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NONLOCAL APPROXIMATION OF ELLIPTIC OPERATORS WITH
ANISOTROPIC COEFFICIENTS ON MANIFOLD*

ZUOQIANG SHIf

Abstract. In this paper, we give an integral approximation for the elliptic operators with
anisotropic coefficients on smooth manifold. Using the integral approximation, the elliptic equation
is transformed to an integral equation. The integral approximation preserves the symmetry and co-
ercivity of the original elliptic operator. Based on these good properties, we prove the convergence
between the solutions of the integral equation and the original elliptic equation.
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1. Introduction

Recently, manifold model attracts more and more attention in many applications,
including data analysis and image processing [3,6,7,16, 18,20, 21,29, 33-35,39]. In the
manifold model, data or images are assumed to be distributed in a low dimensional
manifold embedded in a high dimensional Euclidean space. Differential operators on
the manifold, particularly the elliptic operators, encode lots of intrinsic information of
the manifold.

Besides the data analysis and image processing, PDEs on manifolds also arise in
many different applications, including material science [5,13], fluid flow [15,17], biology
and biophysics [1,2, 14, 31]. Many methods have been developed to solve PDEs on
curved surfaces embedded in R3, such as surface finite element method [12], level set
method [4,40], grid-based particle method [22,23] and closest point method [28,36]. On
the other hand, these methods do not apply in high dimensional problem directly.

In the past few years, many numerical methods to solve PDEs on manifold em-
bedded in high dimensional space were developed. Liang et al. proposed to discretize
the differential operators on point cloud by local least squares approximations of the
manifold [26,27]. Later, Lai et al. proposed local mesh method to approximate the
differential operators on point cloud [19]. The main idea is to construct mesh locally
around each point by using K nearest neighbors instead of constructing the global mesh.
The other approach is so-called point integral method [24,25,37,38]. In the point inte-
gral method, the differential operators are approximated by integral operators. Then it
is easy to discretize the integral operators in manifold since there are not any differential
operators inside. The convergence of the point integral method for elliptic operators
with isotropic coefficients has been proved [24].

In this paper, we consider to solve general elliptic operators with anisotropic coeffi-
cients on manifold M. We assume that M € C*° is a compact dp-dimensional manifold
isometrically embedded in R? with the standard Euclidean metric and dy <d. If M has
a boundary, the boundary, M is also a C*° smooth manifold.

Let ®:V CR% - M CR? be a local parametrization of M and #€V. For any
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differentiable function f: M —R, let F(0)= f(®(0)), define

do k
Def@O)= Y 9O 20 (0) 9 (0), k=1, (1)
ij=1 t J

where (¢%); j=1...ao=G~' and G(0)=(gij)ij=1,.d, is the first fundamental form
which is defined by

d
odk ~ OPF
0)—— (0 ,j=1,--,dp. 1.2
— ael( )69]( )7 2¥) ) s (0 ( )

9i5(0) =
The general second order elliptic PDE on manifold M has following form,

d
— Y Di(ai;(x)Dju(x)) = f(x), x€M. (1.3)

4,j=1

The coefficients a,;(x) and source term f(x) are smooth functions of spatial variables,
ie.

aij,f€CT' (M), i,j=1,-d.

The matrix (a;j)i j=1,..,¢ is symmetric and maps the tangent space 7y into itself and
satisfies following elliptic condition: there exist generic constants 0 < ag < aj < oo inde-
pendent of x such that for any & =[&;,-++,&4]7 € Tx,

d d d
a0 Y &< ai(x)&g<ay & (1.4)
i=1 i,j=1 i=1

For any x € M, the matrix (a;;(x)) gives a linear transform from R? to R, denoted as
A(x). The tangent space at x, Tx, is an invariant subspace of A(x). Confined on Ty,
A(x) introduces a linear transform from 7x to Tx, denoted as Ay (x). In this paper, we
consider the Neumann boundary condition, i.e.

d
D ni(x)ai;(x)Dju(x) =0, x€IM, (1.5)

4,j=1

where n(x) is the outer normal of OM at x, n; denotes its i-th component.
In [24,25], the point integral method (PIM) was proposed for elliptic equations with
isotropic coefficients, i.e.,

ai;(x) =p*(x)dij, (1.6)

where p(x) > Cy >0 and

S = 1a Z:.]v
U010, i £ 5.
The main ingredient of the point integral method is to approximate the elliptic equation
by an integral equation:

1 ou

n /M Ry (x,y)(u(x) —u(y))p(y)diy —2 rg 90 (y)Re(x,y)p(y)dry
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B Ri(x,y)
- /Mf(y)p(y) dpy, (1.7)

where R;(x,y) and R;(x,y) are kernel functions given as following

Ri(x.y) :cuz("‘;tw) . Ri(x.y) :CtR(|X;ty|2) (1.8)

where C; = (4t)~%/? is the normalization factor with dop=dim(M). ReC?(RT) be a
positive function which is integrable over [0,+00) and R(r) :f:_OO R(s)ds. The main
advantage of the integral equation is that there are no differential operators in the
equation. It is easy to be discretized from point clouds using numerical integration.

The main contribution of this paper is to generalize the point integral method to
solve the general elliptic Equation (1.3). The key ingredient is to change the kernel
function to

_ 1 _ 1 _
Ky(xy) = ———— RX(x,y) + ———— RY (x, 1.9
= Tl T Y .
1 1
Ki(x,y) = ———— R¥(x,y) + ———RY (x, 1.10
C¥)= e Nt e e oY) (110)

where |A7(x)| is the determinant of Ar(x) and

RX(x.y)=R ( (@ — Ym)a™" (x) (29 — yn)) RY(xy)=R ( (@m —Ym)a™" (y) (@n — yn))

4t At
R¥(x.y)=R < (@ —ym)a”;(X)(fEn - yn)) RY(xy) =R ( (Zm — ym)aZ(Y)(wn - yn))

with matrix (a*(x)); j=1,...4 being the inverse of the coefficient matrix (a;;(x))i j=1,.4
and R is the primitive function of R, i.e. R(r)= f:_m R(s)ds.

Using above kernel function, we get an integral approximation to the original elliptic
operator,

d
_ 1
[ Fibey) Y Difas 00Dty ~ 7 [ Kaloey) o))y

ij=1

d
- 2/8M D miy)ay () Dyu(y)Ki(xy)dry. (1.11)

ij=1

Using above integral approximation, original Poisson Equation (1.3) can be approx-
imately transferred to an integral Equation (2.1). The main result in this paper is
to prove that the solution of (2.1) converges to the solution of the anisotropic elliptic
equation.

The rest of this paper is organized as follows. In Section 2, we show the integral
equation along with its wellposedness. The convergence is analyzed in Section 3. In Sec-
tions 4 and 5, two theorems used to prove the convergence are proved. The conclusions
and discussion of future work are provided in Section 6.
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2. Integral equation and wellposedness

Using the integral approximation (1.11), it is easy to derive an integral equation
to approximate the original elliptic equation with homogeneous Neumann boundary
condition.

: /MKxx,y)(u(x)—u(y))duy: /MKt(X,y)f(Y)dﬂy—ﬁ, (2.1)

with f; = Wll St S Ke(x,5) f(y)dpydpix. The necessary condition (also sufficient) that
integral Equation (2.1) has a solution is that average of the right-hand side must be
zero. So f, is subtracted to make sure this condition is satisfied.

In the rest of this paper, we will focus on above integral equation. Before going to
the details of the analysis, we give the assumptions used in this paper.

ASSUMPTION 2.1.
e Smoothness of the manifold: M,0M are both compact and C'*° smooth dp-
dimensional submanifolds isometrically embedded in a Euclidean space R?.

e Assumptions on the kernel function R(r):
(a) Smoothness: Re€ C?(R*);

(b) Nonnegativity: R(r)>0 for any r>0.

(¢) Compact support: R(r)=0 for Vr>1;

(d) Nondegeneracy: 3dg >0 so that R(r)>dg for 0<r < %
REMARK 2.1.  The assumption on the kernel function is very mild. The compact
support assumption can be relaxed to exponential decay, like Gaussian kernel. In the
nondegeneracy assumption, 1/2 may be replaced by a positive number 8y with 0 <6y < 1.

Similar assumptions on the kernel function are also used in analysis of the nonlocal
diffusion problem [11].

Based on above assumptions, with fixed ¢ >0, wellposedness of (2.1) in L*(M) is
straightforward from the well-known Fredholm theory.

Moreover, we can prove a stronger result based on following inequalities. The
proofs are deferred to Appendix A. Similar inequalities were also obtained in the study
of nonlocal equations [30].

LEMMA 2.1.  There exists a constant C >0 independent of t so that for any function
u € Ly(M) with [, u=0 and for any sufficiently small t

1/M /M Ko (x,y) (u(x) —u(y))*dpxdpy > Cllul2, - (2.2)

LEMMA 2.2.  For any function u€ L?*(M), there exists a constant C' >0 independent
of t and wu, such that

1
2| K0~ )Py € [ D0 (2.3)
MIM M
where D= (Dy,---,Dq)T is the gradient operator on manifold,
1
=— K d 2.4
o) = s [ Kaey)u(y)dn. (2.4

and wy(x) = [, Ki(x,y)dpy .
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With above two lemmas, it is easy to get wellposedness of the integral Equation
(2.1) in HY(M).

THEOREM 2.1. Consider the integral equation
1
By () <ty sy =r(x)

with € H' (M) and [, r(x)dpx=0.
(1) There exists a unique solution u€ H*(M) with fM x)dpx =0.
(2) There exist constants C >0,Ty >0 independent of t, such that

lull 2oy ClrllLzvys Nl vy SC (P2 + D7 L2am))
as long as t<Ty.

Proof. In L?(M), existence and uniqueness of the solution is a direct implication
of the well-known Fredholm theory. Moreover, notice that the solution u has following
expression,

u(x):v(x)+t< r(x) ) (2.5)

Wt (X)

where
(x) / Ki(x,y)u(y)duy, wt(X):/ Ki(x,y)dpy.
U)t M

From the assumptions on the kernel function, we have u € H*(M).
Upper bound of u in L? is given by Lemma 2.1 and following equality,

/ / K () () — u(y))dpry i = 2 / u(x) / K (,y) (u(x) — u(y) ) dpty s
MIM M M

Now we turn to estimate ||Dul|z2(rq). Using (2.5) and Lemma 2.2, we have

D( r(x) )
wt(x) LZ(M)
<CllullL2m 171l L2 a0y + CEITIF 2 gy + CENDT(1Z2 gy
<Ol71 72y +CN DT 2 a0
2
<C(Irllz2amy D L2 (any)” -
This completes the proof. 0

2

1Dull2 gy <2[D0[172 g +28

3. Convergence

In this section, we will prove that the solution of the integral Equation (2.1) con-
verges to the solution of the elliptic Equation (1.3). First, we need the error estimate
of the integral approximation (1.11) which is given in the theorem as follows:

THEOREM 3.1.  Under the assumptions in Assumption 2.1, let u(x) be the solution of
the problem (1.3) and us(x) be the solution of the corresponding integral Equation (2.1).
Denote Iy = Li(u—uy) — Ipg with

Liu(x /Kt x,y) (u(x) —u(y))du,y. (3.1)
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and
d
I o
Ibd:im;n:_l/&/\/l ni(y)aim(x)mRt (%,¥) D Dpu(y) (2, — yn )d .
; 1 _
_2i,j,2k21/8/\/1 ni(Y)(yk_xk)Dkaij(X)Dju(y)mRt (x,y)dry
- 1 _
+Z"mz7n:1/6/\/t ni(y)aim(x)mRt (%,Y) Din Dpu(y) (@, — yn )d1y

Diam”(y)(l‘n _ yn)
AT (x)]

d
. /8 ) () D) Qo (%) R (6, )7y

i,5,k,m,n=1

(3.2)

If ue C3(M), then there exist constants C,T, depending only on M, OM, so that for
any t <7y,

[ Einll 12 a0y < CE2lull o pt) + 2 f oo (3.3)
IDUin)ll L2 a1y < Cllullos -

Furthermore, using the formula of Iyq (3.2), Ipq can be rewritten as

d
Ibd:zl/aM bi(y)(zi —yi) R¥ (x,y)dry (3.5)

and it is easy to check that [|b;||zar) < Cllullc2(aq-

2
ol <Ol ore | ( /| xlef(x,y)dTy) Qi
<CllulZagun / (/ x—yPRr(x.y)dry / Ré‘(x,wdry)dux
M oM oM
<CO Pl | ( / |x—y|2Rz‘<x,y>dux) ar,
<O JulZa g (3.6)

Considering D(Iy), the derivative will apply on x; —y; or R¥(x,y). In both cases, the
derivative will generate a t~1/2 factor. So we have

1D )2y < CE 4l 00 (3.7)
Convergence immediately follows from Theorem 2.1, Theorem 3.1 and (3.6), (3.7).
lu=uell s ) < O/ lull 3 any - (3.8)

In this result, the convergence rate is relatively low, only t'/4. The low convergence rate
is due to the boundary term I4. The boundary term has a special structure as shown in
(3.2). The convergence rate can be improved by exploiting the special structure of the
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boundary term. More specifically, we have a special stability result for the boundary
term.

THEOREM 3.2.  Assume both the submanifolds M and OM are C* smooth. Let

d
r(x)= Z -» bi(y)(xi —yi) RY (x,y)d7y

where b;(y) € L®(OM) for any 1 <i<d. Assume u(x) solves the following equation
Liu=r—r,

where T= ﬁer(x)d,ux. Then, there exist constants C'>0,Ty >0 independent of t,
such that

Jula ay < CVE ma (o).

as long as t <Tjy.

The proof can be found in Section 5.
Applying Theorem 2.1, Theorem 3.2 on I;,, Ipq respectively, we can get the conver-
gence result with higher rate.

THEOREM 3.3.  Let u be the solution to Problem (1.3) with f€CY(M) and u; be the
solution to the problem (2.1). Then there exist constants C' and Ty only depending on
M, such that for any t <Ty

[ — el 1wty < CE2 [l 03 (a) + CE fll -

REMARK 3.1.  For the elliptic equation, it is well known that ||ullcs(av) < C| fllermy,
then we have

[ = any < CEV2| Fll o an)-

Using more delicate analysis as that in [24,37], the result can be further improved to

=l e oty < CEV2| F 1l i -

4. Truncation errore estimate (Proof of Theorem 3.1)
First, we give some notations. Some of them have been introduced in the previous
sections. For the convenience of the proof, we also list them here.

o &:VCR% U CM is the local parametrization of the manifold. &% k=
1,---,d is its k-th component. For x€ M, 6(x)=® 1(x) is the local coordi-
nate of x, 6;(x),i=1,---,dy denotes i-th component of the coordinate.

e Op= %, k=1,---,dg denotes the derivative in the parametrization space. Dy =

Zdo ij 99* o
i,j=19" 0, 20,

We abuse the constant C'. It may be different constant in different places. In the proof,
without explicit notation, all functions are evaluated at y.

We also need a proposition regarding the integral of the kernel functions over the
manifold.

k=1,---,d is the derivative on the manfiold.
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PROPOSITION 4.1.  Let wy(x)= [, Ki(x,y)dy and w;(x) = [y Ki(x,y)dy.
M ={xe M : dist(x,0M) >2/1}.

Then, we have for x € My,
w)=2 [ R(lal?)da+ 00, wi(x)=2 [ R(lal?)da+ 0

Moreover, for xe M,

1 2 § 2
5 [ Rz <) <3 [ R(Jal?) e

[ N A
5 [ R dz<m) <5 [ R(Jal?) da

From Proposition 4.1, it is easy to get that f; =O(\/t)|/f|/c:. Then we focus on the
integral approximation of the elliptic operator.
Using the Gauss formula, we have

d
/M > Dilais(y) Dyuly) RE(x,y)dpy

i,j=1

d B d B
== /M ai; (y) Dyu(y) DY Ry (x,y)dpy + > /BM n;(y)ai;(y)Dju(y) R (x,y)dry,

i,j=1 i,j=1
(4.1)
DY denotes D; with respect to y.
Substituting above expansion in the first term of (4.1), we get
{i —
=3 [ a0 DY BE ey
ij=1"M
1 & o . —
=% > /M aii(y) Y. Oy g Ou(y))dy @'t 0, B™a™" (%) (wm — ym ) RY (X,y)dpty -
i,5,m,n=1 U,k il 5 =1
(4.2)

The coefficients a;;(y) map the tangent space 7y into itself which means that there
exists ¢ (y) such that

d do
D ai(y)® (0(y)) =D an(y)i® (0(y)),
j=1 =1

where §(y)=®1(y) is the coordinate of y in the parametric space. Then

d
=3 [ a1 DY Ry
ij=1"M
1 - do 7 i 1k i’ n_mn X
SEL S a0y g R g7 0, @™ (%) (@m — ym) By (%,y) O uly)disy
2t M J
iymon=1" My g i jr=1

d do
]. 1.7
=% Z /M Z ¢y 1 (y)0j B gl E 4 (%) (T — ym ) RE(X,¥) O u(y ) dpy

mon=1" My g jr—1
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Z /M Z it (9)9 B g1"F 4™ () (1 — ) RE (%, )0y )ty

lmnl U, k'=1
d

—g 3 [ e 0w~ RE oy Dra(y) iy

lym,n=1

d
_%Z/ (w1 —y1) Dyu(y) By (x,y)dpy

S / (@nt(¥) = ani(x))a™" () (@ — yon) B (x,3) Dyu(y)dpsy. (4.3)
l'mn 1

Notice that

DYRX( )

Z Z By ®"g" 7 0, B ™ (X) (€ — ym ) RX (X, y)

lm 14i,5'=1
1 n i'j’ L ml m X O(t)
S S e )0, 07 0,030 0, ) REy) + LD
I,m=1¢,j',m'=1
(4.4)

where 0,,,/(x) = (®71(x)), denotes the m/-th coordinate of x in the parameter space.
To get the second equation in (4.4), we use the Taylor expansion of the coordinate
function @,

T — Y =B (0(x)) = @™ (0(y)) = D O ™ (0(3)) (O (%) = Oy (v)) + O ([ x = ))-

Since a™!(y) also maps the tangent space Ty M into itself, there exists dy;(y) such
that

d
Z aml(y ™ — Zd ’l’ 8;:@1

m=1 I'=1

It follows that

D, R (x,y)
1 d do l L O(t)
:EZ 4 Z dm/l/(y)al/q) 8]/@ g J 8Z/(I) (Gm/(x)—em/ (y))Rt (Xay)+T
=1 z’,]’ I';m’'=1
) ot
LS e (98 )~ O () R )+ 20
1 ,m/=1

Z Z " (y ) Ot @™ (0 (x)—ﬂm/(}’))R?(X’Y)—F@
m Im’=1
d

:21152_:1“’”" () (@m —ym) B (x,5) + Oit)
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d
= D @ ) ) B Gy + A, (1.5

m=1

The last term of (4.3) becomes

Z / () = @0 (3)) ™ () (2 — o) B (5,3) Diu(y iy

lmn 1

v / a0t (¥) — a1 () DY R (%) Dru(y )dpry + O(/D) [l

l,n=1
=_ Z/ Dyani(y)Diu(y) RY (x,y)duy
l,n=1
d
+l;14M 1, () (ani(y) = ani(x)) R (%, y) Dyu(y)dry + O (V) ul| o (4.6)

Now, we turn to estimate the first term of (4.3). In this step, we need the help of
Taylor’s expansion of u(x) at y,

d d
= Z(% —y;)Djuly) +% Z Do Dru(y)(@m — Ym ) (Tn — yn) +O(||X_YHB)~

(4.7)
This expansion gives immediately

d

WZ /M< 5~ 5) Dyuly) RE(x,)dpy
- / REGe,y) (u(x) — u(y) by
2 / (5%, ) Do Dyt () (on — Yon) (2 — )ity + O(VD) [ - (4.8)

mnl

Next, we focus on the second term of (4.8). It follows from (4.5) that

d
Zam DR (y) =g D (0™ (5) o ) B () + A
:%(xm_ym)Rf(XaY)+@~ (4.9)

The second term of (4.8) is calculated as

Z | B DDy ) =) =)ty

mnl

Z . 0 GO DLBE () Dy Do) =y



ZUOQIANG SHI 869

d
1 . s —
=5 2 / Gim(x) Y (00 ®'g"T 00" Dy Dyuly) RE(x,y)dpty
= i.5'=1
1< _
3 2 [ w0 (R Y) D Dyly)an =)y + OV e

M

+

i,m,n=1

(4.10)
Notice that in the support of R¥(x,y),

d
> Z @i (X)(05 ®'g" 7 8;,0™) D

i,m=14"j5'=1

d d()
=3 Y () (@09 0,87 (0 8™ g Bj0) + O(V)

im=14',j " j" =1

d do
. Y 17 11
= E E Ci//l/al/q)zai/¢lgz J 87/<I>ng7 J 8j” —1—0(\/%)
i=14 5 ,1/,i" 5" =1
do

= Z oD ®"g" 1" 00+ O(VA)

—Z Z Qn(9)9 @™ 7" 80 + O(V)

From (4.10), we obtain

Z / R (%,Y) D Dy u(y ) (T — Ym) (20 — Y )d iy

mnl

_ Z / amn )D D U( )Rt (X Y)dﬂy

mnl

+s 3 || ) GORF6e) DDy =)y + OVl cs. (411

zmn 1

Now, using (4.1), (4.3), (4.8) and (4.11), we get

5 / Di(as (v) Dyuly)) R (x.y)dpy

t,j=1
1 < X
Y MRt (x,¥)(u(x) —u(y))duy + Z/ ai; (y) DiDju(y) Ry (x,y)dpy
Zj 1
d

+ Z /MDiaij(y)D ’LL( ) X Y dllzy"‘ Z/ nz a’Lj D ’LL( )R;‘(x,y)duy

i,j=1



870 NONLOCAL APPROXIMATION OF ELLIPTIC OPERATORS ON MANIFOLD

+B.T1+0(V1)|ulcs (4.12)
where
BTl—1 Z /3an Yaim (x )Rt (%,¥) D Dpu(y) (zn — yn)dy
_Ezl /8 Yaij(y) — aij (%)) RX(x,y) Djuly)dry. (4.13)

Now, we change the kernel function to mRZ(x,y) and get

/ ZD a;j(y)Dju(y \/_lRyxyd,uy

z]l

”21/ a;j(y)Dju(y)Dy (\/m )duy
RY(x,y)
+Hzl/ v)aij(y)Dju(y) |A7~(y)|d7—y. (4.14)

Direct calculation gives that the first term of (4.14) becomes

1 _
- Z/ ai; (y) Dyuly DY< W (x,y>>duy (4.15)

1,j=1
do ,
july) Y 0y®'ghI 0, @"a™" (y)(@m —ym) RY (x,y)duy

1 / 1
Z 7%(3')[)
2t i,j,mn=1'MV [AT ()] i =1

+ u(y) Dia™" (y)(@m — ym)(zn —yn) B} (x,y)duy

th]’mn 1/ V|AT(Y aw
— a u( . RY (x,y)dpy .
Z/ ij (¥)Dj ( |AT(Y)|>R1( s y)dpy

1,7=1
Next, we will estimate the three terms in (4.15) one by one.

do

— aZ y)Dju(y) Oy dlg ' 05 ®"a™"™ (y)(xm — ym)RY (x,y)duy
zgmn 1/ VlAT(y j ZJZI '
Z / ) Djuly) — e RY (x,y)dpty
[AT(y)l

:,f/ ng’(x,y)(u(X) —u(y))duy

(%,¥) D D u(y) (#m — ym) (@n —yn)dpiy + O (V1) ||ull ca - (4.16)

a3 v

The first equality is from (4.5). To get the second equality, we use the Taylor’s expansion
(4.7). The second term of (4.16) can be further calculated as

x y D Dnu( )(xm—ym)(xn—yn)dﬂy

4t2/¢m
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4tm;1/ \/7 e T oY) Do Dty (@m —ym) (@n =y )ity +O(VD) Jul 2

— a;j(x)D; Dju(y (x,y)d

Z/ a T e
+2 de / n; e R¥(%,¥) D Dti(y) (20— yn)dpry + O(VE) lull o
2i,m,n:1 oM \/ ‘AT |

— a;j(y)DiDjuf( (x,y)d

Z/ SODDsy) s R i

1 < s
+5i,m,zn:1/aM“ () e G0 ) D D) =)y + O/ e (417

To get the second equality, we use the same calculation as that in (4.11).
The second term of (4.15) is calculated as

1 a™™(y)(@m — ym)(Tn —yn)
7; / Iy A7 )] R boy)duy
_i “ " ") @m = ym) (@ = Yn) g wllo
- mZ o@D 2 e RE Gy + OV Jullc
_l @ uly a™ () @n—Yn) DY R (x lls
- gﬂj R S a4 () DY e )y + OBl
do
= LM C®k ' e &ny px <
’2”kmn 1/ \/7 ju(y)Dia (y)akm(y)i/§1(81/¢ g"7 9, @) R¥ (x,y)dpuy
1 Dia™" (y)(zn —yn) Sx
3 Z /BM (¥)ai; (y)Djuly) o] Ak (X)RY (x,y)dpy + O(VE)|[ull g2

i,7,k,m,n=1

(4.18)
In addition, we have that

d
Dia™ (y)agon (y) (0 077 0,y = — 2PV IATO) =y
2 Z o (3) (0097 0 07) AT, (49

km,n=11,j'=

The derivation of this equation can be found in Appendix B.
Using above equation, we obtain

do
T WD) D™ )k (¥) (0 B g" 7 0, 8™)R¥ (x,y)dp
2 4,4k, m,n= 1/ Vv ] * i/;/:l ’ ‘ Y
=3 [ eyt 2 AT 'T“(T)(y RY (coy)day + OB lulls
i,j=1
= Z / aij(y) Dju(y)D <|AlT(y)|> RY (x,y)dpy + O(VE)|[ull o1 (4.20)
i,7=1

Using (4.14)—(4.18) and (4.20),

1
D;(a;j(y)Dju RY (x,y)duy
J. Z W T ey
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1 1 Y
=51 o Ty 4 oY) ) —uy))dny
1 _
a;j(y)D;Dju( RY (x,y)dpy
+3 Z/ W TG e
RY (x.y) f
+Hzl/ V)as; (¥)Dju(y) ‘AT(y”dTy—l—B.T.Z—i—O(\/%)HuHCJ (4.21)
where
! R*(x w(y)(z, — T

1 n,(y)a; u D; am"(y)(gcn—yn)a <) RX(x -
+2m§n 1/3M Y v
(4.22)

Now, (4.12) and (4.21) imply that

1 _
/. ”Zf’ ”(wm v )dﬂy

1 REey) | BEGSY) i)l
2t <¢|AT< 1 VIAr(y >>(” )iy

Rf(x,y) | Rl (xy)
D;(ai;(y)D;ju( dpty
s, > ¥) <¢A7<x i ¢|A7<y>|> g

’le

)
n; a U £ y) ( y) T 0) ull o3
/()MZ (B )Ps ()<¢A7<x>|+¢AT<y>|>dy””” (VO)lulle

1,7=1
(4.23)
where
1 _
Ibd—f / nz azm Rf(XQI)DmDnu(Y)(xn_yn)dTy
PR =]

d
— Z /@M nz(}’)(am (Y)*aij<x))R?(Xay)Dju(y)dTy

ij=1
d
1 1 _
+5 / 0, (y) @im (%) R¥(%,Y) D Dru(y ) (2n — yn )dT:
Q,m,znzl oM [Ar(x)] Y
d
D;a™™ Tn— UYn _—
. | a0yt P ) o
i,5,k,m,n=1 oM |AT(X)|

(4.24)
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Finally, it follows from (4.23) that

/wle ai; (y)Djuly <\/T W )duy

_ ! RE(oy) | RYGey) \ oo

28 <W‘T<X>l " ¢|AT<y>|>( e) —uly))day
d Rf(xy) Rl (xy)

+2/6M Z n;(y)ai; (y) Dju(y) <\/|AT(X)| +\/|A7(y)| dry +2B.T. 4+ O(v/)|ullcs.

Now, we go to estimate the gradient of the residual. Notice that the gradient is on x.
If the gradient is applied on x —y or R¥(x,y), the error is amplified by t~'/2. This is
just what we want to get. The most difficult term is from the Taylor’s expansion of
u(x) —u(y). Directly applying the gradient will give fourth order derivative of v which
is not allowed. Here we use a trick in [37], using Newton-Leibniz formula to get an
integral formula for the residual in Taylor’s expansion.

d
u() —uly) ~ (x=y)-Duly) ~ 5 S (i 9:) (2~ 9;) DiDyu(y)

ij=1

1 1 ) .
6o [ [ 51 (0:09003)+ 510007 (03) + 5251€) Dy Dyu(®(O(y) + 523:€)) ) dsadlsy
0 JO

o [ [ (0900097 (09D Dyu(@(0(3))) s

with £€=6(x)—0(y) and &; is its i-th component. Taking derivative with respect to x,
we can get the bound of the gradient.

5. Stability (Proof of Theorem 3.2)
The key point is to show that

‘/ x) —7)dpx

<C\f 1ax ([[bifloc) [l a1 (a1)- (5.1)

Notice that

¥) (i — ) R (e y)drydx| <CVE max ([bioc).

A=
M|\ = S Sorm

Then it is sufficient to show that
d —
’ / u(x) ( / S biy) (o —ynR;‘(x,y)dTy) dix
M oM,

Notice that

< . .
<Cv't lrélzfcxécd(llszoo) [l )

(5.2)

(@;— =2t Z a;j(x (x,y)
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d

:_%Za” (D"R"(x DY D;am"<x><xm—ym><xn—yn>Rz‘<x,y>> (5.3)

m,n=1

d

where }:%t(x,y):C’té <41t Z (xmym)am"(x)(xnyn)> andR f R(s

m,n=1
By integration by parts, we have

Z/ / (v)ai; (%) DY Ry (x,y)d7y dx

— Z /8/\/1 /aM 1, (%) a; (x)bi (y)u(x) RX (%, y)dredry
- Z /8/\/1/ aij(x)]éf(x,y)dxdTy. (5.4)

For the boundary term,

Z /8/\/1 /aM nj(X)aij(X)bi(y)u(x)R;‘(x,y)dedTy

1,7=1

<C max (11billoo) / / (x,y)drdry

<0 s (I0il) ( [ (/. |u<x>Rf<x,y>de)2dTy>
<cpx (o) ([ ([ Reteygan) ([ PRy ar v

<Cct'/? max (|lbilloc) lul 2or0 < Ct 1/2 max, ([1billoo) lull 2 () - (5.5)

1/2

The bound of the second term of (5.4) is straightforward. By using the assumption that
the coefficients a;;(x) are smooth functions, we have

d
| Y bily) DY [u(x)ai; (x \<Z|Dx )[bi(y)ai; (x |+Z\u )[bi(y) DF aij(x)]

2,7=1 2,7=1 i,7=1
=< C max (|[bifle) (| Du(x)] + |u(x)])

where the constant C' depends on the curvature of the manifold M.
Then, we have

Z /BM / bil X)ai; (%)) By (x,y)dxdry

i,5=1

<€ as (103 /a . /M<|Du<x>|+|u<x>|>Rt<x,y>duxdTy

< s Ik ([ (0w 1o ([ Aenian o)



ZUOQIANG SHI 875

< —1/4 . 1 . '
< e (1ol (>0

and

d
Joub( [ 3 e 0D5a 60w ) ) oy |

ijm,n=1

SCt/ |u(x)] </ Rf(x,y)dTy) dx < Ct3/*||ul| L. (5.7)
M oM

Then, the inequality (5.2) is obtained from (5.3)—(5.7). Now, using Lemma 2.1, we
have

el 72ty < €ty L) < CVEmax([[billoo) ||l 771 () - (5-8)
Note r(x) :Zle Jorbi(¥) (@i —yi) R¥ (x,y)dry. A direct calculation gives us that

60 z2aa) < CE/* mas (1bi]c), and (59)

< —1/4 . . .
1D ()2 vy < O e (103]1c) (5.10)

The integral equation Lyu=7r—7 gives that

u(x)=v(x)+ r(x)—r 5.11
(x) ()wt(x)(()) (5.11)
where
1
v = [ Ky, w0 = [ Kxyids.  (512)
wi(x) J M
By Lemma 2.2, we have
[ DullZ2 )
r(x)—F 2
<2||Dv||? + 22 D()
| ||L2(M) wy(x) L2(M)

<C(u, Lyu) + Ctl|r|| 72 gy + C N D772 )
<CVi 1 ([1Bsloo) flell e ) +Ot[r[| 22 a0+ CEIDP[T2 0y

< max (Ibiloe) (VElull s a +CF2). (5.13)
Using (5.8) and (5.13), we have
llls vy < € o, (illoc) Vel 0 +CF72)) (5.14)

which proves the theorem.
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6. Conclusion

In this paper, we give an integral approximation for the elliptic operators with
anisotropic coefficients on smooth manifold. The integral approximation is proved to
preserve the symmetry and coercivity of the original elliptic operator. Using the integral
approximation, we get an integral equation which approximates the original elliptic
equation. Moreover, we prove the convergence between the solutions of the integral
equation and the original elliptic equation.

The integral approximation of the differential operators was also studied in nonlocal
diffusion and peridynamics [8-11,30,32,41]. In Euclidean spaces, the non-divergence-
type anisotropic elliptic equation was studied using the integral approximation [32]. In
this paper, we extend the integral approximation to smooth manifolds.

The integral approximation can be used to deal with Dirichlet boundary condition
also. One simple way is to approximate Dirichlet boundary condition by Robin boundary
condition [25, 38].

u(x)+8 Y ni(x)ai;(x)Dju(x) =b(x), x€IM,

with 0 <8< 1. Then the integral approximation leads to an integral equation
1 2 _
*/ Kt(x,Y)(U(X)—U(y))duy—*/ K1 (x,y) (b(y) —u(y))dry
t M ﬁ oM
1 _
|| Rilxy)7()an.
M

This method is very simple. However, the boundary term introduces many difficulties
in both theoretical analysis and numerical computation. Weighted nonlocal Laplacian
(WNLL) gives another option to deal with Dirichlet boundary condition. WNLL has
good theoretical properties. The symmetry and maximum principle are both preserved
while the accuracy is only first order. To improve the accuracy, we are working on high
order approximation of the Dirichlet boundary condition.

One advantage of the integral equation is that there are not any differential opera-
tors inside. It is easy to develop the numerical scheme in high dimensional point cloud.
One simpliest discretization is to replace the integral by a weighted summation over the
point cloud. Suppose P is a point cloud sample manifold M and S C P is a sample of
the boundary dM. Vj is the volume weight of M at point x; € P, A; is the area weight
of OM at point x; € S. Then the simpliest discretization is

Z Ky (x4,%5) (w; —uj)V;—2 Z Ki(xi,%1)9(x))A; = Z Ki(xi,%;) f(x5), x;€P.
XjEP x €S XJEP

with Neumann boundary condition, g—ﬁ(x) =g(x),x€0M. This discretization is easy

to implement and has good stability. Following the methods in [24,37], we can prove
the convergence of above scheme. In high dimensional cases, this is almost the only
practical discretization. However, the accuracy of above discretization is relatively low.
For the applications with high accuracy requirement, local mesh [19] or moving least
squares [26,27] seem to be good way to discretize the integral equation on point cloud.
But the convergence is much more difficult to analyze. Finite element method (FEM)
gives another numerical method with good theoretical property to solve the integral
equation. The convergence can be proved even if the mesh is not having a regular
shape. However, a global mesh is required in FEM, which is not practical especially in
high dimensional problems.
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Appendix A. Proof of Lemma 2.1 and 2.2. Lemma 2.1 is a direct consequence
of following two lemmas which have been proved in [37].

LEMMA A.1. Ift is small enough, then for any function u€ L?>(M), there exists a
constant C' >0 independent of t and u, such that

[ (B woo-utpiaman < [ [ r(EE) 60 -utr)Pames.

LEMMA A.2. Assume both M and OM are C*. There exists a constant C' >0
independent of t so that for any function u€ Ly(M) with fM x)dpx =0 and for any
sufficiently small t

Ct// (X y”2>(U(X)—U(Y))QduxduyZC||u||2Lz(M) (A1)

with Cy = (4t)~%/2 be the normalization factor.

Notice that

CCy o, (Alx—y|?
K <
t(X7Y)— (50 R( 8t

where §j is the nondeneneracy constant in Assumption 2.1 and A is the lower bound
of the coefficient matrix in (1.4). Using this fact, Lemma 2.1 is an easy corollary of
Lemma A.1 and A.2.

Now, we turn to prove Lemma 2.2. We start with the calculation of Duv,

Div(x)= —/ / Ki(x,y") DY K (x,y)u(y)duyduy

w?
fQ— / / Ky(%,y) DK (x,y' £)u(y)dyd, djsy
wi(x)
1

/ / Ki(x,y") DXK (%) (uly) — u(y')) gt dpay
/ / Q. ) (uly) —uly'))du,dpry

where Q;(x,y,y’,t) = Ki(x,y')DX¥K(x,y), DF denotes D; with respect to x.

Notice that Q;(x,y,y’,t)=0 when |x —y|?>>4t/X or |[x—y’|>>4¢/\. This implies
that Q;(x,y,y’,t)=0 when |y —y’|*>16t/\ or |xf%y/\224t/)\. Thus from the as-
sumption on R, we have

1 Aly -y’ 2 )\Hx_y+y’||2
Q;(x,y.y';t)* < <5 i(X7Y7yl§t)2R( ” 5t ” R 8t2 .
0

wx

£ (%)
1
(x)

G TaRY
wt

We can upper bound the norm of Dv as follows:

( [ [ eyt -uy)dy'ay) 2

|Dv(x
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w? Z/ / Qe t( <Ay32ty ”2>R<W>>_ldu’yduy
/ / ()\HX vey' ||2> R(W)(u(y)uw,))zdu,yduy

C/ / 2 / /
=7 t QZ (X7Yvy 7t)d/1“ d,U,
tJmIm z_: vy

// <,\|x viy' |2>R<)\|YB_2ty/|2)(u(y)—u(y’))QdM;dMy.

By direct calculation, it is easy to check that

d
//tZQ?(&y,y’;t)du’yduySCCf
MIM =y

where C' >0 is a generic constant.
Finally, we have

[ 1006

_cc? / ( / / (MX viy' |2>R</\”y3_2;,/”2)(“(Y)—U(y/))Qdu’yduy>dux
L (/ (MX S |2>dux>3<”32ty"'2)<u<y>u(y'>>2du;duy
<CE [ R (Y i)ty Pa

Using Lemma A.1,

/ Do) P
// <A|y y“2>(“(3’)_u(y/))2du;duy

<c /M /M Ko(%,y) (u(x) — uly))2dpxdpsy.

Appendix B. Proof of Proposition 4.1. We need a proposition on the local
distortion between the manifold M around x € M and its tangent space Tx.

PROPOSITION B.1 (Propsition 1 in [37]). Assume both M and OM are compact and
C? smooth. o is the minimum of the reaches of M and OM. For any point x € M,
there is a neighborhood U C M of x, so that there is a parametrization ®:QCRF —U
satisfying the following conditions. For any p<0.1,
(i) S is convexr and contains at least half of the ball By-1(x)(£0), i.e., vol(2N
Bg-1(x)(£0)) > 3 (£0)*wy, where wy, is the volume of unit ball in R¥;

(i) Bx({5o)NMcCU.
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(iii) The determinant of the Jacobian of ® is bounded: (1—2p)* <|D®| < (1+2p)*
over €.

(iv) For any points y,z€U, 1—-2p< % <1+3p.

This proposition basically says that there exists a local parametrization of small
distortion if (M,0M) satisfies certain smoothness, and moreover, the parameter domain
is convex and big enough. From this proposition, we can easily get that

/ Kt<X7Y)d:U’y:/ Kt(x7y)dy+0(\/£)7 XEMta
M T

1
5 Kt(x,y)dy—O(\/i)S/ Kt(x,y)duyé/ Ki(x,y)dy +O(Vt), x€IMy,
Tx M Tx

where Ty denotes the tangent space of M at x,
M;={xe M:dist(x,0M)>2Vt}, OM;=M\M,.
Then, we only need to calculate the integral over the tangent space. First, we have

X

R¥(x,y)d
/x\/|AT

t ((X—Y)TA}l(X)(X—y)>dy
T \/|AT(X)| 4
1
:Ct(4t)d°/2/ R(|zl?)dz,  withz=—— (47" (x))"*(x—y)
Ta 2Vt
~ [ R(lal?)ca B.1)
Rdo
Moreover,
x,y)dy = x,y)dy +O(V1)
T |AT Tx \AT
:/ R(||z||2)dz+0(\/i). (B.2)
Rdo
Putting above two equations together, we obtain
Ki(x.y)dy=2 [ | R(Ja]*)dz+O(V). (B.3)
Tx R0

Appendix C. Derivation of Equation (4.19). Denote A(x)=(a;;(x))€R*4,
Let X=[01D,0:®,---,04,P] be an orthonormal basis of the tangent space Tx(M) at
x and Y be the orthogonal completion of X in R?. Then we have AX=XC, AY =
YD, since the tangent space Tx(M) is an invariant subspace of A(x). This gives a
decomposition of A

co

0D (C.1)

A—P[ }Pl, P=[X,Y], Pl—{( )_1XT]

X+ X
(YTY) YT
Using these notations, we have

D;a™ (Y)(lkm (y) (ail (I)kgi'j/aj/ (I)")
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—=trace(D;(A")AX(XTX)"1XT)
=trace(D; (A1) XC(XTX)1XT)

—trace (PDi ( c Dt } > P_1XC(XTX)_1XT>
Cc' o _ T~\—1~T
[ D_1]>P IXc(XTX)'x )

0
Ftrace <P QCO_ Do_l } ) Di(Pl)XC(XTX)1XT> .

Then, we calculate three terms one by one.

trace (PDZ- ([00—1 Do_l } ) P1XC(XTX)1XT) —trace (D;(C~1)C),

0 D!

trace(Di(P)({Cl 0 DP—1XC(XTX)—1XT):trace(Di(X)(XTX)—le),

0 D!

trace (P <[C_1 0 D Di(Pl)XC(XTX)le) =trace (XD;((XTX)"'XT)).

Also notice that

trace (D; (X)(XTX) 'XT) +trace (XD; (XTX)*XT))
=D; (trace ((XTX)'XTX)) =0.

Combining all the calculations together, we get

-2

D™ (3 )agm (y) (03 D g7 9;:®™) = trace (D;(C™1)C) = ———=D;(1/det(C)).
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