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Summary. We employ a data-sparse, recursive matrix representation,
so-called H>-matrices, for the efficient treatment of discretized integral oper-
ators. We obtain this format using local tensor product interpolants of the ker-
nel function and replacing high-order approximations with piecewise lower-
order ones. The scheme has optimal, i.e., linear, complexity in the memory
requirement and time for the matrix-vector multiplication. We present an er-
ror analysis for integral operators of order zero. In particular, we show that the
optimal convergence (O (h) is retained for the classical double layer potential
discretized with piecewise constant functions.

1 Introduction and data-sparse representation

Integral operators arise in several applications, e.g., when partial differential
equations that are originally posed on domains are reformulated as equations
on the domain boundary or when transparent boundary conditions have to be
modeled. Their efficient numerical treatment is non-trivial since, typically,
the stiffness matrix K € RY*" corresponding to the discretized version of
the operator is densely populated; thus setting it up and performing a matrix-
vector multiplication is an O(N?) operation.

Different schemes have been developed to reduce the complexity from
O(N?) to an almost linear complexity: for very simple domains and trans-
lation-invariant integral kernels, the fast Fourier transformation can be used
to diagonalize K. For a large class of domains, wavelet bases have been
developed, [7], which permit efficient matrix compression by identifying
and dropping the “insignificant” matrix entries.
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A second very successful technique is based on approximating the integral
kernel by degenerate kernels, which leads to an efficient block representa-
tion of the corresponding matrix. This approach is the foundation of the
panel-clustering technique [16], multi-pole expansion methods [12,1], and
hierarchical matrices (H-matrices) [13,14,2] as well as the closely related
mosaic-skeleton matrices [26].

An efficient specialization of H-matrices are 7*-matrices [15,3]. The
algorithm presented and analyzed in the present paper stores the matrix K
in this form. This #>-format is achieved by polynomial interpolation of the
kernel function and successive re-interpolation of this polynomial on son
clusters similar to the way [9,3] proceed.

The complexity of the typical algorithms for compressing integral opera-
tors is O(N log? N) for some g > 0. To reduce the complexity to O(N), var-
iable-order approaches have recently been introduced in the panel-clustering
context [22,23,17] and for wavelet-based compression techniques [25]. The
basic idea is to employ lower approximation on the many small matrix blocks
and only large approximation order on the few large ones. Our approach gen-
eralizes the techniques described in [22,23] and introduces an additional
algorithmic simplification in that it is based on (Chebyshev) interpolation
instead of Taylor expansion of the kernel function «. This circumvents the
need for a priori analytical treatment and explicit knowledge of derivatives
of k. The idea to interpolate the kernel function can be found, for example, in
[5] and in [24,18], where a precise error analysis for the case of Chebyshev
interpolation is presented.

The paper is organized as follows: in the present section we introduce the
basic concepts of H2-matrices (Section 1.5) and the idea of kernel approxi-
mation by interpolation and successive re-interpolation of this polynomial on
sub-domains (Section 1.6). The proof that the storage requirement and the cost
of the matrix-vector multiplications are linear in the problem size is provided
in Section 2. The analysis of our method requires the understanding of iterated
polynomial interpolation schemes. Section 3 is devoted to the fundamental
one-dimensional results: stability (cf. Theorem 3.11) and approximation (cf.
Theorem 3.15). By tensor product arguments, these results are extended to
the higher-dimensional case in Section 4 and used to prove optimal-order
convergence of the approximate matrix in Theorem 4.6. The practical appli-
cability of our scheme is demonstrated in Section 5, where we observe the
optimal-order convergence O(h) for the two- and three-dimensional double
layer potential discretized by piecewise constant finite element functions.

1.1 Model problem

For a kernel function « : R? x RY — R on a bounded domain I' ¢ R? we
consider an integral operator K : L?(I") — L*(T") of the form
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(1.1) Klul(x) = f K (x, yu(y)dy.
r

Concerning the integral kernel ¥ : R? x RY — R, we assume furthermore
that it is asymptotically smooth, i.e.,

(1.2)  [9%08k(x, y)| < Cagymple + Bl P! f1x — y|| =811

holds for all x, y € R, x # y, for all multi-indices «, 8 € Ng and some
suitable Cysymp, co > 0 and g € [0,d — 1[.

Remark 1.1 Our analysis in Section 4 will permit a more general setting
to cover the case of boundary integral operators such as the double layer
potential. Then I" will also be allowed to be a dr-dimensional manifold, and
we consider the integral operator

Klul(x) =/K(x,y)w(x,y)u(y)d0(y),
I

where k still satisfies (1.2) while w is a separable function defined merely on
I' x T that can reduce the order of the singularity of «. O

In order to discretize X by Galerkin’s method, we introduce the correspond-
ing bilinear form

(1.3) a(u, v) ::fu(x)/v(y)K(x,y)dydx
r r

and fix an N-dimensional finite element space Vy < L?(I") spanned by
basis functions W;, i € I. Clearly #/ = N holds. A typical example of basis
functions is given by the standard piecewise polynomial finite element shape
functions. Galerkin’s method then leads to the stiffness matrix K € RV*V
with entries

14 Ky =a )= [ W [ ey,
r r

In this paper, we will construct a data-sparse approximation K of this stiffness
matrix K and analyze its accuracy. This data-sparse approximation K will
have the following form: for a partition P of the index set I x I, amatrix block
K|;«s corresponding to the indices included in 7 x o € P is approximated
by a low-rank matrix of the form

(1.5) Klrxo = VISTOWO T

if the block satisfies a so-called admissibility condition. We note the special
structure of the approximation (1.5): the cluster bases V', W° depend only
on the clusters t, o and not on the product T X o’; the connection between the
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clusters T and o is described only by the coefficient matrix S©°. The clus-
ter bases and the coefficient matrices are constructed by a procedure based
on interpolating the kernel «. The next section therefore introduces notation
associated with interpolation that will be required in the following.

1.2 Notation

1.2.1 Interpolation A set t C I of indices is called a cluster. For a cluster
T we define

I, = | Jsupp(wy),
iet
and choose a closed axis-parallel box
(1.6) By :=J] xJy x---xJ; DIy
We consider interpolation schemes on such boxes. For each coordinate axis
we choose a polynomial degree kjf. € Ny, j = 1,...,d, and collect these

values in the degree vectork® € N&. Next, we choose (pairwise disjoint) inter-
polation points x7,, € J7, k' = O , k%, for each of the closed intervals
Ji.i=1 ,d. These one- dlmensmnal interpolation points are combined
1nto d- dlmensmnal interpolation points in the standard way by tensorization:
for the set of relevant multi-indices

d
(1.7) K. :=]Jt0.....k})
j=1

the interpolation points x7 and the Lagrange interpolation polynomials £
are given by

x’:=(va|,x§v2,... xjw)eBt, ve K,
£ = [ H
j=11=0,1v; JV/ le

The interpolation operator Z, associated with B; is defined in the standard
way by

(1.8) Tolul =) u(x))L}.

neKy
1.2.2 Admissible blocks A block T x o C I x I is called a far-field block
(or: an admissible block) if, for a given n > 0, the admissibility condition
(1.9) diam(B; x B,) < 2ndist(B;, B,)

is satisfied. Otherwise, the block t x ¢ is called a near-field block. In our com-
pression scheme, the matrix is represented exactly on near-field blocks, i.e.,
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the approximatign K satisfies I~(|,XU = K|; xo. On far-field blocks T x o, the
approximation K|, ., is obtained by replacing the kernel x by an interpolant.

1.3 Kernel approximation by degenerate kernels: the constant-order case

To explain our construction of the cluster bases V¥, W? and the coefficient
matrices S©¢ in (1.5) and to clarify the meaning of the admissibility condition
(1.9), we now consider the simpler case of constant approximation order; that
is, the degree vectors k¥ of Section 1.2.1 are the same for all clusters. For
simplicity, we assume them to be of the form k* = (k, k, ... ,k) € Ng’.

The asymptotic smoothness of the kernel function « guarantees that the
blow-up of k and its derivatives is controlled as x — y — 0. This property
permits us to approximate K accurately by block-wise low-rank matrices as
we now elaborate.

Let P be a partition of I x I. On near-field blocks T x o, we take, as
stated above, Klfxa = K|, . For far-field blocks t x o we approximate
K |B, xB, by its interpolating polynomial

Rrxo (0, 9) = (T @ T)kl(x, y) = Y Y w(xl, XL X)L(Y)

veK; neky

and define the matrix approximation I~(|TX(I by (1.5) with cluster bases V7,
W¢ and coefficient matrix S given by

(1.10) V], :=/L'§(x)\ll,~(x)dx, w9, :=/£;‘L(y)ll{,~(y)dy and
r r
(1.11) Sf)lf = K(xlf,x;).

Typical k-th order interpolation schemes such as the tensor product Cheby-
shev interpolation lead to an error estimate of the form

K — Kexo ”oo,B,ng
k+1

< diam(B; x B,)**"  sup 0507 kloc, 5, x5,
(k+ 1! le+Bl<k+1

where C, ¢; > 0 are suitable constants. Combining this estimate with the
asymptotic smoothness of « and the admissibility condition (1.9), we get
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”K - ,ZTXU ||oo,Br><B,,

(12 diam(B; x B,)

2 k1
< C(6061)k+1( dist(B.. B) ) dist(B;, B,) "%

(1.9)
<" C(2cocin)* ™ dist(B,, By)~%;

thus we obtain exponential convergence in the polynomial degree k if the
parameter 7 in the admissiblity condition is sufficiently small. The error
IK — K]|> can then be decreased by increasing the approximation order k.

1.4 Cluster tree and block partition

Having established the admissibility condition (1.9) as the key property of
far-field blocks we now turn to an algorithm for selecting them. To do this effi-
ciently, we will not consider all subsets 7, o C I of the finite index set, which
would lead to a complexity of 2V, but organize the subsets hierarchically.

A tree 7; whose nodes are collected in the set 77 is called a cluster tree if
all its nodes are subsets of I, if its root is the index set I and if each non-leaf
node 7 has at least two sons and is their disjoint union (cf. [10, 11] for algo-
rithms for the construction of cluster trees). The nodes of the cluster tree are
called clusters, and the set of leaves is denoted by L;. The set of sons of a
cluster 7 is denoted by sons(7). For clusters t # I, we denote furthermore
by father(t) the unique cluster o with t € sons(o).

Given a cluster tree, we construct a partition P of I x [ consisting of
admissible blocks and blocks corresponding to leaves of the cluster tree by
recursive subdivision: If a block is admissible, it is added to the partition. If
a block is not admissible and if it can be split into sub-blocks, the procedure
is applied recursively to these sub-blocks. Otherwise, the block is added to
the near-field. Calling the following procedure witht = o =7l and P = ¢
yields the desired partition:

Algorithm 1.2 (Block partition)
procedure divide(t, o, var P);
begin
{Admissible block}
if t x o is admissible then P := P U {t X 0}
{Non-admissible leaf block}
else iftandoisaleafthen P:= P U{t x o}
{Check sub-blocks}
else if risaleaf then for all ¢’ € sonso do divide(t, o/, P)
else ifoisaleafthen for all 1’ € sonst do divide(t/, o, P)
else for all 1’ €sonstando’ € sonso do divide(t', o', P)
end
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For typical cluster trees, this algorithm has complexity O(N) and creates a
partition P with O(N) admissible blocks and O(N) leaf blocks (cf. [10,11]).

1.5 Nested bases and H*-matrices

In the case of constant approximation order discussed in Section 1.3 the clus-
ter bases V* (and W?) defined in (1.10) have a special structure. For a cluster
7’ and its father 7 := father(z’) we have

(112)  Li=TuLi= Y LIxILL =) BLILY

vV'eKy vV'eKs
with
(1.13) BT = LT(xT);
therefore
Vi, = /(L/EE)(x)‘Ifi(x)dx = B’ ' / L5 (X)W, (x) dx
r veK
(L14) = 3 BV = (VB

\)/EKI/

holds for all i € v/ and v € K;. A completely analogous formula holds for
the matrices W?. This relation makes use of the nestedness of the cluster
bases; i.e., the cluster bases of father clusters can be represented in terms of
the son clusters. This property can be exploited algorithmically: it suffices to
store the matrices V', W' for leaves t and the transfer matrices B father(z)
for all clusters T/ € Ty \ {I}.

Definition 1.3 (H?-matrix) Let P = PpearUPpr be a block partition, and let
= (V') rer, and W = (W?),cr, be nested cluster bases.
A matrix M € R s called an H*-matrix (cf. [15]) based on P, V and
W if, for each T x 0 € Py, there exists a matrix ST° € REX*Ko yith

erxo = VTSI’G(WU)T-

V is called the row cluster basis and W is called the column cluster basis of
M.

1.6 Variable-order approximation

In Section 1.3 we interpolated the kernel function x by polynomials of a
fixed degree k on bounding boxes B; x B, corresponding to admissible
blocks T x 0. We now wish to exploit the possibilities inherent in the general
interpolation scheme introduced in Section 1.2.1; that is, we wish to assign
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different polynomial degrees to different clusters. This freedom to choose the
approximation order permits us to find more efficient low-rank approxima-
tions of admissible matrix blocks. While—as we saw in Section 1.5—nest-
edness of the cluster bases V¥, W is automatically guaranteed in the case
of constant approximation order k, special care has to be taken to ensure this
desirable property in the case of variable approximation order; we discuss in
the present section how to realize this algorithmically.

1.6.1 H?-matrix approximation by variable-order interpolation ~We assume
that a cluster tree 7; is given and that a polynomial degree vector k™ € Ng
is associated with each cluster T € T;. Suitable strategies for choosing the
degrees will be investigated in Section 4 and in Section 5.

As in the case of constant approximation order the approximation Klrxo
for a far-field block t x o is sought in the form (1.5), where the coefficient
matrix S™? is again given by (1.11), i.e.,

S;‘f) = /c(xlf,xZ), vekK,, uek,.

In order to define the cluster bases V* with the desired nestedness property,
we construct them recursively using (1.14) and a suitable definition of the
transfer matrices B™*! in the following way (the construction for the W* is
completely analogous):

— For leaf clusters 7y € L, the definition is retained, i.e.,

iv

Vo = / LP(x)V;(x)dx fori e tpandv € Ky,.
r

— For 7 with sons(t;) # ) we define V™! as follows: for each son 7y €
sons(t;) the entries Vf& i €19,V e Ky, of VI are given by
T . 70 PT0,T1
Viv T Z Viv’Bv’v ’
v’eKTO

where the transfer matrix B-™ is defined as

B = L7(x])), V' € Ky, v € K.

ey

The recursively defined cluster bases V* are nested by construction. To obtain
a better understanding of these cluster bases V*, we observe that for 7y €
sons(t1) and i € 19, v € K, the entries of V;'U can be written as

vi= > oveent = [ | 2 cramer | owiwds

V/EK-(O r V,EKTO

= / T [L(x0) W (x) dx.
r
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Proceeding by induction, we find
(1.15) A\ /(Z,O 0oZy 0oLy HLM(x)W;(x)dx
r

fori € 1), v € K;, and a cluster sequence 7p € 71 € --- C 1, with
T;_1 € sons(t;) for j € {1, ... ,n}.

As in the constant order case the Lagrange polynomial L7 is replaced with
an interpolant. However, whereas previously we had the equality (1.12), we
now have to take into account that Z/[L7] # L7 in general. In fact, a main
aspect of the present paper is the analysis of the stability and approximation
properties of the iterated interpolation operator that appears in the represen-
tation formula (1.15).

2 Algorithms and Complexity

In this section we show that setting up the H2-matrix K and performing a
matrix-vector multiplication is in O(N). Since all estimates in this context
follow the same pattern we establish some notation:

Definition 2.1 (Tree levels) We define the function
level : T; — Ny

inductively by level(I) := 0 and level(t) := level(father(t)) + 1 for T €
Ty \ {I}. Let £, := maxlevel(Ty). The families (Tl’g)f“:“(’)‘ and (Ll,g)ﬁf(’)‘
defined by

Tro:={veT : level(v) =4¢}, L;,:={teL; : level(r) = ¢}
are partitions of the nodes Ty and the set of leaves L.

We split the partition P into farfield and nearfield blocks:

Prr :={t X0 € P : 7 x o isadmissible} and Ppey := P \ Pra.

Notation 2.2 The number of elementary arithmetic operations for a compu-
tion op, such as matrix-vector multiplication or setting up leaf basis matrices,
is denoted by W,,. Let Mp be the set of “nodes” (i.e., clusters or blocks)
involved in the operation op and ./\/‘Op)( the nodes on level £. W (n) is the
work required for n € Mp and Wep,(£) = maxneA,, Wop(n).
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Lemma 2.3 [If there exists a polynomial w with positive coefficients and if
there are C > 1, c € R with

2.1 Wop(z) < t(Umax— £) and #Nop,€ < cN Cttmax

or the operation op, then it is of linear complexity, i.e., there is C* with
2 p P

Wep < C* N
Proof We have
emdx eﬂldx
Wop = Zwop(n) Z Z Wop(n) = ZWop(Z)#Nop(i
neNop £=0 neNyp ¢
Zmax
SNe Y T(lpu— OC T < chn(e )Y,
=0 =0
Since C > 1 the infinite sum is obviously bounded. O

To fulfill the conditions (2.1) we need the following assumptions on the
cluster tree, the block partition, and the rank distribution.

Assumption 2.4 The block partition P is sparse in the sense of [10,11], i.e.,
there exists a constant Cs, such that

(2.2) max#{aeT,:rxaeP\/oxreP}szp.
tely

For standard situations with quasi-uniform meshes, this estimate has been
established in [10,11].

Definition 2.5 (Nearly balanced trees) A cluster tree T} is called nearly bal-
anced, if there are constants Csons € R | and Cyy € R such that

#T; < CoaN/Clox=C  forall € € {0, ..., €na)-

sons

Example 2.6 A balanced binary tree is also nearly balanced with Cyops = 2
and Cbal =1.

Assumption 2.7 7; is nearly balanced and there are polynomials 7 oger and
TThal With positive coefficients satisfying

|kr|oo < Torder (@max — level()) fOl" allt € Ty,
#T < pa(bmax — level(T)) forallt € L.

For quasi-uniform grids and standard clustering strategies, this assumption
can be expected to hold for the rank distribution computed with Algorithm 5.1.
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Remark 2.8 Let Assumption 2.7 be valid. Then for clusters v € 7; we have
for the index set K of interpolation points (cf. (1.7))

#K, <18 (bnax — level(1)),

which means that all terms with sums and products of #K;, |k | for t € T;
and terms including #K, |k?|w, #7 for all T € L; can be bounded by a
polynomial in £,,,, — level(t) with positive coefficients.

Since 77 is nearly balanced, #/Nyp ¢ < ¢NC*~mx holds for all N, € 7.
For N,, C P this estimate follows from Assumption 2.4 since #{t x o €
P:te T[,g} < Csp#Tl,Z < CspcbalN/szaX_z. O

sons

2.1 Matrix-vector multiplication

The following algorithm (c~f. [15, Section 3.2]) computes the matrix-vector
product for an H2-Matrix K for a given vector x € R’:

Algorithm 2.9 (Matrix-vector multiplication)
procedure FastMVM(x, var y);
begin
foro e€T;\L;dox, :=0; {forward transformation}
foro € Ly dox, = W“Txk,;
for £ = £y downto I do
foro € T do Xfather(o') ‘= Xfather(c) T (Ba,father(a))TxU;

forteT;doy, :==0; {multiplication}
fort xo € Pprdo y; := vy, +S%%x,;
forf =1to lp,y do {backward transformation}

for v € Ty do yr i= yr + B O xppe oy ;
fort e L;doyy, = Vix;
fort xo € P\ Pgr 0 Yz := yjr + Kirxo Xjo {Near-field}
end

The far-field part splits into three steps. First, the products of the input
vector with the matrices W are computed by recursively applying equation
(1.14). Then, the resulting coefficients are multiplied by S™°. In the last step,
the result is transformed back from the coefficients of the cluster bases into
the standard basis.

Lemma 2.10 (Far-field matrix-vector multiplication) The complexity for the
far-field matrix-vector multiplication is O(N) if the Assumptions 2.7 and 2.4
are valid.

Proof There is a constant C,, such that the matrix-vector multiplication with
an nj X np matrix requires C,,n1n, operations. Concerning the forward and
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backward transformation we see that Nians S T7. Wirans (T) involves the mul-

tiplication with a #7 x #K, matrix for leaves and with a #Kfyher(r) X #K:
matrix for all nodes except I, i.e.,

Wirans (1) < C,, #K . (#1 + #Kfather(r)) forallt e L;
Wtrans(f) = Cm #Kr#Kfather(r) forall T € TI \ {LI U {I}}

Remark 2.8 together with Lemma 2.3 gives linear complexity for both trans-

formations. With MV, := Pp, we get linear complexity for the multipli-
cation part by Lemma 2.3 and Remark 2.8 observing that Wy, (t x ¢) <
C.#K #K,. O

2.2 Far-field computation

Setting up the far-field is performed by the following algorithm:

Algorithm 2.11 (Far-field computation)

procedure FarFieldSetup ;

begin
for o € L; compute V7, W ; {cf. (1.10)}
for o € Ty \ {I} compute Bo@her@) . Lof(1.14)}
for v X 0 € Py compute S©° {cf. (1.11)}

end

Lemma 2.12 (Far-field computation) If the Assumptions 2.7 and 2.4 hold, if
the basis functions V; are piecewise polynomial functions and if the manifold
" is piecewise affine (e.g., the surface of a polygon), then Algorithm 2.11 has
linear complexity.

Proof The node sets required in Algorithm 2.11 fulfill (2.1) by Remark 2.8.
Since calculating B>fher(®) 'y (and W?) involves Lagrange polynomials,
we note that £7, for 0 € 7; and « € K,, is a polynomial of order [k7|;.
It can be evaluated with work bounded by Ceyylk?|1 < Cevad|k?|s for
some Ceyy € R, and its product with a piecewise polynomial finite ele-
ment basis function L7 W; for i € o can be integrated exactly with Gauss-
ian quadrature with O( |kf|‘fr) quadrature points. The matrix Bofher@) —
(L) (x9)) ek, veKpunee, CaN be computed with work bounded by
Covald|k? |oo# Ko # K tather (o). For leaves o € L the setup of the matrix V7 =
(fr L (x)W; (x)dx)iea’teKU takes O(k° f”l#o #K ) operations. Comput-
ing the coefficient matrix S*° = (K (x], xi’))te K, reK, requires O(#K; #K )
operations. Remark 2.8 together with Lemma 2.3 concludes the proof. O

In order to ensure that the Gaussian quadrature is exact, we have assumed that
the surface I' is polygonal. For general curved surfaces, Gaussian quadrature
entails additional quadrature errors, whose analysis is beyond the scope the
present paper.



Approximation of Integral Operators by Variable-Order Interpolation 617

3 Stability and approximation properties of one-dimensional iterated
polynomial interpolation

To construct a nested basis we re-interpolate successively the polynomials
of the expansion of the kernel function with a lower degree on son clusters
down to the leaves of the cluster tree. We prove that this iterated interpolation
process is stable and analyze its approximation properties under the assump-
tion that the Lebesgue constant of the underlying interpolation process grows
at most polynomially. This assumption is typically satisfied, in particular for
Chebyshev, Gaul3-Legendre, or Gau3-Lobatto interpolation.

We first focus on the one-dimensional case; the multivariate case will then
be obtained by tensor product arguments. In one step of the interpolation pro-
cess a polynomial on a large domain is interpolated on a significantly smaller
one by polynomials of lower degree. In the first part we show how accurately
this can be done depending on the polynomial degrees and the size of the
domains.

In the next part we prove stability (Theorem 3.11) and approximation pro-
perties (Theorem 3.15) for an iterated interpolation process associated with a
hierarchy of clusters, in which the degree of approximation decreases as the
size of the clusters gets smaller.

3.1 Polynomial approximation in one dimension

3.1.1 Notation and interpolation operators

Notation 3.1 We will make use of the following notation:

1. (Affine Scaling) Let J = [a, b] C R be an interval with a < b. The
affine scaling function

®;,:C—->C, z>((14+20b+ (1 —2)a)/2

maps [—1, 1] into J and is invertible.
2. (Regularity Ellipses) For p € R.| we denote by £, C C the ellipse with
foci =1 and semi axes of lengths %(,0 + 1/p), %(p —1/p), i.e,

4(Re z)? 4(Im z)? }
E, = C : =
P {Z © Gt 12  (p—1/p2

The interior is denoted by int(&E)).

We will consider polynomial interpolation operators that satisfy the following
standard assumptions:
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Assumption 3.2 (Interpolation scheme) The family (Zy)en, of polynomial
interpolation operators of degree k

i : C([—1,1]) = Py := span{xi |0 <i <k}
consists of projections, i.e., for each k € Ny they satisfy
(3.1) Tiu =u forallu € Py.
Additionally, for constants Cy, ) € R., the Lebesgue constants Ay satisfy

[ Zx ]l 0,1,

(32) A= U< Cutk+ 1D forallk e Ny.

ueC(—1.11) ||M||oo,[—1,1]
u#0

For an arbitrary closed interval J, we define the scaled interpolation operators
Tis : CU) = Prou > Ti(uo @) o &7,
which also inherit the properties (3.2), (3.1), i.e.,

(3.3) Txju=u for all u € Py,
(3.4) 1Zx, sl 0,0 < Axllttllco,s forallu € C(J).

Example 3.3 The Chebyshev interpolation operator, on which our numerical
experiments in Section 5.2 are based, satisfies the estimate (3.2) with A = 1
and Cp = 1, since by [211 A < ZIn(k + 1) + 1. o

Concerning polynomial approximation of analytic functions, we have the
following well-known results:

Lemma 3.4 Let p > 1. Let u € L*®(int(£,)) be holomorphic on int(E,).
Then

20 4
— P (ke )||u||oo,im(5p)-

min ||u — v i <
min = vl 1) <

Proof See, e.g., [8, Chap. 7, Sec. 8, eq. (8.7)]. O

3.1.2 Approximation of polynomials by polynomials of lower degree

Lemma 3.5 Let [a,b] C [—1,1], let p,k € Ny with k < p. For every
u € Ppand p € Rxy, 0 € R, satisfying

D5 (int(E,)) C int(&Ey),
we have

~ —k—1
(3.5 min | — Vo [ap) <40~ 0P ulloo—1.1]-
vePy
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Proof Due to the maximum principle for holomorphic functions, we have
oo, 010 16,) = Nlttlloc.e, -

Since u € P,, Bernstein’s estimate for polynomials [8, Thm. 2.2] implies
lulloo.s, <0 lulloo (1.1

Letit :=uo dD[*afb] € P,. Due to Lemma 3.4, there is a 0 € Py satisfying

A oA 20 _iliya
i = bl = L0 il

By defining v := 0 o @, 5 € Py, we find

i— D P k—1yn
= vllcofap) = 18 — Dloof—1.1] < Pt litlloo g,
20 ke 20 ke
= o — 110 ”u”OO,CD[a,b](gp) =< o — 1)0 ”MHOO,S(,
20 g
= p o]l oo i=1,175
p—1
concluding our proof since the assumption p > 2 implies % < 4. O

Theorem 3.6 For all intervals [a,b] C [—1,1], all p € N, k € Ny with
k < p,andallu € P,

) b—a\*!

: —(k+1
mmm—wmmms%@m”””<——J N[l oo, (—1.11-
UEP/{ 2

Proof Let§ := (b — a)/2. We introduce
o :Rsy = Rey,  pi> 3480+ 1/0),

and find that for all p € R

1
3+8(p+1/p)
>24+8(p+1/p) > la+bl+8(0+1/p).

a(p)—1/o(p) =3+8(p+1/p) —

Hence, upon writing B(z, r) C C for the ball of radius r > 0 about z € C,

Ppa,py(int(Ey)) S B (o, la +b] + i(p + 1/,0))

cB (0’ o(p) —21/0(,0)

) - int(go'(p))-
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Thus, we can apply Lemma 3.5 to the pair (p, 0(p)) and find a v € P, with

a1 (o(@\
(3.6) lt — lloofar) < 407" ‘(T) N1t ]l oo f—1.1)-

The polynomial v depends on the parameter p € Rs,, which is still at our
disposal. For a good choice, we calculate

P P P
(w) :(3+8(,0+1/,0)) (5+3+ 52> 5<5+f>
P o
= §Pexp <p10g (1 + — )) < 8”exp( i)
) )

so that by choosing p :=4p/§ > 4p/2 > 2, we find

(M)p < 8176'
0 =

Therefore (3.6) takes the form
it = Vlloo.fa.by < 4ep”™ 718" flulloo 1.1y
< 4e(4p)" 18 o 1.1,
which is the desired result. o
A consequence of Theorem 3.6 is the following corollary.

Corollary 3.7 Let J' C J be closed intervals. Then for each u € P, and
each k € Ny, there exists a v € Py satisfying

L (1IN
(3.7) [t — Voo < de(dp)P=* ‘(m 4|00, s-

The best approximation result Corollary 3.7 allows us to quantify the inter-
polation error:

Corollary 3.8 Let J' C J be closed intervals and let (1;),en, be a family of
interpolation operators satisfying Assumption 3.2. For p, k € Nowithk < p
and for all u € P, we have

| /| k+1
(3.8) llu—Ti yutlloo,s < 4e(1+ Ap)(@p)r=*! < ] lulloo, s

e (1
(3.9) 1Tk yulloor < (1+4e<1+Ak)(4p>P g ‘(m ll24]| oo, -
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Proof Letv € Py be the approximation to u given by Corollary 3.7. Then

l — Ly, yutl| oo, s

=lu—v—=Teyu—0)loo,s <t —=Vloo,s + 1L, 5 (. — V)0,

e (1
< (4 AU — vl < (14 Ade@dp)?P* ‘(m Ieeloo.s-

The triangle equality finally establishes (3.9). O

3.2 Iterated interpolation with polynomials in one dimension

The results of the last section allow us to estimate the error introduced when
interpolating polynomials of higher degree by polynomials of lower degree
on smaller domains.

Now we are going to consider the iteration of this procedure, namely, the
re-interpolation of a higher-order polynomial on a sequence of sub-domains
by polynomials of lower order. We will prove that this process is stable as
long as the decrease in degree is slow enough compared to the reduction of
the size of the sub-domains.

Definition 3.9 (Interval chain) A sequence € = (J')_, of closed, bounded
intervals with J© € J! C ... C J" is called an interval chain. It is g-regular
forq €10, 1[ ifforalli € {1, ..., n} there holds

|
/7]

(3.10)

=q.
Each interval chain gives rise to an interpolation operator:

Definition 3.10 (Iterated interpolation) Given an interval chain € and «,
B € Ny, we set k; := B + ai and define the induced iterated interpolation
operator by

(311) I@ = IkQ,JO OIkl,Jl O"'OIkn’Jn.

Theorem 3.11 (Stability) Let € = (J')_, be a q-regular interval chain and
Te be the induced iterated interpolation operator. Then there exists C; > 0
depending only on «, q, and the constants C, A of (3.2) such that

(3.12) ”Iko,JO SRE OIkm,me”oo,JO =< CsAﬁ+am||w||oo,J’"
forallw e C(J™)andallm € {1, ... ,n}. In particular

1Zewlloo, /0 < CsApyanllWloo,yn  forallw € C(J").
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Proof The case @ = 0 is trivial, so we only consider « > 1. Let m €
{1, ..., n}. By Corollary 3.8, we have

1Zeg, g0 0 0Ly, | ym-tttllog, 0 < Flttfloo, sm

for all u € Pgyam With

m—1
Fi= [T (144e( + Apra) @B +a(j + 1)) §7I+)
j=0

Since In(1 + x) < x for x > 0, we find

m—1

InF < de S (1 + Apa)) 4B +aj + )" G+t
j=0

o0
<de) (I+AD@G +a—1)"""g <deCy,
j=0

where éq depends on ¢, «, and the constants Cp, A of (3.2). Therefore
(3.13) 1 Zxg, 00 0 -+ 0 Ly, ym-1ttll o jo < Cylltt]loc,sm

holds for all u € Pg.qn With
Cs :=exp (466};) .
For w € C(J™) we get by combining (3.13) with (3.4)

1Zky, 50 © - -+ © Ly Wlleo,y0 < Cill Zg, g Wlloo, g

< CSABJrozm ”w ”oo,J’" .
This is the desired estimate. O
For the approximation properties of Zg, we have the following estimate:

Lemma 3.12 (Approximation properties of iterated interpolation) Lez (J')1_,
be a g-regular interval chain and let ¢ be the corresponding iterated inter-
polation operator. Then we have for allu € C(J")

n
It — Tettlloe,so < CaCs Y (B +aj + Dl — Ty, yjttll oo -
j=0
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Proof Foreach j € {0,...,n}, we define

uj=2Iy j00--- oij’J_/u.

We have u — Z¢u = u — u, and therefore by Theorem 3.11

n—1
it — Teutllog g0 < Nl = tollos, g0 + D Ny — 1111l 0
Jj=0
n—1
= llu = olloo.so + D _ N Tigs0 0+ 0 Ty, i = Ty gis110) [l g0
j=0
n—1
<llu-— IkO,JW”oo,JO + G Z Aﬂ+aj lu — ijH,Jf“u”oo,Jf“
j=0

<CAC Y (BHaj+ D) u =Ty yittlos s,
j=0

which concludes the argument. O

3.3 Polynomial approximation of analytic functions

3.3.1 Approximation on single intervals We now address the question of
polynomial approximating univariate functions u that are analytic on a closed
interval J C R.

Lemma 3.13 (Approximation of analytic functions) Let J € R be a closed,
bounded interval and assume that a function u satisfies for some C,, v, > 0

(3.14) ™ |loo.s < Cuyn! foralln € Ny.
Then we have for all k € Ny

—(k+1)
(3.15) min [lu — vlleo,s < Cude(l +yulJD(k + 1) (1 + ) .
vePy yu|J|

Proof Recall that the affine bijection ®; maps the reference interval [—1, 1]
onto J. Defining & := u o ®; and observing

min |[u — vlloo,y = min [[i — vlloo,-1,11,
UEPk vePk

we may restrict our attention to the polynomial approximation of . Since

o) = ';—‘, we get

(3.16) 12" | oo.(—1.1] < Cup,"n! forall n € Ny,



624 S. B6rm et al.

where we abbreviated
2

VulJ1

This bound implies that the Taylor series of # at a point £ € ] — 1, 1[ con-
verges on the ball B(&, 7,) C C with center & and radius y,; thus, 2 has a
holomorphic extension to the set

Gy, = Uge-1,1BE, Vu)-
Lemma 3.14 below then implies £; C G, for
(3.18) o=14+7,>1

For an ultimate application of Lemma 3.4, we need to bound u. To that
end let ¢ > 0, which will be chosen more precisely below. On the subset
Gy,/(+¢) C Gy, weobtain by Taylor expansion around the points § € |1, 1|
in view of the estimate (3.16)

(3.17) Pu 1=

- I+
”l}i”OO,G};u/(H_S) E Cu Z(l + 8)_n = Cu .

n=0
Since for g, 1= 14y, /(1+¢) wehave int(E;,) C Gy, /(1+¢), We obtain from
Lemma 3.4 the following approximation result:

~

S 20 A (k1) A
min || — V||eo-1.11 < i R
P [ lloo,1=1,17 < o — 1,05 I ||oo,£,,€
20: . 1+¢
= CuALP;(kH)—-
e — 1 €
We choose ¢ = ﬁ andbound 1+¢ < 2, p./(p: — 1) < 1+2/7,. Itremains
—(k+1).

to bound p;

A —(k+1) k+1 ~ k+1
Iag—(k-i—l) =(1+ Vu — (1 + f) + 1 ‘1:)/“
1+¢ I+ p )\ 1+ yp, +e€

1 k+1
< 5~&+D [ < 5 UktD,
it (14 ) =

Combining the above estimates, we obtain

u

2
min [lit — vloo,(-1,1) < Cute (1 + T) (k+ Dp~* D,
vePyx
which is the desired result in view of the definition of p and y, in (3.17),
(3.18). 0

Lemma 3.14 (Covering of £,) Let y > 0 and p = y + /1 + y% Then
int(€,) C Uge—1,1(B&, ). In particular, for p == 1+ y < p, we find
int 5/3 C int (S‘p C USG]—I,I[B(%_, Y).

Proof This follows from elementary computations (cf. [4] for details). O
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3.3.2 Approximation by iterated interpolation We now turn to the question
of approximating analytic functions by iterated interpolation.

Theorem 3.15 (Iterated approximation) Let (J')_ be a g-regular interval
chain, let Tg be the induced iterated interpolation operator for the rank
parameters o, B € Ny (see Definition 3.10). Let u € C*(J") satisfy

(3.19) [l sn < Cuylv! forall v € N.
Then the iterated interpolation Ly satisfies
lu = Tettl o, s0 < Crale, B, n) (1 + y)~PHH7mnlEEDaln
where the parameters y > 0 and o are given by
y:min{ 2 l} &:C;>O
vlJ" g’ "2+ vl

for a constant C; € R, that depends only on q. The function Ci4 grows
polynomially in n and linearly in |J"| and is given by

Cra(a, B, n) = CsC,8eCx (1 + v |J"N(n + (B + 1 +an)? .

Proof As a first step, we will prove the following slightly stronger statement:

(3.20)

llu — Zeulloo, g0

3 Jl’l ~-n ﬂ+1 3 Jn ﬂ+l+an
E C(a’ ﬁ, n) max (Lm_) s (L) .
2+ yulJ"g" 2+ yulJ"

From Lemma 3.12 we get

n
it = Tt oo, g0 < CaCs Y (B4 ati + D"t — Ty i gittll i
i=0

Furthermore, we have the standard estimate

= Zgsgi sittlloo,si < (1 4+ Apii) min flu — vl yi.
VEF Btai

Hence, using 1 < Ag.q;, we arrive at
n
lu = Teulloo o < 2CRC: Y (B+ai + D min flu — vl .
i—0 VEPg 1 ai

The assumptions on the decay of the lengths of the intervals in the cluster
chain imply

71 =g,
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Hence, the approximation result Lemma 3.13 implies

uel?v,lﬂa,- lu — vllo,si
2 —(B+1+ai)
< Cude(l +yul DB+ 1+ ai) (1 + —_n_,)
yu|Jn|q

fori € {0, ... ,n}, leading to

ltt = Zettlloo, g0 < CACsCuBe(l + yul J"]) (Z(ﬁ +1+ ak)”“)
k=0

> —(B+14ai)
X max 1+ —— )
i€{0,...,n} )/u|J"|qn_l

The sum can be bounded by (n + 1)(8 + 1 + an)**!. The maximum can be
bounded by Lemma 3.16 below by

2 —(B+1) 2 —(B+14an)
max 1 + ——n> y (1 + ) .
( YulJ"|q Yul I

This yields the bound (3.20). To obtain the bound stated in the Theorem
we apply Lemma 3.17 to the first term of the maximum in (3.20) with § =
2/(yulJ"]) and g = q. o

We conclude this subsection with two lemmas used in the last proof.
Lemma 3.16 Ler C, s, o > 0, B € R. Then for n > 0 the function
f:00,n] - R, x> —(B+ax)n(l+Ce'"™)

attains its maximum at one of the endpoints, i.e.,

max f(x) = max {f(0), f(n)}.

x€[0,n]

Proof We can demonstrate that each local extremum in ]0, n[ is a minimum
by using elementary analysis (cf. [4] for details). O

Lemma 3.17 Let§ > 0, g € 10, 1[, B = —1. Then, upon setting
¢ :=min{s, 1/q} > 0,

3.21) PR Sl L
In(14+1/g)1+6/q

we have

—(B+1) B
(3.22) (1 + —n) < (14 ¢)~#rba+em  goralln e Ny.
q

Proof We take the logarithm of both sides and show that the estimate holds
for n = 0, n — oo and all inner extremal points (cf. [4] for details). |
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4 Global error bounds

Having established stability and approximation estimates for the one-dimen-
sional case in Section 3, we can turn to the multi-dimensional domains used
in the construction in Section 1.6.

4.1 Multi-dimensional error estimate

Definition 4.1 (Descendants) For all T, o € T; we define

sons*(t) := {19 € L; : there exists a cluster chainty C ---C 1, =71
with T,_y € sons(t;) fori € {1, ..., n}},

sons* (1 x o) 1= {19 X 09 : Tp € sons* (1), o¢ € sons*(c)}.
We associate a closed bounding box
4.1) B, =J] x---xJj]

with each cluster T € T} (cf. (1.6)). On these boxes, we can combine the
one-dimensional interpolation operators Z; ; introduced in Assumption 3.2
to define the cluster interpolation operators (cf. (1.8)) by

e =L 5 ® - Lz .

Lett x 0 € P, and 15 X 09 € sons*(t x o) with cluster chains 7y C
- C 1,and op € -+ € 0y,. Combining (1.5), (1.11), and (1.15), we see
that for i € 7y and j € oy, we have the representation

K = f f REXO (6, MW ()W () dx dy,
rJr

To derive error bounds for the approximation K, we have to analyze the
2d-dimensional iterated interpolation operator

TIXO . (Iro o--- OIT,,) X (IGO O+ OIo'm) .

T0 X 00

Since interpolation operators acting on different variables commute, we can
rearrange the operators in the following way:

Iyo---01y,

= (kao’Jlfo O O.'Z,-klfrz’]]rn) R Q (Ik;‘),JJO o--- OIan’];n and
Zoy0 0Ly,

= (kao,lfo O oIk(lr,lJln,,,) R---® (IkZO,JjO O OIk;",J;’m)-
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Upon introducing the one-dimensional iterated interpolation operators
Ig,j = Ik?,]? O--+0 Ik?‘,]}" . Ig’d_‘_j = Ik;fo’J;fo O---0 Ik?’",l;f’"
for j € {1,...,d}, we can write

I3 =Tgpo--0Ty)QTsyo - 0Ly,) =Ze1 @ -+ ® Le 24,

To X 00

i.e., we now have to analyze only one-dimensional iterated interpolations.
In order to keep the presentation simple, we will consider only the case
of regular bounding boxes. Analogous to Definition 3.9 we require:

Assumption 4.2 (Regular clusters) Let g € 10, 1[. We assume that B, € B,
and
PR H
(cf- (4.1)) hold forall j € {1, ... ,d}, all t € T, and all ' € sons(1).
For quasi-uniform meshes, this assumption can be satisfied if the correct
clustering strategy is used (cf. [11]).

Assumption 4.2 ensures that all cluster chains appearing in our proof will
be g-regular, so we can use the simple rank distribution

4.2) k' = B 4+ a(bpax — level(t))
without sacrificing stability.

Assumption 4.3 (Local homogeneity) We assume that the block partition P
is locally homogeneous, i.e., that there is a § € Ny such that

|level(t) — level(o)| < 8
holds for all T x 0 € Pgy.

This assumption is satisfied for locally quasi-uniform meshes and allows
us to simplify the analysis significantly by characterizing blocks T x o € Py,
by the average of the level of 7 and that of ¢. Using these averages, the fol-
lowing approximation result can be proven:

Theorem 4.4 (Local error estimate) Let p € 10, 1[ and Ci, € R.g. Let
Assumptions 4.2 and 4.3 hold. Then there are o, 8 € Ny (defining the rank
distribution due to (4.2)) such that

. ZmﬂX_E
ipy < P
7 = dist(B;, By )8

holds for all Tt X 0 € Pgyy, where € := (level(t) + level(a))/2.

e — 23350k Moo, B,
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Proof We will first derive general error estimates for the operator 757 . Let

a, B € Ny. Due to (4.2) and Assumption 4.2, we can use Theorem 3.11 to
find

j—1 2d
d®7Ze; ® ) 1d |u
i=1 i=j+1 0. Bxy x Bog
< C,CpA(k™ 4+ 1 + a(level(tg) — level(r)))kl|u||oo,BIX30
(4.3) < CsCA(B + 1+ a(bmax — level (1)) [[lloo, 5, x5,
forallu € C(B; x By)andall j € {1,...,d}, i.e., the tensorized interpo-

lation operator is stable. We observe
Lmax — level(t) = €pax — level(t)/2 — level(t)/2
+ level(0)/2 —level(0)/2 < €pax — € + 6/2,
which implies
(B + 1+ a(lnax — level ()" < (B + 1 + & (Umax — 0) + a8/2)"
< (@8/2+ DB +2 + o (lmax — 0),
so the stability estimate (4.3) takes the form

2d

j—1
QRd@Ze; ® ) 1d | u
i=1

i=itl 00, Byy % B

< CyCA (K™ + 1+ a(level(to) — level(2))*[ulloo. B, x B,
(4.4) < C,Ca(a8/2 4+ D*(B +2 + a(lmax — O) tlloo, 5, x5,

forallu € C(B; x By)andall j € {1,...,2d}.

In order to be able to find approximation results, i.e., to apply Theo-
rem 3.15, we have to find constants C,, y, satisfying (3.19). Due to the
asymptotic smoothness (1.2), we have

v
Co

v R Vol
”a]K”OO,BIXBq < CasympV! dist(B,. B,)s Cuy, v
forall j € {1,...,2d}and v € Ny, where
_ Casymp v €o
dist(B,, B,)¢' "' dist(B,, B,)

Since T x o is admissible, we have dist(B;, B,) > diam(B; x B,)/(2n),
which implies
2neolJ | 2neolJ7 |

vul |_dlam(B xB)_ 17l

= 2nco,
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7| < 2neolJ7 | 277€0|J0|
~ diam(B; x B, ) -7

nco

forall j € {1,...,d}. We introduce
Cap(a’ B, 1) = Secicscasymp(l + 2nco) (Umax — level(t) + 1)
X (B + 1+ a(lmax — level(2)))*!
and find for Cy,4 of Theorem 3.15

Cira(a, k™, level(rg) — level(t)) < %

since k™ = B + a(€max — level(tp)) holds. Therefore, Theorem 3.15 implies

2d

®Id®(ld ~Te)® Q) 1d |«

i=j+1

1
_ Cup(@.B.7) 1 \/"
= dist(By, By)$ \ 1+ y

( 1 )a(@max—level(ro))+min{(ﬁ+1)5¢,a}(level(ro)—level(r))

oo,B,O X Bffo

1+y

p+1 min{(B+1)a,a}(€max—level(z))
(4.5) < .Cap(a’ B, 1) 1 1
dist(B;, B5)$ \1+y 1+ vy

forall j € {1,...,2d}, where

. { 1 1} -
y =min{ —, — and ¢ = ———
nco 4q

In order to symmetrize the estimate (4.5), we observe
Cax — level(t) > Lyax — £ — 8/2,
which implies

( 1 )min{(ﬁ+1)&,&}(Emax—level(r))

min{(B8+1)a, 0} (max—€—3/2)
4.6
(*0) (1 + J/)

and

Cap(a’ B,7) < 8eclz\cscasymp(l +2nco)(bmax — £+ 1+68/2)
(4.7) X (B+ 14 ol — €+ 8/2) T =t Cop(at, B, linax — ©).
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Combining (4.5) with (4.6) yields

j—1 2d
48 [|QRuetd-TI)e &) 1|«
i=1

i=jtl 00, Byy X B

- éap(ay ,Ba Zmax _ E) ( 1 )/3-‘1-1 ( 1 )min{(ﬁ+1)&,a}(Zmax—i—8/2)

dist(B;, B;)$ 1+y 1+y

forall j € {1,...,2d}. Dueto

2d j—1 2d
N ESY (®I¢,i) ®Ud-Te ) ® [ &) 1d | «,

j=1 \i=1 i=j+1
we can combine (4.4) and (4.9) to prove

lic = Z258 Klloo, 5y By

_ 2d@3/2+ DR A 4 y) P (B 4 2 + a(bmax — 0)M Y
N dist(B;, By)8

d1 A 1 B+1 1 min{(8+1)a, 0} (Lmax—£)
% CX1C (. Bl — £
v Can(@ P b )(1+V) (1+V>

by standard tensor arguments. We can see that this expression can be split
into four factors: The (rather lengthy) stability term

C(a, B, bmax — £) := 2dCH N (@8/2 4+ M=V (] 4 )%/
X (B+ 14 a(lmax — )V Cop(at, B, lmax — 0),

which depends only polynomially on 8 and £,,,x — £, the singularity-related
termdist(B;, B,) ¢, which does notdepend on «, § or ¢, the exponential term
(1 + y)~#*+D_which decreases exponentially in 8, and the level-dependent
term

’

1 min{(8+1)a,a}(€max —£)
(1+V>

which decreases exponentially in €., — £.
Lete € R. (. Since @ > 0, we can find o and 8 such that

1 min{(8+1)a,a}
- < p1+e
14y o
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holds. The stability term C depends only polynomially on £y — £, S0 we
can find a function C| («, B) that depends only polynomially on 8 such that

C(a, B, bmax — £) p*m>=8 < Cy(a, B)

holds for all values of £,,,x — £. Therefore we can ensure

B+l
Ci(a, B) (m) < Ci

by choosing g sufficiently large. For these values of « and 8, we have

”K - -’Z:Oiago/c ||c>o,BTO><B(,0

< é(a, ,B, Emax - e) p(l-‘ré)(fmax_e) L o
dist(B, B, )¢ I+y

Cil.p) o of 1\

= dist(B,, B,)¢” (m)
Cinpgmax_z

~ dist(B;, By)8’

which is the desired result. O
It is important to note that we can reach any constant Cy, and any decay

rate p €]0, 1[ by choosing @ and 8 appropriately.

4.2 Global error estimate

Assumption 4.5 (Basis functions) We assume that the basis functions are
local, i.e., that there is a constant Cy, € R satisfying

| supp(wi)

ieX

> Isupp(¥)] < Cou

ieX

forall X C 1. We also assume that the finite element basis is L2-stable, i.e.,
that there is a constant Cg, € R satisfying

> i

iel

2 2

> i

iel

—1 ~ 2
Cre = Z luiWill;, < Cre

L2 iel

L2

for all coefficient vectors it = (ii;)ic; € R.
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The locality condition holds if each element of the triangulation is con-
tained in the supports of not more than C,, basis functions. For piecewise
constant basis functions, we have C,, = 1, for piecewise linear basis func-
tions on triangles, we have C,, = 3.

The L>-stability condition implies a spectral equivalence between the
mass matrix and its diagonal. It can be shown to hold for relatively general
triangulations (cf. [6]).

For all u € Vy, the vector ii € R with

u = Z 12,“-1—’1'
iel
is called the coefficient vector corresponding to u, and for all T € T;, we
define the restriction
Ur := Z ﬁi‘yi.

iet

The approximated matrix K corresponds to the bilinear form

i = Y 5 [ua) [ 0Ty dydx

T X0 € Pryy T) X0
esons* (T xo)

> /r(x)/va(y)lf(x,y)dydx.
r

T X0 € Ppear

Theorem 4.6 (Global error estimate) Let Assumptions 2.4, 4.2, 4.3 and 4.5
hold. Let p; € 10,1[ and Cq € R.q. Then there exist rank parameters
a, B € Nq such that

la(u, v) —a(u, v)| < Caéllull2(lvllL2
holds for all u, v € Vy with
| | Cmax —level(t)
T
=max{——— :te€T;.
g X{ dlam(B,)g I}

Proof Let py €10, 1[. Wechoose «, 8 € Ny asin Theorem 4.4 for p := p; p»
and

Ca(l —pr)
CspC2Coy 2828

Let u, v € Vy. Due to the definition of the kernel approximation, we have

Cip =

a(u,v) —a(u,v)

-y ¥ f g () / vy ()& — T2 1) (x, y) dy dx.

T X0 € Py 0 %00
esons* (T xo)
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We will first consider the inner sum. For T x o € Py, and £ := (level(t) +
level(o)) /2, we use the Cauchy-Schwarz inequality and Theorem 4.4 in order
to get

49 | > /F (%) /F Voy (V) (k — I35, 1) (x, y) dy dx

TO XG'O
esons* (T x0o)

< D0 gl el e = I35 Klloo. By By

70 X0()
esons™ (T xo)
Cinplmax*e
e S ) e W L O s
o dist(B;, B;)8
esons* (T x0)
172
Cinptre
< ————| D ITqllTyl
dist(B;, By) =
esons* (T xo)
172
2 2
< | >0 Nugliallve
TOXO’O

esons* (T xo)

1/2

CoCreCinp™ " 1n 1 2 2
A AT D Wil > vl

iet jeo
Since T X 0 € Pgy, holds, the admissibility condition (1.9) implies

1 - (2n)8
dist(B;, By)¢ ~ diam(B; x B,)$’

and we can use
diam(B; x B,) = (diam(B,)> + diam(B,)?)"/?
> (2diam(B;) diam(B,))'/?
in order to prove

1 28/2p8
<
dist(B;, B,)¢ ~ diam(B;)$/2 diam(B, )8/’

which implies

lmax_e
P T |12 0|/
dist(B;, B,)¢

< 2¢7p%¢.
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Now we can turn to the outer sum:

la(u, v) —a(u, v)|

< CovaeCinzg/zT]g%_ Z p;ﬁmax71evel(r))/2péﬁmax7level(<r))/2

T X0 € Pryr
12 172
2 2
> w7 > v,
iet jeo
172
< C.Ci.C 2g/2 g Lmax —level(t) Y, 2
= Lovilfelin 715 123 ||ul z”LZ
TX0 € Pgyr iet
1/2
Cmax —level(o) 2
< Y > v
TX0€E Ppyy jeo
1/2

emax_l 1
< ConCreCopCin2Pn8E | Y py 703 ™ w17,

teTly iet
1/2
Lmax —level(o) 2
E 2% E v Will7-
oeTy jeo

Since p, € ]0, 1[ holds, we find

Cmax —level 2
D P TN w7,

teTy iet
Lmax
—Z S S [
t€Tyy i€t
Lmax
N0 s N (1771 71
=0 iel
Lmax

b4
< Crellull, Zp =t <

2
— ol

and can conclude
Csp Cov sze Cin
l1—p2

= Caéllull2llvl 2,

la(u, v) — a(u, v)| < 282 08& ull 2 vl 2

which is the desired result. O
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In order to be able to bound £ in Theorem 4.6 we need additional assump-
tions:

Assumption 4.7 We assume that the support of the clusters grows regularly,
i.e., that there is a constant Cy € R_ satifying
IT:| < Cyrl o]
forall t € Ty and t' € sons(t).
In a sense, this assumption corresponds to a balancing of the clusters:

Whenever a cluster 7 is split into its sons, we have to ensure that their sup-
ports are of similar size.

Assumption 4.8 Let dr be the dimension of the submanifold I". We assume
that the finite element mesh is quasi-uniform with grid parameter h € R
and that the leaves of the cluster tree are small enough, i.e., that there is a
constant Ciy € R such that
ITe| < Cih™  and  diam(B.) > Cy'h

holds for all leaves T € Lj.

This assumption can be satisfied by choosing the correct stopping cri-
terion for the clustering algorithm: If we keep splitting clusters as long as

possible, leaf clusters will contain only one finite element, i.e., |[I';| ~ har,
and optimal bounding boxes will satisfy diam(B;) = diam(I";).

Corollary 4.9 Let Assumptions 2.4, 4.2, 4.3, 4.5, 4.7 and 4.8 hold. Let Cyx
€ R.q. Then there are rank parameters o, B € Ny such that

la(u, v) —a@u, v)| < Capxh™ & lull2)Iv] 2
holds for all u, v € Vy.

Proof Let t € T;. Let t* € sons* (7). Due to Assumptions 4.7 and 4.2, we
have

I level(t*)—level(t) [Tz«
diam(B;)8 — * diam(B;«)#
and can use Assumption 4.8 to find
|FT | < Cdr+ghdr7g Cleve](t*)flevel(t)
diam(B;)¢ — I er

This suggests that p; := C g;l is the correct choice, since it guarantees
zmax71 1( )
|Fr |P1 evel(t

dr+g 1 dr—g level(t*)—level(t) . €max—level(t)
- <Cy °h C or )21
diam(B; )¢

d —
S leF+ghdr g,

forall t € Ty, ie. & < Cﬁﬁghdrfg. Applying Theorem 4.6 to Cy :=
Capx/ ijfr+g proves the desired result. |
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4.3 Approximation with separable weights

In many practical applications the kernel function « is not asymptotically
smooth (cf. (1.2)), e.g., if it consists of a globally defined singular part and a
factor that only exists on the submanifold.

Let us consider the kernel function

(4.10) kr(x,y) ==k (x, y)ox,y)

consisting of an asymptotically smooth kernel function « and a separable
function

o I'xI =R

We cannot interpolate xr directly, since it is only defined on I'. Therefore we
interpolate only « (cf. Subsection 1.3) and multiply the interpolant by w to
define the approximation

(4.11) Kr,oxo (X, Y) 1= Kexo (X, )@ (X, y).

Since w is separable, it can be written in the form

o(x,y) =Y o ®ol(y),

=1

and the approximation kr ;x, takes the form

Rroce(,0) =Y ) > w(xl, x)o! ()LL)} (1)L ().

=1 veK; neky,

We can treat the additional factors by replacing the standard Lagrange poly-
nomials in (1.10) by the functions w! £ and wlzllz: Foreacht e {1, ..., s},
the matrices V' and W¢ are replaced by

Vi = / o ()LL) Wi (x) dx, WS, = / W (LW, (y) dy,
r r

and the coefficient matrices S™° and the transfer matrices BY** remain un-
changed.
If the function w satisfies

lw(x, y)| < Cyellx = yII"

for r € R., this property can be used to mitigate the singularity of «: Let
T X 0 € Pgy. Due to admissibility, we have

max{diam(B;), diam(B,)} < 2ndist(B;, B,),
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and this implies
|x — y|| < diam(B;) + dist(B;, B,) + diam(B,) < (1 + 4n) dist(B;, B,)
forall x € B;, y € By, i.e.,

@lloo, B, xB, < Cwg(l+4n)" dist(B;, B;)".

We can use this estimate in step (4.9) of the proof of Theorem 4.6 to replace
the singularity order g of x by the reduced singularity order g — r of kr and
get the following result:

Corollary 4.10 Let Assumptions 2.4, 4.2, 4.3, 4.5, 4.7 and 4.8 hold. Let
Capx € Roo. Then there are rank parameters o, B € Ny such that

la(u, v) — a(u, v)| < Capxh ™ 78 ull 2 [|V]| 2

holds for all u, v € Vy, where in the definition of a and a the functions k and
Krxo are replaced with kr and kr ;xo (cf. (4.10), (4.11)).

Example 4.11 (Double layer potential, d = 3) The classical double layer
potential has the form

. 1 (nya X — )’>
Kl‘(x,)’) L 47T ||X—y||3
forx,y € I'. We set
1 1
k(x,y):= T PRTe—r— and w(x,y) = (ny,,x —y)
4 |lx =yl

and observe that « is asymptotically smooth with g = 3, while » can be
written as

d

w(x’ Y) — Zny,ixi - <ny, y)v

i=1
i.e., is separable with s = d + 1.
On smooth curves or surfaces I', there is a constant Cy,, € R.( such that
2
lw(x, y)| < Cygllx — yli

for all x, y € T, so the effective singularity order of «r is only 1, and for
each Cypx € R. o we can find parameters o, 8 € Ny such that

(4.12) jau, v) — @@, v)| < CapxCug(1 +4m)>hlull 2 ]|v]] 2

holds for all u, v € Vy. The estimate (4.12) can also be obtained in the two-
dimensional case. For non-smooth surfaces, it is possible to prove a similar
estimate for a modified rank distribution [20].



Approximation of Integral Operators by Variable-Order Interpolation 639

Remark 4.12 The approximation result Corollary 4.10 can be applied, for
example, to the three-dimensional double layer potential. It is known that the
double layer potential K : L>(I") — L?(I") is compact for smooth surfaces
[". Then, if for A # O the operator B, := Ald + K is injective, it is in fact
bijective and there exist kg, ¥ > 0 such that for & < h the discretized
operator defined on Vy is L?-stable, i.e.,

Bu, v
4.13) y < inf sup Brt, v)
0£ueVy ozvy lullp2my vl 2

This inf-sup condition also guarantees quasi-optimality of the Galerkin BEM
for solving the integral equation Bu = f € L2(F).~Replacing the discret-
ized version of IC with the ?-matrix approximation K introduces additional
errors. Recalling from Example 4.11 that dr +r — g = 1, we can infer from
(4.13) that the perturbed system is still stable. An application of the Strang
lemma then allows us to infer for the total approximation error

||M — MN“LZ(F) < C inf ||u — U||L2(F) + Ch.
veVy

We remark that the storage requirement for the H>-matrix I~(N is O(N); the
work to compute the near field entries and to compute the leaf contributions
(see the discussion following Lemma 2.12) to sufficient accuracy could entail
additional logarithmic factors.

5 Implementational issues and numerical examples

In the preceding section we presented a convergence analysis for the approx-
imation of integral operators by a variable order interpolation procedure. The
purpose of the present section is twofold: first, we discuss the way in which the
approximation orders are distributed in our implementation since it differs
slightly from the procedure analyzed in the preceding section; second, we
illustrate the performance of our algorithm by applying it to the two-dimen-
sional and three-dimensional double layer potential.

5.1 Implementation

Our algorithmic realization is based on the following construction of the
cluster tree and the distribution of the approximation orders:

The cluster tree is organized as a binary tree; the bounding boxes of the
two son clusters are obtained by splitting the longest extent of the father
bounding box and afterwards shrinking the son bounding boxes as much as
possible.
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While this construction is straightforward and easily implemented, the
resulting clusters usually do not satisfy the Assumption 4.2. Therefore it is
necessary to replace the simple rank distribution (4.2) by a more sophisticated
anisotropic construction. Algorithm 5.1 below assigns ranks to the clusters of
the cluster tree in a bottom up fashion. The leaves are assigned the (isotropic)
degree 8 € Ny. One key requirement of the rank distribution is that the iter-
ated interpolation procedure be stable. While going up in the cluster tree this
stability is ensured by increasing the approximation order only if the extents
of the bounding boxes of father and son clusters differ significantly. The
parameter g € ]0, 1[ quantifies the notion of “significant” and the increase of
the degree is controlled by a parameter « € N. Since anisotropic polynomial
degree distributions are sought, the above considerations are done for each
coordinate j € {1, ..., d} separately.

Algorithm 5.1 (Degree distribution)
procedure DegreeDistribution(t);

begin
if sons(t) =@ then for j e {l,...,d}do k]’- =

else begin
for t/ € sons(t) do begin

DegreeDistribution(t’) ;

forje {1 ,d}do begin
g =717
if g < thenk! :=k¥ +allog,(5/q)]
else lE;, = kjf./
end
end;
for je{l,... d}dokj = max{lg;/ | T/ € sons(t)}
end
end

The approximation order of the clusters is anisotropic (i.e., different poly-
nomial degrees for the different directions), which is particularly useful in
conjunction with highly anisotropic bounding boxes: if parts of the geom-
etry are flat, the bounding boxes may degenerate to (effectively) (d — 1)-
dimensional bounding boxes and the approximation order in the degenerate
direction may be kept low.

An extensive investigation of different rank distribution schemes can be
found in [19].
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5.2 Numerical examples

We illustrate the performance of our variable order interpolation scheme by
applying it to the classical double layer potential in two and three dimensions.
In both examples, the trial spaces Vyy are taken as the space of piecewise
constant functions on quasi-uniform meshes. The interpolation operator Z;
employed is the Chebyshev interpolation, which satisfies the assumptions set
out in (3.2). Our numerical experiments were performed on a SUN SunFire
6800.

In view of (4.12) we expect convergence O (h) for suitable choices of the
rank distribution in the operator norm (i.e., the matrix is viewed as an operator
Vy — L*(I), where the space Vy is endowed with the L?(I")-norm); from
the results of Section 2 we expect O(N) complexity for storage, time for a
matrix-vector multiplication, and time to set up the far field.

Example 5.2 We consider the double layer potential on a two-dimensional
ellipse with semi axes @ = 2 and b = 1. The block partition is generated
with n = 2.5, and we chose 8 = 0, « = 1, and g = 0.6 as parameters
for the order distribution. The results of the numerical example are given in
Table 1. In the column “error” of Table 1 we present the spectral norm of the
error matrix K — K. Since the spectral norm || K|, of the exact matrix scales
like O(h), the optimal convergence O(h) of (4.12) translates into an O(h?)
behavior for the spectral norm of the error matrix, which is indeed visible.
These errors were computed by comparing the H?-matrix for = 0 with
that for § = 2; a comparison with the exact matrix, which is possible for
values of N < 32768, showed the approximation corresponding to 8 = 2 to
be sufficiently accurate to estimate the error.

The columns “mem/N”, “build/N” and “MVM/N” give the memory
requirements (in MB), the time to set up the far field (in seconds) and the time
for a matrix-vector multiplication (in seconds, only the far field part) divided
by the number N of degrees of freedom. These quantities are all bounded,
which fits our complexity estimates.

For comparison purposes, the last column contains the number of near-
field entries of the matrix divided by N, which is bounded, implying that the
memory requirement and the time to the perform the near-field contribution
of the matrix-vector multiplication can also be performed with complexity
O(N).

Example 5.3 This numerical experiment is the three-dimensional analog of
the preceding Example 5.2. We consider the double layer potential on an
ellipsoid with semi axes of lengths @ = 3, b = 2, ¢ = 1; the numerical
results are reported in Table 2. As in Example 5.2, the block partition is gen-
erated with n = 2.5 and the approximation order distribution is done with
parameters 8 = 0, « = 1, ¢ = 0.6. The column “error” in Table 2 contains
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Table 1. Two-dimensional double layer potential on ellipse (cf. Example 5.2)

‘ N ‘ error rate ‘ mem/N ‘ build/N ‘ MVM/N ‘ near ‘

32| 2.75, — 2.25_3 — — 6

64 | 4.63_5 0.17 | 3.03_3 1.56_4 5.68_5 6

128 | 1.12_3 0.24 | 4.01_3 | 7.81_5 6.39_5 6
256 | 3.35_4 030 | 5.03_3 1.56_4 9.23_5 6
512 | 1.00_4 030 | 5.96_3 1.56_4 1.17_4 6
1024 | 2.84_5 0.28 | 6.76_3 1.76_4 1.29_4 6
2048 | 7.68_¢ 0.27 | 7.39_3 1.86_4 1.39_4 6
4096 | 2.02_¢ 0.26 | 7.86_3 | 2.03_4 1.48_4 6
8192 | 5227 0.26 | 820_3 | 2.14_4 1.56_4 6
16384 | 1337 0.26 | 844_5 | 2.19_4 1.62_4 6
32768 | 3.38_g 025 | 8.61_3 | 2.24_4 1.67_4 6
65536 | 8519 025 | 8.72_3 | 2.28_4 1.71_4 6
131072 | 2.14_9 0.25 | 8793 | 2.29_4 1.74_4 6
262144 | 536_19p 0.25 | 8.84_3 | 2.30_4 1.78_4 6

Table 2. Three-dimensional double layer potential on ellipsoid (cf. Example 5.3)

‘ N ‘ error rate ‘ mem/N ‘ build/N ‘ MVM/N ‘ near ‘

512 | 2.28_3 — 2.12_4 | 5.86_5 5.86_¢ 320

2048 | 1.44_5 0.63 | 6.00_4 | 7.81_5 7.81_5 312
8192 | 2954 020 | 1.16_3 | 9.28_5 1.44_5 316
32768 | 5.07_5 0.17 | 1.80_3 1.14_4 2.15_5 323
131072 | 7.13_¢ 0.14 | 2.16_3 1.33_4 2.52_5 319
524288 | 1.00_¢ 0.14 | 2.80_3 1.90_4 3.07_5 322
2097152 — — 2.67_3 | 2.55_4 2.98_5 321
8388608 — — 2,673 | 2.72_4 — 321

again the spectral norm of the error matrix; since the spectral norm of the
exact matrix scales like O(h?), the expected relative error O (k) results in an
expected convergence O(h?),i.e.,arate 0.125, which is close to the observed
0.14. The error was evaluated by comparing the H?-matrix for 8 = 0 with

that for g = 2.
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