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Abstract

We introduce a discretization for a nonlocal diffusion problem using a localized
basis of radial basis functions. The stiffness matrix entries are assembled by a
special quadrature routine unique to the localized basis. Combining the quadra-
ture method with the localized basis produces a well-conditioned, sparse, sym-
metric positive definite stiffness matrix. We demonstrate that both the contin-
uum and discrete problems are well-posed and present numerical results for the
convergence behavior of the radial basis function method. We explore approxi-
mating the solution to anisotropic differential equations by solving anisotropic
nonlocal integral equations using the radial basis function method.

Keywords: Nonlocal diffusion, radial basis functions, nonlocal vector calculus,
Lagrange functions

1. Introduction

The purpose of this paper is to introduce a meshfree method for the solution
of an anisotropic nonlocal diffusion equation. We apply a recently developed
approximation and interpolation scheme to construct a discretization space. We
introduce a quadrature method unique to the discretization that enables assem-
bly of a sparse stiffness matrix. The entries in the stiffness matrix are computed
by pointwise evaluations of a kernel and multiplication by quadrature weights.
In contrast, evaluating entries in the stiffness matrix for a piecewise polynomial
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finite element discretization remains a challenging quadrature problem. Eval-
uating entries in the stiffness matrix for a problem in R™ requires 2n-iterated
integrals over partial element volumes. The paper [1] explored radial basis
function methods for the discretization of the nonlocal diffusion equation by a
localized basis and an associated quadrature routine. The approach presented
in this paper reduces the computational difficulty of both the construction of
the quadrature weights and the evaluation of the solution on a set of points. In
particular, our approach maintains the same benefits of the radial basis function
method in [1] while avoiding the solution of large, dense linear systems. More-
over, we extend the results of [1] by considering anisotropic nonlocal diffusion
equations and demonstrating that both the continuum and discrete problems
are well-posed.

Section 2 briefly discusses aspects of the nonlocal vector calculus we require
to formulate the nonlocal diffusion problem. We also consider comparisons with
the classical diffusion problem. Section 3 discusses radial basis functions that are
used in the construction of the discretization space. Section 3.1 introduces the
local Lagrange functions that are used to produce the approximation spaces for
the discretization method. The quadrature method unique to the discretization
is introduced in Section 4. Section 5 introduces the discretization method for
the nonlocal diffusion problem and investigates theoretical properties of the
method. Numerical experiments for the discretization of the nonlocal diffusion
problem are discussed in Section 6. In addition to studying the discretization
of nonlocal diffusion problems, Section 6.3 presents experiments that consider
approximating the solution to an anisotropic differential equation by discretizing
and solving an anisotropic nonlocal diffusion problem. For notation, we let
bold lower case letters indicate vectors and unbolded lower case letters indicate
scalars. Bold upper case letters are reserved for operators and matrices.

2. Nonlocal Vector Calculus

In this section, we present topics from the nonlocal vector calculus required
to define the nonlocal diffusion equation. The nonlocal vector calculus developed
in [7] provides nonlocal analogues of classical operators such as the gradient,
divergence, and curl operators.

Let v(z,y), a(z,y) : R" x R" — R* where « is an anti-symmetric mapping,
ie., a(x,y) = —a(y,x). The nonlocal divergence operator D acts on v by

n

(P)@)i= [ (vay)+vly.2) ale.y)d.
The adjoint operator D* acts on u(x) : R® — R pointwise by

'D*(u)(w,y) = —(U(y) - ’LL(LE))CV(CB, y) for T,y < Rn?
where D*u : R® x R" — RF.

For an open subset {2 C R™, we define the interaction domain

Q7 :={y e R"\Q: a(z,y) # 0 for some x € O}. (1)
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Given f : @ — R and g : Q7 — R, we are interested in solving the weak
formulation of the steady-state nonlocal diffusion problem

Lu=f on €,
{ _ (2)
u=g on Qr,
where ©(z,y) is a second-order tensor satisfying ® = ©7, and the nonlocal
diffusion operator is given by

Lu(x) = Q/QUQ (u(y) —u(@))a(z,y) - (O(z,y) - a(z,y))dy, Q. (3)

In contrast to classical diffusion models that impose boundary conditions,
the nonlocal model enforces conditions over a positive measure volume, or a
volume constraint. This constraint guarantees that the weak formulation of
(2) is well-posed provided conditions on the kernel. For integrable kernels, the
paper [2] demonstrates that (2) is well-posed on the space L2(Q U Q7) = {u €
L2(QUQ7) s ulo, =0ae}. Let u e L2(QUQz) and let 4. := - O -a be a
radial kernel with support radius, or horizon, €. Under general conditions, as
€ — 0, the solution u. of (2) converges to the solution of

(4)

V-CVu=f on {2
u=g ondf?,

where C is a diffusion tensor. The interested reader should also consult [2, §3
pp.674-678] for further exposition on nonlocal operators, comparisons between
nonlocal diffusion and classical diffusion equations, and comparisons with the
classical vector calculus and the nonlocal calculus. The recent paper [3] dis-
cusses the nonlocal analogue of (4) with a Neumann boundary condition and
relationship with a smoothed particle hydrodynamic approximation.

We now demonstrate that the solution u of the nonlocal diffusion equation
(2) is the minimizer of a variational problem, the weak formulation of (2). Let
Q) C R" be an open region and let {27 be the corresponding interaction domain
as defined in (1). The energy functional is defined to be

Buf=gz [ [ D@y @@y D wey) ddy

- / f(@)u(@) d

where f is a given function defined on Q. Let g(x) be a function defined on Q7
and let E.(u;g) denote the constraint functional

Busg) = [ (@) = g(a))” do. (5)

We consider the constrained minimization problem

min E(u; f) subject to Ec(u;9) = 0.
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The constraint functional may be interpreted as a nonlocal Dirichlet volume
constraint analogous to Dirichlet boundary conditions for differential equations.
By considering test functions v that satisfy E.(v;0) = 0, we arrive at the nec-
essary conditions for the minimization problem

[ @y @y D eey) dyde = [ f@o@de. ©
QU JQUQT Q

To relate (6) to (2), we require a nonlocal analogue of Green’s first identity.
Define the interaction operator A'(v) : R™ — R by

N@w)(z) = — /QUQ (v(z,y) +v(y,x)) - oz, y)dy for x € Q7.

The nonlocal Green’s first identity is
/vD(@-D*u) dz— / / (D*v)-(©-D*u) dy da = /vN(@-D*u) dx. (7)
Q QUQT QUQ T Qr

We apply (7) to (6) and note that v = 0 in {2z to obtain

/Q o(@)D(O - D*u) () dz = /Q F(@)o(@) da. (8)

Because v is arbitrary, the minimizer u satisfies
—Lu=DO -D'u=f on Q,

u=g on Q7.

2.1. Discretization of the Variational Problem

Let 2 C R™ be an open region and let Q27 be the interaction domain cor-
responding to Q, as defined in (1). Let u,v € L?(QU Qz), f € L*(), and
g € L?(Qz). We define the nonlocal bilinear form a(-, -)

1 * *
wwy=y [ [ @) @) D W) dyde O

The nonlocal bilinear form induces a semi-norm |[|ul| = \/a(u,u) on L?(Q U
Qz), which is equivalent to the L?( U Qz) norm for functions restricted to the
constrained energy space

LAQuUQz) = {u e L*(QUQz) : |Jul| < oo and u|g, = 0 a.e.}.

We seek u € L2(2 U Q7) such that for all v € L2(Q U Qz),

a(u,v):/gf(m)v(m) dz. (10)
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The coercivity and boundedness of the bilinear form on L2 (2UQ7) along with
the boundedness of the linear form on the right hand-side of (10) implies that the
anisotropic problem is well-posed by the Lax-Milgram theorem on L2(Q2 U Q7)
[2, Lemma 4.7]. The problem is discretized by a finite-dimensional subspace
Vi, = span{¢;}V, € L2(QU Q7). The resulting discrete problem seeks uj, =
Zfil c;¢; € Vi, such that for all vy, € Vj,

a(uh,vh):/ﬂf(cc)vh(m)dm.

The resulting linear system Ac = b has entries given by

Ay =alénd) b= / f(@)i() dz. (11)

In Section 5, we present a discretization using a localized basis of radial basis
functions that generates a well-conditioned, sparse stiffness matrix.

In Section 6.3, we present numerical experiments that study the approxima-
tion of the solution to a differential equation by solving a discretized nonlocal
anisotropic problem.

3. Radial Basis Functions

We discuss relevant background information on radial basis functions and
interpolation in this section. Radial basis functions (RBF's) are used to construct
the approximation space for the Galerkin method we propose in Section 5. Let
Q CR”and @ : Q — R be a continuous function. We say that ® is radial if there
exists p : RY — R such that ®(z) = ¢(||z|)) for all z € R™. Let {z;}Y, = X C
Q) be a collection of scattered points, referred to as centers. A set of radial basis
functions {®;}Y | is constructed by setting ®;(x) = ®(z — x;) = (|| — x|
Given a continuous function f : 2 — R, an interpolant Ix f = Zi\;l ¢;®;(x) is
constructed by enforcing

N
f@) =Y cipllai—ill)  i=1,....N, (12)
j=1

provided that the resulting linear system of equations has a unique solution. We
say a function @ is positive definite if for any set of scattered points {a;},,
the quadratic form Zfil Z;\;l a; 0 ®(x; — ;) is positive. This condition im-
plies that equation (12) admits a unique solution for any set of centers. Ex-
amples of positive definite functions include the Gaussians ¢(r) = exp(—ar?),
the compactly supported Wendland functions, and the inverese multiquadrics
@(r) = (r? + ) =P for B,c > 0. The interested reader should consult [11] or [4]
for further details on radial basis functions and interpolation.

The basis we construct in Section 3.1 requires conditionally positive definite
functions. Let II,(R™) = span{p; },'%, denote the space of polynomials of degree
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less than L on R™. We say that (r) is conditionally positive definite of order L if
for any set of centers {z;}; and any a # 0 € R satisfying Zi\[:l a;p(x;) =0
for p € TIL(R™), the quadratic form Zf\il Z;V:1 a;o0(||z; — x4]|) is positive.
For example, the surface spline

p2m-n n is odd
= 13
° ) {7"27”_” log(r) n is even (13)

is conditionally positive definite of order m on R"™. Conditionally positive def-
inite RBFs can construct unique interpolants for scattered data provided ad-
ditional polynomial constraints. Given centers {z;}~, and data {f(z:)}},,
the interpolant Ix f = Z;V:;L cio(|le — ;) + 5 dipi(x) is constructed by
enforcing

N nr
F@) = el —a;ll) + > dipi(:) fori=1,...,N,
j=1 =1
N (14)
0:chpl(mj) forl=1,...,np.
j=1

Constructing the coefficients for I'x f requires solving an (N 4+ nr) X (N +np)
dense, symmetric linear system. In section 3.1, an alternative radial basis func-
tion method that does not require the solution of a system of size N + ny, is
discussed.

The geometry of the centers is important for estimating the approximation
quality of the RBF interpolant and for estimating the condition number of the
interpolation matrix. RBF interpolation offers the advantage of not requiring
regular distributions of points; arbitrarily scattered centers produce invertible
interpolation matrices for positive definite functions. Let X C Q C R™ be a
set of scattered centers. We define the mesh norm (or fill distance) h to be
the radius of the largest ball in €2 that does not contain any centers and we
define the separation radius q to be the minimal pairwise distance between the
centers. See Figure 1 for a visual example of the mesh norm. These quantities
are mathematically defined by

h=s : _ . _h 15

=swp min |2 —agl,  g= min fl&-all,  p= (15)

where the mesh ratio p provides a means of judging how well distributed the

points are. Informally, for p near one, the centers are almost uniformly dis-

tributed and large p indicates clustering of centers. We say that collections of

centers {X}, 4} are quasi-uniformly distributed if there exists positive constants
Cq, C5 such that

Clq < h < ng. (16)

Geometrically, this condition controls how the centers cluster as the density of
points increases. We note that for the quasi-uniformly distributed collections
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Figure 1: The mesh norm is the radius of the largest ball which does not contain any centers.

of centers {X} 4}, we do not require that any of the point sets are nested in
another.

The approximation error between f and Iy f can be quantified in terms of
the geometry of the scattered centers. Let o(r) denote the surface spline of
order m on R™ and let WX (Q) denote the Sobolev space of order k.

Theorem 1. [10, Theorem 4.2] Let f € Wzﬁ(Q) for § < B <m. Then, for any
0<pu<p,

1f = Ix fllwg @) < Chﬁ_“”waf(Q)' (17)

3.1. Lagrange Functions and Local Lagrange Functions

We discuss a localized basis for interpolation and approximation using linear
combinations of surface splines in this section. Let X C  be a set of N
centers and let ¢(r) denote the surface spline of order m. For each x; € X,
there exists a unique interpolant x; that satisfies x;(x;) = J; ;. We refer to
the basis {xi(x)}Y, as the Lagrange basis and x; as the Lagrange function
centered at @;. The interpolant to a continuous function f can be written as
a linear combination of Lagrange functions and function samples by Ix f =
Z?;l f(x;)xi(x). The x; functions are constructed by solving the (N + ny) x
(N + np) linear system (14) for each y;. This is a computational issue that
has limited the exploration and use of Lagrange functions. Previous work used
Lagrange functions for discretization of the nonlocal problem [1].

We discuss the construction of local Lagrange functions that are constructed
more efficiently than the full Lagrange functions. The discretization we intro-
duce in Section 5 uses local Lagrange functions for compact domains 2 C R™.
Let X C Q be a set of scattered centers with mesh norm h and separation radius
q and let K > 0 be a fixed constant. To construct the local Lagrange functions,
additional centers outside of the domain {2 are included in a larger set of points
2O X. Let Q= {x € R" : d(z,Q) < Kh|log(h)|}. A set of centers = can
be constructed such that 2N Q = X and = has mesh norm & in . For each
z,€ X, let T, ={y € E:d(x;,y) < Kh|log(h)|}. The local Lagrange function
centered at x; has the form

bi(x) =Y aniellz—yl)+ > Bin(=) (18)

yeT; l
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and the coefficients are constructed by solving

5 D)

where S;(y, z) = ¢(|ly—z||) for y,z € Ty, P(y,1) = pi(y) and e;(y) = é(xi, y).
The cardinality of T'; can be estimated by using the separation radius ¢ and a
volume estimate. Applying quasi-uniformity (16) and noting that every center
is separated by at least ¢, we estimate

p(B(xi, Kh|log(h)]))  K"h" :
#[Ti| < ~ |log ()" < Cp™|log(N)|™.
u(B(@i, q)) Cqn
For quasi-uniformly distributed sets of centers, % := p is bounded above and

below by fixed constants. Therefore, constructing a local Lagrange function
requires solving linear systems of size O(log(NN)™") as opposed to O(N) for the
full Lagrange functions. The local Lagrange functions provide approximation
rates analogous to known approximation rates for globally supported Lagrange
functions.

Lemma 1. Let 2 < k < m and let QU Q; C R™. Let f € WF(QU Q) be a
compactly supported function such that flq, = 0. Then, for sufficiently large
K, the quasi-interpolant Ix(f) = Zil f(x;)b; satisfies

If = Ix fll2@) < CR*|| fllweq)-

PROOF. We assume the set of centers = C QU Q; with X :=ZN Q. Let y; be
the Lagrange functions centered at x; and b; denote the local Lagrange function
centered at x;. Then,

N N
||U - Z u(xi)bi||L2(QUQI) < ||U — Z U(mi)Xi”Lz(QUQI)
i=1 i=1
N
+ |l Zu(mi)()ﬁ = bi)ll 2 (Quar)-
1=1

We note that le\il u(x;)x; is the Lagrange function interpolant to u using the
set of centers in = C QU€Y;, and hence we may apply radial basis function error
estimates (17) on QU Qy to find

N

le = > u(@)xillz@uarn < CR*Jullwg@ue,)-
i=1
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Next, we apply Theorem 4.10 [8] to bound [[be — x¢l/z2(Quq,)- Noting that
N < Cq~? for quasi-uniformly distributed sets and applying the Sobolev em-
bedding theorem to bound |[u|z=(que,) < Cllullws@ua,), we compute

n
I Zu(ﬂ!i)(bi = Xi)llL2uay) < Cq " luillez vy sup [1b; — xill L2 (ouay)
i=1 v
S q_2n||u||LOO(QUQI)hKV\2_4m+2n_2T_1

< ChKV\274m72771HUHWQ’“(QUQI)'

Therefore, for sufficiently large K, the exponent on the h term is at least as
large as k. Combining the two inequalities yields the result.

We sometimes refer to the Lagrange function at x; as the full or global La-
grange function to contrast it with the local Lagrange function at x;, which
is constructed using only points near x;. Local Lagrange functions were first
introduced on the sphere [5] where decay properties, quasi-interpolation con-
vergence rates, and preconditioners were studied. The local Lagrange basis can
be constructed in parallel by solving small (relative to the number of centers)
linear systems. This should be contrasted with previous radial basis function
methods that require solving large dense linear systems. Recent work by [8] has
extended theoretical properties of the local Lagrange basis to compact domains
in R™.

4. Local Lagrange Quadrature

We introduce a quadrature method for compactly supported functions in
that is essential for the implementation of the Galerkin method we introduce
in Section 5. Let f € Wzﬁ (©2) be compactly supported in © and let X C Q be
a collection of N centers. Let x;(x) be a globally supported Lagrange function
centered at x; € X and let b; be a local Lagrange function centered at ;. We
define the quadrature weight at x; to be w; = fQ Xi(x) dx and the Lagrange
function quadrature rule to be Qx (f) = Ef\il f(@;)w;. Similarly, we define the
local quadrature weight at @; to be w; = fQ bi(x) dx and the local quadrature
method Qx (f) = Zf\il f(x;)w;. We demonstrate that the quadrature error
decreases as the mesh norm decreases.

Lemma 2. Let f € WQB(Q) be compactly supported for 5 < < m. Then, for
sufficiently large K,

/Qf(w) - Qxf‘ < CR2\\flws -
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PROOF. The result follows by the Cauchy-Schwarz inequality along with Lemma

N
/Qf(a:) dx — Zf(a:i)wi

N

< /Q F@) =3 f@bi(@)| de < Vul@)f — Ix iz
i=1

< OV | fllwp @)

The Lagrange function quadrature rule was first proposed in [6] for manifolds
without boundary. The proposed quadrature method enabled the use of arbi-
trarily scattered data samples for quadrature on spheres. Although the quadra-
ture weights they proposed required solving a dense linear system, the local La-
grange basis provided a pre-conditioner for the quadrature weight system that
resulted in a practical quadrature routine [5, Section 7]. The Lagrange function
quadrature routine has been used for Galerkin methods for partial differential
equations on spheres in [9]. In [1], a quadrature rule for compact domains
was introduced by modifying the construction on manifolds. The quadrature
method we introduced is a modification of the method of [1].

The Lagrange function quadrature weights can be constructed without com-
puting the Lagrange functions. Let ¢(r) denote the surface spline of order m
on R™ from equation (13). For a set of centers X C (Q, the Lagrange function
quadrature weights are constructed by solving the linear system

(o 1) ()= () @

where Ti; = (@i — @), P = pul@i), vi = foollle — @il de, m =
fQ pi(x)dr and w; is the quadrature weight at x;. This requires solving a
dense, symmetric linear system of size O(IN) where N is the number of centers.
The system (20) can be preconditioned by using the local Lagrange functions
as described in [6]. We present an alternative method of producing quadrature
weights by using the local Lagrange functions directly.

The local quadrature weights are constructed by computing the integrals of
the translates ¢(||z — @;||). Recall that by equation (18)

1.
[ @z - ax(n)| -

bi(z) = Y ayeelle —yl) + D Bin(z)
=1

yeT; l

and consequently,

= 3 g, [ pllz—yl)do+ > s [ n@as.

yeT;

The construction of the local quadrature weights does not require the solution
of a large linear system, in contrast to the quadrature method introducted in

10
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[1]. However, (21) does require that the local Lagrange function coefficients are
computed before the weights can be constructed. After constructing the local
Lagrange functions, the weights can be assembled in parallel.

5. Galerkin Radial Basis Function Method

We propose a local Lagrange Galerkin method for the discretization of (11).
The stiffness matrix entries are evaluated by the local Lagrange quadrature
method introduced in Section 4. Applying the local Lagrange quadrature re-
sults in a sparse stiffness matrix, where the sparsity pattern is governed by the
horizon € of the kernel. The quadrature formula for the entries requires a point-
wise evaluation of the kernel and multiplication by the quadrature weights. In
contrast, a piecewise polynomial finite element method for a 2 C R™ requires
the evaluation of 2n-iterated integrals over partial element volumes. The result-
ing quadrature problem is a nontrivial computational challenge. Issues relating
to integration over partial element volumes do not arise in the Galerkin radial
basis function method.

Previous work has explored a Galerkin radial basis function method using
full Lagrange functions and an associated Lagrange function quadrature rule
[1]. The difference between the method of [1] and our present work is in the
discretization space and the assembly of the quadrature weights. Assembling the
quadrature weights using the full Lagrange functions requires the solution of a
dense linear system of size O(N) where N is the number of basis functions in the
discretization. Furthermore, evaluating the solution required solving another
dense linear system of size O(N). In contrast, the local Lagrange function
method requires solving small linear systems of size O(log(NN)") for centers in
R™.

5.1. Local Lagrange Discretization

Let @ be an open region and (27 be the corresponding interaction do-
main. Let X C Q U Q7 be a set of quasi-uniformly scattered centers with
mesh norm h. As described in Section 3.1, an extended set of centers X’ D
X can be constructed such that X' N (QU Qz) = X and h(X’) = h, and
SUPgrex/ zex |2 — ®il| < Khllog(h)| for fixed integer K > 0. For each
x; € X, we construct b;, the local Lagrange function centered at x;. Let
Vi, = span{b; : ¢; € Q}. The space Vj, ¢ L?(2 U Qz) because elements in Vj,
are necessarily nonzero in 27. To guarantee that the method is conforming, we
replace b; with b = b;1q, where 1q is an indicator function for Q. Since the
space Vj, is conforming with respect to the bilinear form a from Equation (9),
there exists uj, € Vj, such that a (up,vp) fQ x)vp(x) de for all v, € Vj,.
We demonstrate an error estimate which matches the mterpolatlon error esti-
mate we expect from using the local Lagrange functions for interpolation of the
solution w.

11
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Proposition 1. Let u € W§(Q) for k > % be the solution to the nonlocal
problem (10). Let up, be the discrete solution from the restricted local Lagrange

method. Then, for sufficiently small h and for sufficiently large K,
lu = unl| L2 (@uar) < CP*|[ullws @uaz) (22)

PROOF. By the Lax-Milgram theorem, the discrete solution wy, satisfies ||u —

. . N
un| 2 (Quoy) < Cinfy, cu, |lu — vnllL2(Quay)- By setting v, = 37,7 u(a)b;, we
have

N N
[u—unllz2uos) < Cllu— Zu(mi)biHLQ(Qqu) =Clu-— Z u(zi)bi 220
i=1 =1
N
S C”U — Zu(wi)bi||L2(QUQI).
i=1

Since u € L2(Q U Qf) it is compactly supported and hence we may apply
Lemma 1 to compute

lu = unll L2 @uas) < CR*ullwsuas)-

If we let A; ; = a(l;i, IN)J) denote the stiffness matrix generated by applying
the bilinear form to the local Lagrange functions, we demonstrate that the
condition number is bounded independent of the mesh norm h or the separation
radius q.

Lemma 3. The condition number of the discrete stiffness matriz A is bounded
above by a constant independent of h and q.

PROOF. Let A denote the N x N symmetric stiffness matrix and let ¢ € RV.

Then,
N N N N
<AC,C> = Z <ZA7;JC7;)CJ'> = a(ZciIN)Z-, chl;j> .
i=1 j=1

i=1 \j=1

By the coercivity of the bilinear form and since vazl cibi € L2(QU Q7), there
exists A1, Ay such that

N N N N
Al ZcibiHLQ(QUQI) < a(ZCibi,ZCjbj) < Ao chbj||L2(QUQI)~
=1 i=1 j=1 =1

It follows that since b; = 0 on Q7 and E»AQ =b;,

N N
At Z cibillz2uar) = Ml Z cibillL2 (-
i=1 i=1

12
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By [8, Proposition 5.3] and [8, Theorem 4.12], there exists C and Cquq, inde-
pendent of A and ¢ such that

N N
Caq"llclleay < 1D ebillze 1Y cibillzz@uar) < Cavard®llele .-
=1 i=1
Then, we bound
)\max(A) CQUQZ)\Q

5.2. Assembling the stiffness matriz by quadrature

We discuss a practical method to assemble the elements of the discrete stiff-
ness matrix. We form the discrete stiffness matrix by evaluating a(l;i, l~)j) for
each z;, z; € X NS The integrals are computed by applying the local Lagrange
quadrature rule introduced in Section 4. The stiffness matrix A; ; = a(l;i, b;) is
approximated by

Ai,j ~ Qézijl/ ’Y(CE, ZB,L) dx — 2UA}Z'UA}J’}/(213Z, ZBj). (23)
QU7

The integral involving ~(x, ;) may be computed analytically for some kernels

or by quadrature. We compute the values b; from (11) by applying the Lagrange

function quadrature rule
b; = f(xi)w;lo(x;). (24)

Applying the quadrature rule results in a sparse stiffness matrix. It follows
that A; ; = 0 for centers such that ||&; —x;|| > € due to the compact support of
~. The horizon € of v and the mesh norm A determines the number of nonzero
entries per row. If the quadrature rule is not used, the resulting stifness matrix is
dense due to the nonzero values the local Lagrange functions assume throughout
Q. We demonstrate that the density of nonzero elements in the stiffness matrix
is bounded independent of h, q.

Lemma 4. Let {X}; 4 be a collection of quasi-uniformly distributed centers in
R™. Then, the ratio of the number of nonzero entries per row to the total number
of columns is bounded independent of h,q.

PRrROOF. Fix X := X}, ;, and fix ; € X. Recall that ||, — ;|| > €, A;; =0 by
(23). Let N; = {z; : ||lx; — ;]| < €}. Let C,, denote the constant so that a ball
of radius r has volume C,,r". The number of nonzero entries on row ¢ is the
same as the cardinality of NV;, which we compute by estimating the number of
centers in N;. We bound the cardinality of N;, denoted #IV;, above by noting
that every center is separated by at least ¢, so

Con(#Ni)q" = Ug,en, pi(B(®,9)) > pu(Be(w;)) = Cpe”

which implies #N; < €"¢~™. The density per row is computed by #J{Iv,- <

%. We bound N by noting that we may cover 2 with balls of radius h by

13
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Q C Ug,exB(x;,h). Consequently, ;(€) < NC,h", which implies N > &5
Therefore,
% - eann B Cnén h™

N = u(@QCihm p(Q) ¢

The result follows by recalling that (16) bounds the mesh ratio %.

Let up denote the solution to the discretized linear system assembled by
quadrature from (23) and (24). Let uyp, denote the solution to the the problem
a(up, vp) fQ x) dx) as described in Section 5.1. We desire an estimate
that predicts the convergence rate of up to w in terms of h, as in Proposition 1.
However, this requires a thorough analysis of the affect of quadrature on the
solution to the resulting linear system of equations. By applying the triangle
inequality and Proposition 1, we may estimate

lu—nllre < llu = upll + lun — @nllzz < CR®|lullwy + lun — nllza.

Both wp, and 4y, are linear combinations of local Lagrange functions with co-
efficients {o;}X; and {&;}}¥, respectively. In the numerical experiments we
present in Section 6, we only produce the coefficients {a;}Y ; since we apply
quadrature to assemble the linear system of equations. The error between uy,
and uj, may be quantified by

l[un = anll> = | Z i)bill 2 < Cq"llei = Gille2(v)-

We do not currently have an estimate to bound ||a;; — @&;l|¢2(ny. Despite the lack
of theoretical justification, we demonstrate in Section 6 that the discrete solution
produced by solving the linear system assembled by using quadrature follows
an estimate of the form in Proposition 1. These results suggest ||[u — tp||p2 ~
lu = unllrz < Ch¥|lullyy-

6. Numerical Results

We present numerical results for experiments using the discretization de-
scribed in Section 5. We discuss local Lagrange function construction, L? error
computations, and condition number computations. We compare the theoreti-
cal prediction for L? convergence and condition numbers with observed results
from numerical experiments. We consider solving two dimensional problems of
the form (10) with a radial kernel ® and two different anisotropy functions x;
see Section 6.1 and Section 6.2. For all tests we consider zero Dirichlet volume
constraints. The tests are computed on the set QU Qz where Q = (0,1) x (0,1)
and Q7 = [—%, %] X [—7 7]\9 All computations are done in MATLAB and
the condition numbers of the sparse stiffness matrices are approximated by the
condest function. The sparse linear system is solved with either MATLAB’s
backslash operator or by conjugate gradient with a specified tolerance of 1079,

14
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The number of iterations required for convergence for conjugate gradient did
not vary as h decreased.

The local Lagrange functions are constructed with linear combinations of
the surface spline ¢(r) = r?log(r). Each local Lagrange function is constructed
using approximately 111og(NN)? nearest neighbor centers, where N is the total
number of centers in Q U Q7. The stiffness matrix for the nonlocal problem
only requires Lagrange functions centered in 2, although thin plate splines cen-
tered in )7 are required for the construction of the local Lagrange functions as
described in Section 3.1.

A kernel y(z, y) = (k(x)+r(y))®(||x—y||) is chosen with fixed horizon € and
a solution u € L2(Q U Qz) is chosen for each numerical experiment. The source
function f is manufactured by computing Lu(x;) = f(x;) for each center x;,
The values of f(x;) are computed by using tensor products of Gauss-Legendre
nodes to approximate the integral in Equation (3).

We study L? convergence of the discrete solution by constructing sets of
uniformly spaced centers and sets of scattered centers with various mesh norms.
Uniformly spaced collections of centers Xj, are constructed using grid spac-
ing h = .04,.02,.014,.008, and .006. Collections of scattered centers X, are
constructed by modifying centers in X}, by a random perturbation of magni-
tude at most % Local Lagrange functions for each collection of centers are
constructed to build the discretization space. The convergence of the discrete
solution wuy, to the solution u is measured by plotting the L? norm of the error
|lun — ullL2(0un,) against the mesh norm h. We expect for u € WF(Q U Qz)
that [lu — up||L2() < Chk||uHW;(Q) by Proposition 1.

6.1. Linear Anisotropy Ezxperiment

We choose solution a u and a kernel v with anisotropy function s and radial
function ® given by

u(x) = sin(27xy) sin(2wxo) 1o (x)

Ii(w) = ]. =+ T + i) (25)
O(||lx — y||) = exp <— 1_12|1w_y||2)

and we discretize (10) with local Lagrange functions.

Figure 2 displays the observed L? convergence rates with respect to the mesh
norm h for the uniformly spaced and scattered centers experiments. The log of
the computed L? error versus the log of the mesh norm is presented along with
a best fit line to estimate the convergence order of the observed data. Table 1
displays the condition numbers of the discrete stiffness matrices. The observed
condition numbers of the stiffness matrices do not increase as the mesh norm
decreases, which matches the result of Lemma 3.

15
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Figure 2: The log of h versus the log of the L? error for the linear anisotropic experiment
with functions given by (25) is displayed.

6.2. Ezxponential Anisotropy Experiment

We choose solution a v and a kernel v with anisotropy function s and radial
function ® given by

u(z) = <x1(x1 - 1)> (m(@ - 1))3119@)

Ka(x) = exp(z1 + 22) (26)
R =)

and we discretize (10) with local Lagrange functions.

Figure 3 displays the L? convergence plots for the experiments involving us
and ky. The L? error rate matches the expected convergence rate predicted
by Proposition 1. The expected h? order convergence is observed in both the
uniformly spaced centers and the scattered centers experiments. Table 1 displays
the condition numbers for the discrete stiffness matrices of various values for h.
The condition numbers of the discrete stiffness matrices do not increase as the
mesh norm decreases, which matches the prediction in Lemma 3.

6.3. Vanishing Nonlocality

We present numerical results for experiments that investigate the effects of
shrinking the horizon e. As discussed following (4), the solution of the nonlocal
problem converges to the solution of (4) as e decreases. We consider anisotropic
kernels of the form

1 1
1 y) = 5 (@) + ww)2 (e — ), (27)
where ®(1||z|) is a compactly supported radial function with support radius e.

We investigate approximating the solution to an anisotropic differential equa-
tion by solving an anisotropic nonlocal problem with sufficiently small horizon e.
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L2 Error
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0.006 0.008 0.014 0.02 0.006 0.008 0.014 0.02
Mesh Norm

(a) Uniformly Spaced Centers (b) Scattered Centers

Figure 3: The log of h versus the log of the L? error for the exponential anisotropy experiment
with functions given by (26) is displayed.

Table 1: The mesh norm h, number of rows n of the stiffness matrix, and the estimated
condition number for the stiffness matrix with the linear anisotropy (25) and the exponential
anisotropy (26). The condition numbers of the stiffness matrices does not increase as h
decreases.

Approximate Condition Number

h n Linear Exponential
2.83e-2 625 58 89
1.41e-2 2500 59 90

9.9e-3 5041 59 90
5.7e-3 15625 60 92
4.2e-3 27889 60 92
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Numerical experiments demonstrate that the discrete solution to the anisotropic
nonlocal problem converges to the solution of the anisotropic differential equa-
tion.

A Taylor series expansion argument can be used to find the differential op-
erator D that the nonlocal operator approximates in the small horizon limit.
We assume that x,u : R — R are smooth functions. Then, for fixed x € 2, we
apply a Taylor series expansion in a ball B.(z) to obtain for some ¢,n € B(x)

uly) = u(e) = /@)y — ) + 30" @)y — 2 + 20Oy — )’
() + K(y) = 20(e) + 1/ (@) — ) + @)y — 2 + G )y — )

6

If we denote by L. the nonlocal operator with kernel ., then for smooth wu, it
follows that

Leu(z) = ;3(21/(35),%(90)/

—€

€ €

z@(%|z|)dz+u’(m)n'(ac)/ z@(%|z\)dz)

—€
€

2 (2" () (a) / z2<1>(%|z|)dz+u”(x)/£'(x)/ z3¢(%|z|)dz+...)

€ —€ —€

where we have truncated the expression to exclude any of the (y — x)? terms.
The 2®(2|z|) integrals vanish since z®(1|z|) is an odd function. We exclude the

23 integl"als since
z2°P z e||P oo
63 € -2 Lee(@),

—€

which is O(e). Eliminating these terms, we compute

Leu(z) =~ 2(u (2)k (z) + u(z)k(z)) /E 22(1)(@) &

—€

1

= 2 (@)K (2) + o (2)k(x)) / 728(|7|)dr.

-1

Therefore, as € decreases to zero,
Leu(z) = p(u' (@)K (z) + v (z)k(z))

1
pi= 2/ 20(|7]) dr

-1

We numerically experiment with a Lagrange function discretization to solve
the problem L.u. = f for anisotropic nonlocal operators. Let u denote the
solution to Du = f and let h be a given mesh norm. We solve L.u. = f by
discretizing the problem with Lagrange functions to construct an approximate
solution u. . We numerically demonstrate that as € — 0, ||u — uc nll22(Quoy) ~

O(€?).
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(a) w(z,y) = exp(z +y) (b) k(z,y) =14z +y
Figure 4: The log of € vs. the log of the L? error of the discrete solution Ue,p, is plotted. As e
goes to zero, we observe €2 convergence.
We let ®(1|z]) = (1 — %[|z]|*)1j4)<c(2z) and we consider two separate

anisotropy functions k(z,y). We first consider a case of a linear anisotropic
function of the form x1(z,y) =14+ x4+ y and xa(z,y) = exp(z + y). We set 7.
as in (27) with the two choices for k. The mesh norm h = .000075 is fixed for
the experiments and we consider a range of e values from .075,.0625, .05, .04,
and .035. We discretize the problem L.u. = f with Lagrange functions and a
discrete solution u. p is computed as described in Section 5.

We choose

u(x) = (1 — cos(2mz)) Lo,y (x) (28)

and we analytically compute Du = f, where D is the differential operator that
L. converges to. We compute,

@) = —271'( sin(2mx) + 27 (1 + x) COS(27Tx)) for Ky
- exp(z) (27r sin(27z) + 472 cos(?mv)) for Ko

In contrast to the experiments in Section 6.1 and Section 6.2, the source function
f is fixed, h is fixed, and € changes. The function f is chosen to be the solution
to the problem Du = f, where u is the fixed function (28). As can be seen in
Figure 4, for both x; and kg, the L? error |lu — ue | 12(0,1) converges at about
O(€?). The numerical results suggest it is possible to approximate the solution
to an anisotropic differential equation by discretizing and solving an anisotropic
nonlocal volume constrained equation.
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