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1 Introduction

In the area of numerical solution of partial differential equations (PDEs), a
postertori error estimates are computable quantities in terms of the approxi-
mate solutions, and provide a reliable and efficient measurement for the errors
of the discrete solution without knowing the exact solution. Reliability is often
referred to as the property that the true error can be bounded from above by
the error estimator (up to some constant) and efficiency implies that the true
error is also locally bounded from below by the error estimator. A posteriori
error estimates have played a very important role in adaptive mesh generation
and algorithm design for numerical PDEs. Theoretical and systematical study
of a posteriori error estimators for finite element approximation began in the
late 1970’s [5], and since then a lot of literature has gradually appeared, see
2, 4,6, 7,9, 11, 14, 29, 40] and the references cited therein. We would like
to point out that elegant analysis on residual-based a posteriori estimates of
finite volume approximations for elliptic equations can be found in [1, 12].

Numerical solution of PDEs defined on smooth surfaces (or manifolds) in R?
recently attracted a lot of attention due to its applications in various areas,
such as surface diffusion, global and local geophysical flows, ice formation,
brain warping and so on [27, 33, 34, 35]. Thus it is of interest to investigate
useful a posteriori error estimates for these types of problems. A lot of a priori
error analysis for second-order and fourth-order problems have been done for
finite element methods [22, 23, 24] and finite volume methods [8, 20, 19].
Recently, a posteriori error estimates of finite element methods for discretizing
the Laplace-Beltrami operator on surfaces were rigorously analyzed in [3, 15,
28] while similar studies for finite volume methods are currently lacking as far
as we know. In this paper, we will rigorously derive a residual-based explicit a
posteriori error estimator (in the sense of energy norm) for the finite volume
discretization of the elliptic equations defined on a smooth surface which is
represented as the zero level set of a signed distance function d to the surface.

The paper is organized as follows: in Section 1.1, we will briefly review the
model problem defined on surfaces and define some notations to facilitate our
analysis. Then a finite volume discretization (generalized central scheme) of
the problem is given in Section 2. In Section 3, we will derive a residual-
based a posteriori estimate for the discretization in terms of the approximate
solution, and prove its reliability and efficiency. Some numerical experiments
are included in Section 4, to verify the theoretical results. In addition, we also
numerically demonstrate that the derived a posteriori error estimator is quite
robust, i.e., the constants in the a posteriori estimates are almost uniform
across all test problems. Finally, concluding remarks are given in Section 5.



1.1  Model problem

Let S in R? be an open bounded C*“-hypersurface [22, 26] with k € N U {0}
and 0 < a < 1, and we assume that S is represented globally by some oriented
distance function (or say level set function) d = d(x) defined in some open
subset U of R? such that S = {x € U | d(x) = 0} with d € C** and Vd # 0.
The unit outward normal to S (with increasing d) at x is given by

S Vd(x)
ni(x) = (n1(x), na(x), n3(x)) =
Vd(x)|
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 = (Vs1,Vs2,Vs3) = V —1i(d - V) denote the tangential (surface)
gradient operator, A; = V-V, is then called the Laplace-Beltrami operator
associated with S [26]. We use the standard notation for Sobolev spaces LP(S),
WmP(S), and H™(S) = W™2(S) on S. To make space H™(S) well defined,
it is customary to assume k + o > maz{l,m}, see [32]. To avoid technical
complexities, we further assume that S and JS are sufficiently smooth (say,
of class C®) and 0S # @ for the rest of the paper unless stated otherwise.

We consider the following steady diffusion-convection-reaction equation im-
posed on S,

—Vs - (a(x)Vau(x)) + Ve - (V(x)u(x)) + b(x)u(x) = f(x)  vxeS, (1)
where the data in (1) is assumed to satisfy:
Assumption 1 f € L?*(S), a(x) is uniformly continuous on S, v € (Wh>(S))3 ]
and b € L>®(S). Additionally, a(x) > a1 > 0, b(x) > 0 and V-V(x)/2+b(x) >
as > 0 for any x € S.
For simplicity, we take the homogeneous Dirichlet boundary condition:

u(x) =0, vV x € 0S. (2)

Note that our discussion here can be extended to more general cases such as
a = a(x) being a symmetric positive-definite tensor.

For any u, ¢ € Hj(S), define the bilinear functional A to be

A(u, ) = /s aVgu- Vo ds — /SUV -V ds + /s bug ds. (3)

Based on Assumption 1, we have (for some generic constants ¢; > 0 and



CQ>O)

A(u, ¢) < erllull sy 18]l ms), (4)
Alu, u) > el|ul|Fs)- (5)

The above two conditions guarantee that the expression A(u,u) is equivalent
to the norm in H}(S) under given assumptions. We then define the so-called

“energy” norm as ||ul|p = 1/ A(u,u) [12, 30].
We say that u € Hj(S) is a weak solution of the equation (1) if and only if
Alu,0) = (f,0)s Yo € Hy(S), (6)

where
(£.0) = [ F)6(x) ds.

The existence of the weak solution of equation (1) under Assumption 1 follows
from the standard elliptic equation theory [22, 26].

Theorem 2 Under Assumption 1, there exists a unique weak solution u €
H(S) of (1). Moreover, uw € H*(S) and satisfies that

[ullm2s) < el fllzzgs) - (7)
for some generic constant ¢ > 0.

We note that in the case of S = &, one can also show that, if ay > 0 in
Assumption 1, then there exists a unique weak solution u € H'(S) of (1).

2 Finite volume discretization
2.1 Piecewise linear approximation of the surface

We assume that S is a connected compact smooth hypersurface which is the
zero level set of a signed distance function |d(x)| = dist(x,S) defined on a
strip (band)

U={xecR® | dist(x,S) <6}, forsomed >0,

around S such that there is a unique decomposition for any x € U,

x = p(x) + d(x)ni(x) (8)



Fig. 1. Approximate mesh surface and the control volume.

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 (see [24]) if S is sufficiently smooth.

Denote by 7 = {T;}*, the curved triangulation of the surface S. Assume
that S be approximated by a sequence of continuous piecewise linear complex
[38] {S" C U}, consisting of a sequence of regular triangulations {7" =
{Th}m } with the mesh size approaching to zero. In order to avoid global
double covering, we further assume that for each point y € S there is at most
one point x € S" such that p(x) =y, as suggested in [24]. Each 7" contains
vertices {x;}", on S (i.e., {x;}", C SN S"), see Fig. 1(left). Clearly, S" is
globally of class C%!. We use m(-) to denote the area for planar regions or the
length for arcs and segments. Let h; denote the size of a triangle T* € 7" and
define h = max; h; to be the mesh size for 7". We say that 7" is shape-regular
if for any T)* € T"

cah? <m(Th) < eh?, 9)

where ¢; and ¢y are positive constants independent of h. By the uniqueness of
the decomposition discussed above, we define T; = {p(x) € S | x € T/}, and
let 7 = {T;},, then S = U!_,T;. Note that this requires in particular that
p(0S") = o8S.

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

Vs, = (vsh,lv vsh,27 Vsh,?)) =V - ﬁh(ﬁh : v) )

Sh
where 1), (x) = (n1(X), npa(X), ny3(x)) is the unit outward normal to S”. Since
1), is constant on each triangle 7", V, only needs to be locally defined as a
two dimensional gradient operator on the plane formed by T}*, and the Sobolev

space W™P(S") is well-defined for m < 1.

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

U={U"eCS") | Ullasn =0, U"|p € PU(T}])} (10)



where Py (D) denote the space of polynomials of degree no larger than k£ on
the planar domain D.

It is easy to see that & C H'(S") and for U" € U we have that V,, U" is
constant on each triangle 7" € 7". A dual tessellation of 7" on S" can be
defined as shown in Fig. 1 (right). For each interior vertex x;, let x; = {is}ir,
be the set of indices of its neighbors, Q;; ;,,, (where iy ) = 4y if s = m;) be
the centroid of the triangle Ax;x; x;.,, and M;;; be the midpoint of X;X;; for
i € xi- Let K= Ui exi$i;,,., where Q;; ;. denotes the polygonal region
bounded by x;, M;;;, Qis; ., and M, .. In general, Kih is only piecewise
planar and we define its projection onto S by K; = {p(x) € S| x € KI'}. Let
o denote the set of indices of all interior vertices of 7", then, K = {K;}ico
and K" = {K"};c, may be viewed as dual tessellations of S = U™,T; and
S" = U™ T, respectively. In the remaining part of this paper, for simplicity,
we denote 7(j_1)mod(m;)+1 by i;, if 7 > m; and i; € x; (x;; is a neighbor vertex
of x;), otherwise denote i¢;_1)moa(z)+1 by ¢;, if j > 3 and x;; is a vertex of
Th = AXhXZ‘QXZ‘B.
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Denote by V the space of grid functions on S" with respect to X"
V=A{V" | V*n € Bo(K])}

A set of basis functions {¥”},c, of V is given by

1 xe KM
h _ 70
\Iji(x)_{o x € Sh— K.

2.2  (Generalized central scheme

We may uniquely extend a function ¢ defined on S to U by

¢'(x) = d(p(x)), VxeU. (11)

Let P =1 — n ® n where ® is the outer product defined as @ ® b= c?gT, and
it follows that

V.6 = V¢l —ii(i - Vo)) = PV, (12)
due to (11).

We then do the similar extension from Sh~to U. Given a function ¢, defined
on S", first project it onto S by ¢n(y) = ¢n(p(y)) fory € S*, then we apply
(11) again to extend ¢, to U, i.e.,

(%) = dn(p(x)), ¥xeU. (13)



Then we successfully extend ¢, defined on S" to U in two steps. Since all
extensions of functions to U are constant along normals to S, extensions of
functions defined on S and of functions defined on S” have the same properties.

With the above preparations, a generalized central finite volume scheme for
the above steady diffusion-convection-reaction equation (1) can be defined as
follows: find u;, € U such that

Al (un, dn) = (f, dn)s, VoneV, (14)
where
AG(un, én) = 3 dniAg(un, ¥7)
and -
Oni = Pn(Xi),
AL (4, WY = /8 () gy o+ /K , o s

The corresponding lifting u} constrained on S then can be regarded as the
approximate solution of the model problem (1). For the existence of the ap-
proximate solution u, of (14) and relevant a priori error estimates, see [19]
for details. Specially, for the convection-dominated case, in order to eliminate
non-physical oscillations, an up-wind finite volume scheme was given in [19].
In this paper, we will focus our discussion on the generalized central scheme.

3 A residual-based a posteriori error estimator

Before deriving local a posteriori error estimates for the finite volume dis-
cretization (14), let us present some properties of lifts and extensions of func-
tions defined above.

For x € S", define
Pu(x) =1—n,(x) ® 0y (x), (15)
and then for a function ¢ defined on U, we have

V., 0(x) =P,Vo(x), Vxesh (16)
According to (8) and (13), for ¢, defined on S”, it holds that
Vi, (x) = (P — dH)Vg,(p(x)), VxeS", (17)

where H : R?* — R? denotes the Weingarten map. Detailed discussions about
H can be found in [15]. Since i’ -1 = 1, it holds tH = Hi = 0 and
PH = HP = H [15].



Then, for any x € S", we obtain that

V¢, (x) = (I - dH)PV¢,(p(x)) = (I — dH) V), (p(x)). (18)
Combination of (16) and (18) gives us
Vsh¢h(x) = vshgblh(x) = Ph(I - dH)vagblh(p(X)) (19)

Correspondingly, for ¢ € H(S), we get
V., 0l(x) = Pyl — dH)PY.0(p(x)), Vx € U.
If x € S", (18) yields
Vi (p(x)) = (I - dH) ™'V, (x), (20)

We note that the invertibility of I — dH was proved in [15]. Next, we aim to
deduce V¢!, for given ¢, € S". Using (19) and (20), we have

V., on(x) =P,V (x), VxeSh (21)
It is easy to see that for x € S”
0= Vj(x) - il = Vi, dn(x) - i+ (8 - §) V), (x) - fip,
then it follows that
Ve dn(x) -0

Thus we have TR
n, ®n
Vel (x) = <1 _ Fi‘h — >Vsh¢h(x)
and n, ®n
n, ®n
V.6hp(0) = (1= dH) ! (1= 55 ) V.0,
Define
ds(x) dy(x)) (23)

X) = ———"—, X) = — "
e M ey
for any x € S". Since S and 9S are sufficiently smooth, we have (see [19, 22])

1= un(x)| < ch?, |1 —&(x)| < ch?.
Finally, we cite the following results from [22] for later use:

Lemma 3 Forany ¢ € H'(S), there exist some generic constants cy, ca, c3, ¢4 >|]
0 such that

Cl||¢l||L2(Tih) < ’|¢HL2(T1') < CQHQSlHL?(Tih)a

C3||¢l||H1(Tih) < ||¢||H1(Ti) < C4||¢l||H1(Tih)



for any T, € T.

With all the above notations, we have
L Veitn- Vot dsi = [ ALV Vi, ds,

where Al (p(x)) = Ap(x) = (u_th(I — dH)P,(I — dH)P) (x), VxeSh

Similarly, it holds that
/Sh vsh¢hwh dSh = /SBZVSWM% dS,

where Bl (p(x)) = By(x) = (iph(l - dH)P) (x), VxeSh

3.1 An a posteriori estimator and its reliability

In the following, we will derive an energy-type (or H'-type) a posteriori esti-
mate for the discrete solution uy, i.e., to estimate ||u—uj,||g (or [|u—u}| mi(s))-

Let e be an edge shared by elements 77 and 75 which have normals ny, and
np, on e, respectively, then we can define

[[alvshuh — \_;Uh]] = (alvshuh — ‘_;uh)‘Tl . ﬁTl + (alvshuh — ‘_;uh)‘Tg . ﬁTQ,

in particular, if e C 9S;, we set [[a'V, up — Vup)] = 0. By Green’s formula, it



follows that for any ¢ € H*(S):

Alu—h0) = [ f6ds = Aluh0)
_ /s fnd! dsy - /S AVl - Voo ds + /S (¥ - V)il ds — /s bl 6 ds
= [, f'und! dsn = [ a(P — AVl Vio ds + [(T=BY)( - V,0)uj, ds
= [ @'V Vo0 dsi+ [ Vo un dsy— [ b ds
:/ Flnd! dsh—/a(P—Al)v ul -V, ¢ds+/(I—Bg)(v-vs¢)ug ds

+/ Vo, (Vo un)d dsp — 3 / A (Vo un - i) ¢! dy

TheTh

. / Vo, (Fup) - ¢ dsy + 3 / @ - digy - ¢ dy — / bul b ds.

TheTh
_ /S T dsy /S a(P — ALYVl Voo ds + /S (I B - V.o)ubds
+ /sh Vsh(alvshuh)gbl dsp, — /Sh Vsh(\_f'luh) ¢l dsy,

1 l = l l
- = g a'V, -V ng d — / b gb ds. 24
2 heT /81{‘[[ th Uh]] Th S “h ° ( )

On the other hand, for any u € C°(S"), denote by II(u) the interpolation of
wonto V, ie. Il(u) € V and I(u)(x;) = u(x;) for all i € o. Then it holds that

— Z@/ @lvshuh “Tgen dyp

1€0 i

3
= < -2 /BKh nTh (' Vs, up - ﬁKihj)H(qbl) dvh)
TheTh J=LTT

= Z <_ /Tzh Vsh . (alvshuh)ﬂ(¢l) dsp + /aTih (alehuh ) ﬁTih)H(gbl) d7h>

TheTh
(25) 1
and similarly

Zgbz/ up V' nKh dyp,

1€0 aKh
> (- / Vo (@) dsn+ [ (- sig )T dop ).

(26)

TheTh

10



Thus,

A (un, TL(9"))
= - Z Gi /

) alVShUh . ﬁth d"yh -+ Z¢Z/ . uh\_/’l . ﬁK? d’}/h + /sh bluhH(¢l> dSh

€0 OK; €0 OK;
= — /S V., - (a'V,up)(¢")ds), + /S Vs, - (Vup)T(¢)dsy, + /S Vupl(¢) dsy,
h h h
1 —,
#3250 Ftn = o o
i €T g

Applying the equalities (24)—(27), we obtain
Alu—up, ¢) = Alu —uj,, @) + A (un, 11(¢)) — AL (un, TI(¢"))
_ /S fnd! dsy - /s a(P — ALYV il - V.6 ds + /S (I-BL) (V- V.o)i, ds
F o Vo @V aun)(6 1Y) dsp — [ Vs, - () (61~ TI(&)) dis

1 l = l l
5 X /<9Tih[[a Va,un — upV']}(¢" = 11(¢")) dya

TheTh
| 1 I I l 1
_/ShthUh¢ dsh+thuhH(¢)dsh—thH(¢)dsh
= /Sh (fl,Uh + vsh . (alVShuh _ Vuh) _ bl,uhuh) (¢l _ H(¢l)) ds,
N /s (a(P — AL)V.uf, — (T - By)Vuj,) - V.o ds

1 1 =] l l
-5 > /<9Tih[[a Vup — upV']J(¢" —T1(¢"))d 1

TheTh
[ (=) s = £ dsy
h
= h+thL+DI+1 (28)

where

I= [ (it Vi @ = 9 ) = Yy ) (6 = T1(6) d,

1 l =l l l
h=-5 ¥ [ Vo — w6 116,

TheTh

I=— /S (a(P — ALV, — (1 - BL)¥a,) - V.o ds,

[4 = /Sh(l — uh)(bluh — fl)H(¢l> dSh.

Next, we will analyze the above four terms, respectively, to get an appropriate
estimator.

11



First, let us define
R = flu, + Vs, - (alvshuh — V) — b upup (29)

and
r = [[alvsuh - uh\_/’l]]. (30)
Then it follows that

=] X [ RO -6 don) < 3 IR 16~ Ty
Th'GTh Tihefz"h
<c Z hiHRHLQ(T[‘)H¢HH1(T¢)7 (31)
TheTh
and
1 1 l l
Bl=| =5 = [ @ ) dn| <5 T Irlleem ¢~ 06 lon
ThETh TihGTh
< ¢ Y sl lolme (32)
TheTh

Using Cauchy-Schwartz inequality and the trace theorem, we immediately get

1.1
L+L|<c ) (hiHRHL?(Tih) + 5hiQ||T||L2(8Tih))||¢||H1(Ti)

TheTh

3
<o X RIRBgn+ 7 X Al Tolne.  63)

TheTh TheTh
As for I3, we have

I < > [a(P = A}V, — (I-Bj)Vuj, Vo6l 2

TheTh

<e Y avim® - Ay - dH)” <I—nh®n)v

TheTh np,

— V[T = ByJV'uy Vol 2. (34)

L2(Ty)

L2 (Tih )

Now set

Ch = a /in(P — Ap)(I— dH) <I— nh@?),

np
then we finally arrive at

‘[3‘ S C Z HChvshuh — \/,u_h(I — Bh)\_/’luh

TheTh

< cff

L2(Th) H¢ HHl (Th)

Il (36)

u, — /n(I — Bp)V'uy,

L2(Sh)

12



where 37 > 0 is a generic constant that also depends on the curvature infor-
mation of the surface S. For more discussions about this issue, see [15]. Also
it holds that

=\ (= )@ = £,
< 3| L= ) = T ds,

TheT i
< 30 = ) Bun = F) 2 TS| 2erm
TheT
3
<o (X N0 = m)Wun— ) Ielme  G7)
TheT

where 35 > 0 is again a generic constant that also depends on the curvature
information.

Thus, by letting ¢ = u — u}, we get an estimator as follows:

1

o — |z < c( S Ri, + R, + RQTihvg) ; (38)

TheTh

where

=

1
Raps = (BIR s + (il o )
Ry =/ B11Cu Ve un — (T = Bu)V' - sl g2y,
RTih,:a = Gall(1 — Hh)(bluh - fl)HLQ(Tih)‘

Now let us define the local explicit a posteriori error estimator n,» on each
triangle T € T" by

Nn = Riny + Riny + Ring (39)
and the following result is naturally obtained:

Theorem 4 (Reliability of nn) Assume that uw € H(S) is the weak solution

of the problem (6), and u" € U is the solution of the discrete problem (14).
Then under Assumption 1, there exists a generic constant ¢ > 0 such that

lu — || < eng, (40)
1/2
where Ny = (ETihETh n%ih) .

Remark 5 For any curved triangle T; € T, one observes that

1= ()| <chi,  ldx)|<chi, (P —Ap))llizie <chi  (41)

13



for any x € T;, then the following inequalities can be easily obtained

IChlliz—ie < e1]|P — Apllie—ie < coh?,

||I - BhH12—>l2 S Cgh?.

Thus we know that the last two terms in (40) are of higher order compared
with the first one.

3.2 Efficiency of the a posteriori estimator

In this section, we aim to prove the efficiency of the estimator derived in the
previous section, i.e., npr does not overestimate the true error.
1

Theorem 6 Assume that u € Hy(S) is the solution of the problem (6), and
u € U is the solution of the discrete problem (14). We also assume that T is
shape-reqular. Then under Assumption 1, it holds that for any T* € T",

1/2

Ny < C[HAhHLw(Th)(Hu — tillmry + 1Ch Vs, unll ogrmy + I1/Fn(T = B)V up| 2oy

= 1/2 _
+ hill R = Rl gamy + b llr = 7 2o (42)

where ¢ is a generic constant, and R and 7 are piecewise linear approzimation
of R and r, with respect to the triangulation T".

Proof: The proof will follow the well-known framework by Verfurth [39]. First,
we aim to bound ||R||zn). Define the bubble function [39] ¢+ on T} =

Az, Tiyxiy Dy opn = H?Zl Cxij, where each Cxi], € U and (,,(z;) = §;, such
that ¢zn|srn = 0 and ¢pn = 0 outside T". Set R € U be a piecewise linear
approximation to R on T}*. Let us take ¢ = Re¢ps in (24), and apply Poincare

inequality and Theorem 2.2 in [2], then we obtain

/Th RR¢TZh ds, = /T aV(u — u%) . VS(quSlTh) ds — /T (u— uﬁl)\_f . VS(quSlTh) ds

(3

+/ (u— ) Rl ds+/ (P — ALYVl - V(R ds

—/ (I-B))vul, - Vo(R'¢.) ds

14



and then

‘ /T RRys ds,

< (HU — |l + la(P — ALV || 20z + ([T~ BZW“hHB(TJ)
IV (R | r2my
< (M= whlin ) + 1CV gy + 1 /ARlL = Bil¥unl o)
IIAhHlL/i (Th) ||vsh(R¢Tih)HL2(Tih)
eIl = ahlleny + 1€ Vo unllzzgay + I = Balunllzaon)
A2 amhi 1Rl (43)
where the constant ¢ only depends on the shape regularity of 7.
Use Theorem 2.2 in [2] again, we then get
HRH%?(Tgn < CHR\/@H%%T;%)
< c( /T RRogy dsy - /T R(R— R)éry dsh)
< [, RRory dsn IR = Rllsgey | Rémyllsian)

< c(/ RRéqy dsy, + | R - R||L2(Tih)||R||L2(Tih)). (44)
7!
Combination of (43) and (44) results in

1/2
1Ry < el Rl (17 = Riliacepy + 5 1AW o (o = sy

+ ICh Vs, unll L2¢rmy + [[v/Ba(T = Bh)VUhHm(Tm)) (45)

Dividing (45) by || R|| r2(rmy and applying the triangle inequality, we immedi-
ately get

hill R parpy <C(h IR = Rll agrmy + 1A oy (Il = ey

HICHYoyunll oy + VAL = BelFunllzzryy) ). (46)

Next, we try to bound the edge residual |7 ;2 where e is an edge shared
by the triangle 7} and one of its neighbors, says T}'. Let K" = T* UT}", and
correspondingly K = T; UT;, let ¢, be the edge bubble function [39] over K",
i.e. ¢elogn = 0 and ¢, = O outside K", and also let ¥ be a piecewise linear
approximation to r (i.e., 7 € U). Taking ©» = T¢, in (24), and applying the
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Poincare inequality and Theorem 2.4 in [2], we obtain

= ' - aV (u—ub) - V(7o) ds —I—/ w—ub )V - V(7 ol) ds
—/ — )il ds+/ R, dsy,
- / a(P — AVYV .l v, (Fél) ds + / (I — BTV, (7! ) )l ds
K K

ngbe d’7h

(1Rl zaceshl? 72y + (Il = whllscy + 1G9l e

IV = BT unlszem ) [AWI ooy 1V, (760 sz
(47)

where the constant ¢ only depends on the shape regularity of the mesh. Again,
using Theorem 2.4 in [2], we have

_ —-1/2)|~
Vo (Fé) [ z2qacny < ey 2 (IF 220, (48)

and

e < ¢ [ Poun < o [rrodm+Ir = ot Il ). (49)
Combining (47)-(49), we then get

1/2
17130y < ¢ (AR oy (1w = whll iy + 1CAV syl 2y
+ ||\/ (I — Bh) uhHLQ(Kh ) +h HR||L2 Kh) + h1/2||7” —_ ’I“||L2 e)) || ||L2 e)
(50)

and consequently

1/2
il lzcey < e (AR gony (e = w0y + ICRV s unll 2 e

+ | VER(T = BR)¥unl 2ien ) +hill Rll 2y + bl = 7llz2e) - (51)

Notice that Rpn 5 and Ryn 3 are higher-order terms compared with Ry» ; from

the discussion in Remark 5, and we obtain the efficiency relation (42) Zdirectly
from (46) and (51). O

Remark 7 It is obvious that Cy, and I —B are of high order (> h?). We also
can pick R and 7 properly such that the last two terms in (42) are again of
high order(> h}?®), so that the dominant term in (42) is ||u — ub || (1)

Remark 8 Actually, we would like to note that the same theoretical results

can be obtained for closed surfaces (0S = &) with similar analysis as we did
i the previous sections.

16




4 Numerical Experiments

In this section, several numerical experiments are presented to verify the re-
liability and efficiency of the a posteriori estimator proposed in the previ-
ous section. All experiments are performed for the model equation (1) with
a given exact solution u(x). Boundary conditions are set correspondingly if
0S # . In our experiments, the initial meshes are relatively uniform meshes;
they are generated and optimized using the so-called constrained centroidal
Voronoi Delaunay triangulation (CCVDT) algorithm [16] with a constant den-
sity function. The mesh refinement at each level is done by applying the mark-
ing strategy used in [15, 37] with the parameter § = 0.3 (€ is used to control
the refinement process [21]). The refinement process stops after the number of
nodes reaches 30,000 for each of the examples. We set 8 = 55 = 1 in (39) for
our numerical experiments. Recently, the study of robustness of a posteriori
error estimates also attracted much attention, i.e., whether the constants in
the a posteriori estimate are almost uniform for a class of similar problems.
We will also numerically address this problem.

4.1  FExample 1: Half-sphere

In this experiment, the surface S is taken to be the northern half of the unit
sphere, i.e.,
S={xeR|2}+a5+2;=1, x3 >0},

and its boundary is given by
oS = {(ZEl,l'Q,O) | l‘% + ZL’% = 0}

The outer normal at x € S is simply (xy, z2, z3). We set a(x) = 1, V(x) =
(1,2,3), b(x) = 1, and the exact solution w is chosen to be

1
o3+ a3+ (1 —x3)2+0.02°

u(x) =

Clearly u has a peak at (0,0, 1), the top of the half sphere. The first experiment
takes all the coefficients to be constant. The initial mesh and the refined meshes
at steps 12 and 16 are shown in Fig. 2. It can be easily seen that the meshes
around the peak of the exact solution are well refined. In Fig. 3(left), we draw
the L? and energy-norm errors of the approximate solution wj, at all steps
and also the a posteriori error estimate ns», along with some reference slopes.
From Fig. 3 it can be concluded that the approximate solutions are of the
second-order convergence when measured under L? norm and the first-order
convergence under energy norm. It is also obvious that our error estimator
has the same convergence rate as the energy-norm error, see Fig. 3(right)
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Fig. 2. (From left to right) The initial mesh with 64 nodes and adaptively refined
meshes with 817 nodes (Level 12) and 4098 nodes (Level 16) for Example 1.

9

T T
—&— A posteriori estimator / Energy—norm error

Ratio

—6&— L2 error

—— Energy-norm error

1072F | —5— A posteriori error

— — — Slope=-1 S o
—— Slope=-.5

Fig. 3. Left: comparison of the L2, Energy-norm errors and the a posteriori estimator
nyw at all levels for Example 1; right: ratio between the error estimator and the exact
energy-norm error for Example 1.

for information on the the ratio between the error estimator and the energy-
norm error at each step of refinements. From this figure, we can easily observe
that the ratio quickly becomes stable after the oscillations at the first few
refinements and converges to a constant around 6.1.

4.2 Ezxample 2: Cornered surface

The surface S is now selected to be
S={xeR|(r3—a3)’+al+x3=1, 23 > 25 71 >0orzy >0}

with the boundary

0S = {(w1, 9,25+ /1 — 23 +23) |22 +25 =1, 2, > 0or 25 > 0}
U{(0,29,23 + /1 423) | =1 < <O0}U{(21,0,(/1—23) | =1 <z <0}

Clearly, the boundary of S is not smooth at (0,0,1). The outer normal at

x € S is now given by i(x) = t/||t]| with £ = (21, 22(1 — 2(x3 — 23)), 25 — 23).
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We use variant coefficients a(x) = 2+ z122, V(x) = (14 21,2+ x2,3 + x3) and
b(x) = 1. The exact solution u is set again to be

1
o3+ a3+ (1 —x3)2+0.02°

u(x) =

Then the peak of error occurs at the corner (0,0,1). In this experiment, we

Fig. 4. (From left to right) The initial mesh with 108 nodes and adaptively refined
meshes with 929 nodes (Level 11) and 3067 nodes (Level 14) for Example 2.

3
—&— L2 error —6&— A posteriori estimator / Energy—-norm error
—#— Energy-norm error
5 —=&— A posteriori error 4
107 ¢ — — — Slope=-1
—— Slope=-.5

Ratio

3
#DOF #DOF

Fig. 5. Left: comparison of the L2, Energy-norm errors and the a posteriori estimator
nrw at all levels for Example 2; right: ratio between the error estimator and the exact
energy-norm error for Example 2.

choose coefficients a and V to be dependent on x, and the boundary is not
globally smooth as that in experiment 1 (there are some corner points). We
can see that the a posteriori estimate is still very effective, as shown in Fig. 4,
where the meshes around the peak of exact solution are refined much more
heavily, as expected. In Fig. 5(left), we see that the estimator n;» has the
same convergence rate as the energy-norm error, and the L? error maintains a
second-order convergence. And as in experiment 1, the Fig. 5(right) gives us a
steady almost-constant ratio between the error estimator and the energy-norm
error, after oscillations of the first few steps of mesh refinement. Notice that
the ratio is around 8.3 for this example which is quite close to that of Example
1.
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4.8  Ezample 3: Torus

In the third experiment, the surface S is taken to be a torus such as

(7’1 +7’2)$1 (7’1 +7°2)$2 (7“2 —7"1)2
S:{X€R3 | ($1—T)2+($2—T)2+(L‘§:T}
where p = (/22 + 23, 11 = 0.5, and r, = 1. Clearly, this surface has no
boundary, and we will show that our estimator still works well.

The outer normal at x € S is given by fi(x) = t/|t] with

(xl ) (1 0 r1+r2 + (7“142r;2)x1) + (Ig o Zf‘ ( r1+r2 xg;tl

)
(.%2 - iig) (10 TH—T? + (r1+;2)$2) + (xl _ .i' ( 7“1+7“2 x2:t1)

!
I

where 71 = (r; + 12)1/2p, Tz = (r1 + ro)xe/2p. We let a(x) = 1 + 27,
v =(0,0,0) and b(x) = 1 + 27 + a3 + 23, and the exact solution u is set to be

1
u(x) = o1 +1)2 + T3+ x5 + 0.25

Obviously u has a peak at (—1,0,0). Fig. 6 shows that the meshes around
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Fig. 6. (From left to right) The initial mesh with 146 nodes and adaptively refined
meshes with 869 nodes (Level 9) and 4190 nodes (Level 13) for Example 3.

the peak are well-refined. Fig. 7 verifies the expected convergence rates of
L?, energy-norm errors and the a posteriori error estimate, as well as the
almost-constant ratio between the error estimator ns» and the energy-norm
error. More specifically, the ratio stays around 7.5 with small perturbations
that is again quite close to that of Example 1 and Example 2. This numerical
observation implies that the proposed a posteriori error estimate is also quite
robust in applications. In this experiment, we in particular show that the
proposed error estimator still behaves very well when the domain is a closed
surface.

Remark 9 The robustness of the derived a posterior error estimator is nu-
merically demonstrated through the above examples, while theoretical analysis
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3
#DOF #DOF

Fig. 7. Left: comparison of the L2, Energy-norm errors and the a posteriori estimator
nrw at all levels for Example 3; right: ratio between the error estimator and the exact
energy-norm error for Example 3.

still remains open. Readers can refer to [36, 41] for more information on pla-
nar problems.

5 Conclusions

In this paper, we derive a residual-based explicit a posteriori error estimate
for the finite volume discretization of elliptic partial differential equations de-
fined on smooth surfaces in R3. We rigorously prove both the reliability and
the efficiency of the proposed error estimator and verify the theoretical results
through numerical examples. The numerical results also clearly demonstrate
the robustness of the proposed error estimator. We note that the central dis-
cretization scheme will not be appropriate when the equation (1) becomes
convection-dominated (i.e., |a|/|V| << 1). Under that case an up-wind approx-
imation of the convection term is needed to avoid non-physical oscillations and
similar analysis is still under our study. The on-going and future works also
includes studying a posteriori error estimators on finite volume approximation
for higher-order and time-dependent problems defined on surfaces.
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