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FINITE VOLUME METHODS ON GENERAL SURFACES

QIANG DU AND LILI JU

ABSTRACT. In this paper, we study the finite volume method for numerical
solution of a set of model partial differential equations defined on a smooth
surface. The discretization is defined via a surface mesh consisting of piecewise
planar triangles and piecewise polygons. We prove the optimal error estimates
of the approximate solution in both H! norm and L2 norm that are of first
order and second order respectively under mesh regularity assumptions.

1. INTRODUCTION

Numerical solutions of partial differential equations on arbitrary surfaces or two
dimensional Riemannian manifolds are needed in diverse applications such as fluid
dynamics, weather forecast and climate modelling, chemical coating, cell membrane
modelling and image processing [3, 7, 13, 20, 24, 26, 27, 34, 36]. Many discretization
techniques developed for these type of problems are based on finite element methods
or finite difference methods, including direct discretizations on surface meshes [2, 19]
or discretizations via level set techniques for implicitly defined surfaces [3, 32].
On the other hand, finite volume methods for the numerical solution of partial
differential equations have also been gaining popularity in recent decades due to
their discrete conservation properties, see for instance, [4, 6, 10, 11, 21, 23, 24, 26,
27, 28, 29, 30, 31, 33, 34, 35]. The application of finite volume methods to solve
PDESs on general surfaces is the subject studied here.

In this paper, we analyze a finite volume method for the numerical solution of
some linear second order elliptic equations defined on smooth surfaces. We choose
to work directly with a surface discretization, in the form of a piecewise linear
complex representation, rather than using an implicitly defined surface approach.
The latter often avoids the difficulty of dealing with complex (and perhaps evolv-
ing) surfaces at the expense of solving equations in a higher space dimension. The
former approach, on the other hand, relies its success more on a good geometric
representation of the underlying surface. Naturally, another alternative is to use
the surface parameterization to map the problem to a planar domain entirely and
then make it treatable via conventional discretization methods in R%2. A compre-
hensive discussion on the pros and cons of these different approaches is beyond the
scope of this paper. The focus here is rather on some theoretical issues related to
the discrete approximations, in the situation where a good piecewise (locally de-
fined) representation of the surface is available. The main objective of this paper is
to present some rigorous analysis of a finite volume method based on primal-dual
surface meshes. In particular, since there has not been any rigorous error estimate
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in the literature for the finite volume methods on surfaces, we hereby prove some
optimal error estimates of the approximate solutions. By carefully analyzing both
the errors of the discrete mesh approximation of the surface and the finite volume
discretization of the differential equation, we show that the errors of our finite vol-
ume approximation in the discrete H' norm and the L? norm are of first and second
order respectively in the mesh parameter under some mesh regularity assumptions,
similar to the results established for planar problems. In addition, we also discuss
how to efficiently construct and optimize the meshes for general surfaces so that
the mesh regularity assumptions may be satisfied.

The paper is organized as follows: we first introduce the model equation on
general surfaces in section 2. Then in section 3, we present the finite volume
discretization schemes. A short summary of some notations used in the paper is
given in the beginning of section 3 as references. In section 4, the existence of the
discrete solution and stability estimates are discussed. The rigorous H' and L?
error estimates are given in sections 5 and 6 respectively. Finally, discussions on
the surface mesh regularity and concluding remarks are given in section 7.

2. MODEL PROBLEM AND WEAK SOLUTION

Let S be a compact C**-hypersurface [22, 19] in R? (k € NU{0} and 0 < o < 1),
represented globally by some oriented distance function (level set function) d defined
on some open subset 2 of R® such as S = {x € Q | d(x) = 0} where d € C** and
Vd # 0. Then the unit outward normal to S (with increasing d) at x is given by

Vd(x)

fi(x) = (1 (%), na(x). na(x)) = ra

where ||| denotes the Euclidean norm and V denotes the standard gradient operator

in R3. Without loss of generality, we assume that |Vd| = 1.
Let Vs be the tangential (surface) gradient operator [22] on S defined by

Vs =(Vs1,Vs2, Vsz)u=V —ii(ii- V),

and we use the standard notation for Sobolev spaces LP(S), W™P(S), and H™(S) =
Wm™2(S) on S. To make the space H™(S) well defined, we need k + « > 1 and
k4 a > m, see [22]. To avoid technical complexities, we assume that S and 9S
are sufficiently smooth (say, of class C?3) for the rest of the paper unless stated
otherwise.

We are interested in the following model equation on S:

(2.1) —Vs - (a(x)Vsu(x)) + b(x)u(x) = f(x), forx € S.
where the coefficients satisfy the following assumption:

Assumption 1. a € WH>(S), b € L>(S?), f € L*S), a(x) > a1 > 0, and
b(x) > ag where ag > 0if 9S # () and ap > 0 if IS = 0.

We note that our discussion here can be extended to the case with the coefficient
a = a(x) being a symmetric positive definite tensor. Note also that there are diverse
application for the above elliptic problem on general surfaces including texture
synthesis and the images inpainting on surfaces [7].

For any u,v € H'(S), define the bilinear functional A such that

(2.2) Au,v) = /Sa(x) (Vu(x) - Vsu(x)) ds + /s b(x)u(x)v(x) ds,
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then we have (for some constants ¢ > 0 and ag > 0)

(2.3) A(u,v) < cllullarsllvllas)
(2.4) Alu,u) > agllullFs) -
We say that u € H!(S) is a weak solution of the equation (2.1) if and only if
(2.5) A(u,v) = (f,v), YoveHYS)
where

(o) = | 6ol s
Since S is compact, we have the following classical results.

Theorem 1. Assume that Assumption 1 is satisfied. Then,
a) S # 0. For every f € L*(S), there exists a unique weak solution v € Hg(S) of
(2.1), and consequently, u satisfies the estimate: for some constant C' > 0,

(2.6) lull g2(sy < Cllfllzes) -

b) S = 0. For any f € L?(S), there exists a unique weak solution u € H*(S) of
(2.1), and consequently u also satisfies the estimate (2.6).

3. FINITE VOLUME DISCRETIZATION

In this section, a finite volume discretization is presented for the equation (2.1).
The discrete solution is determined by the equation (3.4) given later, but first, to
make it easier for the readers to follow the discussion, let us briefly summarize some
of the notations to be used later. For example, T = {T;}} and 7" = {T}}} are used
to denote the curved and planar triangulations of the surface S and its piecewise
polygonal approximation S”, these triangulations are related to each other by the
lift map £ from S" to S as defined in (5.1); K and K" are corresponding dual
tessellations of S and S”; U and V denote piecewise linear and piecewise constant
function spaces defined on the triangulation I of S”; II,, and II,, are interpolation
operators into U and V, while 7, and m,, defined by (5.3) are the counterparts
onto the pair of spaces induced by & and V on S through the lift £; P;, and P are
projection operators defined by (5.2); A, A%, A" and Ag are bilinear forms defined
by (2.2), (3.3), (3.6) and (5.5) respectively (the subscript G refers to the use of the
Green’s formula in the definition).

We now present detailed discussions. For the smooth surface S, we may assume
that there is a strip (band)

U={xecQ | dist(x,S) < d}, forsome §>0
around S such that there is a unique decomposition for any x € U
x = p(x) + d(x)1i(x)

where p(x) € S, d(x) is the signed distance to S, and 1i(x) denotes the unit outward
normal of S at p(x). The parameter § can be determined by the surface curvatures
if S is sufficiently smooth. Then, a function u defined on S can be extended uniquely
in the strip by

Ux) =u(p(x)) = u(x —d(x)i(x)), VxeU.

Let S be approximated by a continuous piecewise linear complex S” € U which
consists of a regular triangulation 7" = {T/}™ | with vertices {x;}, on S (i.e.,
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FI1GURE 1. Approximate mesh surface and the control volume.

{x;}, € SNS"), see Fig. 1 (left). Clearly, S" is globally of class C%'. Let m(-)
denote the area for planar regions or the length for arcs and segments.
We assume that 7" satisfies the following mesh regularity condition:

(3.1) c1h? < m(Th) < eoh?

where h is the mesh parameter (size) for 7", ¢; and cy are positive constants
independent of h. Comments on meshes satisfying such regularity conditions are
to be given later.

By the uniqueness of the vector decomposition discussed above, we define T; =
{p(x) €S |x €T/} and let T = {T;}™,, then S = U, T;. Note that this implies
in particular that p(9S") = 0S.

Let the tangential gradient operator V, on S" be given by:

Vsh - (vsh,,l’ Vshﬂz, Vs,ug) = V — ﬁh(ﬁh . Vu)

where i, (x) = (na1(xX), na2(x), nr3(x)) is the unit outward normal to S". Since
i, is constant on each triangle T}, V, only needs to be locally defined as a two
dimensional gradient operator on the plane formed by T}, and the Sobolev space
WP (Sh) is well-defined for m < 1.

We take the similar strategy adopted in [19] to numerically solve the equation
on S” instead of S, but a finite volume method [6, 29] is used instead of their finite
element methods there. For simplicity, we only consider the case of S # ) in this
paper.

We now discuss the discretization scheme. First, we project the coefficients and
the data a, b and f in (2.1) from S onto S" such that for any x € S" A(x) =
a(p(x)), B(x) = b(p(x)), and F(x) = f(p(x).

Denote by U the space of continuous piecewise linear polynomials on S" with
respect to 7", that is,

(32) U= {U" € CO(s") | UMlogr =0, Ul € PL(TI)}

where P (D) denote the space of polynomials of degree no larger than k on any
planar domain D. It is easy to see that U" € HZ(S") and V,, U" is constant on
each triangle T € T".

We now construct the dual tessellation of 7" on S", see Fig. 1 (right). For each

vertex x;, let x; = {is},~; be the set of indices of its neighbors, Q;; i,,, (Where
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is41 = 41 if s = m;) be the centroid of the triangle Ti}]? = Ax;xi;X;;,, and M;;, be

the midpoint of X;%;; for i; € x;. Let th = Ui ex; Qii;i;0, where Q; ;. ., denotes
the polygonal region bounded by x;, M;;;, Qi i;,, and My ;.. th is in general

only piecewise planar and we define its projection on S by K; = {p(x) € S| x €
K1Y,

Now, denote by o the set of indices of the interior vertices of 7", then, K =
{K,}ico and K" = {K!'};c, may be viewed as dual tessellations of S = U?_;T; and
S" = Un_ Th. Denote by V the space of grid functions on S* with respect to K":

V={V" | VPogn =0, V'|)n € Po(K])} .

A set of basis functions {VU;};c, of V is given by

1, x € K!!
\IJ?(X)_{O xeS—KI.

For any U € H'(S") and V" € V, define the bilinear functionals A% such that
(3.3) AU, V) = STV AN U, W |
i€o
where V" = V(x;) and

AL, oy = —/ AX)Vs, U(x) - fign d’yh—l—/ B(x)U(x) dsp
oK™h K"

= /F AL UG g dn [ BOOUG) ds

P h
S Lt Kj

with Fi,i]‘,ij+1 = 8[({‘ n AXZ'XZ']. Xij+1 = Mi,ij Qi,ij
unit normal of K}
For any V" € V, define

vijr Mi g, and Tign the outward

(F,Vh),, = /Sh F(x)V"(x) dsp,.

Then the discrete finite volume method is given by: find U € U such that
(3.4) AL (UM VY = (F VR, YVhey.

In practical implementation, noticing that U" is piecewise linear on S with
respect to 7", VShVUh is constant on each triangle Ti’; = AX;X;;X;,,,, and defining

1 1
(KT /K () do (KT /K () don

as averages over K lh , we could use the approximations:

(3.5) (F, VM, = Z/Kh Fx)V"(x;) dsp = > m(K"V]I'F,

€0 i €0

3.6) ANUMVM = > vhANU" ).
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Here,
AU W) = = 3 Aiiyiyn [0y UF = U + @24y, OF, = UT)
S
+m(K]")B,U}
(3.7) == > pig, (U} = UM+ m(K})B;U}

S

h _ rrh(x. S — S
Ui - U (Xl) ) Al71j,1j+1 - A(Ql71j,1j+1) )
— A .. 1 . 02
Piji; = Az,zj,zHl Diijijoa + Auwilﬂjqz‘,ijfl,i]"
1

k k—1 2
koo = -1 o x
Gusi i 8m(AXiXi; Xi, ;) (( V7 et =l

H=DF i, =l + i, = iy [2), B =12

With numerical integration, we may transform (3.4) to the following problem in
the practical implementation: find U" € U such that

(3.8) AUt vty = (FoM),,, YV'eV.
Rewriting (3.8) in a form of a discrete linear system, we get:

1 h h h_ :
(3.9) o) ;(p (Ul — UM+ BU!=F;, for i€o.

Remark 1. Tt is clear that the above system (3.9) satisfies the discrete conservation
law since

(3.10) > —ﬁ > pia, (U = UM =0.

i€o v jEX

Remark 2. Although a global triangulation for S is provided for the description
of the algorithm, we note that the finite volume discretization may be constructed
locally using the geometry of a locally defined triangular meshes and the corre-
sponding dual cells as seen from the equation (3.9).

In this paper, we only analyze the error of the finite volume approximation (3.4).
The bilinear form A" given above turns out to be useful in the derivation of the
coercivity of AL. The analysis can be generalized to (3.9) but more stringent
regularity assumptions on the data and the exact solution would be required.

4. EXISTENCE AND STABILITY ESTIMATES

The analysis below takes the similar framework used in [19, 29] and also [6, 11].
For given functions U" € U, V" € U or V, we define, similar to [4, 21, 11, 29], the
following discrete inner products and norms associated with 7" and a particular
triangle T/ = Ax;, %, X,

3
(U V4 = gm(T) (32U )V ).

102 e = O Ui UM g = (T [V, U 3.
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and U2 7. = (U, U)o, U2 = U1 g+ (U 0 where
(Uhv Vh)Th = Z:T,’IGT’1 (Uh7 Vh)Ti’1 )

|Uh|1 Th — ZTheTh |U |1 Th

As the norms are defined locally with piecewise planar triangles, the following
technical lemma is a trivial generalization of the same result given in [29].

Lemma 1. There exist some constants c¢1,co > 0 such that for any Uy, € U,

e|UMlozn < UM L2gsmll < cllU o, 70,

4.1
(4.1) | UM zn < 101l < c2llUP ] 7.

Similarly, for any U € C°(S"), denote by II,,(U) the interpolant of U onto & and
by IL, (U) the interpolant onto V, then we have the following classical approximation
results:

Lemma 2. If U € H*(T}) for T/ € T", then there exist some ¢y, ca > 0 such that

(4.2) { IU = Tu(U)l g2 gy + BIU = T (U) | g1 (gmy < 1P [[U | g2 ny
U - HU(U)HLQ(TZ,’I) < CQh”UHHl(Tih) .

We then have the coercivity of the operator AL.
Proposition 1. There exists a constant ¢ > 0 such that
(4.3) ALU" T, (U™) = U135 sy
for any U™ € U.
Proof. First we have
AGU" L) = [AGU" IL,(U") — ALU", IL(U"))]
(4.4) +ALU" T (UM)
From (3.4), we get
AL TLU") = Y UrALU", B
€0
=3 (= X AUt [ U0 s e mlKB(U?)
1€0 S Ly YR ESY
Z - Z Z A(Qi ZJﬂy+1 Uh/ vShUh(x) ) ﬁKf‘ dn
€0 1;EX; Disijiijin

Let Q; = Qi ,i,,i; be the centroid of Th AXi, X, X4y € T", by Lemma 1 and
some simple calculations, we have

ANUTILWY) =Y 4@ ( Z /amﬂ Vo, U () gy )

h Th
= Y AQ)m(TM|V, U™ ||
ThGTh
(4.5) > > ar|U"F 2 aa|U [ gy -

hGTh
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On the other hand, we have
[ALU" IL(UM) = ALU" IL(UM)| < L+ I

where

> (- ZUh / () = A(Qu)Vs, UM () -Tiger dm )|

Therh 8Kh nTh
Z / —UMU} dsy|.
€0 kh

Rearranging I, we get (let j = j mod 3)

h=| X (Nt -un)

TheTh j=1
S A0~ AQIVE 0ty
Since in each triangle T}, we have
U, = UL, I < BV, U g,
|A(x) = A(Qi)] < chl|Allw.00(sn),
IV, UM) - gigen [ <1V, Ul
With the mesh regularity assumption and Lemma 1, we get
nLo< > ch?|| V5, U™ |7
TheTh
(4.6) < ch Y IV e, U [70m(T) < chl| U3 (g0
TheTh
As for Iy, with Lemma 2, we have
I < | BllpeosmlU" = Ty (UM)]| p2gsmy 1T (U") ]| 12
< UM sy 1o (U™)]| 2 sy,

Since @; is the centroid of Tih, it is easy to find that for any U" € U

||HU(Uh)||L2(Sh) — ( Z ZU’L Kh ﬂTh)>1/2

TheTh j=1

1< 1/2
= (X 30 EhAm@) = 10 oz

So we get

(4.7) Lo< Um0 s
Combining (4.6) and (4.7), we know

(48)  [AGW" T, (U") = ALU" L (UM)| < ch|U" 7 sn -

Using (4.4), (4.5), (4.8), and the Poincare inequality in Hg (S"), we finally obtain
(4.3). O
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It is also easy to see
|(F,ILUM) gl < I1F L2 T (U)]| L2sm)
(4.9) = C||F||L2(sh)|\UhH0,Th
By Proposition 1 and (4.9), we have the following stability results:

Theorem 2. The discrete problem (3.4) have an unique solution U" € U, and the
U" satisfies the stability estimate:

(4.10) IU | g sy < cllFllp2(sm
for some constant ¢ > 0.
5. H' ERROR ESTIMATE
When h is small enough, it is easy to find
ld(x)| < ch? — vxeSh

see [19]. To compare the discrete solution on S” with the continuous solution on
S, we lift a function U defined from S* onto S by

(5.1) L:U—u=L{U) where u(y)=U(p '(y)), VyesS,
that is, U(x) = u(p(x)) = u(x — d(x)i(x) for x € S". Let y = p(x) and
ds(x) d(x)

pn(x) = ————=, &(X) = ———-
0= o) Y B )
Since S and 0S are sufficiently smooth, we have
1= pn(x)] < ch®, 1 =&(x)] <ch?,  [i(y) - fn(x))| < ch.
For the relations between Vg and V, , we have
Ve, U(x) =P, VU(x), Vsu(y) =PVu(y),
VU (x) = (P — dH)Vu(y)

where
Py, = (8ij — nninng), P = (8;; —niny),
H= (dzi11j> = ((nl)zg) = ((nj)rl)
Since P is in fact a projection, we can easily find that

PP =P, PH=HP =H,

(5.2)

and consequently
Vi, Ux)=PrI-dH)Vsu(y) .
The following results were proved in [19]:

Lemma 3. There exists some constants c1, c2, c3, cq, ¢ > 0 such that
cllUllpzerny < llullzzry < c2llUllp2ny,
s||Ul g my < Nl < callUll g any
Ul pz(my < cllulme ) + blul g ]

For any u € C°(S), we define the interpolants 7, (u) and m,(u) by

(5.3) mu(u) = LI(L7 (), my(u) = LT, (L7 (u)).

Then we have the following results (see [19]):
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Lemma 4. If u € H%(S), then there exist some c1,ca > 0 such that
(5.4) { [ — o (u)llL2(s) + hllu — mu(u) [l 1 (s) < crh®||ullmzs),
[u— 7o (u)llL2s) < c2hflullms) -

For any U" € U and V" € V, lift them onto S by u = L(U") and v" = L(V"),

and let
oy ) L, x€K
wZ(X)_{O, xeS—K,.

Let fig, denote the outward normal of 9K;. For any u € H'(S) and v" € L(V), we
then define the bilinear functional Ag such as

(5.5) Ag(u,v") = ol Ac(u,v])
€0
where v = v"(x;) and
Ac(u, ) = —/ a(x)Vsu(x) - fig, dy +/ b(x)u(x) ds .
BKi (3
To avoid excessively long formulae, we assume a(x) = 1, so that A(x) = 1 in

the remaining parts of this paper. We note that the results hold in fact for general
coeflicients.

Lemma 5. For any u € H?(S) and W" € U, there exists a constant ¢ > 0 such that
(56)  [AGUILW")) — AL L, (U), I (W")| < chllullmzs) [IW" |1 (sn)
where U = £71(u) and wh = L(Wh).
Proof. 1t is easy to see that U € H2(T}") and w" € H(S). We know

AG(U, T, (W) = A (I, (U), T, (W) = I + I

where

=S W) [V L) dg

F
i€o K '

=> Wh(x / B(U —U(x;)) dsp, .

1€0

Let W} = Wh(x;) and T/ = Ax;,%;,Xi,, then we get

no= > ( Z /axh o Vi, (U(x) =1L, (U)) - figer d%)

J
TheTh
3

- Z (Z IR l;+1)

TheTh j=1

. /M.

Voo U = (V) gy dmn) -
ijy1eijypo @i G
In each triangle T/, by the mesh regularity assumption, we have

h h
| <AV, W lpn < W21 1 -

| ZJ+2 1J+1
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Using trace theorem on each K Z N T} and the mesh regularity assumption again,
we get

| Voo (U = IL,(U)) gy dl
Miji1j12Qi "

1/2
<an( [ 90, (U = L) )

ijpigro @i
< Ch”UHH?(Tih)'

By Lemma 1 and 3, we then obtain

L] < Z AU grzerm |W" |y 0 < ch Z [l 2y 1™ || s oy
TheTh TheTh
(5.7) < chllull g2 W | sy -

Also by Lemma 2 and 3, we achieve

Bl = 1Y [ BV -TL©) s

€0

< Bl [, MOV U= TL@)] ds,
< bl o) Lo (W™) | 2gmy |U = Ty (U) || 22
69 < W ozl sty < chllullan Izt
Combining (5.7) and (5.8), we get (5.6). O

Lemma 6. For any u € H%(S) and W" € U, there exists a constant ¢ > 0 such that
(5.9 [Ac(u,m(w")) = ALU L (W)] < ch?||ull g2(s) W | 1 (sn)-

where U = L7 (u) and wh = L(W).

Proof. We know

Ac(u,mo (")) — AU, (W) = I + I + I3
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As for I, we have

ho= YW ([ V)i 0006 dn -

h
i€o oK}

| VU6 ik () don)
oK™

= S W[ (@ Vap0) - VU ) ik () dvn

h
i€o K]

-y (-xw

(6 Vsu(P(x) = Vo, UX)) - i, (P(X)) dys )
TeT © j=1 OK}NTY

3

- Z (Z(Wilj'” B Wi]j#l)

TheTh J=1

. /Mi

4142 @

(@Vau(p(x)) = Vo, U(x)) By d).

1
‘We observe that
EnVsu(p(x)) — Vs, U(x)

(&I - Py(I - dH))V,u(p(x))
— GP(I- gihPh(I — dH)P) V., u(p(x)).

Since |1 — &,| < ch?, we have

1
& P(I— g—hPh(I —dH)P)| < |P—PP,(I-dH)P)|+ch?
< |P —PP.,P| + ch?
< i x A ||? + ch? < ch?.

So we know
160 Vsu(p(x)) = Vi, U(x)|| < ch®||[Vsu(p(x))|| < ch?(|Vs,U(x)].-
Then using the similar analysis for I;, we could find
(5.10) L] < ch®||ull g W | sty

As for I, since
fig, (p(x)) = (P — dH)tign (x).

and Py, is a projection, we have

tig, (p(x)) — fign(x) (P —dH — Diign (x)
= P,(P —dH—I)PhﬁKZh(x),
and again we get
P,(P—dH -1)P,| < |P,PP, —Py|+ch?
< |y, x A|* + ch? < ch?.

By using a similar analysis as I, we easily obtain

(5.11) L] < ch®||ullmags) W | sy
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As for I3, we have

I3

th( BUuhdsh— B(x)U(x) dsh)

h
€0 K3

/Sh’(1 - ,uh)BUHU(Wh)dsh

which deduces

Is| < ch?|[b]lpoo(s) Ul L2sm) W o, 7»
(5.12) < Ch2||u||L2(s)||Wh||L2(Sh,).
Combining (5.10), (5.11) and (5.12), we get (5.9). O

Theorem 3. Suppose that u is the weak solution the problem (2.1) with u|ss = 0,
Uh € U is the solution of discrete problem (3.4) and u" = L(U"). If u € H%(S),
then we have that for some ¢ > 0,

(5.13) ||u—uh||H1(S) < ChHuHHz(S) .

Proof. Let us extend u onto S* by U = £~ (u). By Proposition 1, we have

(5.14) [ U" —IL(U)| 31 gny < cAGU" =L (U), L, (U" = TL,(U)) .
For any W" € U, let w" = L(W"), then we get

A}CLJ(U}L - Hu(U)7 Hv(Wh)) = [A}CLJ(Uha Hv(Wh)) - Ac(u, Wv(wh))]
+AL(U — 11, (U), IL,(Wh))
(5.15) +[ A (u, mp (")) — AL (U L, (W"))] .

According to Stokes theorem and (3.4), we have
AG (U L, (W) = (FIL(W")s,, A (u,m(Wh) = (f,7,(W")),
So by Lemma 1-3 and Theorem 1, we get
A% (U" T, (w")) = A (u, 7 (w"))]
= [(F 11, (Wh)) = (fymo(w |

FIL,(W") ds), — / Fro(w

‘ Sh

‘ FIL(W") dsj, — | FIL(W")up, dsh‘
Sh Sh

— ‘/ (1 — pp) FIL,(W") dsh‘
Sh
< ch®||F || L2(sm [T (W) | L2(sn)
(5.16) < ch?|| 2 W | L2gsny < b ||ull sy W 2 gsny-
By Lemma 5, we have
(5.17) [AG(U = L, (U), I (W"))[ < chllull g2 [IW" || 11150
By Lemma 6, we get
(5.18) [ Ag(u, my(w")) = AGUIL(W")[ < chllul 2 (s) IW" | mrsn)-
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Using (5.14)—(5.18) and setting W" = U" —II,(U), we then obtain
ot - Hu(U)H?{l(sh) < Ch2||u||H2(s)HUh — L (U)) #2815

that is,

(5.19) |0 T () s < chllulliags)-
Additionally, by Lemma 4, we have

(5.20) U =T (U)[|grsry < Nlu—7mu(w)llmis) < chllullgzs)-

Combining (5.19) and (5.20), we finally have
cllU = UM g (smy
c(IU" = (Ul 3 sy + IV = T (U) [ 1 sy

ch|lul g2 (s)-

||U—Uh|\H1(S)

ININCIA

O

The optimal error estimate presented in Theorem 3 is similar to that obtained
by the finite element method, see [19].
6. L? ERROR ESTIMATE

Before presenting the main results for L? error estimate, let us first prove addi-
tional estimates on the bilinear forms.

Lemma 7. Suppose that u is the weak solution the problem (2.1) with ulgs = 0,
and U" € U is the solution of discrete problem (3.4). For any w € H?(S), there
exists a constant ¢ > 0 such that

(6.1)  JAEU" TL(W)) = Ag(u", 7y (w))| < eh®|Jull g2s) w2 s)-
where u" = L(U") and W = L7} (w).
Proof. We know

ALUP TL,(W) — Ag(u”, 7y (w)) = I + I + I3

where
h=3 Wil | V(9 di (0 dy = [V, UM G) ik (B() dn)
i€o OK; OKN
= ([ 9L U0 i b)) s () ).
€0 i
I; = Z Wl(/K b(x)u" ds — - B(x)U"(x) dsh>.
€0 i i

Since

3
L = Z (Z(Wij+2 - Wij+1)
TheTh j=1
gl (V.U (p(x)) — Vo, () Hcs ),
M;

- - 41
1 Qi
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by the fact that U” is piecewise linear, using similar analysis of (4.6) and (5.10),
Theorem 3 and Lemma 4, we have

L] < U i) T (W) |1 sy
< el u | g syl (w) | s)
< ch?(|lullmis) + l[u" = ullgs)) ([wll sy + lw — 7o (W)l g2(sn))
(6.2) < ch®|lull sy llw] g2 s).-

By similar analysis of (4.6), (5.10) and (5.11), we
(2] < (U] sy [ITLu (W) [ 1 sy
(6.3) < ch?||ullgzs)llwl a2 s)) -

As for I3, we also can get

1] < eh®|U" ] paqsm ITLu (W) | sy
(6.4) < el gz s)llwl a2 s)
Combining (6.2), (6.3) and (6.4), we get (6.1). O

Lemma 8. Suppose that u is the weak solution the problem (2.1) with u|gs = 0,
and U" € U is the solution of discrete problem (3.4). If uw € H3(S), then for any
w € H%(S), there exists a constant ¢ > 0 such that

(6.5) ’A u—ul, T, (w)) — Ag(u — u”, mo(w))| < ch®||ull mas) lwll m2(s)
where u" = L(U").
Proof. We first have

Au —ul, i, (w))

f/v (u—u) -V Wu(wds+/s b(u — u)my (w) ds
Z/ (1 — ) - Vo (w) d8+/b(u—uh)7ru(w) ds

T,eT 5
u—u ) o (w) ds s(u—ul) - dp)m, (w
- 3 ([, o ) dst [ (Tufua) s mfu) )

+ u—ul 7 (W) ds
and

Ac(u = u", Ty (w))
= Z (/ax —(Vi(u—u) By, )my(w) dy + /K b(u — uP)TL, (w) ds)

_E E u—uh cng )T, (w U_Uhﬁvw s
_TleT] 1/mm )+ T ) )d7+/sb( )mo(w) d
_ — u—uh Ty (W S sU—uh 'ﬁ-Wyw

_T;G:T( T As( ) ( )d "‘r‘/aTl(V( ) Tl) ( )d’}/)

—uhww S.
+/Sb<u Y (w) d
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So we obtain
Alu —u" 7wy (w) — Ag(u — v, my(w)) = I + I + Is + 14
where

I = Z/ A (m(w) — 7o (w)) ds,

T;e€T

I = / At (o (w) — () ds,

T;e€T

= (u—uh) - fig, ) (0 (w) — 7o (w)) d,

T, €T aTl
I, = /Sb(u — uM)(my (w) — 7y (w) ds.

Consider I;, we have

L=J+Js
where
Jy = Z/ (Agu — Au(p(Qy)) (mu(w) — w0y (w)) ds,
T;eT
Jo= 30 £ap(@Q) [ (ruw) - m(w) ds.
T, €T T
Clearly,
[N < eh®|lullmss) | mu(w) — 7o (w)]| L2(s)
< ch?|lull s lwl 2 (s)

Let W = £~ (w), since Q; is the centroid of T}, we have
/ IL, (W) —1II,(W) dsp, =0 .
Tk

Then it is easy to find

’/TZ Ty (W) — 7y (W) ds’ = ’/1 7y (W) — 7y (w) ds — /T." I, (W) — I1,(W) dsy,
= | [ = m@ow) - 1v) ds|

ch? [ L) = 1, (7)) ds

ch? /T |70 (W) — 7y (w)] ds,

IN

IN

then we have

| J2] ch?|[mo(Dsu)| Las) [ (w) — o (W) L2gs)

ch?|ul g2(syllw] r2s)

IN

So we get

(6.6) 11| < |Ji] + [ 2| < eh®[|ullmagsyllu — u||r2s).-
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As for I5, by Theorem 3 and Lemma 4, we have

[l < 3 [ 18" (mufw) = m(w)] ds
T,eT
< chZ/ V| [(u(w) = 7 (w)| ds
T, €T
< ch?|lu | s w2 s)
(6.7) < ch?llull s lwlpas).-

According to the continuity of Vsu on 075, we have

Z (Vsu-nig,) (my(w) — mp(w)) dy = 0.
TeT /0T

Since U - ﬁTh is constant on each edge of the triangle T}, it is also easy to find

Z vShU nTh)( (W) - HU(W)) 7d7h =0,

N Z /GT. (Vsuh -7, (mu (w) — 7 (w)) dy

T,eTh

S 3 et R ILOY) 107

TheTh
= > 1 (6070 (B00) = Vi, U )T W) = T1 (W) iy s
TheTh
> / Vo, UM (x) - (fir, (p(%) — By (x)) (L (W) — L, (W)
TheTh

Then it is easy to find
L] < P U" | g sy ITLu (W) |1 sy
(6.8) < ch?|[u| s lwllmzs) < ch?|ullpas) w2 s)

About Iy, we have
(L] < cllbllposs)llu — u || L2s)l|mu(w) — w0 (w) | 2(s)
(6.9) < c?|lull s w2 s)-
Combining (6.6)-(6.9), we obtain (6.5).
(I

Theorem 4. Suppose that u is the weak solution the problem (2.1) with u|gs = 0,
U" € U is the solution of discrete problem (3.4) and u" = L(U"). If u € H3(S),
then we have for some ¢ > 0,

(6.10) flu— Uh||L2(S) < ChQHUHHa(S) .
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Proof. Since u—u" € H'(S), according to Theorem 1, we know that there exists a
weak solution w € H?(S) satisfying

A(w,v) = (u—u",v), Vv e HY(S)
Put v = u — u” in the above equality, then we get
Ju—u"r2s) = (u—u",u—u") = A(w,u —u").
Furthermore, we know
(6.11) [wllz2sy < ellu—u"|L2s)-
Let W = L7} (w), then we get
lu—ul2egy < A= ulw—m,(w))
A (1, mo (w)) = Ag (U™, T, (W)
HAGU" T (W) = Ag (u", o (w))|
(6.12) +HA(u —u", 7w, (w) — Ag(u — u®, 7, (w)].
First by Theorem 3, we have

[A(u = u"w =y (w)] < ellu—u|| s w — (W) 1 (s)
< ch?lullpzs) wl aes)
(6.13) < ch?||ullas) lu— ut| Las).
Since

AU TL,(W) = (F,TL(W)),,, A1 (1)) = (f,w),
using (5.16) and Theorem 1, we get
[ Ac (u, m(w)) = A (U I (W)] < eh®|| £ 12(s) I (W) [ L2st)
< ch?|| flle2(s) (W [ agsny + W = T (W) L2(sn))
< ch?|| fllL2(s) (W || 2(smy + chllW | gi(sn))
< ch?| fllras) (lwllpzs) + chllwl mis))
< ch?| fllraes)llwll sy
(6.14) < ch?(|ull g2 s)llu — v L2(s)-
By Lemma 7 and (6.11), we get
|AL UM T1,(W) — Ag(u, 7, (w)))

IN

ch?||ul| g2 s)llw — w"|| L2(sm))
(6.15)
By Lemma 8 and (6.11), we get
|A(u —u", my(w)) — Ag(u — ", 7wy (w))]
(6.16) < ohlullmoslu— u )
Combining (6.12)—(6.16), we finally get

IN

ch?||ull sy l|u — w|| p2(sn))-

IN

ch?||ull mras) || wl 2 (s)

AN

=" 72(s) < ch®[lull mscs) lu— u[|L2(s)
which deduces (6.10) directly. O

Remark 3. All results proved in Theorems 2, 3 and 4 can easily generalized to the
case of 9S = ) with b(x) > ag > 0.
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7. D1SCUSSIONS AND CONCLUSIONS

In this paper, a finite volume method for solving second order elliptic PDEs on
surfaces of arbitrary geometry has been studied using a piecewise linear complex
representation of the surface. Optimal order error estimates have been proved under
some mesh regularity assumptions. For surface with complex geometry, a natural
issue is how to generate a mesh with such regularity.

To address this issues, let us briefly recall the concept of constrained CVTs [9]
which are special Voronoi tessellations of the surface with the generators coincide
with the constrained centroids of the corresponding Voronoi regions. The concept
has been extended to the case constrained to a surface with the standard Euclidean
metric [9] and also to the case of a one-sided distance function associated to a
Riemannian metric [17], see Figure 2 for some examples of CVT representations of
spheres and a saddle. Moreover, these extensions allow us to efficiently generate
high quality surface unstructured meshes and triangulations. Applications to full
3d volume mesh generations and optimizations have been explored [14]. Robust
and efficient boundary recovery schemes for 3D meshing have also been developed
to match given boundary surface specifications [15, 16].

The surface meshes produced using the CVT technology tend to enjoy certain
optimality properties. In particular, they are often much more evenly spaced when
a uniform density function is used, see Figure 3 for some examples of surface trian-
gulations of a saddle surface, the surface for some connected cubes and balls, and a
surface with punched holes. We refer to [18] for a review on the recent progress in
this direction. For these surface meshes, the mesh regularity assumption is almost
assured to be valid. Thus, they provide excellent surface meshes on which the finite
volume methods can be further constructed. An example on the application of such
meshes in connection to finite volume methods has been given in [11] where CVT
meshes on spherical surfaces have been used. Due to the excellent meshing quality,
the finite volume solutions display superconvergent properties. We refer to recent
works for extensive numerical experiments and applications [10, 11, 12, 13].

There are additional interesting questions related to the development of finite
volume schemes of even higher order accuracy for smooth surfaces and solutions.
Some works for the planar cases have been given in the literature, for example, [29].
With singular surfaces and solutions, local mesh refinement can also be considered
by generalizing the discussions in earlier works (see for instance [30]). Connections
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FIGURE 3. High quality surface triangluation of a surface with
holes, a surface of connected cubes and balls, and a saddle surface.

with standard and mixed finite element methods [5], non-conforming and discontin-
uous finite element methods [1, 8]. can also be considered for problems on surfaces.
These issues will be explored in our future research.
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