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Error estimates for discrete harmonic 1-forms over
Riemann surfaces

WEI Luo

We derive L? error estimates of computing harmonic or holomor-
phic 1-forms over a Riemann surface via finite element methods.
Locally constant finite elements and first order approximations of
the Riemann surface by triangulated meshes are considered. We
use in the proof a Bochner type formula and a refined Poincaré
inequality over a triangle of arbitrary shape.

1. Introduction

Surface matching and parametrization is a fundamental problem in 3-D com-
puter graphics. In a series of papers [2], Gu and Yau applied the theory of
Riemann surfaces to this problem. Given a Riemann surface S, they first
compute harmonic 1-forms by minimizing the discretized energy functional
of 1-forms in the same cohomology class. Then the space of holomorphic
1-forms on S is constructed from harmonic 1-forms and the complex multi-
plication map J. From a holomorphic 1-forms, one can construct a conformal
coordinate over S, which could be used to match and compare similar
surfaces. In their paper, the convergence of discrete holomorphic 1-forms
to smooth ones is not addressed. Hence this paper provides a quantitative
justification to this convergence (Theorem 3.6).

The proof goes as follows: we first use the Bochner formula on S to
estimate ||Vw]|| in terms of ||w| for a harmonic 1-form w. Then we prove a
Poincaré inequality to estimate the error of projection onto finite element
space in terms of norm of the gradient. Next we prove the main estimate
of the error of projection of a smooth harmonic 1-form onto the space of
discrete harmonic 1-forms. We finally give the error estimate of discrete
holomorphic 1-forms and period matrix computation as a corollary.

2. Notations

Let S be a closed smooth surface with metric g. Jy, Vg, |||l respect-
ively denote the almost complex structure, covariant derivative and L? norm
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associated to g. N is a two-dimensional simplicial complex homeomorphic
to S. If the lengths of edges of N are given, N naturally comes with a
Euclidean metric on each face. Let J, V and | -| be the same notations
as those with subscript g but associated to the piecewise Euclidean metric.
We assume that there exists a piecewise smooth homeomorphism ¢ : N — S
such that on each face f,

(2.1)

16°(9)is — 0] < MUOULZ IV (9l = MIHUS), MDIF? =1,

where M (f) is some constant associated to the face f, I(f) is the maximal
length of edges of f. Here and throughout the paper, we use < to denote that
the left-hand side is less than or equal to the right-hand side multiplied by
some universal constant, independent of N or S. Pulling back by ¢, we can
regard a differential form or metric on S as one on N. Without possibility
of confusion, we omit the ¢* notation and identify forms or metric on S
and N and denote them by the same notation. The following lemma is
straightforward.

Lemma 2.1. With the assumption (2.1), let o be any tensor field; then on
any face f, we have

(2.2) [lalg = lal] = M(HIUF)|al,
: Ty = J| = M(f)I(f),
(2.4) [Vgar = Val = M(f)I(f)lal.

Example 2.2. When S is a surface smoothly embedded in R3, N is a
polyhedral surface normally converging to S (see [3]) and ¢ is the shortest
distance map, a candidate of M (f) is the maximum of principal curvature

of S on ¢(f).

Definition 2.3. A discrete 1-form on N is a piecewise continuous 1-form
whose restriction onto each face is a constant 1-form. A discrete 1-form
is closed if the evaluation of the 1-form on each edge is well- defined, i.e.,
evaluation by first restricting to either face adjacent to this edge will give the
same value. A discrete 1-form is exact if it is the differential of a piecewise
linear function on N. Closed discrete 1-forms differed by exact forms belong
to the same cohomology class. A closed discrete 1-form is harmonic if it
is the minimizer in its cohomology class of the energy functional F(w) =
|w|?* = [y |lw/®. Denote by P the projection onto the space of discrete
harmonic 1-forms under inner product associated to FE.
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Let w be a piecewise continuous 1-form, one can project w onto the space
of discrete 1-forms under the inner product associated to E. Denote this
projection by P;. In a Euclidean coordinate associated to a face f, we have

(2.5) Pi(w)ly = &,/fﬂf (ai) dx+|}’/fw|f (;;) dy

Another way to produce a discrete 1-form from closed w, denoted by P (w),
is by the condition:

(2.6) / (Po(w)ly — wly) =0,

for any face f and an edge e on the boundary of f. Notice that Py(w) is
also closed and is in the same cohomology class as w.

3. Proof of the main results

The following theorem estimates the error of the projections P, Ps:

Theorem 3.1. Let A be a triangle with longest edge of length |, w is a
smooth closed 1-form on A. Py, Py is defined as in (2.5) and (2.6), then

(3.1) /|w—P1 2 < /|Vw|2 /|w—P2 2 < /|wy2

We need three lemmas first. The following is a refined Poincaré inequal-
ity for triangles (see also (7.45) in [1, p. 164]).

Lemma 3.2 (Poincaré inequality). If u is a smooth function on a
triangle A, then

22
(3.2) /|u—u\2dazdy§l/ |Vu|? dz dy,
A 3 Ja

where u is the average of u over A, l is the length of the longest edge of A
and Vu denotes the gradient of u.
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Proof.

/A!u_uﬁ—/Au2—2uu+u2_2/Auz_u2 |
Lo m () (L))

= / / (u(w1,y1) — u(za, y2))? doy dyy dwa dys

//<0 —ux1+)\( 92— 1), Y1

+A(y2 — yl))d/\> dxy dyy dzxo dys
< [ [ [ e+ G-
AVu((1 = N)(@1,51) + Az, y2))|* dA dzy dyy day dys.
Make the change of variables (A, z1,y1,x2,y2) — (z0, Yo, S, t,0):
(z1,y1) = (z0,%0) + s(cos b, sin ),

S
s+t

(x2,y2) = (z0,y0) — t(cosb,sinf), =

Direct computation shows that the Jacobian of this change of variables is 1.

Write
27
M = max / / / (s+1) dsdtd9
(zo,y0)EA

where 71, o are the distance to (xg,yo) from the intersection points of line
(zo,y0) + s(cosf,sinf), s € R with OA. We then have

(3.3) |A|/Au2— (/Au>2§ ]2W/AW|2'

On the other hand

3

1 T2 3 2.2 7
(3.4) / / (s +t)%dsdt = T23” +2y ”; < sl )t

Suppose the longest edge of A is [, the height on this edge is h, take coordi-
nate (z,y) such that the longest edge is on z-axis. Then for § < arctan(h/l),
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r1+ro <. For /2 > 0 > arctan(h/l), r1 + 12 <

= sinf"
arctan h/l
/ l4d9<l4-%:l3h,
0

w/2 h 4 ) 1 2
/ ( - ) df = / ht (1 + 2) darctan k
arctan b/l \ S 0 h/l k

o0 3h
= Ak + k) dk = — + k3 <
/h/l ( * ) 3 * — 12

13

3h,

where the last step is because when [ is the longest edge, h < @l. Collec-
tively, we have

96 3
plug this into Equation (3.3), the lemma is then proved. ]

1 2
M§7-4~<1+12)l3h<l3h

Lemma 3.3. Let u be a C' function on a triangle AABC with mazimal
length of edges l. Then, we have

(35) \1/ ! P NG
. —_— U — — u _— u|— .
ANIAN |BC| Jge | ~ 8|A] Ja

Proof. Take coordinate such that A = (z4,y4), B = (0,0),C = (z,0), and
then the change of variable

(z,y) = (1 = t)sxc + tza, tya).

Direct computations show that

oz, y)\ 7 _xcya 0 _ B 9 9
det <8(5,t)) =(1—-tzcya, |A|l= 5 B (x4 ch)@a: +yA8y.

The LHS of (3.5) is

- </01/01u(5,t)2(1—t)dsdt—/olu(s,O)ds>2
_ </01 /Ol(u(s,t) ~u(s, 0))2(1 — 1) dtds)2
_ </01/01/0tu7(5,7-)2(1—t)d7dtds>2



1032 Wei Luo

1 1 2
<//uT )(1—7)? des)
o Jo
1l
</ / | dul? 1—T.’chAdeS>
0

/ 4 — s2¢)? +y2)(1 — ) (zcya) ) dr ds
0

IN
)

—_
—

0
< RHS.

The proof of the following lemma is a straightforward computation.

Lemma 3.4. Given unit vectors ea, eg, ec, denote the angle between ep, ec
by A, similar notations for B,C. Let e be any vector, then

—cos A
(3.6) |€l2 = Z m(% : 6)2-
A

Proof of Theorem 3.1. Let v be a parallel tangent Vector field on A, then

P;(w)(v) are constants for i = 1,2. P;(w A fA , while for v par-
allel to one of the edges of A say e, Po(w Let v4,0B,VC be
the parallel unit tangent vector field parallel to tln"ee edges of A respectively,

then by Equation (3.6),

A
_p 2 _ coS / _ Py
J o= Pl =3 = [ o) - PP
cos A 2% 2
. < =
(3.7) Z sin BsinC / [Ve(va)l / Vel

On the other hand, by (3.5),
20 2
1)) - Pa)wa)P < 5 [ Vet
A A
Take the weighted sum and use (3.6), we get

(3.8) J 1Pt / Vel

Apply the inequality (a+ b)? < (1 +€)a? + (1 + e 1)b? to (3.7) and (3.8)
with € = v/3/4 we get the second inequality of (3.1). O
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Lemma 3.5. Let w be a harmonic 1-form on S and —K be a lower bound
of Gauss curvature of S, then

(3.9) IVgwlly < K|lwll3.
Proof. From the well-known Bochner—Weitzenbock formula for 1-forms
[4, p. 28]:

(d*d + dd*)w = V V4w + Ricw.

For Riemann surfaces, the Ricci operator is the multiplication by Gauss
curvature. When w is a harmonic 1-form, the left-hand side of above formula
vanish; taking inner product with w and integrating over S, the lemma is
then proved. O

Combining (2.4), (3.1) and (3.9), we get for g-harmonic w,
(3.10) o — Pwll < (VEL+ Mol i=12,

where M is an upper bound of M (f)I(f)? for all f, and L is an upper bound
of I(f) for all f.

Theorem 3.6. Let w be a harmonic 1-form on S under metric g, and N
is a polygonal surface close to S in the sense of (2.1). Then we have

(3.11) lo = Pr (Pa(w)llg = (VM + VEL)|w].
Proof. Since || - ||4 and || - || are equivalent metrics by (2.1) and (2.2), it is
enough to prove for || - ||, on LHS. Py Pow are in the same cohomology class

as w, since w is g-harmonic,

(3.12)
||w — PHPQw”g = HPHPQWHE - HWHE

= (1Pa Pawly = |1Pr Pawl®) + (| P Powl|* = || Pow]|?)
(3.13) + (1Paw|* = 1P [I3) + (1Pl = [lw])-

In Equation (3.13), the first term and the third term can be bounded by
M ||w||?, applying inequality (2.2). The second term is negative since Py Pow
is minimal in L? norm among discrete 1-form in the same cohomology class.
The last term is bounded by (VKL + M)?|w|/? as in (3.10). The theorem
now follows. U



1034 Wei Luo

Corollary 3.7. With the same notations, for harmonic 1-form w, we have
(3.14) |w — PgPw| = (VM + VEKL)|w|.

A smooth holomorphic 1-form is defined to be w + v/—1J,w. A natural
discrete approximation of this is by Py Pow + v/ —1PgJ Py Pow. The follow-
ing corollary estimates error of discrete holomorphic 1-forms.

Corollary 3.8. With the same notation as in Theorem 3.6, for harmonic
1-form w, we have

(3.15) |Jyw — Py J Py Pow| < (VM + VEKL)|w].
Proof. Notice that Py = Py Py, then

(3.16) Hng — PHJPHPQWH S H(Jg — PHPng)wH + HPHng — PHJwH

+ ||PgJw — PgJ Py Pow]|.

Jgw is harmonic, so the first term of RHS of (3.16) is bounded by RHS of
(3.15) from Theorem 3.6, the second term is bounded by M ||w|| from (2.3),
the last term is bounded by RHS of (3.15) also from Theorem 3.6. O

The period matrix of Riemann surface S is computed by integrating a
basis of holomorphic 1-forms over a set of homology basis. Equivalently
by Poincaré duality, it equals the matrix of pairing a basis of holomorphic
1-forms with a basis of harmonic 1-forms or even closed 1-forms in the same
cohomology class. From the L? estimate of error of holomorphic 1-forms,
one easily obtains the following corollary.

Corollary 3.9. The period matrix computed by integrating discrete holo-
morphic 1-forms over homological basis differs from smooth period matrix by
an error bounded by C(\/M + \/EL), where C' is some constant independent
of the polygonal approrimation surface N, but surely depends on geometric
property of S.

In practice, constant C' in the above corollary equals the maximal L?
norm of closed discrete 1-forms dual to a set of homological basis of S.
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4. Conclusion

This paper describes quantitatively the error in computing discrete harmonic
or holomorphic 1-forms, the measurement M + +/ K L indicates how one
should refine a triangulation to compute efficiently.
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