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We employ a data-sparse, recursive matrix representation, so-called 7-matrices,
for the efficient treatment of discretized integral operators. We obtained this format
using local tensor product interpolants of the kernel 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 error 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 € RV*/ corresponding to the discretized
version of the operator is densely populated; thus setting it up and performing a matrix-vector
multiplication is an O(NN?) operation.

Different schemes have been developed to reduce the complexity from O(N\?) to an almost
linear complexity: for very simple domains and translation-invariant integral kernels, the fast
Fourier transformation can be used to diagonalize K. For a large class of domains, wavelet
bases have been developed, [6], which permit efficient matrix compression by identifying and
dropping the “insignificant” matrix entries.

A second very successful technique is based on approximating the integral kernel by degen-
erate kernels, which leads to an efficient block representation of the corresponding matrix. This
approach is the foundation of the panel-clustering technique [15], multi-pole expansion meth-
ods [11, 1], and hierarchical matrices (H-matrices) [12, 13, 2] as well as the closely related
mosaic-skeleton matrices [25].
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An efficient specialization of H-matrices are 7>-matrices [14, 3]. The algorithm presented
and analyzed in the present paper stores the matrix K in this form. This 7-format is achieved
by polynomial interpolation of the kernel function and successive re-interpolation of this poly-
nomial on son clusters similar to the way [8, 3] proceed.

The complexity of the typical algorithms for compressing integral operators is O(N log N)
for some ¢ > 0. To reduce the complexity to O(NV), variable-order approaches have recently
been introduced in the panel-clustering context [21, 22, 16] and for wavelet-based compression
techniques [24]. 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 generalizes the
techniques described in [21, 22] 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 [4] and in [23, 17],
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 approximation 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 poly-
nomial 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 argu-
ments, 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 applicabil-
ity 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 x : R? x R — R on a bounded domain I' € R? we consider an integral
operator K : L?*(T') — L?(T") of the form

Klul(z) = /F (e, y)u(y) dy. )

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

3335/%90,?4)( < Casymp(a + 5)!C|00<+ﬂ\ |z — y]]_g_‘a|_‘ﬁ| )

holds for all z,y € RY x = v, for all multi-indices «, 3 € 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

Klu(z) = /F k), y)uly) do(y),

where k still satisfies (2) while w is a separable function defined merely on T" X I that can reduce
the order of the singularity of k. ]

In order to discretize X by Galerkin’s method, we introduce the corresponding bilinear form
auv) = [ ulz) [ o(g)n(e.y) dy ds ®
r r

and fix an N-dimensional finite element space Vi C L2(I") spanned by basis functions ¥;,
it € I. Clearly #1 = N holds. A typical example of basis functions is given by the stan-
dard piecewise polynomial finite element shape functions. Galerkin’s method then leads to the
stiffness matrix K € RY*Y with entries

K;j = a(V;,¥;) = /

\Pl(x)/ k(z,y)¥;(y) dy du. (€))
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, a matrix block K|, corresponding to the indices included
in 7 X o € P is approximated by a low-rank matrix of the form

K|rxo = V'S W' 5)

if the block satisfies a so-called admissibility condition. We note the special structure of the
approximation (5): the cluster bases V', W? depend only on the clusters 7, o and not on the
product 7 X o; the connection between the clusters 7 and o is described only by the coefficient
matrix S™°. The cluster bases and the coefficient matrices are constructed by a procedure based
on interpolating the kernel x. 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 7 C I of indices is called a cluster. For a cluster 7 we define

r;:= U supp(¥;),

1ET
and choose a closed axis-parallel box
B :=J xJ3 x---xJ] DI. (6)

We consider interpolation schemes on such boxes. For each coordinate axis we choose a polyno-
mial degree k} € Ny, j=1,...,d, and collect these values in the degree vector k" € Ng. Next,



we choose (pairwise disjoint) interpolation points 7 ,, € J7, K =0,... , k7, for each of the
closed intervals J7, j = 1,. .., d. These one-dimensional interpolation points are combined into
d-dimensional interpolation points in the standard way by tensorization: for the set of relevant

multi-indices

d
K, :H{o,...,k;} (7)
j=1
the interpolation points ], and the Lagrange interpolation polynomials £, are given by
x; = (xIV17x72—V27... wgl/d)eB7—7 VEKT’

7_

]Vy Jl

a K
J=11=0,l#v;
The interpolation operator Z. associated with B; is defined in the standard way by

I u] = Z u(z],) L, (8)

1.2.2 Admissible blocks

A block 7 x 0 C I x I is called a far-field block (or: an admissible block) if, for a given 1 > 0,
the admissibility condition

diam(B, x B,) < 2ndist(B;, B,) 9)

is satisfied. Otherwise, the block 7 x o is called a near-field block. In our compression
scheme, the matrix is represented exactly on near-field blocks, i.e., the approximationf{ sat-
isfies K|TXC, = K];xo. On far-field blocks 7 x o, the approximation K|TXJ is obtained by
replacing the kernel « 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 (5)
and to clarify the meaning of the admissibility condition (9), we now consider the simpler case
of constant approximation order; that is, the degree vectors ¥ of Section 1.2.1 are the same for
all clusters. For simplicity, we assume them to be of the form ¥ = (k, k,... k) € Ng.

The asymptotic smoothness of the kernel function x guarantees that the blow-up of « 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 7 X o, we take, as stated above,f{]TXJ =
K|, .. For far-field blocks 7 x o we approximate k|g_x p, by its interpolating polynomial

’E‘;TXO'(x7y) (I ®I Z Z 1” H )ﬁ"()

veK /JEKO‘



and define the matrix approximation K|7xa by (5) with cluster bases V™, W and coefficient
matrix S™? given by

L= / Lr(x z)dz, W3, : / L7 (y y)dy and (10)
x0

Sy = k(x], z7) (11)

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

H’i - ’%TXU‘|OO,BTXBU

E+1
c
< C—-L— diam(B; x B k+1 sup 020k B, x By
(k+1)! ’ o) |a+mgk+1H Oy lloc. .

where C, ¢; > 0 are suitable constants. Combining this estimate with the asymptotic smooth-
ness of x and the admissibility condition (9), we get

H"{ - RTXJHOO,BTXBU

® diam(B, x B,)\** . _
< C’(cocl)kJrl ( dist((B 5 ))> dist(B;, B,) ™7

©)
< C(2coe1n)*+ dist(B,, B,) ™9

thus we obtain exponential convergence in the polynomial degree k if the parameter 7 in the
admissiblity condition is sufficiently small. The error | K — K]||2 can then be decreased by
increasing the approximation order k.

1.4 Cluster tree and block partition

Having established the admissibility condition (9) as the key property of far-field blocks we now
turn to an algorithm for selecting them. To do this efficiently, we will not consider all subsets
7,0 C I of the finite index set, which would lead to a complexity of 2V, but organize the subsets
hierarchically.

A tree 77 whose nodes are collected in the set 1y 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. [9, 10] for algorithms 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 7 # I, we denote furthermore by father(7) the
unique cluster o with 7 € sons(o).

Given a cluster tree, we construct a partition P of I x I 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 with 7 = o = I and P = () yields the
desired partition:



Algorithm 1.2 (Block partition)
procedure divide(T, o, var P);
begin
{ Admissible block }
if 7 X o is admissible then P :== PU{T x o}
{ Non-admissible leaf block }
else if randoisaleaf then P:= PU{r X o}
{ Check sub-blocks}
else if Tisaleaf then for all ¢’ € sonso do divide(T, o/, P)
else if oisaleafthen for all 7T’ € sonsT do divide(T', o, P)
else for all T’ €sonstand o’ € sonso do divide(T', o', P)
end

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. [9, 10]).

1.5 Nested bases and 7{>-matrices

In the case of constant approximation order discussed in Section 1.3 the cluster bases V' (and
W?) defined in (10) have a special structure. For a cluster 7 and its father 7 := father(7’) we
have

Lp=T.L,= > Li@l)Ly= Y. BLILY (12)
VeEK VeEK
with ) )
Bl =Ll (x)); (13)
therefore

VI, = / (To L)) (2)Wi(x) do = Y B,7 / LT(2)V;(z) da
r vV'eEK r
= 3 BlIVL =(V'B™), (14)
v'eK

holds for all # € 7" and v € K,. A completely analogous formula holds for the matrices
‘WZ?. 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 V7, W7 for leaves 7 and the transfer matrices
BT father(r') 7/ T\ {I}. A matrix stored in this form (i.e., with cluster bases given by V7,
W for leaves 7 and B™ father(™') for all 7/ € T; \ {I} and with admissible blocks given by
S7:7) is called an H2-matrix, [14].

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 7 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 different polynomial degrees to different clusters. This freedom to choose the
approximation order permits us to find more efficient low-rank approximations of admissible
matrix blocks. While—as we saw in Section 1.5—nestedness of the cluster bases V7', W7 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 2-matrix approximation by variable-order interpolation

We assume that a cluster tree 77 is given and that a polynomial degree vector 7 € N g is associ-
ated with each cluster 7 € 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 approximationf(\ma for a far-field block
T X o is sought in the form (5), where the coefficient matrix S is again given by (11), i.e.,

S.. = k(z,,27), veEK; pek,.

In order to define the cluster bases V™ with the desired nestedness property, we construct them
recursively using (14) and a suitable definition of the transfer matrices B™ in the following
way (the construction for the W7 is completely analogous):

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

A\ /Fﬁff) ()¥;(z)dx forie mandv € K.

e For 71 with sons(7y) # () we define V™ as follows: for each son 7y € sons(7;) the entries
Vil i€, ve K;,of V™ are given by

w?

Viii= Y VEB]ET

! v'v
v'eKr,
where the transfer matrix B™™ is defined as
BT = L] (x])), Ve Ky, veK,.
The recursively defined cluster bases V' are nested by construction. To obtain a better under-

standing of these cluster bases V7, we observe that for 7y € sons(7;) and i € 79, v € K., the
entries of Vlﬂy can be written as

Vii= Y VEB} = /F S Li@LD | (2)¥(z) do

V,eKTO VEKTO

_ / T [C0 (@)W, (x) da.
r



Proceeding by induction, we find
Vi = [(@ o Ty o o T @) la) ds (15)
r

fori € 19, v € K, and a cluster sequence 7y C 71 C --- C 7, with 751 € sons(r;) for
jed{l,...,n}.

As in the constant order case the Lagrange polynomial £ is replaced with an interpolant.
However, whereas previously we had the equality (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
representation formula (15).

2 Algorithms and Complexity

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

Definition 2.1 (Tree levels) We define the function
level : T7 — Ny

inductively by level(I) := 0 and level(r) := level(father(r)) + 1 for 7 € Ty \ {I}. Let
lax := maxlevel(T7). The families (leg)ﬁggx and (Lm)ﬁggx defined by

Tre:={r €Ty : level(r) =4}, Lrs:={r €L : level(r) = ¢}
are partitions of the nodes It and the set of leaves Lj.
We split the partition P into farfield and nearfield blocks:
Py :={7 X0 €P : 7 xoisadmissible} and Phear := P\ Prar-

Notation 2.2 The amount of work for an operation op such as matrix-vector multiplication or
setting up leaf basis matrices, is denoted by Wy,

Let ./\/Op be the set of “nodes” (i.e., clusters or blocks) involved in the operation op and
Nop¢ the nodes on level L. Wy, (n) is the work required for n € Ny, and Wep(€) =

maxnen,, , Wop(n).

Lemma 2.3 If there exists a polynomial 7 with positive coefficients and if there are C > 1,¢ €
R with
Wop () < (lmax—£) and  #Nopy < cN Ot tmax (16)

for the operation op, then it is of linear complexity, i.e., there is C* with

Wap < C* N.



Proof. We have

fmax Lmax
Wop = Z Wop(n) = Z Z Wop(n) < ZWOP(B)#NOP,Z
nENop £=0 neNop ¢ £=0
fmax 00
< Ne ) wllmax— O)CTmx < Ned o a(t)C™",
=0 =0
Since C' > 1 the infinite sum is obviously bounded. ]

To fulfill the conditions (16) 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 [9, 10], i.e., there exists a con-
stant Cyp, such that

m%x#{UETI:TXUEP\/UXTEP}gCSp. (17)
TELY

For standard situations with quasi-uniform meshes, this estimate has been established in [9, 10].

Definition 2.5 (Nearly balanced trees) A cluster tree 1 is called nearly balanced, if there are
constants Csons € Rsq1 and Ch, € Ry such that

#T7 o < CoaN/Clmsx=t forall £ € {0, ..., lmax}-
Example 2.6 A balanced binary tree is also nearly balanced with Cions = 2 and Ch,) = 1.

Assumption 2.7 77 is nearly balanced and there are polynomials Toyqer and ) with positive
coefficients satisfying

[E7 oo

#T

Worder(emax - leVel(T)) forall T € Ty,

<
< Thal(fmax — leVel(T)) forall T € Lj.

For quasi-uniform grids and standard clustering strategies, this assumption can be expected to
hold for the rank distribution computed with Algorithm 5.1.

Remark 2.8 Let Assumption 2.7 be valid. Then for clusters T € 1 we have for the index set
K of interpolation points (cf. (7))
#K. <711 (bmax — level(T)),

order

which means that all terms with sums and products of # K, |k™ | for T € Tt and terms includ-
ing #K;, |k oo, #T for all T € L can be bounded by a polynomial in by,x — level(r) with
positive coefficients.

Since Tr is nearly balanced, #Nop o < c¢N Ct=tmax holds for all Nop € Tt. For Nop, C P
this estimate follows from Assumption 2.4 since #{t x 0 € P : 7 € T} < Copu#T7p <
CspcbalN/Cemax_g. |

sons



2.1 Matrix-vector multiplication

The following algorithm (cf. [14, Section 3.2]) computes the matrix-vector product for an H-
Matrix K for a given vector z € R:

Algorithm 2.9 (Matrix-vector multiplication)

procedure FastMVM(x, var y);

begin
foroeTr\ Ly doz, :=0; {forward transformation}
foro e Lydox, := W"Tx|0;
for { = {.x downto I do

foro € TI,Z do Lfather(c) = Lfather(o) + (Ba,father(a))Txo_;
fort e Trdoy, :=0; {multiplication}
for7 x o € Py doy, :=yr +S"%24;
forl =1 to {pax do {backward transformation}
for 7 € Trydoy, ==y, + BT i
forT € L;do Yir = V7x,.;
forTxoeP \ Ppar do Yr =Y~ + K\Txax\a { Near'ﬁeld}

end

The far-field part splits into three steps. First, the products of the input vector with the matrices
WT are computed by recursively applying equation (14). Then, the resulting coefficients are
multiplied by S™7. 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 7; X no matrix
requires Cy,,n1no operations. Concerning the forward and backward transformation we see that
Nirans € T7. Whrans(7) involves the multiplication with a #7 X # K, matrix for leaves and

with a # Kgather(r) X # K+ matrix for all nodes except [, i.e.,

Wtrans(T) < Cp #KT(#T + #Kfather(T)) forall T € L
Wtrans(T) < Cn #KT#Kfather(T) forall 7 € Ty \ {LI U {I}}

Remark 2.8 together with Lemma 2.3 gives linear complexity for both transformations. With
Nl := Prar we get linear complexity for the multiplication part by Lemma 2.3 and Remark 2.8
observing that Wy, (7 X 0) < Cppn # K, #K,. [ |

2.2 Far-field computation

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

10



Algorithm 2.11 (Far-field computation)
procedure FarFieldSetup ;

begin
for o € L1 compute V°, W7 ; {cf. (10)}
for o € Ty \ {I} compute B 2ther(@) {cf. (14)}
for 7 X o € P, compute ST° {cf. (11)}
end

Lemma 2.12 (Far-field computation) If the Assumptions 2.7 and 2.4 hold, if the basis func-
tions VU, are piecewise polynomial functions and if the manifold U is parametrized by piecewise
polynomials, Algorithm 2.11 has linear complexity.

Proof. The node sets required in Algorithm 2.11 fulfill (16) by Remark 2.8. Since calculat-
ing Bfather(9) v/ (and W) involves Lagrange polynomials, we note that L, for o € 11
and « € K,, is a polynomial of order |£”|;. It can be evaluated with work bounded by
Covall k7)1 < Cevald|k? | oo for some Ceyap € R, and its product with a piecewise polynomial
finite element basis function £ V; for ¢ € o can be integrated exactly with Gaussian quadrature

with O(|k" ‘fr) quadrature points. The matrix Bo-father() — (Lf,ather(”) (7)1 €K o wEK tamer(o

can be computed with work bounded by Covard|k oo # Ko # Ktather(o) - FZ)r leaves o € Lj the
setup of the matrix V7 = ([, Ef(x)\Ili(x)dx)ieU7beKU takes O(|k? | T #0 # K ) operations.
Computing the coefficient matrix 8™ = (k(z7,2%)) ek, rex, requires O(#K; #K,) opera-
tions. Remark 2.8 together with Lemma 2.3 concludes the proof. ]

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 assumption 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 process 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 properties (Theo-
rem 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.

11



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
o;:C—-C, z—~((1+2b+(1—-2)a)/2
maps [—1,1] into J and is invertible.

2. (Regularity Ellipses) For p € Ry we denote by £, C C the ellipse with foci £1 and
semi axes of lengths %(p +1/p), %(p —1/p), e,

_ . ~ 4(Rez)? AImz)*
S e L G

The interior is denoted by int(&,).

We will consider polynomial interpolation operators that satisfy the following standard assump-
tions:

Assumption 3.2 (Interpolation scheme) The family (I;;)ken, of polynomial interpolation op-
erators of degree k ‘
T : C([—1,1]) — Py :=span{z' |0 < i < k}

consists of projections, i.e., for each k € Ny they satisfy
Iru=u forall u € Py. (18)

Additionally, for constants Cy, \ € R, the Lebesgue constants Ay, satisfy

L HIkuHoo,[—l,l] A
Ag:= sup ————=<Cpr(k+1)" foralk e Ny. (19)
uecg—ol,u) HuHoo,H,u

For an arbitrary closed interval .J, we define the scaled interpolation operators
Thy : C(J) = Pryu = (Tp(uo @) 0 &1,
which also inherit the properties (19), (18), i.e.,

I gu=u for all u € Py, (20)
H-,Z.k,JuHoo,J < AkHuHoo,J forall u € C(J) (21)

Example 3.3 The Chebyshev interpolation operator, on which our numerical experiments in

Section 5.2 are based, satisfies the estimate (19) with A = 1 and Cy = 1, since by [20] A;, <
2In(k +1) + 1. n

12



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 (k41
zflelgi lu = vlloo, =11 < Fﬂ )HuHoo,int(Sp)'
Proof. See, e.g., [7, Chap. 7, Sec. 8, eq. (8.7)]. [ ]

3.1.2 Approximation of polynomials by polynomials of lower degree

Lemma 3.5 Let [a,b] C [—1,1], let p,k € No with k < p. For every u € P, and p € R>o,
o € Ry satisfying
Do (int(&,)) C int(Ey),
we have
it flu = vllog foy < 47" 07 fullc, 1,1 (22)

Proof. Due to the maximum principle for holomorphic functions, we have

[wlloo,@py,u(60) < llttlloo s,

Since u € P, Bernstein’s estimate for polynomials [7, Thm. 2.2] implies

[ulloc,e, < 0P llllos,(~1,1-

Lett:=wuo (I)[a,b} € Pp. Due to Lemma 3.4, there is a © € P, satisfying

L 20 _pqy.
12— 0loo,j—1,) < ﬁp k 1||U||Oo7gp.

By defining v := 9 o ®(, ;) € Py, we find

o 20 pqys
e =l o = 1 = Blloe 1y < 7777 oo,

_ 20 20 k-1

= ﬁl) ||U\|oo,<1>[a,b](5p) < mp [ulloo,e,
20 4

< ——p "o [ulloo 115
-1

. . . . . 2
concluding our proof since the assumption p > 2 implies prl <4 ]

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

i b—a k+1
i o= oo < 46(4?~ 0 (220) 7 e

13



Proof. Let ¢ := (b — a)/2. We introduce
UZR21—>R21, pl—)?)—f—(S(p—i-l/p),

and find that for all p € R-¢

o(p) = 1/o(0) =3+ 80+ U0) = 5507173

>2+4+68(p+1/p) >la+bl+3d(p+1/p).
Hence, upon writing B(z,r) C C for the ball of radius > 0 about z € C,

@y, 4 (int(E,)) C B (o, o+ bl + g(p + 1/p)>

B (0, M) - int(Sg(p)).

N

Thus, we can apply Lemma 3.5 to the pair (p,o(p)) and find a v € Py, with

p
L g
= oo < 47 (P2 e 3)

The polynomial v depends on the parameter p € R>9, which is still at our disposal. For a good
choice, we calculate

() - (22 - (57 o

= 6’ exp <plog (1 + i)) < 0P exp (pi) )
op 0p

so that by choosing p := 4p/d > 4p/2 > 2, we find
P
(M) < &e.
p

Hu - v”oo,[a,b} < 46pp7k715p”u”oo,[71,1}
< 4e(4p)’ 1 [l o, 11,115

Therefore (23) takes the form

which is the desired result. [ |

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 € N, there
exists a v € Py, satisfying

L J/ k+1
Ju = ol < ae(ap? ™ (1) -

14



The best approximation result Corollary 3.7 allows us to quantify the interpolation error:

Corollary 3.8 Ler J' C J be closed intervals and let (L)) cn, be a family of interpolation
operators satisfying Assumption 19. For p, k € Ny with k < p and for all u € P, we have

L J/ k+1
= T grtlloo < de(1 + Ag)(4p)P—" 1(%) s, ©25)
L Jl k+1
1Tyl < <1+4e<1+Ak><4p>p g (H) llloos.  6)

Proof. Let v € Py, be the approximation to u given by Corollary 3.7. Then

||u_z_k,J’uHoo,J’

= v = oyt = W)lloersr < 1t = Voo + [T (2t = ) Jocs
T\

< (14 At = Ve < (14 Ap)de(dp)P—E-1 <W> loous-

The triangle equality finally establishes (26). ]

3.2 Iterated interpolation with polynomials in one dimension

The results of the last section allow us to estimate the error introduced when interpolating poly-
nomials 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
JO C J' C ... C J"is called an interval chain. It is g-regular for ¢ €]0,1[ if for all
i €{1,...,n} there holds
|7
|J°]

<q. 27)

Each interval chain gives rise to an interpolation operator:

Definition 3.10 (Iterated interpolation) Given an interval chain € and o, 8 € Ny, we set
k; :== B + «i and define the induced iterated interpolation operator by

I@ = Iko,JO (¢} Zkl,Jl O---0 Ikn7Jn. (28)

Theorem 3.11 (Stability) Let ¢ = (J°)"_, be a g-regular interval chain and Ty be the induced
iterated interpolation operator. Then there exists C; > 0 depending only on «, ¢, and the
constants Cy, X\ of (19) such that

HIko,JO ©---0 Ikm,meHoo,JO < CsAﬁJrameHOO,Jm (29)



forallw e C(J™) and all m € {1,...,n}. In particular
[Zewlon < Cshgranlivlloo e forallw € CLI™)

Proof. The case o = 0 is trivial, so we only consider « > 1. Let m € {1,...,n}. By Corollary
3.8, we have
[ Zhg, g0 00 Ly, gm-1tloo jo < Fluloo,sm

for all v € Pg4am with
m—1 .
Fim TT (14461 + Appa) (408 + a4+ 1)))° 7 g7+
j=0
Since In(1 + ) < z for z > 0, we find

m—1
InF < de > (1+Apraj) A3 + aj + )2t gPFert]
7=0

3

<ded (L+A)AG +a—1)" 1§ < 4deCy,
j=0

where C’q depends on @, «, and the constants Cy, A of (19). Therefore
1 Zhg, 00 0Ly ym—1tlog,jo < Csllufloo,sm (30)

holds for all u € Pgqm with
Cs :=exp (46@7) .
For w € C(J™) we get by combining (30) with (21)

| Zsy,g0 0+ -+ 0 Iy, gm0l oo g0 < Cs| L, ymw|| o, gm

< CSAﬁ—I—ameHOOJm'

This is the desired estimate. ]

For the approximation properties of Zg, we have the following estimate:

Lemma 3.12 (Approximation properties of iterated interpolation) Let (J')]", be a G-regular
interval chain and let Ls be the corresponding iterated interpolation operator. Then we have
forallu e C(J")

n
[u = Zetl oo, y0 < CACs D> (B+ aj + D M|u— Ty, st oo, gs-
i=0

16



Proof. For each j € {0,...,n}, we define
Uj := Ty, jo 0+ 0Ly giu.

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

n—1
H’LL - IQ’UJHOO,JO < Hu - uOHoo,JO + Z Huj - uj+1Hoo,JO
i=0
n—1
= [l = wollo,g0 + Y N Zugg0 0+ 0 Ty s (= Ty, gisrtt) oo, g0
i=0
n—1
<l = Ty, ottlloo g0 + Cs Y Agyajlle — Ty, gierttfloo gin
i=0

n
< COZC Z(ﬂ +aj+ 1)>\||u - Ik;j,JjuHoo,Jj’
=0

which concludes the argument. ]

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 ana-
lytic on a closed interval J C R.

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

Hu(n)Hoo,J < Cyyyn!  forall n € Ny. (3D

Then we have for all k € Ny

—(k+1)
) . (32)

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

min [[u — v|joo,s < Cude(l + v, J|)(k + 1) (1 +

VEP ’Yu|J|

it 4= 0o,y = 10 6 = 0o 1

vEPy
we may restrict our attention to the polynomial approximation of 4. Since &; = %, we get
4" |0 (—1,1] < Cufy™n! foralln € Ny, (33)

17



where we abbreviated 5
Vo 1= . (34)
Yu Sal]

This bound implies that the Taylor series of 4 at a point £ €] — 1, 1] converges on the ball
B(&,4y) € C with center £ and radius 4,,; thus, 4 has a holomorphic extension to the set

G5, = Ueg—1,11B (&, Yu)-
Lemma 3.14 below then implies £, C G5, for
pi=1+4%,>1 (35)

For an ultimate application of Lemma 3.4, we need to bound . To that end let € > 0, which will
be chosen more precisely below. On the subset G, /(14.) C G, we obtain by Taylor expansion
around the points £ €] — 1, 1] in view of the estimate (33)

> 14¢
oo, 100y < C Z1+5 - _ O, —.

Since for pe := 1+ 4, /(1 + €) we have int(&5.) C G5, /(14<), We obtain from Lemma 3.4 the
following approximation result:

. 20 .
. < A—(k+1) |4 X
i (18 = vlloo -1y < 77772 Vlilloos,
25 1
< CusPepranTE
Pe — 1 €

We choose € = k+r1 and bound 1+¢ < 2, p./(pe —1) < 142/4,. It remains to bound p}_(kﬂ):

(k’+1) /)‘/ 7(k+1) B (1 +6)k‘+1 1 _I_;yu k+1
IO:—: L+ — - 2 \k+1 3
l+e (14 )P\ T+ + e

(k+1) L\ (k+1)
<p (1 < p~ e,
sp (+k—|—1> P e

Combining the above estimates, we obtain

min |4 — v||o,[-1,1) < Cude <1 + < ) (k +1)p~ B+,
vEPy f)/u

which is the desired result in view of the definition of p and 4, in (34), (35). [

Lemma 3.14 (Covering of £,) Lety > 0and p = y++/1+~2 Thenint(E,) C Ugej—1,11B(,7)-
In particular, for p := 1+ < p, we find int & C int &, C Uggj_1,11B(€,7)-

18



Proof. The semi axes of the ellipse &, have lengths @ = 3(p + 1/p), b = 2(p — 1/p). Since
p > 1, we have a < b+ 1. Additionally, a calculation reveals b = . To show the claim, it
suffices to show

2 2

y
St <l = 3¢el[11] st (z— &2+ 4% <> =1 (36)

In order to show (36), we distinguish two cases: if x € [—1,1], then we take £ = x and
(x — €)% + 92 < b? follows immediately. If z € R\ [~1, 1], we observe that a < b+ 1 implies

x € [-b—1,—1[U]1,b+ 1]. By symmetry, it suffices to consider the case x €]1,b + 1]. Then

we take £ = 1 and calculate using 7 < b? — Z—zmQ

b2
(r =9 +y’ = (-1 +¢* < (@ = 1" +b* — —a”.

Since b < a, the quadratic function z +— (x —1)? 4+b% — Z—QxQ is convex and attains its maximum

on the interval [1, 1 + b] at one of the endpoints; we therefore obtain

b? b?
(x — €)? + y* < max {b* — @’262 — p(b +1)2} <2,
where in the last step we exploited the observation a < b + 1. -

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) Ler (J*)!'_ be a ¢-regular interval chain, let Ig be
the induced iterated interpolation operator for the rank parameters o, 3 € Ny (see Definition
3.10). Let u € C*°(J") satisfy

[ || oo, gn < Cuyiv! forall v € Ny. (37)
Then the iterated interpolation Ly satisfies
lu—Teullog,o < Crala, B,m) (1) FHOmmnliT el

where the parameters v > 0 and & are given by

. { 2 1} B c 2 >0
= min , =0 a=0g——""= )
i Yal T G 19+ 7l

for a constant Cy € R+ that depends only on q. The function Cyq grows polynomially in n and
linearly in |J"| and is given by

Cra(a, B,n) = CsC8eCR (1 4+ vu| ") (n + 1) (B + 1 + an)* .
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Proof. As a first step, we will prove the following slightly stronger statement:

u = Zeul oo, s0 (38)

n|-n B+1 n B+1+an
Yul J"|G > ( Yu J"| >
< C(a, B,n) max (7 | .
( ) { 2+l I"q" 2 + yulJ"|

From Lemma 3.12 we get

n
lu = Zeullo,g0 < CaCs Y (B + i+ D) Mu = T o, it o, st
i=0

Furthermore, we have the standard estimate

lu = Zgyaigitlloc,si < (14 Aptai) min flu— vl i
veEPg

+ai

Hence, using 1 < Ag,;, we arrive at

n
v = Teulloo,g0 < 2C3Cs ) _(B+ i+ 1)** min |fu— v, g
i=0 .

The assumptions on the decay of the lengths of the intervals in the cluster chain imply
[T < g .
Hence, the approximation result Lemma 3.13 implies

,Jhin v — Vo, i

9 ) —(B+1+od)

< Cude(L 4 7al Ju)(B + 1+ ai) (1 TR -
YulIn |G

fori € {0,...,n}, leading to

= Zeuflop 0 < C3CCuSe(1 +7ulJ")) (Zw F14 am”“)
k=0

9 —(B+1+ai)
i€{0,...,n} Yul JG

The sum can be bounded by (n + 1)(3 + 1 + an)***!. The maximum can be bounded by
Lemma 3.16 below by

2 —(B+1) 9\ ~(f+ltan)
max 1—|—7_n> , <1+—) .
< Yul I Fuu| I

This yields the bound (38). To obtain the bound stated in the Theorem we apply Lemma 3.17 to
the first term of the maximum in (38) with § = 2/(,|J"|) and ¢ = q. ]

We conclude this subsection with two lemmas used in the last proof.
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Lemma 3.16 Let C, s, a > 0, § € R. Then for n > 0 the function

f:[0,n] =R, z— —(6+ az)In(l + Ces"™)
attains its maximum at one of the endpoints, i.e.,

e f(@) = ma {£(0), £ ().

Proof. To see this, it suffices to show that at a point © €]0,n[ with f(Z) = 0, the inequality
1" (Z) > 0 holds. We compute

s(n—x)
(@) = —aln(l +Ce ) 4 (54 an) T e
s(n—x) 2_s(n—x)
(@) =2 Cse Cs’e

T e O (6 + ax)

The assumption f/(Z) = 0 then implies

(1 + Ces(n—m))2 ’

s(n—7x)
s In(1+ Ce )

_ 08268(71—@
T Cotim — (B+oT) (11 Cesn—1))2
and therefore
"=\ _ o s(n—=z) _ s(n—T)
(@) TS Coti® [2086 sln(1+ Ce )}
Q

I s(n—x) _ s(n—1)
2 [ Certi® [2086 Cse )} >0,

where we used the elementary bound In(1 + z) < z for z > 0.

|
Lemma 3.17 Let 6 > 0, ¢ €]0, 1], B > —1. Then, upon setting
¢ :=min{d,1/q} >0,
l-q  6/q
>0 39
m(l+1/q) 1+ /g (39)
we have
5\ ~(B+D) _
(1 + —n> < (14 )BT oo il n € Ny, (40)
q

Proof. Since ¢ < ¢, the bound (40) is trivial for n = 0. To prove (40) for n > 1, we see by
taking logarithms that it suffices to show

inf f(n) > @ln(1 + ¢),
neN

(41)
where the function f is defined by

f(n) =~ (1 +3/4") ~ (1 + ).
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Since In(1 + ¢) < In(1 + 1/q), (41) is proved if we show

1)
int f(n) 2 min((~ ). 1 - 0} 2 @)
We compute
. : /q
1 =—lIlng > —1Ing,1 - ,
lim f(n) = —Ing > min{—Ing q}1+5/q
14+4d/q 1+4d/q
1 :1 =
f)=1e 1+¢  T+qmin{/g.1/¢%)
14+4d/q 0/q
LR (g g U
1+4d/q 1+46/q
where in the last step we used the fact
1+a T
1 >(1—-—q)—— foralx> 43
nl—i—qx_( Q)l—i—x orall x > 0, (43)

which follows from the fact that the left-hand side of (43) grows faster than the right-hand side
and that equality holds for x = 0. It remains to examine possible minima of f on the interval

[2, 0o. Since

Fle) =~ fla) + L ROVT

x 14+0/¢
we conclude that f/(Z) = 0 implies
_ d/q” : 0/q" d/q
=(—lng)———= > —Ing)———— = (-1 .
f@) = ( nq)1+5/qz_glzlrll( DQ)1+5/qx ( DQ)1+5/q
Due to —Ing > 1 — ¢, the proof of the lemma is complete. ]

4 Global error bounds

Having established stability and approximation estimates for the one-dimensional case in Sec-
tion 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 7,0 € T} we define

sons™(7) := {71 € Ly : there exists a cluster chain C --- C 1, =T
with T;_1 € sons(7;) fori € {1,...,n}},

sons* (7 x o) := {19 X 09 : 7o € sons™(7), 00 € sons*(0)}.
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We associate a closed bounding box
By =J] x...xJj (44)

with each cluster 7 € T (cf. (6)). On these boxes, we can combine the one-dimensional interpo-
lation operators 7, ; introduced in Assumption 3.2 to define the cluster interpolation operators
(cf. (8)) by

Ir =Ty g @ @ Lyr g7

Let 7 X 0 € Ppy and 19 X 09 € sons™(7 x o) with cluster chains 9 C ... C 7, and
og C ... C g,,. Combining (5), (11), and (15), we see that for 7 € 1y and j € o, we have the
representation

K = / / 5 () Vi)W (0) d dy,
Froxey = Tryo - 0Lr,)® (Lsyo - 01y,)k

To X0Q

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

TTXO . (ITO O"'OITn) ®(Ioo O"-OIUm)'

ToX0O0

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

ITO O .- OITn
= (IkIOVJI—O O:--- OIkIn’JI'n) ® ® (Ik‘;—o,J;—o (oI OIk;'n7J;'n) and
IUO O .- QIUm

= (Ik‘folea'O O --- Okan’me) QK- Q (IkgongO O .- OIkgn’ng).
Upon introducing the one-dimensional iterated interpolation operators
Lej =Ty jo0---0Lym ymm, ZTegyi =200 jo00---0Tpom jom
] k0,770 kT, JTm ¢, d+j k70,J70 kI IS
for j € {1,...,d}, we can write
X
I;-QXO(.J‘O = (ITO SE OITn) ® (IG'O O OIG'm) = I@,l ® e ®I€,2d)

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 ¢ €]0,1[. We assume that B, C B; and
|J7| < qlJ7|

(cf. (44)) hold for all j € {1,...,d}, all T € T}, and all 7' € sons(T).
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For quasi-uniform meshes, this assumption can be satisfied if the correct clustering strategy is
used (cf. [10]).

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

k™ = 0+ a(lmax — level(T)) (45)
without sacrificing stability.

Assumption 4.3 (Local homogeneity) We assume that the block partition P is locally homo-
geneous, ie., that there is a 6 € Ny such that

|level(T) — level(o)| < 0
holds for all T X 0 € Py,

This assumption is satisfied for locally quasi-uniform meshes and allows us to simplify the
analysis significantly by characterizing blocks 7 X o € H,; by the average of the level of T and
that of 0. Using these averages, the following approximation result can be proven:

Theorem 4.4 (Local error estimate) Let p €]0,1] and C, € R~. Let Assumptions 4.2 and
4.3 hold. Then there are o, 8 € Ny such that

C’inpzmax -

_ITXO' < s
HK/ K/HOOyBTXBo' — diSt(BT,Bg)g

To X00

holds for all T X 0 € Py, where { := (level(7) + level(c)) /2.

Proof. We will first derive general error estimates for the operator Z_ 37, . Let o, 3 € Ny. Due
to (45) and Assumption 4.2, we can use Theorem 3.11 to find

j—1 2d
QRldaTle;® Q) 1d | u
i=1 i=j+1

00,Bry X Boy
< CsCA(K™ + 1+ a(level (19) — level (7)) M|l co.B, x B,
< CsCa(B + 1+ albmax — level (7)) ulloo,5, B, (46)

forall u € C(B; x B,) and all j € {1,...,d}, i.e., the tensorized interpolation operator is
stable. We observe

lax — level(T) = lpax — level(7)/2 — level(7) /2
+ level(0)/2 —level(0)/2 < lpax — £ + 0/2,

which implies

(B4 1+ a(lmax — level(T)) < (B + 14 a(lmax — £) + ad/2)*
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< (a5/2 + 1))\(ﬂ + 2+ Oé(gmax - E)))"

so the stability estimate (46) takes the form

®Id®I¢]® ® Id|u

=i+l 00, Bry X Borg

< CsCA(K™ 4+ 1+ a(level(mg) — level(T)))’\HuHoQBTxga
< CCr(a6/2 + DMB+2 + allmax — ) M|ulloo,, x B, (47)
forallu € C(B; x B,)and all j € {1,...,2d}.

In order to be able to find approximation results, i.e., to apply Theorem 3.15, we have to find
constants C,,, vy, satisfying (37). Due to the asymptotic smoothness (2), we have

CV

" dist(B, By )9tV
forall j € {1,...,2d} and v € Ny, where

C __ Casymp - ©
“T qist(By, By)e T dist(Bs, By)

Since 7 X o is admissible, we have dist(B;, B,) > diam (B, x B,)/(2n), which implies

2ncolJ7 | - 2nco|J7 |

T
=2
Wi S B < By 7] 1o,
2ncolJ7 | 2nco|J7|
’Yu’JU’_ < JJ :27760
diam(B; x B,) | 7|

forall j € {1,...,d}. We introduce
Cop(a, B,7) := SeC%CSCasymp(l + 2ncg) (bax — level(T) + 1)
(B + 14 a(lymax — level(r)))?M L

and find for C'4 of Theorem 3.15

Cap(av, 3,7)
- B < B T)
Cra(a, k™, level(rg) — level(r)) < dist(B;, By)9’

since k™ = 3 + a(fmax — level(7p)) holds. Therefore, Theorem 3.15 implies

2d

®Id®1d ~Te;)® Q) 1d | s

i=j+1

< ap Oé , B, ) 1 g
dist(B;, By)9 \ 1+~

oo,BTO ><B(,-0
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< 1 ) a(bmax—level(7o))+min{(8+1)a,a}(level (o) —level(T))

I+~
Cap(aa 3, 7_) 1 B+1 1 min{(8+1)a,a}(bmax—level(1)) )
= ist(B,, By )9 \ 1+~ 1+~

forall j € {1,...,2d}, where
Y= min{i, 1} and o= G -
nco ¢
In order to symmetrize the estimate (48), we observe
lrnax — level(T) > lpax — 0 — 6/2,
which implies

< >min{(6+1)a ,a} (Umax—level(T))
<

+
min{(8+1)a,a} (bmax—€—0/2)
( ) 49)
and
Capla, 3,7) < 86C3 CsClasymp(1 + 21¢0) (bnax — £+ 1+ 6/2)
(B+ 1+ a(lmax — £+ 6/2)2 = Cop(a, B, bmax — £). (50)
Combining (48) with (49) yields
j—1 2d
RIdeld-Ie) ® ) 1d| «
i=1 i=j+1 50, By % Bog
Cap(a /8 e ax — e) 1 B+1 1 min{(ﬂ-‘rl)&,a}(fmax—E—&/Q)
) ) “Imax 51
dist(B7, By )9 (1 +v> <1+7> oY

forall j € {1,...,2d}. Due to

j 2d
k= TTX0 = Z <®I¢z> (Id—Zey)® | &) 1d| &,
Jj=1 \i=1 i=j+1

we can combine (47) and (51) to prove

HKJ - IZOXXO(;'QKHC’OyBTO XBUO
< 2d(ad/2 + DIRA=D 2411 4 )0/2(5 42 4 @(lpay — €)M
- dist(B;, B, )¢
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2d—1 F 1\ 1\ min{(B+ha.a}(fmax—1)
e e I )

by standard tensor arguments. We can see that this expression can be split into four factors: The
(rather lengthy) stability term
C(at, By bnax — €) 1= 2dC%4 (0§ /2 + 1)MNHD 21 (1 4 4)%/2
(ﬁ + 1 + Oé(emax - g))/\(zdil)éap(av ﬁa emax - 6)7
which depends only polynomially on (3 and 4,.x—/, the singularity-related term dist(B;, B,) ™9,

which does not depend on «, (3 or ¢, the exponential term (1 + 7)*([”1), which decreases expo-
nentially in 3, and the level-dependent term

)

1 min{(8+1)a,a}(lmax—~¢)
(1 + v)

which decreases exponentially in £y — £.
Let € € Ry . Since & > 0, we can find « and 3 such that

L\ min{(B+Daal
< lerC
14+~4

holds. The stability term C depends only polynomially on 4.« — ¥, so we can find a function
C1 (v, B) that depends only polynomially on /3 such that

Cl(a, B, bmax — 0)p == < Cy (e, B)

holds for all values of 4.« — £. Therefore we can ensure

1 B+1
Ci(a, B) (m) < Cin

by choosing [ sufficiently large. For these values of « and 3, we have

16 = 2750 lloo, Bry x Bo

C(a, B, bmax —e)p(l ) (fmae—0) ( 1 >6+1

dist(B;, B,)? 14+

«_CaB) e (1 o
= dist(B,, B, 9"
l

Cippmex—
— dist(B;, Bs)9’

which is the desired result. [ |

It is important to note that we can reach any constant G, and any decay rate p €]0, 1] by
choosing « and (3 appropriately.
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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(W;)| < Coy
1€X

J supp(w)

i€X

for all X C I. We also assume that the finite element basis is I2-stable, i.e., that there is a
constant Ct, € Ry satisfying

el

2

< Z H/&Z\IJZH%Q < Cfe
L2 el

2
it > aw;

el

L2
for all coefficient vectors 4 = (1;);e; € R,

The locality condition holds if each element of the triangulation is contained in the supports
of not more than C, basis functions. For piecewise constant basis functions, we have (i, = 1,
for piecewise linear basis functions on triangles, we have (5, = 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. [5]).
For all u € Vi, the vector & € R! with

icl
is called the coefficient vector corresponding to u, and for all 7 € I;, we define the restriction
Ur 1= Z ’llZ\I/Z
€T
The approximated matrix K corresponds to the bilinear form

)= Y Y / e / Voo (W) T8 ()2, ) dy dx

TX0E Py, TOXoQ
€sons* (T x0o)

+ Z /Fuf(x)/rva(y)/‘c(x,y) dy dz.

TX0E Prhear

Theorem 4.6 (Global error estimate) Let Assumptions 2.4, 4.2, 4.3 and 4.5 hold. Let p, €
10,1[ and Cq1 € Rwq. Then there exist rank parameters o, 3 € Ny such that

|a(u, v) — a(u, v)| < Cgéllull2lv]l L2

holds for all u,v € Vy with

Lmax—level(T)
T
f::max{| r|py :TET[}.

diam(B;)9
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Proof. Let ps €]0,1[. We choose «, 5 € Ny as in Theorem 4.4 for p := p;p2 and

Cgl(l — p2)

Cip = .
Csp C?eCov 29/2n9

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

a(u,v) — a(u,v)

= Y Y [ un) [ e~ TR e dy e

TX0E Py, ToX0Q
E€sons* (17 X0o)

We will first consider the inner sum. For 7 x o € P, and ¢ := (level(7) + level(o))/2, we use
the Cauchy-Schwarz inequality and Theorem 4.4 in order to get

S @) [ oao)~ TR ) d

E€sons* (17 X0o)

< D unllr vl s = 73 flloo,Brg x Bay
TOXO0Q
€sons* (17 x0)

Cinpzmax —L

S S | o P

iSt(B.. By) (52)

TOXOQ
E€sons* (7 Xo)

1/2
S Tsu(B-_ B Tz | [T |
dist(B;, B,)9 TO;O ol 1L oo
€sons* (Tx0)
1/2
> Ml lvo 72
ToX0Q
€sons* (1T x0)
1/2
Coy CroCinplma
Jisi(B,. B 2, 12 Sl Y o3
v 1ET jEO'

Since 7 X 0 € P, holds, the admissibility condition (9) implies

1 < (2n)?
dist(B,, By)? — diam(B; X By)9’

and we can use

diam(B; x B,) = (diam(B;)? + diam(B,)?)"/?
> (2diam(B;,) diam(B,))/?
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in order to prove
1 29/2ng
<
dist(B;, B,)? ~ diam(B,)9/2? diam(B,)9/2’

which implies
pgmax—E‘FTll/Z‘Fgllﬂ
dist(B;, B,)9

Now we can turn to the outer sum:

< 29/%9¢.

la(u,v) = a(u, v)]

< CovaeCin2g/2ngf Z p(;max—level(fr))/2p§£max—level(a))/2

TXOE Ppay
12 1/2
(Z \\ui\lfi\\%z> >l 17a
1ET jE€Eo
1/2
9/2..9 Lmax—level(T) 2
< COVCfeCiH2 n 5 Z 2 Z HuZ\PZHLQ
TXOE Peay 1ET
1/2
Zmax*l 1
o op O S  ywg)3,
TXOE Ppar Jj€EOC
1/2
emax*1 1
< CovaeCspCiHQg/zngf Z V) evel(r) Z HuZ\I]ZH%Q
TeTy 1ET
1/2
Zmax*l 1
R RN (74 71
oeTy jE€o

Since po €]0, 1] holds, we find

Zmax*l 1
S eI N w12,

T€TT €T
gmax
DR . i S YR 7 21
£=0 T€T) 4 i€T
gmax
N N ([T [
/=0 el
gmax

_ Ck
< Crellulfa Y i < 7= ull}
=0 D2
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and can conclude

la(u,v) — a(u,v)| < 297209 || L2 ||| 2

Cspcovcficin
1 —p2
= Cglllull 2] L2,

which is the desired result. []

In order to be able to bound £ in Theorem 4.6 we need additional assumptions:

Assumption 4.7 We assume that the support of the clusters grows regularly, i.e., that there is a
constant Cg, € R+ satifying
‘FT’ < Cgr‘rf”

forall T € Ty and 7' € 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 supports are of similar size.

Assumption 4.8 Let dr be the dimension of the sub-manifold T'. 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 Gy € R~ such that

0| < CTh¥ and  diam(B,) > C;'h
holds for all leaves T € Lj.

This assumption can be satisfied by choosing the correct stopping criterion for the clustering
algorithm: If we keep splitting clusters as long as possible, leaf clusters will contain only one
finite element, i.e., |T';| ~ A9, and optimal bounding boxes will satisfy diam(B;) = diam(T;).

Corollary 4.9 Let Assumptions 2.4, 4.2, 4.3, 4.5, 4.7 and 4.8 hold. Let C,px € R~q. Then there
are rank parameters o, 3 € Ny such that

|a(u, U) — EL(U, U)| < (}apxhdr‘_gHUHL2 HIUHL2
holds for all u,v € Vy.

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

|T7+|

|FT| level(7*)—level
< (leve (7*)—level(r)
8t diam(B;~)9

diam(B;)9 —
and can use Assumption 4.8 to find

T |

dr+g 3 dr—g Hlevel(t*)—level(T)
< .
diam(B;)9 — Ge 0 Car
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This suggests that p; := C’g_r1 is the correct choice, since it guarantees

‘FT ’plmax—level(T)

diam(B; )9

_ *)— lmax—level
< CﬁFJrghdF gcé?rvel(fr ) level(fr)p1 evel(T)
< Cfrtopdr=e,

forall 7 € Ty, ie. € < CFT9p9r=9. Applying Theorem 4.6 to Cyy := Claps/Ci" ™9 proves the
desired result. ]

4.3 Approximation with separable weights

In many practical applications the kernel function & is not asymptotically smooth (cf. (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

kr(z,y) = k(@ y)w(z,y) (53)
consisting of an asymptotically smooth kernel function s and a separable function
w:I'xI' > R.

We cannot interpolate ~r 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

'%F,Txa(xay) = Firxa(%y)w(%y)- (54)

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

=D w (@)} (y)
=1

and the approximation Ar ;. takes the form

K/FTXO' T,y) Z Z Z z,,, M (z) L] (2)w ?(y)[’Z(y)

=1 veK,; ueKy,

We can treat the additional factors by replacing the standard Lagrange polynomials in (10) by
the functions w! L7, and w?ﬁﬁ: Foreach . € {1,..., s}, the matrices V" and W7 are replaced
by

V= @@ e, W= [ )L du
and the coefficient matrices S™° and the transfer matrices B " remain unchanged.

If the function w satisfies
w(@,y)| < Cugllz —y|"
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for r € R+, this property can be used to mitigate the singularity of x: Let 7 X 0 € R,;. Due to
admissibility, we have

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

We can use this estimate in step (52) of the proof of Theorem 4.6 to replace the singularity order
g of k by the reduced singularity order g — r or xr 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 Cy,x € Rso. Then
there are rank parameters o, 3 € Ny such that

|a(u, v) = @(u, v)| < Capch™ "9 ful| 2 |[0]| 2

holds for all u,v € Vi, where in the definition of a and a the functions k and k., are replaced
with kr and Kt 7o (cf. (53), (54)).

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

form
_ 1 ({ny,z—y)
FGF(?C,?J) T A7 Hx_yug
forx,y € I'. We set
1 1
klr,y) = ————= and w(z,y):= Ny, T —y

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

d
(.U(.’L',y) = Zny,ixz‘ - <ny7y>7
i=1
i.e., is separable with s = d + 1.
On smooth curves or surfaces I, there is a constant Cyg € R~ such that
jw(z,y)] < Cugllz = yl?

forall x,y € T, so the effective singularity order of rr is only 1, and for each Cypx € R5g we
can find parameters o, 3 € Ny such that

|a(u,v) — @(u,v)| < CapxCug(1+ 4n)* w12 |[v]| 2 (55)

holds for all u,v € V. The estimate (55) 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

[19].
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5 Implementational issues and numerical examples

In the preceding section we presented a convergence analysis for the approximation 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-dimensional
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.

While this construction is straightforward and easily implemented, the resulting clusters usu-
ally do not satisfy the Assumption 4.2. Therefore it is necessary to replace the simple rank
distribution (45) 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 6 € Ny. One key requirement of the rank distribution is that the iterated
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 ¢ €]0, 1| quantifies the notion of “significant” and the
increase of the degree is controlled by a parameter o € 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
ifsons(r) =0 then forj € {1,...,d} do k] :=p3
else begin
for 7/ € sons(7) do begin
DegreeDistribution(T’ ) ;
forje{l,...,d} do begin
o=
if ¢ < qthenkj =k} + allogy(q/q))
else k}/ = k:]T-,
end
end;
forje{l,...,d} dok] = max{fc;-/ | 7 € sons(7)}
end
end
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The approximation order of the clusters is anisotropic (i.e., different polynomial degrees for
the different directions), which is particularly useful in conjunction with highly anisotropic
bounding boxes: if parts of the geometry are flat, the bounding boxes may degenerate to (ef-
fectively) (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 [18].

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
Vv are taken as the space of piecewise constant functions on quasi-uniform meshes. The inter-
polation operator Z;, employed is the Chebyshev interpolation, which satisfies the assumptions
set out in (19). Our numerical experiments were performed on a SUN SunFire 6800.

In view of (55) 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 — LQ(F), where the space Vy is
endowed with the L?(T")-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 a = 2 and b = 1. The block partition is generated with n = 2.5, and we chose 3 = 0,

a = 1, and ¢ = 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 (55) translates into an O(?) behavior for the spectral norm of the

error matrix, which is indeed visible. These errors were computed by comparing the H-matrix

for B = 0 with that for § = 2; a comparison with the exact matrix, which is possible for values
of N < 32768, showed the approximation corresponding to 3 = 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 Ex-
ample 5.2. We consider the double layer potential on an ellipsoid with semi axes of lengths
a = 3,b=2 c=1; the numerical results are reported in Table 2. As in Example 5.2, the
block partition is generated with n = 2.5 and the approximation order distribution is done with
parameters 3 = 0, « = 1, ¢ = 0.6. The column “error” in Table 2 contains again the spectral
norm of the error matrix; since the spectral norm of the exact matrix scales like O(I?), the
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N error rate | mem/N | build/N | MVM/N | near
32| 2759 — | 2.25_3 — — 6
64 | 4.63_3 0.17 | 3.03_3 | 1.56_4 | 5.68_5 6
128 | 1.12_3 0.24 | 401_3 | 7.81_5 | 6.39_5 6
256 | 3.35_4 0.30 | 5.03_3 | 1.56_4 | 9.23_5 6
512 | 1.00_4 0.30 | 5.96_3 | 1.56_4 | 1.17_4 6
1024 | 2.84_5 028 | 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 | 5.22_7 0.26 | 8.20_3 | 2.14_4 | 1.56_4 6
16384 | 1.33_7 0.26 | 8.44_3 | 2.19_4 | 1.62_4 6
32768 | 3.38_g 0.25 | 8.61_3 | 2.24_4 | 1.67_4 6
65536 | 851_g 0.25 | 8.72_3 | 2.284 | 1.71_4 6
131072 | 2.14_9g 0.25 | 879_3 | 2.29_4 | 1.74_4 6
262144 | 5.36_19 0.25 | 884_3 | 2.30_4 | 1.78_4 6

Table 1: Two-dimensional double layer potential on ellipse (cf. Example 5.2)

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

512 | 228 3 — | 2.12_4 | 5.86_5 | 5.86_¢ | 320
2048 | 1.44_3 0.63 | 6.00_4 | 7.81_5 | 7.81_5 | 312
8192 |1 2954 0.20 | 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 — — | 2.67_3 | 2.72_4 — 321

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

expected relative error O(h) results in an expected convergence O(I), i.e., a rate 0.125, which
is close to the observed 0.14. The error was evaluated by comparing the H-matrix for 3 = 0
with that for 3 = 2.
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