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ENFORCE THE DIRICHLET BOUNDARY CONDITION BY VOLUME
CONSTRAINT IN POINT INTEGRAL METHOD*

ZUOQIANG SHIf

Abstract. Poisson equation on point cloud with Dirichlet boundary condition plays important
role in many problems. In this paper, we use the volume constraint proposed by Du et.al to handle
the Dirichlet boundary condition in the point integral method for Poisson equation on point cloud. We
prove that the solution given by volume constraint converges to the true solution as the point cloud
converges to the underlying smooth manifold.
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1. Introduction

Partial differential equations on manifolds arise in a wide variety of applications,
including material science [8,15], fluid flow [17,19], biology and biophysics [1,2, 16, 29].
In the past several years, manifold model attracts more and more attentions in data
analysis and image processing [3,10,30,31]. In many problems, data can be represented
as a set of points in high dimensional Euclidean space, which is usually referred as point
cloud. One fundamental problem is to infer the value of a function on the whole point
cloud from the value on a subset of the point cloud. Harmonic function provides an
efficient way to extend the function to the whole point cloud. In harmonic extension,
one need to find a harmonic function such that it coincides with the given value in the
subset of the point cloud. This harmonic function can be obtained by solving a Laplace
equation with Dirichlet type boundary condition.

To solve PDEs on manifold, people have developed many numerical methods, such
as surface finite element method [14], level set method [6,38], grid based particle method
[22,23] and closest point method [28,32]. These methods are very powerful especially on
2D surfaces. However, it is difficult to generalize these methods to solve PDEs on point
cloud in high dimensional space. Liang et al. proposed to discretize the differential
operators on point cloud by local least square approximations of the manifold [26].
Later, Lai et al. proposed local mesh method to approximate the differential operators
on point cloud [21]. The main idea is to approximate the manifold locally by polynomials
or mesh. Once the local approximation is obtained, it is easy to discretize the differential
operators. When the dimension of the manifold is high, even the local approximation
is not easy to construct.

In [25], Li et.al. proposed a novel numerical method, point integral method (PIM),
to solve the Poisson equation on point cloud. The main idea of the point integral method
is to approximate the Poisson equation by an integral equation:

- [ A Byt = § [ Rxyuto —uy)dy =2 [ Rixy) Ghidr,
(1.1)
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1744 VOLUME CONSTRAINT IN POINT INTEGRAL METHOD

where n is the out normal of M, M is a smooth k-dimensional manifold embedded in
R? and OM is the boundary of M. R;(x,y) and R;(x,y) are kernel functions given as
follows

% — v|2 - _x — v
Ri(x,y) = CiR x=yP , Ri(x,y)=CR =y (1.2)
4t 4t
where C; = W is the normalizing factor. R € C?(R") be a positive function which
is integrable over [0, +00),
“+oo
R(r) = R(s)ds.

T

A = div(V) is the Laplace-Beltrami operator on M. Let ® : Q ¢ RF — M C R? be
a local parametrization of M and 6 € Q. For any differentiable function f : M — R,
define the gradient on the manifold

vI@0) = 3 0(0) 55 0T ),

and for vector field F' : M — TxM on M, where TxM is the tangent space of M at
x € M, the divergence is defined as

d k m
div(F) = ! > Z 8891_ <\/detGgiij(¢>(9))aaq;j )

where (§7); j=1,.. x = G™', det G is the determinant of matrix G and G(60) = (9;)s,j=1,..-
is the first fundamental form which is defined by

d
5i(0) = > S <9>3;;;" O), ij=1 .k
m=1
and (F(x),---,F%(x))! is the representation of F in the embedding coordinates.

The point integral method is closely related with the graph Laplacian. Graph
Laplacian is a discrete object which reveals many properties of graphs [9]. When there is
no boundary, it is proved that [4,18,20,35] that the graph Laplacian with the Gaussian
weights well approximates the Laplace-Beltrami operator under the assumption that
vertices of the graph sample the underlying manifold. However, graph Laplacian does
not give a method to deal with the boundary condition. Near the boundary, it was
observed [5,20] that the graph Laplacian is dominated by the first order derivative and
thus fails to be true Laplacian.

Based on the integral approximation (1.1), Neumann boundary condition is easy to
handle while Dirichlet boundary condition is more involved. Volume constraint gives
a powerful tool to deal with the Dirichlet boundary condition in the nonlocal diffusion
problem [11]. By integrating volume constraint in the point integral method, we get a
numerical method for elliptic equation with Dirichlet boundary condition on point cloud.
In this paper, we focus on the Poisson equation with Dirichlet boundary condition, i.e.,

{—AMU(X) = f(x), xeM,

ulx) = 0, X € OM, (1.3)
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M=MUY,

~— oM
Vi

Fia. 1.1. Computational domain for volume constraint.

To correctly enforce the Dirichlet boundary condition, we use the volume constraint
which was proposed by Du et.al. [11] in the nonlocal diffusion problem. The main idea in
the volume constraint is to extend the boundary condition to a small region adjacent to
the boundary to remove the boundary term in (1.1). Integrating the volume constriant
and the integral approximation (1.1), we get following integral equation to approximate
the Dirichlet problem (1.3),

: /me,y)(u(x)—u(y))dy - /MRt<X7y>f<Y>dY= €My g

u(x) = 0, x € V.
Here, M) and V; are subsets of M which are defined as
M, = {xeM : B(x,Q\/{e) nom :@}, V, = M\M..

The thickness of V; is 21/t which implies that |V;| = O(v/t). The relation of M, OM,
M} and V; are sketched in Figure 1.1.

The integral Equation (1.4) is easy to discretized on point cloud. Assume we are
given a set of sample points P = {p; : p; € M, i = 1,--- ,n} sampling the submanifold
M and one vector V = (Vp,---,V,,)! where V; is the volume weight of p; in M. In
addition, we assume that the point set P is a good sample of manifold M in the sense
that the integral on M can be well approximated by the summation over P, see Section
2.

Then, (1.4) can be easily discretized to get following linear system

1 _
7 > Ri(pipy)(wi—w)V; = Y Ri(pi,py)f(P)Vy, Pi € M, s
pJGP ijP ( . )
u; = 0, p; € V.

This is the discretization of the Poisson Equation (1.3) given by volume constraint in
the point integral method on point cloud.

In [25,34], Li et.al. proposed to use the Robin boundary condition to approximate
the Dirichlet boundary condition. Comparing with this approach, volume constraint is
much easier to analyze and has many good properties, for example, the discrete operator
is symmetric and positive definite, the maximum principle is preserved.

In the algorithm presented in this paper, we use the first order quadrature rule
to discretize the integral equation. This simple quadrature makes the algorithm very
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robust and applicable in high dimensional problems, such as semi-supervised learning,
image processing. On the other hand, low order accuracy in quadrature makes the
convergence of the algorithm very slow. Recently, on the approximations of nonlocal
diffusion models, high order discretizations are discussed [13,36,37]. We can also use
higher order quadrature to improve the accuracy. However, the analysis of convergence
may be more involved.

The rest of the paper is organized as following. The main theorem is presented
in Section 2. In Section 3, we prove several stability results which will be used in the
analysis of the convergence. The convergence is proved in Section 4. Several numerical
results are presented in Section 5. And one application in semi-supervised learning is
given in Section 6. Finally, in Section 7, some conclusions are made.

2. Main results

Before proving the convergence of (1.5), we need to clarify the meaning of the
convergence between the point cloud (P, V) and the manifold M. In this paper, we
consider the convergence in the sense that h(P,V, M) — 0 where h(P,V, M) is the
integral accuracy index defined as following,

DEFINITION 2.1 (Integral Accuracy Index). For the point cloud (P, V) which samples
the manifold M, the integral accuracy index h(P,V, M) is defined as

[ Sy = Cp e [ (0)Vi
h(P,V, M) = .
( )= T urp (D o

where || fllcramy = |flloe + |V flloo and |[supp(f)| is the volume of the support of f.

In some sense, h(P,V, M) is a measure of how well the point cloud sample the
underlying manifold. We say that the point cloud (P, V) converges to the manifold
M if h(P,V,M) — 0. In the convergence analysis, we assume that h(P,V, M) is
small enough. Here, “small enough” means that less than a generic constant which only
depends on M.

To get the convergence, we also need some assumptions on the regularity of the
submanifold M and the integral kernel function R.

ASSUMPTION 2.1.

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

e Assumptions on the kernel function R(r):

(a) Smoothness: R € C%(R);

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

(¢) Compact support: R(r) =0 for Vr > 1;

(d) Nondegeneracy: 38y > 0 so that R(r) > &y for 0 < r < 3.
REMARK 2.1. In the nondegeneracy assumption, 1/2 may be replaced by a positive
number 0y with 0 < 6y < 1. Similar assumptions on the kernel function is also used in
analysis the nonlocal diffusion problem [12].

Under above assumptions, we have the main result of this paper.

THEOREM 2.1.  Let u(x) be solution of (1.3) and u = [uy,--- ,u,]" be solution of
(1.5) and f € C*(M) in both problems. There exists C > 0 only depends on M, such
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that
h(P,V, M)
o= vl cany < € (874 + 2D
where
1 _
Uen(x) = m Z Ri(x,pj)u;Vj +1t Z Ri(x,p;)f(pj)V; |, x€ My,
pjeP ijP
O, X € Vt.

and wy p(x) = ijep Ri(x,p;)Vj.

3. Stability analysis

To prove the convergence, we need some stability results which are listed in this
section. The first lemma is about the coercivity of the integral operator and the proof
can be found in [24, 33].

LEMMA 3.1.  For any function u € L?>(M), there exists a constant C' > 0 only depends
on M, such that

: /M /M Ri(x,y) (u(x) — uly))2dxdy > C /M Vol2dx,

where

and wy(x) = /M R (x,y)dy.

Following corollary directly follows from Lemma 3.1.

COROLLARY 3.1.  For any function u € Ly(M}), there exists a constant C > 0 only
depends on M, such that

P meneo < upaay [ (/] mueyiy ) ax

>C |Vo|?dx,
M;

where

and wi(x) = /M R: (x,y)dy.

Proof. Let
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Using Lemma 3.1,

/ |Vv|2dx</ |Vol2dx

—/ / Ri(x,y)(i(x) — aly))2dxdy

¢/ . iRt<x,y><u<x>—u<y>>2dxdy+f [ 60 (/] mxyay) ax.

Using Lemma 3.1, we can also get following lemma.

| /\

LEMMA 3.2.  For any function u € La(M) with u(x) = 0 in Vy, there exists a constant
C > 0 independent on t

1 2 2
2 Ry 0 — uty) Paxdy = Clulf

as long as t small enough.

Proof. Let

1
o(x) = —— /M Ry(x, y)u(y)dy.

wy(x)
Since u(x) = 0, x € V;, for any x € OM,

o(x) = —— [ Ri(x,y)uly)dy =o.
wt(X) Vv,

By Lemma 3.1 and the Poincare inequality, there exists a constant C' > 0, such that

2 2 C 2
[ weorax< [ wueorax< $ [ [ ) w60 - uty)Paxdy.

Let § = m, where Wi = mingep wi(x) and Wpayx = Maxyep wie(x). If

N
u is smooth and close to its smoothed version v, in particular,

/M V?(x)dx > 62 /M W2 (x)dx, (3.1)

then the proof is completed.
Now consider the case where (3.1) does not hold. Note that we now have

lu = ollL2omy 2 l[wll o) = [0l ooy > (1= 0)llullLa )

2Wmax

5 HU”Lz(M) = K” ||L2

1
>

Then we have

1 2
t ][ Ry a0 —u(y)*axdy

- % /M u(x) /M Re(x, ) (u(x) — u(y))dydx



ZUOQIANG SHI 1749

(/M ey () — /M u(x)v(x)we (x)dx)
(/M(“(X> — 00 e+ | (ux) o)y <x)dx)

SN N

[ Do

>

> 2 [ w0 - o6 wntiax -2 ([ v2<x>wt<x>dx)1/2 (f e~ v<x>>2wt<x>dx)l/2

. zw% /M(u(x) — o(x))?dx — 2“’% (/M UQ(X)CIX>1/2 (/M(u(x) - U(X))de> 1/2

> %/M(u(x) —o(x))dx > Lmin g _ ) /Mu (x)dx.

t
This completes the proof for the theorem. 1]

COROLLARY 3.2. For any function u € La(M}), there exists a constant C' > 0
independent on t, such that

% / 4 / %Rt(x,Y)(U(X)fu(y))r"dxdy+ /M; u?(x) < /v t Rt(x,y)dy) dx

2
> C”“HLg(M;)a

as long as t small enough.
Proof. Consider

_ u(x), x € Mj,
0, x € V.

and apply Lemma 3.2. O
THEOREM 3.1.  Let uy(x) € L?(M) be solution of following integral equation

1 ’
! /me,y)(ut(x)—ut(y»dy = rx),  xeM 52)

t
u(x) = 0, x eV,
There exists C > 0 only depends on M and OM, such that
lutll 1y < Clirllzzaey + CHIVT| L2 )
Proof. First of all, we have

() /M Ry, y) (e (%) — e (y))dydx

(%) /M Ru(, ) (ue(x) — wg(y))dydx

/
t

1
+¥ /M; ut(x) . Ry (x,y)(u(x) — w(y))dydx

1 1

— o [ Ry )~ wy)Paxdy + 1 [t [ Rxoy)dy
EImy I tm V.

Now we can get L? estimate of u;. Using Corollary 3.2, we have

< ¢

2
Jucllg e, < 5
M I M

a0 —uty)Paxdy + § [ 6ol () sy ) ax
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<

- %/M% ut (%) /M R (x,y)(ue(x) — ue(y))dydx

< Olluellz,ag lI7ll2,04;

This gives that
llutllzz(amy) < ClirllLza)- (3.3)

Next, we turn to estimate the L? norm of Vu; in M}. Using the integral Equation
(3.2), u; has following expression

t

wy(x)

1
ug(x) = w0 (%) /M Ri(x,y)us(y)dy + r(x), x€WV. (3.4)

Then || Vu |3 a; can be bounded as following

(o .

T e v (2]

IVusll5 pe < C

Ry (%, y)ut (Y)d}’>

/ 2,M/ we(%) 2,M;
(3.5)
Corollary 3.1 gives a bound the first term of (3.5).
) 2
v (w </ Rt(x,ymt(y)dy)
¢ M 2,M,

< [ L, meoenn m v § [ ook ([ mixyay )

(3.6)
The second terms of (3.5) can be bounded by direct calculation.
r(x) \ | vr(x) || r(x) Vg (x) ||
MGy IR e W ey
wy(x) 2, M/ we(x) 2,M, (we(x)) 2, M,
c
< CIVrE) 500, + 7 IG5 4 - (3.7)

Now we have the bound of || V|2, ¢, by combining (3.5), (3.6), and (3.7)
2 C 2
IVulBag <5 [ [ Ryt - uy)Paxdy
b v
C
# 5 e ([ Ruxyay ) dx CEITHIE uy + CE RGN g - (35)
t Vi

Then the bound of ||Vu¢|[2, o4, can be obtained also from (3.8)

V]

2
/7
2,M,

g%/ ;, / ;,Rxx,y)(uﬁ(x)—ut<y>>2dxdy+0tIIT<X>H5,M2
C

+5 [ e (

Rix, y)dy) dx + C [ Vr()]2 0e
M

Vi
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= % /M; ) /M Re(x, y)(ue(x) — ur(y))dydx

2 2
O V() |2 gy + CtIFG]12 0
2 2
< Jutellz ng 7 ll2,ne; + CE VP2 gy + CEIPGN g

2
< Wl + O 197l -

Then we have
IVuellz,mg < Cllrllzzag) + CEIVE(X) o 4, - (3.9)

The proof is completed by putting (3.3) and (3.9) together. O

4. Convergence analysis (Proof of Theorem 2.1)

The main purpose of this section is to prove that the solution of (1.5) converges to
the solution of the original Poisson Equation (1.3), i.e. Theorem 2.1 in Section 2. To
prove this theorem, we split it to two parts. First, we prove that the solution of the
integral Equation (1.4) converges to the solution of the Poisson Equation (1.3), which
is given in Theorem 4.1. Then we prove Theorem 4.2 to show that the solution of (1.5)
converges to the solution of (1.4).

THEOREM 4.1.  Let u(x) be solution of (1.3) and ui(x) be solution of (1.4). There
exists C' > 0 only depends on M and OM, such that

= el gy < O fll e any-

THEOREM 4.2.  Let ug(x) be the solution of the problem (1.4) and u = (uy, -+ ,up)
be the solution of the problem (1.5). If f € C*(M) in both problems, then there exists
constants C > 0 depending only on M and OM so that

lwe,n — uell g omg) < W“f”cl(./\/l%

as long as t and % are both small enough. Here

b
ugp(x) = wt,h(X)

p;EP p;EP
O, X € Vt.

and wy p(x) = ijep Ri(x,p;)Vj.

4.1. Proof of Theorem 4.1. To prove the convergence of the integral Equation
(1.4), we need following theorem about the consistency which has been proved in [24].

THEOREM 4.3.  Let u(x) be the solution of the problem (1.3). Let u € H3*(M) and

1 _
o) = [ Ribey)ut0 —uly)dy - [ Rixy)f)dy.
M M
There exists constants C, Ty depending only on M and OM, so that for any t < T,

Il 2 aary < CH2 ull 2 rn) (4.1)
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IV 2ty < Cllall s oy (4.2)

Now, we can prove Theorem 4.1.

Proof.  Let e;(x) = u(x) — uz(x), first of all, we have

.
t Ju

- / ex) | Rolx,y)(e(x) — eily))dydx
M M

=3
tJm;

:zlt/2 MéRt(Xayxet(X)_et(Y))zdxdy

ev(x) /M R(x,y)(en(x) — ex(y))dydx
() /v R )(eex) — efy)dydx

+ % /M; et (x) . Ri(x,y)(er(x) — e(y))dydx. (4.3)

The second term can be calculated as

1

t

1.

/ e) | Ri(xy)(en(x) — enly))dydx
M

!
t Vi

G0 (f, ety )ix— [ e ([ e veay) o o

’
t

Here we use the definition of e; and the volume constraint condition u;(x) =0, x € V;
to get that e;(x) = u(x), x € V.

The first term is positive which is good for us. We only need to bound the second
term of (4.4) to show that it can be controlled by the first term. First, the second term
can be bounded as following

IN

IN

IN

<

<

1

t

/M; () (/V Rt(XaY)U(y)dy> dx
1

n /M; Iet(x)l< . Rt(x,y)dy)1/2< . Rt(x,y)|u(y)2dy>l/2 dx

% </M; %|et(x)|2 (/vt Rt(x,Y)dy) bt 2//\/1; (/vt Rl y)|u(y)|2dy> dx>

1 2

5% lex(x)[* ( Ry (x, Y)dY> dx + n lu(y)[? < Ry (x, y)dx) dy
M; Vi Ve M;

1 2 C 2

% | le)] Ri(x,y)dy | dx+ - [ Ju(y)l"dy
M Ve Vi

1

i [ 1P ([ Rebxyiay ) ax+ OV Iag: (4.5
M; Vi

Here we use Lemma A.1 in Appendix A to get the last inequality.
By substituting (4.5), (4.4) in (4.3), we get

.
U Jm

ev(x) /M Ru(x,y)(ex(x) — ex(y))dydx

/
t
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‘2t///,Rtxy er(x) = er(y)) dxdy

by [ 1000 ([, ey ) ix = Cllna Vi 09

This is the key estimate we used to get convergence.
Notice that e;(x) satisfying an integral equation,

1

: /M Ri(x,y)(er(x) —er(y))dy = r(x), Vxe M;, (4.7)

where r(x) = ¢ [y Re(x,y)(u(x) = u(y))dy — [\ Re(x,¥)f(y)dy.
From Theorem 4.3, we know that
()| 2 gy < CE2 s () < CVEF Il s (4.8)
IV ) L2y < Cllullgs vy < CIFIE (M)

Now we can get L? estimate of e;. Using Corollary 3.2, we have

e ne, <5 / L, Bt —ey)axay

w5 [ w0 ([ mepay) ax

C

< */ ;et(X)/M Ri(x,y)(er(x) — er(y))dydx

(from (4.6)) ;

+ Cl I (g VE

(from (4.7))  <Cllellz,n I7ll2,a0; + ClIF I a0 VE
(from (4.8))  <CI|fllmr (myllecllz i, VE+ ClF 17 ) VE (4.10)

This gives that
lecllzn < CEYA Il o (4.11)

Next, we turn to estimate the L? norm of Ve; in M. Using the integral Equation
(4.7), e; has following expression

1 t
d
) = s | Rulxy)ey)ay + ()
1 1 t
= Ri(x,y)e d—i—i/Rx,u dy + r(x). (4.12
wt(x)/2 (%, y)ed(y)dy ) o, +(x,y)u(y)dy e (x). (4.12)
Then ||VetH§’M; can be bounded as following
) 2
IVedl3 o < C IV Ri(x,y)e:(y)dy
’ wi(x) J ,
¢ 2.M,
1 2 r(x) 2
JrC’HV ( / Ri(x,y)u(y dy> +Ct? ||V < ) 4.13
wy(x) Jy, {6 y)uly) 2,M, wi(x) 2,M, (49
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Corollary 3.1 gives a bound the first term of (4.13).

1
v(wx) / ;Rxx,y)et(y)dy) .

< [ L meeet) —awravacs § [ sk ([ mcyay ) ax

2

(4.14)
The second and third terms of (4.13) can be bounded by direct calculation.
r(x) ? Vr(x) ’ r(x)Vw (x) ?
MGr=) I e W vy
wy(x) 2,M/, w(x) 2,M, (we(x)) 2,M;
C
< CVr)lop + s lr(x %) 2, a1
< C”fHHl(M)v (4.15)
and
< i/, dy)\
X) Ve
Ry( VR (x,y)u(y)d
_‘ . i W+ | . +(%, y)u(y)dy
scnanl(M) /V Rixy)dy +Clf o [ IRixy)ldy.  (416)

Then the second term of (4.14) has following bound

2

v (o | mbxyuy)

wi(x) Jy, 2,M,

2 2
<Clilpn [ ([ Rxvay) acrClrl [ ([ Rocylay) ax

<Ol [ [ Rxyidyax+ Clili [ [ IRyl dyax
M% Vt M% Vt

<CIf 7 a1 Vel < ClIFII ) VE- (4.17)

Now we have the bound of [|Ve|[2 rq; by combining (4.13), (4.15), (4.14) and (4.17)
2 ¢ 2
IVellaaq Sy Ri(x,y)(et(x) — et(y))“dxdy
LM,
C
# bl ([ Rcyay ) ax Ol i (@419
t t

Then the bound of ||[Vet|[2, o, can be obtained also from (4.18)

C
Vel <5 [ ] Rebxy)eito - exty)Paxdy
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C
S tatoR ([ Rbxyiay ) ax il Vi
; Vi

C/
< |—
M

(from (4.6)) + C 13 any V2

eu(x) /M Ro(x,y)(ex(x) — ex(y))dydx

(from (4.7))  <lledllong; 7200, + ClF I3 pny VE
(from (4.8))  <C[Ifllmr o llecllzng VE+ ClF I (o VE
(from (4.11))  <CE*|| fllmramy + ClF I3 oy VE- (4.19)

Then we have

IVedllza < CEA fll (- (4.20)

The proof is completed by putting (4.11) and (4.20) together. d

4.2. Proof of Theorem 4.2. To prove Theorem 4.2, we only need to prove
following consistency result.

THEOREM 4.4. Let ui(x) be the solution of the problem (1.4) and u be the solution of
the problem (1.5). If f € CY(M), in both problems, then there exists constants C > 0
depending only on M and OM so that

Ch

1Lt (ue,n — ) |2y < W“f”cl(./\/l)v (4.21)
Ch

IV L (ue,n = we) |2y < tTHfHCl(M)' (4.22)

as long as t and % are small enough. wuyyp, is defined in (2.1) and Ly is an integral
operator defined as

Lt =7 [ Rbxy)ue) —uDdy+ X [ Rixoay. (a2

Using Theorem 3.1 and above theorem, we have

e = wenll oy < CllLe (uen — we) |2 vy + CHIV Ly (uen — ue) |2

Ch
< tgﬁ”f”cl(/w)

which proves Theorem 4.2.

Next, we only need to prove Theorem 4.4. First, we need a technical lemma which
is stated as following

LEMMA 4.1.  Letu = [u1,- - ,uy,]" be the solution of the problem (1.5) with f € C(M)
and ., be associate smooth function defined in (2.1). Then there exists C > 0 such
that

e (Ol sy < Cl oo

C
IV (9 0ty €l e

The proof of this lemma is put in Appendix B.
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Now, we are ready to prove Theorem 4.4.

Proof. (Proof of Theorem 4.4.) First, we split L; (us,, — u¢) to three terms, for
any x € Mj,

Ly (Ut,h - Ut)
= Ly(ug,p) — Lep(uen) + Lep(ugpn) — Leug

= () = Lialwnn)) + [ 2 | [ Rxyidy - 3 Rbepov

! pi€Vy
| [ Ry - 3 R @)V ) (1.21)
where L, Ly, and L}, are given as
Lo =5 [ Rk y) () vy, (1.25)
(L) =7 3 ) utd) — )V + 5 3 Rlpip) (120
(L)) = ZM Ry, py) (u(x) — u(p;))V;. (4.27)

To get the last equality, we use that u; solves Equation (1.4) and u;p solves
Lenuen(x) = Y Re(x.pj)f(p;)V;, x € Mj. (4.28)
p;EM

The second and third terms are easy to bound. By using Lemma 4.1 and (P, V) is
h-integrable approximation of M, we have

ugp(x Ch
B Ry = 3 RlxpV, <Gl (429
p'zevt LZ(MQ)
ug p(x Ch
v (@t [ Ryay - Y Riepv, <Pl @30
Vi ;
PV L2(M;)
and
_ _ Ch
[ menray = 3 Rxp)fe)| < Zifleran. @30
o PgEM L2(M)
_ _ Ch
v Ri(x,y)f(y)dy — Y Ri(x,p;)f(;)V; < T”fHCl(M)' (4.32)
M piEM L2(M})

The first term of (4.24) is much more complicated to bound. We split it further to two
terms. Denote

Z Ri(x,pj)u;Vj, (4.33)
p;EM,



ZUOQIANG SHI 1757

> Rixp)f(@s)V5, (4.34)

pjEM;

and then ug (%) = agn(x) + ¢ p(x), x € M.
First we upper bound || L} (ut,n) — Ly, (we,n)||L2(my)- For e, we have

’(Lict,h — L;7h0t,h) (X)|

) =

— | Ryt~ cnoNdy = X Rl p)enn(x) - cen(pi)V;
t p;EM,
< pleatl| [ Ribyiay = 3 R

p;EM;

1
H | Rbeyenidy - 3 Rixplene)V;
M; pP;EM;

Ch Ch
< 2537 ‘Ct,h(X)‘ + 1537“0157}1”01(/\/1;)

Ch Ch Ch
< tmtllflloo + m(tHfHoo + 12| flloc) < T\|f||oo~

For a; p, we have

2
/ (aen(x / Rix,y)dy = 3 Ri(x,p;)Vj| dx
, pjEM,
C'h?
<= | (ann(x)" dx
M
2
Ch?
S g 2 Rbop)ul; | dx
M pjEM,
.]
Ch? )
<= | X2 RlxppuiVi| | Do Rilxp))V; | dx
Mt pJEMg PJGM;
Ch? 2

pJEM’ P; EM;

Let

1 IX—yl2> (Ipi —Y|2)
A=C / R < R = )d
t M, Wi n(y) At At Y

1 x — p;|? Ipi — pj|?
-C J = V.
> wt,h<pj>R< w ) )Y

pjEM,

We have [A] < 7 /2 for some constant C' independent of ¢. In addition, notice that only
when |x — p;|? < 16t is A # 0, which implies

_ 12
1A < |AR(|XPZ|>.
do 32t
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Then we have

2

| Rbxyanidy = 3 Ribep)en(p)Vi| dx

P M p;EM;
2
:/ S Cuvid| dx
¢ piEM;
2
LCon > CiluViR x—pil® dx
=t , He 32t
t \pieEM;]
Ch? x—pi?\ - x — pif?
< — LA T <\/. e .
e / > CtR< o )ulv; > CtR< o )m dx
t \piEM;] piEM;
Lon 2y, cor (EoPil) g ) < € 2y, 4
=5 2 il [ O (Tr k) = | 2 i) (439
piGMg t piGMg

Combining Equation (4.35), (4.36) and Theorem B.1,

(/.

| Liatn — L,

t

1/2
|(Li(aen) — Lt p(arn)) (X)‘2 dx)
1/2

Ch , Ch
< B2 %/uivi < m\lflloo.
Pi +

Assembling the parts together, we have the following upper bound.

[ Liwe,n — Ly puen | 22 (aag)

< || Ltasn — L;hatvh”LQ(Mi) + | Lyeen — Li,hct,hHL%M;)
h Ch
< gzl + = lfllee < 55751 £lloo- (4.37)

The complete L? estimate follows from Equation (4.29), (4.31) and (4.37).

Next, we turn to upper bound ||V(Lju; — L} jusn)l £2(a;). Consider [|V(Liarp —
L pain)|| Ly (amy), it can be splited into the summation of three terms. Next, we estimate
these three terms separately. The first term is

2
/ [Vagn(x / Ri(x,y)dy — Z Ri(x,p;)V;| dx
pjEM,
h2
< o |Varp(x)]” dx
M;
2

Ch? 1
=T VR X, Pj w; Vil dx
ot /M; we b (X) Z +(x, pj)u;Vj

p;EM,
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2
v
+/ Vwen(x) 3 Rilxpy)wVy| dx
M

2
) wt,h(x) iy
2
Ch?
S7t2 ) Z Rgt(x,pj)ujVj dx
M p;jEM,
Ch2 ,
<= [ | D Ralxp)uiVi| | D Raulxpy)Vi | dx
M \pyem; p;EM,
Oh2 ChQ
<G| X v [ Rabeppax) <G5 Y @, (4.38)
pjEM; M pjEM;

where Roi(x,p;) = CiR (%). Here we use the assumption that R(s) > dg for all

0<s<1/2
The second term is

2
[ Jaal| [ Rixcyiay - ¥ VR dx
M M P EM;
Ch? Ch?
< +2 v |at,h(x)|2dX§ tT Z u?‘/] (439)
¢ pjEM]

Let

1 x -yl lpi —y[
B— Pi ZY1 ) 4
c /M; we,n(y) VR( w )"\ Y

1 Ix — p;|? pi—pil*\ ¢,
Cr > wt,h(pj)VR( m R m V.

p;jEM,

We have |B| < g—}; for some constant C' independent of ¢. In addition, notice that only
when |x — x;|? < 16t is B # 0, which implies

1 |x—pi\2
Bl < —|BIR(X=Pil)
Bl < +1B ( -

2

Then we have the upper bound of the third term
/ VR y)an(y)dy — 3 VR py)acn(py)V;| dx
M pjeM;

J.

:/ Z Cyu;V;B | dx

t \piEM;]

/
t

2

Ch? Ix — pi|?
<% [, | S amnr () ) as

t piEM;
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<O e (4.40)
Combining Equation (4.38), (4.39) and (4.40), we have

IV (Lyasn — Ly pacn)llLz )
1/2
(Le(arn) — Len(arn)) () dX)

:</M “

Ch Ch
< | D wv < tTHfHoo-
piEM;

’
t

Using a similar argument, we obtain

Ch
IV(Lyctn — Lt peen)llnz o) < 7z fllee,
and thus
p , Ch
IV (Lyut,n — Ly puen) e omy) < tTHfHoo- (4.41)
At last, we complete the proof using (4.30), (4.32) and (4.41). o0

5. Numerical experiments

In this section, we present several numerical results to show the convergence of the
Point Integral method with volume constraint, PIM_VC for short, from point clouds.

The numerical experiments were carried out in unit disk. We discretize unit disk
with 684, 2610, 10191 and 40269 points respectively and check the convergence of the
point integral method with volume constraint.In the experiments, the volume weight
vector V is estimated using the method proposed in [27]. First, we locally approximate
the tangent space at each point and then project the nearby points onto the tangent
space over which a Delaunay triangulation is computed in the tangent space. The
volume weight is estimated as the volume of the Voronoi cell of that point.

Given a sampling P on M, let §; be the average distance from p; € P to its
10 nearest neighbors in P and § is the average of §; over all points p; € P. In this
experiment, the parameter t is set to be (0.755)2.

|P] 684 | 2610 | 10191 | 40269
PIM_Robin || 0.1500 | 0.0428 | 0.0140 | 0.0052
PIM_VC || 0.3046 | 0.0747 | 0.0201 | 0.0067

TABLE 5.1. 12 error with different number of points. PIM_Robin: Point Integral method with
Robin boundary; PIM_VC: Point Integral method with volume constraint. The exact solution is
cos 2m\/x? + 2.

Table 5.1 gives the [? error of different methods with 684, 2610, 10191 and 40269
points. The exact solution is cos 2m1/22 + 2. PIM_Robin is the Point Integral method
and using Robin boundary to approximate the Dirichlet boundary condition. PIM_VC is
the Point Integral method and using volume constraint to enforce the Dirichlet boundary
condition. These two methods both converge. The rates of convergence are very close
and the error of PIM_VC is a little larger than the error of PIM_Robin.
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6. Semi-supervised Learning

In this section, we briefly describe the algorithm of semi-supervised learning based
on the method proposed by Zhu et al. [39]. We plug into the algorithm the aforemen-
tioned approach of volume constraint, and apply them to several well-known data sets,
and compare their performance.

Assume we are given a point set X = {X1, -+ , X, Xmi1, - ,Xn} C R? and a label
set {1,2,---,1}, and the label assignment on the first m points L : {x1, -+ ,X;} —
{1,2,---,l}. In a typical setting, m is much smaller than n. The purpose of the semi-
supervised learning is to extend the label assignment L to the entire X, namely, infer
the labels for the unlabeled points.

Think of the label points as the boundary B = {x1,- - ,X;, }. For the label i, we set
up the Dirichlet boundary g’ as follows. If a point x; € B is labeled as i, set g*(x;) = 1,
and otherwise set g’(x;) = 0. In [39], the harmonic extension u’ of g’ is computed by
solving

1 i i
n Z Ry(xj, x50 ) (uj —ui)Vy = 0, x; € X\B,
x;€X ] . (61)
ui = g'(x;), x;€B.
In this way, we obtain a set of [ harmonic functions u',u?,--- ,u’. We label x; using k

where k = arg max;<; u’(x;).

In [39], they gave an explanation of (6.1) based on random walk and graph Lapla-
cian. In this paper, we call this method graph Laplacian method, GLM for short. Using
the analysis in this paper, we know that (6.1) can not correctly enforce the Dirichlet
boundary condition. To get the correct harmonic extension, we need to use the volume
constraint and extend the boundary to a small volume, i.e., solving following alternative
linear system,

1 . _
S > Re(xjx)(uf —ul)Vy =0, x; € Xy,
x;€X ) ‘ (62)
uy = g'(xj), x; € By.
where B, = {x € X : minyep ||[x — y|| < 2/t} and g’ is an extension of g’ on By, for
any x € By

o5t

g'(x)=g'(x;), x;=argmin|x -yl
yeB

This alternative method is called volume constraint method, VCM for short. In Algo-
rithm 1, we summarize these two algorithm, GLM and VCM.

6.1. Experiments. We now apply the above algorithms, GLM and VCM, to a
couple of well-known data sets: MNIST and 20 Newsgroups.

MNIST: 1In this experiment, we use the MNIST of dataset of handwritten digits [7],
which contains 6 x 10* gray scale digit images (28 x 28 resolution) with labels. We view
digits 0 ~ 9 as ten classes. Each digit can be seen as a point in a common 784-
dimensional FEuclidean space. We randomly choose 16k images. Specifically, there are
1606, 1808, 1555, 1663, 1552, 1416, 1590, 1692, 1521 and 1597 digits in 0 ~ 9 class
respectively.

To set the parameter ¢, for each point x;, we compute the standard Euclidean
distance between x; and its 10 nearest neighbors. Denote h; as the average of the
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Algorithm 1 Semi-Supervised Learning with harmonic extension

Require: A point set X = {X1, " ,Xm, Xm+1, " ,Xn} C R? and a partial label as-
signment L : {x1, -, X} — {1,2,---,1}
Ensure: A complete label assignment L : X — {1,2,---,1}
for i=1:1 do
for j=1:m do
Set g(x;) = 1 if L(x;) =i, and otherwise set g'(x;) = 0.
end for
Compute the harmonic extension u’ of g’ by solving (6.2) in VCM and (6.1) in
GLM.
end for
for j=m+1:ndo
L(x;) = k where k = arg max;<; u’(x;).
end for

distances for x; to its 10 nearest neighbors. Let h be the average of h;’s over all points
and set t = h2.

For a particular trial, we choose k (k = 1,2,---,10) images randomly from each
class to assemble the labelled set B and assume all the other images are unlabeled. For
each fixed k, we do 100 trials. The average error of the tests is presented in Figure 6.1 (a).
It is quite clear that VCM outperforms GLM.

Newsgroup: In this experiment, we use the 20-newsgroups dataset, which is a
classic dataset in text classification. We only choose the articles from topic rec contain-
ing four classes from the version 20-news-18828. We use Rainbow (version:20020213)
to pre-process the dataset and finally vectorize them. The following command-line op-
tions are required’: (1)--skip-header: to avoid lexing headers; (2)- -use-stemming: to
modify lexed words with the ‘Porter’ stemmer; (3)--use-stoplist: to toss lexed words
that appear in the SMART stoplist; (4)- -prune-vocab-by-doc-count=>5: to remove words
that occur in 5 or fewer documents; Then, we use TF-IDF algorithm to normalize the
word count matrix. Finally, we obtain 3970 documents (990 from rec.autos, 994 from
rec.motorcycles, 994 from rec.sport.baseball and 999 from rec.sport.hockey) and a list
of 8014 words. Each document will be treated as a point in a 8014-dimensional space.

To deal with text-kind data, we define a new distance introduced by Zhu et al. [39]:
the distance between x; and x; is d(x;,%;) = 1 — cos v, where « is the angle between x;
and x; in Euclidean space. Under this new distance, we ran the same experiment with
the same parameter as we process the above MNIST dataset. The result of the tests
for 20-newsgroups is shown in Figure 6.1 (b). In this example, VCM also gives better
result than GLM.

Based on the analysis in this paper, GLM does not enforce the Dirichlet boundary
condition correctly while VCM gives a correct boundary condition, such that VCM
gives better results in above two examples. It is also found that if the number of labeled
points is increased, GLM becomes comparable to VCM. This also can be explained
qualitatively using volume constraint. When the labeled points become more and more,
some of them may concentrate together such that the boundary condition is actually
enforced in an area instead of isolated points. If the size of these areas is comparable
with the support of the kernel function, based on the theory of volume constraint, the

1all the following options are offered by Rainbow
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MNIST
T T 0.8

——GLM —*—GLM
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test error rate
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0.3r

o
w

0.21

o
o

0.1

°

Ny

3 4 5 6 7 8 3 4 5 6 7 8
number of labelled points in each class number of labelled points in each class

(a) (b)

Fic. 6.1. (a) the error rates of digit recognition with a 16000-size subset of MNIST dataset; (b)
the error rates of text classification with 20-newsgroups.

boundary condition is correctly enforced even in GLM.

7. Conclusion

In this paper, we combine the point integral method and the volume constraint [11]
to get a numerical method to solve Laplace equation with Dirichlet boundary condition
on point cloud. The convergence is proved. Our study shows that Point Integral method
together with the volume constraint gives an efficient numerical approach to solve the
Poisson equation with Dirichlet boundary on point cloud.

Moreover, volume constraint provides a general method to enforce the Dirichlet
boundary condition for different types of PDEs, not only for Laplace equation. The
other advantage of the volume constraint approach is that it is relatively easy to prove
the convergence of the eigenvalue problem of Laplace-Beltrami operator with Dirichlet
boundary condition on point cloud. The progress will be reported in our subsequent
papers.

Appendix A. One basic estimates.
LEMMA A.1. Let u(x) be the solution of (1.3) and f € H' (M), then there is a generic
constant C' > 0 and Ty > 0 only depend on M and OM, for any t < Ty,

, u(y)*dy < CE2| fll3 agy-

Proof. Both M and OM are compact and C*° smooth. Consequently, it is well
known that both M and 0 M have positive reaches, which means that there exists To > 0
only depends on M and OM, if t < Tp, V; can be parametrized as (z(y), ) € OM %[0, 1],

where y = z(y) + 7(2z'(y) — z(y)) and |det (W)’ < Cy/t and C > 0 is a constant

only depends on M and OM. Here z'(y) is the intersection point between dM’ and
the line determined by z(y) and y. The parametrization is illustrated in Figure A.1.
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Fic. A.1. Parametrization of Vi

First, we have

/|u |dy /\u —u(z )| dy
:/Vt / %u(y+8(() y))ds

:/w

<c /V / Vuly + s(a(y) — y))[? dsdy

2
dy

2

/0 (z(y) —y) - Vuly + s(z(y) —y))ds| dy

< Ct sup Vu(y + s(z(y) — y))* dy.
o<s<tJy,

Here, we use the fact that ||z(y) — y|l2 < 2V to get the second last inequality.

Then, the proof can be completed by following estimation.

| [Vuly +s(a(y) - y))[* dy

<ovVi / /a | Tuley) + (1= )76/(y) - 2(y)))|” da(y)dr

< CVt sup /8/\/1 |Vu(z + (1 —s)7(z" — z))|2dz

0<r<1
< CVt sup / |Vu(z)|” dz
o<r<tJr, .
< OVl Frz oy < CVEIF 1T (s
where I'; ; is a k — 1 dimensional manifold given by I's ; = {z+ (1 — s)7(z' — 2) : z € OM}.

We use the trace theorem to get the second last inequality and the last inequality is due
to that w is the solution of the Poisson Equation (1.3). 0

Appendix B. Proof of Lemma 4.1.
First, we need one technical lemma.

LEMMA B.1.  For any u = (u1,- - ,u,)t with u; = 0, p; € V, there exist constants
C >0, Cy > 0 independent on t so that for sufficient small t and \i[

1

: Z Z Ri(pi, pj)(u; — uj)?V;V; > C(1 Z uiV;.

PiEMp;EM p;EM
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Proof. First, we introduce a smooth function u that approximates u at the samples
P.

u(x)

ZRt/ x,pi)uVi, XEM, (B.1)

U}t/

It
0, p; € V; and ¢’ = t/18, we know that

where wy 5 (x) = Cy Y i | R (lx pi| ) V; and ¢ = t/18. Using the condition that u; =

u(x) =0, x€WVp. (B.2)

Then using Lemma 3.2, we have

2 c ~ u(v))? dx
[ weorax< &[] Rutey) w60 - u(y)* dxay.

On the other hand

/M /M Re (x,y) (u(x) — u(y))” dxdy

[ ] Retxy) |5 ZRﬂszuH*w th,p], u;Vy | dxdy
t' h t' h

2

1
= Ry (x, _ Ry (x,pi)Re (s, y)ViVj(u; — u; dxd
/M /M v (X,y) wo n (X)wer 1 (y) ,]21 t pi) Ry (pj,y) (ui i) Yy

1
/ / Ry (x,y) o ( Z Ry (x,p:)Re (pj,y)ViV;(w; j)dedy

)wt/ (y 1,7=1

= Z (/ /M w0 A y) —————— Ru(x,pi) R (p;, y) Rwr (X7Y)dxdy> ViVi(u; — uj)?.
o (B.3)

Denote
1
A://—R/x, DRy (pi,y) Ry (%, y)dxd
[y ey v (x, pi) R (P, ¥) Ry (x,y)dxdy

and then notice only when |p; — p;|? < 36t' is A # 0. For |p; — p;|> < 36t/, we have

\Pi—Pj|2 - |Pi—pj|2
< ’ . ’ ; ’ Ea— e a—
A< [ Retoporemreoyn (PEPE) r (BB axay
_cc i = pjl*
<= t/ / Rt/(x,pi)Rt'(pj,y)R(|lD 72;,”' )dxdy
0 M

<cc, [ [ Reteporete, v (Pt ) axay < com (gl ).
M JIM
(B.4)
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Combining Equation (B.3), (B.4) and Lemma 3.2, we obtain

1 'ui—'LLj2ij7 UX2X. .
> Repps) (= w)PVY = [ juof (B.5)

pi,pjEM

o 12 o 2
B = QCt R(X i )R('X P )d
M Wi g (%) 4 4t
= Cy Ip; — pil? Ip; — pil?
Z w3 j)R ( 4t/ R 4t/ Vi

j=1 t’,h(p
and then |B| < g/hz At the same time, notice that only when |p; —p;|? < 16t is B # 0.
Thus we have

Denote

1 ‘pz_pl|2
< Ll
Bl < g lAR(PPL)
and
[ eax = Y pVi| < 3 Crusuivi| 4
M j=1 i,l=1

w2

4,0

Ch - |p1 pil° 2 2

I A

n

2
Pi — P
CiR ( 3%,” )uiquin
t

Now combining Equation (B.5) and (B.6), we have for small ¢

2
*(pi)V; = / dx+t1/22uv
i=1

CCy |Pi_pj|2 2 Ch & 2
<tZR(4t (= ViV + 5 3wV

4,j=1

Here we use the fact that for t = 18t/

r(IPi=pil>\ o 1, (Ipi—p,P
4t/ ~ b 4t '

Let 6 = W with wyin = ming wy p(x) and Wpax = maxx wyp(x). If

S uP(pi)Vi > 62301 u?V;, then we have completed the proof. Otherwise, we have

n n n n n

D (wi—u(@)?Vi =Y uwiVi+ Y u(pi)Vi—2) wu(p)Vi > (1-6)° uiV;

i=1 i=1 i=1 i=1 i=1
This enables us to prove the lemma as follows.

n

e
Gy R (pz4t,pj|) (ui —u;) ViV

i,7=1
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Ipi — |
— 20 Z ( 4t/ ’LLL(UZ - uj)VJ/j

1,7=1

=2 Z —u pz wt h(pz V +2 Z pz Uj u(pi))wt,h(pi)w

=1

> 22 —u(pi))*wi n(Pi)Vi

n 1/2 n 1/2
-2 <Z u2(pi)wt,h(pi)vi> (Z(Uz - u(pi))th,h(pi)Vi>

i=1 i=1

n n

N 1/2 1/2
> 2Wmin Z(uz - U(pz))2‘/z — 2Wmax <Z U2(pz)‘/z> (Z(Uz - u(pz))zvz>

=1 i=1

> 2(Wimin (1 — 0)? = Wimaxd (1 Zu Vi > wmin(1 — Zu V.

i=1

1/2
One direct corollary of above lemma is the boundness of (Zpie M uf%) .

COROLLARY B.1.  Suppose u = (uy, -+ ,u,)t with u; = 0, p; € V; solves the prob-
lem (1.5) with f € C(M).
Then there exists a constant C' > 0 such that

1/2
doouwiVi| < Cllflloos
piEM

provided t and % are small enough.

Proof. From the elliptic property of L, we have

SwiVi< > | DD Ripipi) f(py)Vi | wiVi

piEM piEM p]‘EM
1/2 2 1/2
<[ > wv STl D Belpipn)Vi | Vi
piEM piEM pjEM
1/2

<c| D wvi|  Iflle

piEM

This proves the lemma. a
Now, we can give the proof of Lemma 4.1.

Proof.  First, [lug,n(x)| 2, is bounded.

1
Hut,h(X)Hiz(MD - /M 5 N Z Rt X p] U] —t Z Rt X p] f] dx

’ wt’h(x) p;EP p;EP
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2 2

< C’/ Z R (x,p;)u;V; dx—|—Ct2/ Z Ri(x,p))f;V; | dx
, M

’
t \p;EP t \p;jeP

< 0/ > R(p)Vi | | D Rilxopy)ulV; | dx

p;EP p;EP

el [ |3 Rlxp)v | dx

Mt pJEP

<o Y w2, /M Ry(x,py)dx | + 2| fI12

p;EP

<0 Y wv e <ol

p;cP

Moreover, from the definition of u, j, (2.1), we can see that all derivatives are applied on
the kernel functions. The kernel functions are smooth functions, it gives one factor of %:

after derivative. Based on this observation, we can get the bound of ||Vug p(x) ||L2(M,).
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