (—1)M g U oF,

22



3. Leibniz rule.

4. Associativity under the following conditions:
ao U (B2uUq?) = (a®u %) U4 always,
U (B'urt) = (@up®) uytifda® =0ords® =0,
wOUw (@ U B’ Ur?ifda® =0o0rds® =0,
U (B ust) = (@uph)ustifda® =o0.

Proof. From Theorem 3.2.1 we know our product is a bilinear operation satisfying the Leibniz rule with
discrete exterior derivative. We now show that it is also skew—commutative on any discrete forms and
associative in the declared fashion.

With respect to the announced form of associativity, in the case of the product of three O—forms we
get to multiplying three real numbers on each vertex, which is indeed an associative operation. For the
other degrees, we have learned in the proof of Theorem 3.2.1 that if K is connected and a O—form " is
constant (which is equivalent to closed), that is a’(v;) = p € R Vu; € K, then the cup product of o’
with any g—form w? is equal to multiplying w? by the real number p. This fact yields:

(@ U B U = (pB") U = p(B* U~ = U (B*UAY,

which proves the statement of item 4.
Concerning the skew—commutativity, looking at the equations (3.11)—(3.13) it is easy to see that «°US! =
BtUal forl = 0,1,2. The case of the product of two 1—forms is slightly more involving. We need to

prove that (o' UBY)(f) = —(B*Ual)(f) on an n—polygonal face f = (vo, . .., v,_1). Let us remember
that

|_7L71

n—1
@8N = 3 (57 ) L e@E +ain -5 —apin)
where (i) := a(e;) = a(vi, v(+1)%n) and %n means modulo n. Again, to simplify the notation we
will omit writing the symbol %n in the indexes and by some index k& we will always understand k%n.
We next show that

|
—
3

|
—

n

a(i)(B(i+a) = Bi —a)) = —Zﬁ(i)(a(i +a) —ali—a)).

@
Il
=)
-
Il
=)
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Due to the indexes being cyclic (modulo n), we can write:

I
—

n

a(d)Bli +a) =a(0)(a) + a()B(l+a)+ -+ a(n—a—1)B(n—1)

=0
+a(—a)f0)+a(l —a)f(1)+a(2—a)B(2)+ - +a(n—1)(n—1+a)
~ Y BG)ati - a),
j=0
n—1
a())B(i—a) =a(0)f(—a)+a(l)f(l—a)+ -+ a(n+a—1)B(n—1)
i=0
+ a(a)f(0) + a(l1+a)B(1) + a2+ a)B2)+ -+ a(n—1)8(n—1—a)
=3 ()l +a),
§=0

Thus

L%J n—1
@ U == 3 (5-2) X A0l +a)%n) - alli - a%m) = ~(5 Ua)(p),
1=0

a=1

Hence the polygonal cup product is skew—commutative on the cochain level. O

The matrix form of the cup product, using the halfedge representation and the matrices defined in
Subsection 3.1, reads:

up’=a’e g, (3.16)
a®upt = (Ba) e s, (3.17)
dUB?=(fvad) @ B2, (3.18)
a'Upt =di(La')® (RBY). (3.19)

We can also express the cup product of two 1-forms on a single p—polygonal face as:
s
1 a
1 gy — NT 1 _
aUp (f)=(La") (RB"), for R= Z <2_p> R,.

a=1
A Note about Cohomology Rings

If K is a 2-dimensional pseudomanifold with polygonal 2—cells, then by Theorem 3.2.1 and Proposition
3.2.3, our polygonal cup product defines a bilinear operation H*(K,R) x H'(K,R) — H*(K R)
that is well-defined on the cohomology level. Thus the set of cohomology classes H* (K, R) together
with addition and the cup product forms a graded ring (H*(K,R), +,U), called the cohomology ring
of K, i.e.,

1. (H*(K,R),+) is an abelian group,

2. (H*(K,R),U) is a monoid,
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3. and the multiplication is distributive with respect to the addition.

The cohomology ring provides us with a lot of additional information about the topology of a given
manifold, more subtle than the homology groups and the Betti numbers give. It is a fact that any polyhe-
dron of dimension < 3 can be combinatorially subdivided so as to define a simplicial complex (see also
Polyhedral Hauptvermutung Conjecture [Ranicki (ed.) 1996]). Having a polygonal surface mesh,
we could thus subdivide it to get a triangle mesh and employ a simplicial cup product. However, we

propose to work directly with polygonal meshes and use polygonal cup product instead.

3.2.4 Discussion

We have found a very simple formula of a cup product of cochains on general polygonal pseudomani-
folds with coefficients in R, even though any commutative ring would serve as the coefficient ring. We
do not need to perform subdivision as to obtain simplicial or cubical complexes in order to compute the
cup product. Also, our result is independent of the ordering of vertices, unlike the one of [Kravatz 2008]
which uses a diagonal approximation that is sensitive to the choice of the so called minimal and max-
imal vertex. Further, unlike the cup product on polygons from [Gonzalez—Diaz et al. 2011b], our for-
mulas are very direct and simple and we do not use any additional structure such as the AT-model of
[Gonzalez—Diaz et al. 2011b, Theorem 2].

As we work directly with polygons, we overcome the ambiguities of subdividing a discrete surface
into a triangle mesh in order to be able to apply the simplicial cup product. In Example 3.2.1 we
demonstrate that different triangulations of the same polygonal mesh can even give slightly different
results.

In the following paragraphs we present some results of several tests performed. We always com-
pare our results to respective analytical solutions, that is why we have chosen some relatively simple
differential forms: linear, quadratic, and trigonometric. For all these classes of differential forms, our
cup product of discretized forms exhibit at least linear convergence to the analytically computed wedge
product of corresponding continuous forms. In the case of wedge product of a O—form with a 1-form,

the convergence seems to be almost quadratic, see the Figures 3.5 and 3.8.

Figure 3.4: Examples of tested irregular polygonal meshes on torus (from left to right) with 1k, 2k, and 5k vertices. We can see
that there are polygons with variable number of points and also the edge lengths vary significantly. Furthermore, neighborhood
faces differ greatly in face areas.
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3.2.5 Numerical Evaluation

The numerical evaluation of our cup product as an approximation of the continuous wedge product of

differential forms was performed in the following fashion:

1. We integrate each differential /—form over all [-dimensional cells of our pseudomanifold K. That
is, we define discrete forms o® € CY(K), 8! € CY(K),v! € CY(K), and w? € C*(K), per each

vertex v, edge e, and face f of K as:

where the Greek capital letters denote the respective differential forms.

2. Next we compute the polygonal cup products of the discrete forms on all edges e and faces f of
K:
(@ uBh(e), (@ Uw?)(f), (B U

3. We also calculate analytical solutions of (continuous) wedge product of the differential forms and

integrate these solutions over all edges e and faces f of K:

A/\B(e):/A/\B, A/\Q(f):/fA/\Q, B/\F(f):/fB/\F.

4. We then compute the L%—errors as
1 T 1
ErrorOlz(aOUﬁ —A/\B> MO(aOUB —A/\B),
0,2 T 0,2
Error02:<a Uw —A/\Q) M1<a Uw —A/\Q),
1, A1 T 1, A0
Error11:<5 U~y —B/\F) M2<B U~y —B/\F).

where Ms is a diagonal |F'| X |F'| matrix given by

and My, M are L2—Hodge inner product matrices of [Alexa and Wardetzky 2011], that is, M is

a diagonal |V| x |V| matrix given by

MO[sz] = Z @7

ijUZ' pj

and M is the inner product of two 1-forms ¢, £ defined per face in the sense that

e MiE = el Myély,
f

where €|y denotes the restriction of € to the boundary of a p—polygonal face f and M; is a sym-
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metric p X p matrix defined as
1

i

where By denotes a p x 3 matrix with edge midpoint positions as rows (we take the barycenter of

M; ByBj,

each face as the center of coordinates).
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Figure 3.5: The cup product on a set of irregular meshes on a torus azimuthally symmetric around z axis: On the left, we see

a plot of decreasing L? errors of the product of trigonometric forms (from Example 3.2.1). The graph on the right depicts the

convergence rate of the product of these forms: o = z? + y2, ' = —ydz + zdy, v' = —2zxzdx — 2yzdy + 2(a® + > —

Va2 +y?2)dz, w? = \/%(x(\/aﬂ +y?2 — 1Ddy ANdz +y(v/22 + y? — 1)dz Adx + zy/2? + y2dx A dy). The scale
z2+y

on both axes is log, . In Figure 3.4 we can see examples of the meshes tested, the implicit equation of the underlying torus is

(1-vVa2+y2)’+2° -1 =0

Example 3.2.1. We have performed several numerical tests with the following differential forms:
= sin(z) cos(y) — 2sin (22) +1,
“(

OZO
61

= (sin®(x) — cos(2z)) dz + (3 cos(x + 2) + sin(y) cos(z))dy + (sin(zz) + 3cos(y))dz,
7t = (cos(z) sin(y) + 3)dzx + (cos(y) — sin(z))dy + (sin ($2) + cos(yz)) dz,
w? = (sin(zy) + cos(z + 1))dx A dy + (cos(3z) + sin(2yz))dz A dz + sin(yz)dy A dz.

In Figure 3.5 left we see the result of numerical evaluation of these forms on general polygonal meshes
on a torus. And in Figure 3.6 left we show numerical convergence of the cup product on a set of
polygonal meshes on a planar square and in the same figure right we illustrate that different triangulations
of the same polygonal mesh can give slightly different results — we again measure the deviations from
analytical solutions in the form of L? errors.
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Figure 3.6: The graph on the left shows decreasing L? errors of the product of trigonometric forms (from Example 3.2.1) on
a set of irregular meshes on a planar square. The graph on the right compares the L? errors for the same forms and different
triangulations of a polygonal mesh with 700 vertices: we can see that the L? errors are sensitive to the triangulation chosen.
In the case illustrated, the polygonal cup product performs slightly better than the simplicial one for product of a 0— with 1—
form and product of two 1-forms. But it has a bigger error for product of a 0—form with a 2—form. In Figure 3.7 we can see
the original polygonal mesh and two different triangulations of it.

Figure 3.7: A polygonal mesh and its different triangulations: (L) the original polygonal mesh (with 700 vertices and 330
faces), (C) Triangulation 0 (700 vertices and 1289 faces), (R) Triangulation 2 (700 vertices and 1289 faces).
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Figure 3.8: The graph on the left depicts the convergence rate of the product of these forms: a® = 22 +?, ' = —ydz +zdy,
v = —xzdr — yady + (2* +y?)dz, w? = xdy Adz +ydz A dx + zdx A dy, on a set of general polygonal meshes on a unit
sphere. On the right we can see several samples of the meshes used (from left to right and top to bottom) with 1k, 2k, 5k, and
10k vertices.
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3.3 The Hodge Star Operator

We briefly introduce the Hodge star operator on Riemannian manifolds, for more detailed treatment, see
[Abraham et al. 1988, Sections 7.2 and 7.5] and especially [Abraham et al. 1988, Propositions 7.2.12
and 7.2.13].

If M is a Riemannian n—manifold, i. e., a real smooth n—manifold equipped with an inner product g :
TM xTM — R on the tangent spaces 7'M, then the Riemannian metric g also induces a contravariant
(2,0)—tensor ¢(¥) that acts on differential forms Q¥ (M) forevery k = 1,...,n. We will denote this inner
product on k—forms by square brackets [., .| and call it pointwise inner product on differential forms (as

opposite to L>~Hodge inner product, which we define later), that is:
[, ] : QF(M) x QF(M) — R.

Now suppose that k is an integer such that 0 < k& < n, the Hodge star operator * establishes a one—
to—one mapping between k-forms and their dual (n — k)-forms. Concretely, the Hodge star operator
2 QF(M) — Q"*(M) is the unique isomorphism that maps any k—form « into its dual (n — k)—form
xq on M satisfying:

[k, B] = [ A B, ], B€Q"F(M), (3.20)

where 1 € Q"(M) denotes the volume form (a nowhere vanishing n—form) induced by the Riemannian

metric. The Hodge star operator satisfies the following properties:

sxa=(—1)F"Ma,  aef(M), (3.21)
sl=p, *pu=1, (3.22)

where 1 is the constant O—form having value 1 at all points x € M.

3.3.1 The Discrete Hodge Star Operator

We define a discrete Hodge star operator as a homomorphism (linear operator) from the group of p—
forms to (2 — p)—forms (cochains), i.e. x : CP(K) — C?*7P(K),0 < p < 2. But since our discrete
Hodge operator is defined without a notion of any dual mesh and there is no isomorphism between the
groups of p— and (2 — p)—dimensional cells (chains), our Hodge star is not an isomorphism (invertible
operator), unlike its continuous counterpart and diagonal approximations of the operator for which xx is
an identity up to the sign (see equation (3.21)).

On the other hand, thanks to the dual forms being located on elements of our "primal" mesh, we can
compute discrete wedge products of primal and dual forms and thus define a discrete inner product and
discrete interior product later on (in Sections 3.4 and 3.5).

In the following paragraphs we introduce the discrete Hodge stars of each degree, our definitions

were motivated by two conditions:

1. The Hodge dual of constant discrete forms on planar surfaces is exact, thus also the identities of

equation (3.22) hold on planar surface meshes.

2. The discrete Hodge star operator on 1—forms leads to L?~Hodge inner product on 1-forms iden-
tical to the one of [Alexa and Wardetzky 2011, Lemma 3].
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In the Subsection 3.3.2, we will see that on curved surface meshes the Hodge star operator on
constant forms is not exact in general, concretely the equation (3.22) does not hold, however this is
inevitable in the way we perform the numerical tests. We take as ground truth the analytical solution,
thus the volume form g is taken as the volume form on the analytical surface and not on a polygonal
approximation of that surface. And since we work with polygonal meshes, the given volume forms p
are not necessarily the volume forms on a particular polygon. Thus neither the discrete Hodge dual form
of the constant form a” = 1 is exact on polygonal meshes. For example, in Figure 3.10, the 2—forms w?
are the analytical volume forms on the underlying analytical surfaces, yet their discrete Hodge duals are

not exactly 1 on our polygonal meshes as they would on the smooth underlying Riemannian surfaces.

The Hodge star operator on 2—forms is just an incidence matrix taking in account the degree p; of
the p;—polygonal faces faces f; and the face areas |f;|. E.g., if w? is a 2—form, then the O—form %w on a

vertex v is defined by

(o) (v) = 1, Sy el (3.23)

i.e., it is a linear combination of values of w on faces adjacent to v. In matrix form the operator reads
*g = W‘_/1 v,

where fv is the matrix defined in equation (3.4) and Wy is a diagonal |V'| x |V | matrix given by
. Jr
Wy [i,i] = Z u
fr=vi Pk

The Hodge star operator on 1-forms is first defined per halfedges as:
x1 =W; R, (3.24)

where R is the matrix defined in equation (3.6) and W is a symmetric matrix given per a p—polygonal
face f by:
Wl [Za j] =

)

(hi, hj)
fl
where hy, are the halfedges incident to and having the same orientation as the face f, and ( , ) denotes
the dot product of the halfedges vectors.
If an edge e is not on boundary, it has two adjacent faces, thus we compute the values of a given
1-form x(3 on corresponding halfedges, sum their values with appropriate orientation sign and divide

the result by 2 — see the explanation in Figure 3.9 and the Example 3.3.1.

Example 3.3.1. If we think about the mesh in the Figure 3.9, then the value of the Hodge star dual of a
I-form f on the halfedge eg is

Be) = g7 (({e0-e0) = (eonea)) (Bleo) = Aea)) + ({e0neo) = {eas D) (Blea) — Blen)
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The value of the the Hodge star dual of the 1-form /3 on the edge e is then given by

*xa(e)
2

;" ------ vO ----------- ’
'," A es3 H
I' : :
s €. '
' |2 €0 ez
~ 5 . L}
R €4 ! H
N 1
x\. : €1 :
------------------------ L ]

U1

Figure 3.9: Let 8 € C" and e = (vo, v1) be the edge with e, e1 as the corresponding halfedges, then «3(e) = M,
where *3(eo) is a linear combination of values of 8 on dashed blue edges and x3(e4) is a linear combination of values of 3
on dashed orange edges

The Hodge star operator on a 0—form « is a 2—form defined per a p—polygonal face f as:
_ I |
(ro0)(f) = = > a(w), (3.25)

and it is simply the arithmetic mean of the values of « on vertices of the given face f multiplied by the
face area | f|. In matrix form it reads

*0 = Wgfv,

where fv is the matrix defined in equation (3.4) and Wp is a diagonal |F| x |F'| matrix with face areas

as entries.

3.3.2 Numerical Evaluation and Discussion

Even though our discretizations of the Hodge star operator are not diagonal matrices, they are highly
sparse and thus computationally efficient. We have numerically evaluated our approximation of the
Hodge star operator in a fashion similar to the one explained at the beginning of Section 3.2.5.

We have performed several numerical tests on linear, quadratic, and trigonometric differential forms
on planar and curved meshes and they exhibit the same (at least linear) convergence rate. For example
in Figure 3.10 we tested different resolutions of polygonal meshes on a torus and a sphere (the same sets
of meshes as in Subsection 3.2.5). We evaluated errors of approximation for each degree — for Hodge
star on 2—forms (denoted as Error 2), 1-forms (Error 1), and O—forms (Error 0). And in Figure 3.11 we
show decreasing L? errors for trigonometric forms on a set of irregular polygonal meshes on a planar

square.
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Figure 3.10: The discrete Hodge star operator on quadratic forms on the torus (L) and the sphere (R) on the same set of meshes
as in the previous section. The graphs depict decreasing L? errors, both axes are in log,, scale. On the left, we computed

the Hodge star duals of these forms: a° = z2 + ¢2, ' = —ydx + zdy, w? = ﬁ(m(«/mz +y2 — Ddy A dz +

y(v/@? +y? — 1)dz A dz + z+/a? + y2dx A dy). For the sphere and the graph on the right, we have chosen differential
forms: a® = 22 4+ y2, B' = —ydz + xdy, w? = xdy A dz + ydz A dz + zdx A dy. In both cases, we have chosen these
forms because the analytical solutions of the Hodge star duals are known, concretely: xa = a A p, xpu = 1, x = y, where
for torus v = —2zzdx — 2yzdy + 2(z* + y* — /22 + y2)dz and for sphere v = —zzdx — yzdy + (2 + y*)dz.
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Figure 3.11: The graph on the left depicts the convergence rate of approximations of the Hodge duals for the following

trigonometric differential forms: a® = sin(z — 1) — cos(2y), ' = (sin(22) + cos(0.5y))dz + (3sin(x) — cos(y))dy, and

w? = (sin(zT*'l) + cos(1 — £))dz A dy, on a set of general polygonal meshes on a planar square. In the center we can see a

sample mesh with 600 vertices and on the right a mesh with 1300 vertices.

3.4 The L>~-Hodge Inner Product

The L?-Hodge inner product of differential forms o, 3 € Q¥(M) on a Riemannian manifold M is
defined as:

k gky._ _
(", B") : /Ma/\*ﬁ

We define a discrete L>~Hodge inner product by:

(0, 8%) = a UxB[K] = > (a UxB)(f), k=0,1,2,

fekK

where [K] is the fundamental class of the surface mesh K (all faces f of K).
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Thus, the discrete inner product matrices read:

Mo :fVTWFfV,
Mi|f =RWiR" |y,
Mo :fVW‘_/l fvl,

where My | is the matrix of product of two 1—forms restricted to a face f.

It can be easily shown that our inner product of 1-forms on triangle meshes is identical to the
one of [Gu and Yau 2003] and [Gu 2002]. And on general polygons it is equivalent to the one of
[Alexa and Wardetzky 2011, Lemma 3], that is:

1

RW R |, = —
Ty

BBy, (3.26)

where By is a RP*3 matrix with edge midpoint vectors as rows (we take the barycenter of each p—face

f as the center of origin per face).
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Figure 3.12: The approximation errors of L?~Hodge inner products of 0-, 1-, and 2—forms on sets of irregular polygonal
meshes on a planar square (L), sphere (C), and torus (R). The differential forms tested on torus and sphere are the same as in
Figure 3.10. For the square we have chosen linear differential forms a® = 3z — 2y — 1, 8* = (2z 4 y)dz + (—z + 3y + 1)dy,
and w? = (z — 2y + 1)dz A dy.

To numerically evaluate our inner products, we have taken differential forms a?, g1, w? and com-

puted their analytical L? norms over the mesh K:

Xg:/a/\*a, Xlz/,B/\*ﬁ, XQZ/OJ/\*W.
K

K K

We have also defined discrete differential forms a%, ,8,%), w% on all elements of K as
ap(v) = a(v), PBple) :/ﬂ, wp(v) :/w,
e f

and computed their discrete L2 norms:

Yo =aL,Moap, Yi=pB5MBp, Ya=uw)Mawp.
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The L? errors are then given by
Error0 = | Xo — Yp|, Errorl =|X; —Yi|, Error2 =|Xs —Ya|.

We have numerically evaluated these errors for several linear and quadratic forms on polygonal,
simplicial, and quadrilateral meshes in plane and space and they exhibit linear decrease in all cases,

some examples are shown in Figure 3.12.

3.5 The Interior Product

The interior product iy : Q¥(M) — QF~1(M) is the contraction of a differential form with a vector
field X. Even though the interior product does not need a metric for its definition, if M is a Riemannian

manifold, the following property holds [Hirani 2003, Lemma 8.2.1]:

Lemma 3.5.1. Let M be a Riemannian n—-manifold, X € X(M) a vector field, o € Q¥ (M), then
ix a=(—1DF0"F & (xa A X7),

where b : X(M) — Q(M) is the flat operator.

Since we already have a discrete wedge product and Hodge star operator that are compatible with
each other, we can employ the lemma to define our discrete interior product (contraction operator)
ix : OF(K) — C*¥!(K) on a polygonal mesh K by:

ixya= (DM« (xaUX"), aeCFK) k=12 (3.27)

For a vector field X € X (M) on a differentiable manifold M, the discrete flat operator b : X(M) —
CY(K) is defined on each edge e of the mesh K by:

1
b e) = €I X = 6/
X*(e) / (X, )d /0 (X (1), ¢/ ()t

for e(t) = v + t(v1 — vp), where vy, v; are the endpoints of e.

Just like its continuous analog, our ix is a linear operator that maps k—forms to (k — 1)—forms such
thatix iy = 0.

We numerically evaluate our approximation of the contraction operator in a fashion similar to the
one explained at the beginning of Section 3.2.5. Concretely in Figure 3.13 we show the convergence

rate of the discrete contraction of various forms on the same sets of meshes as in previous sections.

3.6 The Lie derivative

The Lie derivative evaluates the change of a differential form o € (M) along the flow of a tangent
vector field X € X(M) on a differentiable manifold M.
Using the Cartan’s magic formula we derive the discrete Lie derivative £y : C*(K) — C*(K)
as:
Lxa=ixda+dixa, a€ CP(K),p=0,1,2.
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Figure 3.13: L errors of the contraction operator on discrete forms compared to analytical solutions: On the left we plot
the convergence for differential forms on torus given as ' = —2zzdr — 2yzdy + 2(z® + y? — /22 +y2)dz, W? =

\/ﬁ (z(/22 + y*> = D)dy Adz+y(\/x? + y? — 1)dz Adx + z\/x? + y>dx Ady) wrt vector field X = (—y, z,0). The

graphs in the center and on the right plot errors for linear and constant forms wrt linear vector field X = (—y, z, 0) on a torus

(C) and a sphere (R). The linear forms chosen are of the form 8' = (2z+4y)dz +(—z+3y+2)dz, w? = (z—2y+2)dx Ady.

And the constant forms read 8! = %x - %y + % and w? = dz A dy + dy A dz. Error 1 L denotes the L? error on linear

1-forms, Error 1 C denotes the L? error on constant 1-forms, and similarly for 2—forms.

Our discrete contraction operator and Lie derivative share with their continuous counterparts some

important algebraic properties such as:
ix£fx =~£xix, £xd=dfx.

But the Leibniz product rule of the contraction operator and Lie derivative with discrete exterior deriva-

tive is not satisfied in general. Concretely

ix(d*upH = (ixa®)up +(—Dke* U (ix Y,
£X(04U5) = (fxoz)UB—l-OzU(fxﬁ),

holds only if « or 3 is a closed O—form.
Already in [Hirani 2003, Chapter 8] the author noticed that the Leibniz rule for Lie derivative might
not hold due to the discrete wedge product not being associative in general. We confirm the observation

in [Desbrun et al. 2005, Section 10] that the Leibniz rule may be satisfied only for closed forms.

3.6.1 Numerical Evaluation

We have seen converging behavior of Lie derivative of all tested forms on regular meshes, be them planar
or curved: with slope -1.5 on O—forms and at least -0.5 on 1— and 2—forms, as we illustrate in Figures
3.14 left and 3.17 left. On irregular meshes we could still see linear convergence of Lie derivative of
0—forms. However, the L? errors for 1— and 2—forms on very irregular meshes keep rather constant or

oscillate, as we demonstrate thorough this section.
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Figure 3.14: The Lie derivative on regular grids (L) and irregular polygonal meshes (R) on a unit square in plane: On constant
0-, 1-, 2— forms wrt constant vector fields, the Lie derivative is exact both on regular grid and irregular polygonal planar
meshes. On O—forms it is also exact if the vector field or the O—form is constant. On linear O—forms wrt linear vector fields
(LLO) the derivative converges with slope -1.5 on regular grid and with slope -1.2 on irregular polygonal meshes. On 1— and
2—forms on regular grid, the L? errors decrease with slope -0.5, but on irregular polygonal meshes (the same set of meshes
used in previous sections) the L? errors decrease very slowly: LL goes for linear forms wrt linear v. f., LC for linear forms wrt
to constant v. f., and CL for constant forms wrt to linear v. f. The differential forms and vector fields tested are explicitly given
in Example 3.6.1.

Example 3.6.1. On planar domains, we test the approximation of Lie derivatives of constant/linear
differential forms wrt constant/linear vector fields. Following the notation of Figure 3.14, these are:

CL - Lie derivative of constant forms o = 3, 1 = 1da — Jdy, w? = Lda A dy wrt constant vector
field X = (22,1 —y,0).

LC — Lie derivative of linear forms o’ = 3z — 2y — 1, 8! = (22 + y)dz + (—z + 3y + 1)dy,
w? = (x — 2y + 1)da A dy wrt constant vector field X = (3, —3,0).

LL — Lie derivative of linear forms o’ = 3z — 2y — 1, 8! = (22 + y)dx + (—z + 3y + 1)dy,
w? = (x — 2y + 1)dz A dy wrt linear vector field X = (2x,1 — y, 0).

For example, the Lie derivatives of the linear forms wrt the linear vector field (LL) are:
£xa®=6x4+2y—2, £xB'=Br+y+1)de+ (—z—6y+2)dy, £xw?=(3z—1)dzAdy.

We also test the influence of irregularity of a mesh on L? errors. Concretely, we have used gradual
jittering on perfectly regular meshes to see how the convergence changes. The results can be seen in
Figures 3.15 and 3.18. Jittering is done by moving each point of the mesh in random tangent direction,
where in the case of a curved surface we project the displaced points back on the analytical surface. The

displacement of each point is exactly r—times the shortest edge length ! for some real » > 0.
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Figure 3.15: The Lie derivative of linear forms wrt linear vector fields (denoted LL in Example 3.6.1) on sets of gradually
jittered quadrilateral planar meshes, as explained in Example 3.6.1. The scale on both axes is log,, we test meshes with 100
up to 391876 vertices. The graph on the far left top is a plot of approximation errors on completely regular planar grid. Then
from left to right and top to bottom the graphs show convergence rate on a set of meshes with displacements 0.17, 0.2, 0.3,
0.41, where [ is the shortest edge length of the original regular mesh. Samples of jittered meshes can be seen in Figure 3.16.
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Figure 3.16: Samples of jittered meshes (with 1369 vertices): from left to right the applied displacements are 0.1/, 0.2[,
0.31, 0.4, where [ is the shortest edge length of the original regular mesh. The mesh far right has already visible non—convex
quadrilaterals.

Just like in the planar case, the Lie derivative on meshes on curved surfaces exhibit experimental
convergence on regular meshes, as illustrated in Figure 3.17 left. However, on irregular meshes the
discrete Lie derivative of 1- and 2—forms does not seem to converge, the L? errors rather oscillate
around constant values — see the Figure 3.17 center and right and also Figure 3.18. Only on O—forms the

Lie derivative converges at least linearly.
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Figure 3.17: The Lie derivative on regular polygonal meshes on sphere (L), and irregular polygonal meshes on sphere (C) and
torus (R). For the two graphs concerning sphere, we test differential forms o® = 2% +y?2, ' = —zzdz —yzdy + (z* +y?)dz,
w? = xdy Adz+ydz Adx + zdx A dy wrt vector field X = (—y, ,0). The set of irregular polygonal meshes on sphere is the
same as in Figure 3.8. On torus we have tested forms o = 22 + ¢?, 8! = —22zdx — 2yzdy + 2(2® + v* — /22 + 42)dz,

w? = ﬁ(m(\/ﬂ +y2—1)dyAdz+y(v/2? + y> —1)dz Adz+ /22 + y>dz Ady) wrt vector field X = (—y, z,0).

And we have also used the same sets of meshes as in previous sections, where some samples are depicted in Figure 3.4.

In Figure 3.18 we demonstrate how jittering influences the convergence of L? errors of our approxi-

mation of Lie derivatives of linear forms wrt linear vector fields on triangle meshes on a unit sphere.
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Figure 3.18: The Lie derivative of linear forms wrt linear vector fields on sets of jittered meshes on a unit sphere. The graph
on the top far left is a plot of approximation errors on a regular triangle mesh. Then from left to right and top to bottom the
graphs show convergence rate on a set of triangle meshes with displacements 0.057, 0.11, 0.2[, 0.3/, where [ is the shortest edge
length of the original regular mesh. Samples of jittered meshes can be seen in Figure 3.19. Here we have tested Lie derivatives
of differential forms a® = 3z — 2y — z, B! = (2z + y)dx + (—x + 3y + 2)dy, w? = (x — 2y + 2)dx A dy wrt vector field
X =(-y,x,0).

38



|
470 N

.,,,554 ViV
ONAYAVAy e
W

USAY,
==

S
S

SRS
=

SN
=
S

AVa
-

5

=

Samples of jittered meshes on a unit sphere, all with 10k vertices: from left to right the applied displacements (in

tangent direction) are 0.05/, 0.1, 0.21, 0.3[, where [ is the shortest edge length of the original regular mesh.

Figure 3.19
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We have seen that the discrete approximation of the Lie derivative on curved and planar surface meshes

converges to the analytical solutions with slope -0.5 on 1- and 2—forms, and with slope -1.5 on O—forms,

if the meshes are regular.

On irregular meshes the evidence does not hint at converging behavior for 1- and 2—forms. However,

even on highly irregular meshes, the errors kept rather constant, thus our method still may be used

for specific applications in computer graphics, where we do not need a great precision. The scope of

applications of our method is a subject for future research.
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Chapter 4

Conclusion and Future Work

We have presented a cup product of cochains on polygonal pseudomanifolds as a discrete version of the
wedge product of differential forms on smooth manifolds. Inspired by the formulas we derived from the
definition of the cubical cup product of cubical cochains introduced in [Arnold 2012] and the definition
of Wilson’s cup product of simplicial cochains, we came with simple and straightforward formulas for
the polygonal cup product of polygonal cochains, without employing any additional structure. That is,
we have defined a proper cup product of cochains on polygonal pseudomanifolds and in Theorem 3.2.1
we have proved that our product satisfies the definition of a cup product. This is a new result and our
main contribution.

Our polygonal cup product shares with the wedge product of differential forms defining properties
such as the bilinearity, skew—commutativity, and the Leibniz product rule with (discrete) derivative. The
wedge product is also associative, but our cup product is associative only on cohomology, this limitation
is common to all discrete versions of wedge product we know.

We have then defined a discrete Hodge star operator that is compatible with our discrete wedge
product and thus allows for definition of the L?~ Hodge inner product and also the interior product
(contraction operator). For all these operations and operators we have shown that our approximations
converge to the analytical solutions at least linearly.

The contraction operator together with the discrete exterior derivative then gave rise to the Lie deriva-
tive by using Cartan’s magic formula. We presented an evidence that on regular meshes the Lie deriva-
tives of 0—, 1—, and also 2—forms converge. However, the experiments show that on very irregular
meshes, the Lie derivatives of 1— and 2—forms do not converge and the L? errors of approximation stay

rather constant or oscillate.

4.1 Future Work

There are many directions of future research. We have used our discrete Hodge star operator to define a
discretization of the interior product, but on Riemannian manifolds, the Hodge star operator is employed
to define the codifferential operator & : Q¥ (M) — QF=1(M) by

5(af) = (=D« dxa.
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Then using the codifferential operator, the Laplace—de Rham operator is given as A := dd + dé. In
the future, we want to define discrete codifferential and Laplace—de Rham operators in this manner and
analyze their properties. Concretely, we aim to investigate the resulting Hodge decomposition using
these two discrete operators together with the discrete exterior derivative d.

Further, we know that it is possible to define a discrete wedge product on tetrahedrons and 3—
dimensional (topological) cubes in a way that it satisfies the defining properties of a wedge product
such as the bilinearity, Leibniz product rule, skew—commutativity, and associativity on closed forms.
Therefore we want to examine the possibility to extend the calculus we have just presented from 2—

dimensional to (intrinsically) 3—dimensional manifolds, that is:

e Define DEC operators on 3—dimensional cubical and simplicial complexes, these shall include ex-
cept the discrete wedge product also the Hodge star operator. Once defined these, we could derive
a discrete contraction operator and a discrete Lie derivative just as we did in the 2—dimensional

case.

e Look for a definition of a discrete wedge product on general 3—dimensional polytopes other than
tetrahedras and cubes or at least find a subset of polytopes that allow for such a wedge product
that would satisfy the Leibniz product rule and other properties. And then possibly follow the
workflow above.

4.2 Conclusion

Our ultimate goal has been to define DEC operators as similar to their continuous counterparts as possi-
ble. The first step was to define the metric—independent operators and operations that would be compat-
ible with each other and would have desired properties, we have managed to meet this target by defining
the polygonal cup product that satisfies the Leibniz rule with discrete exterior derivative. The next step
was to endow our pseudomanifolds with a metric that would allow for defining good approximations of
metric—dependent operators such as the Hodge star. And using the discrete version of the wedge product,
Hodge star operator, and exterior derivative, we derived other operators commonly associated to DEC,
all of which operate directly on polygonal meshes, without any need for combinatorial subdivision or
use of a dual mesh.

Geometry processing with polygonal meshes is a new developing area, maybe one of the first steps
and also the most influential ones has been the definition of discrete Laplacians on general polygonal
meshes by [Alexa and Wardetzky 2011]. Our objective was to continue in this venue by presenting a
novel discretization of several operators and operations that act directly on general polygonal meshes
and are compatible with each other. We thus extend further the DEC framework from simplicial and
cubical setting to general polygonal case.

We have shown empirical convergence of our schemes even on irregular non—planar meshes, with
the exception of the Lie derivative of 1-and 2—forms that exhibits a sensitivity to the quality of mesh.
We believe that the generality of our framework will make it a useful tool in many geometry processing

tasks and will inspire further research in the area.
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