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Preface

A major aim of the H-matrix technique is to enable matrix operations of almost linear complexity. Therefore,
the notation and importance of linear complexity is discussed in the following.

Linear Complexity

Let ¢ : X,, — Y,, be any function to be evaluated, where n is the number of input data and m is the number
of output data. The cost of a computation is at least O(N) with N := max{n,m}, provided that ¢ is a
nontrivial mapping (i.e., it is not independent of some of the input data and the output cannot equivalently
be described by less than m data). If the cost (or storage) depends linearly on the data size N, we speak
about linear complexity. The observation from above shows that linear complexity is the optimal one with
respect to the order.

Given a class of problems it is essential how the size N of the data behaves. The term “large scale computa-
tion” expresses that the desired problem size is as large as possible, which of course depends on the actual
available computer capacity. Therefore, the size N from above is time-dependent and increases according to
the development of the computer technology.

The computer capacity is characterised by two different features: the available storage and the speed of
computing. Up to the present time, these quantities increase proportionally, and the same is expected for
the future. Under this assumption one can conclude that large scale computations require linear
complexity algorithms.

For a proof consider a polynomial complexity: Let the arithmetical costs be bounded by C'N? for some
o > 1. By the definition of a large scale computation, N = N; should be the maximal size suited for
computers at time ¢. There is a time difference At so that at time ¢ + At the characteristic quantities are
doubled: Nyyar = 2N, and speediyae = 2speed;. At time t + At, problems with Nyya¢ data are to be
computed involving CNY, o, = C27 N{ operations. Although the number of operations has increased by 27,
the improvement concerning the speed leads to an increase of the computer by the factor 27/2 = 271, If
o > 1 we have the inconvenient situation that the better the computers are, the longer are the running times.
Therefore, the only stable situation arises when o = 1, which is the case of linear complexity algorithms.

Often, a complexity O(N log? N) for some ¢ > 0 appears. We name this “almost linear complexity”. Since
the logarithm increases so slowly, O(N log? N) and O(N) are quite similar from a practical point of view.
If the constant Cy in O(N) is much larger than the constant Cy in O(N log? N), it needs a very big N; such
that CoNilog? Ny > C1 N, i.e., in the next future O(N log? N) and O(N) are not distinguishable.

Linear Complexity in Linear Algebra

Linear algebra problems are basic problems which are part of almost all large scale computations, in particu-
lar, when they involve partial differential equations. Therefore, it is interesting to check what linear algebra
tasks can be performed with linear complexity.

The vector operations (vector sum z+y, scalar multiplication Az, scalar product {x,y)) are obvious candidates

7
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for linear complexity.

However, whenever matrices are involved, the situation becomes worse. The operations Ax, A+ B, A x B,
A7) ete. require O(N?) or O(N3) operations. The O(N?)-case can be interpreted as linear complexity,
since an N x N-matrix contains N? data. However, it is unsatisfactory that one does not know whether a
(general) linear system Az = b (A regular) can be solved by an O(N?)-algorithm.

Usually, one is working with special subsets of matrices. An ideal family of matrices are the diagonal ones.
Obviously, their storage is O(N) and the standard operations Dz, D + D', D * D', D~! require O(N)
operations. Diagonal matrices allow even to evaluate general functions: f(D) = diag{f(d;):1<i < N}.

The class of diagonal matrices might look rather trivial, but is the basis of many FFT applications. If,
e.g., C is circulant (i.e., C;; = Cy j for all i — j = ' — j' mod N), the Fourier transform by F leads to
a diagonalisation: F~'CF = D. This allows to inherit all operations mentioned for the diagonal case to
the set of circulant matrices. Since the computation of Fz and F~'z by the fast Fourier transform needs
O(N log N), these operations are of almost linear complexity.

It is interesting to notice that F = (w™/), .,
entries of F are called), when Fz is performed by FFT.

with w = exp (27i/N) is neither stored nor used (i.e., no

Diagonalisation by other matrices than F is hard to realise. As soon as the transformation T to diagonal form
is a full matrix and Tz must be performed in the standard way, the complexity is too high. Furthermore,
the possibility of cheap matrix operations is restricted to the subclass of matrices which are simultaneously
diagonalised by the transformation.

The class of matrices which is most often used, are the sparse matrices, i.e., #{(i,j) : Ai;; # 0} = O(N).
Then, obviously, the storage and the matrix-vector multiplication Az and the matrix addition (in the same
pattern) are of linear complexity. However, already A * B is less sparse, the LU-decomposition A = LU
fills the factors L and U, and the inverse A~! is usually dense. Whether Az = b can be solved in O(N)
operations or not, is not known. The fact that Ax requires only linear complexity is the basis of most of the
iterative schemes for solving Az = b.

A subset of the sparse matrices are band matrices, at least when the band width w is O(1). Here, LU-
decomposition costs O(w?N) operations, while the band structure of A is inherited by the LU-factors. The
disadvantages are similar to those of sparse matrices: A * B has the enlarged band width w4 4+ wp and A~!
is dense.

The conclusion is as follows:

e As long as the matrix-vector multiplication x — Az is the only desired operation, the sparse matrix
format is ideal. This explains the success of the finite element method together with the iterative
solution methods.

e Except the diagonal matrices (or diagonal after a certain cheap transformation), there is no class of
matrices which allow the standard matrix operations

Az, A+ B, AxB, A!

in O(N) operations.



Chapter 1

Introductory Example

In this very first section we introduce the hierarchical matrix structure by a simple one-dimensional model
problem. This introduction is along the lines of [40], but here we fix a concrete example that allows us to
compute everything explicitly.

1.1 Model Problem
Example 1.1 (One-Dimensional Integral Equation) We consider the integral equation
1
| ogle —sltt)ay = F@). wepp, ()

for a suitable right-hand side F : [0,1] — R and seek the solution U : [0,1] — R. The kernel g(z,y) =
log |« — y| in [0,1]? has a singularity on the diagonal (v =1vy) and is plotted in Figure 1.1.

Figure 1.1: The function log |z — y| in [0,1] x [0,1] and a cut along the line z + y = 1.

A standard discretisation scheme is Galerkin’s method where we solve equation (1.1) projected onto the
(n-dimensional) space V,, := span{eo, ..., ¥n—-1},

1 1 1
/ / pi(x) log |z — y| Uy)dydz = / pi(@)Fa)de  0<i<n,
0 0 0

9



10 CHAPTER 1. INTRODUCTORY EXAMPLE

and seek the discrete solution U, in the same space V,,, i.e., U,, = Z;:& u;p; such that the coefficient vector
u is the solution of the linear system

1 1 1
Gu=f. Gy = / / pi(@)log |z — ylp;()dyde,  f; = / i(x) Fla)da.

In this introductory example we choose piecewise constant basis functions

1 ifi<gp<itd
pilz) = { 0 otherwise (1.2)

on a uniform grid of [0, 1]:

The matrix G is dense in the sense that all entries are nonzero. Our aim is to approximate G by a matrix

G which can be stored in a data-sparse (not necessarily sparse) format. The idea is to replace the kernel
g(z,y) =log |z — y| by a degenerate kernel

k—1
g(z,y) = Z gv(2)hy (y)
v=0

such that the integration with respect to the z-variable is separated from the one with respect to the y-
variable. However, the kernel function g(z,y) = log |x — y| cannot be approximated by a degenerate kernel
in the whole domain [0, 1] x [0,1] (unless k is rather large). Instead, we construct local approximations for
subdomains of [0, 1] x [0, 1] where g is smooth (see Figure 1.2).

Figure 1.2: The function log |z — y| in subdomains of [0, 1] x [0, 1].

1.2 Taylor Expansion of the Kernel

Let 7 := [a,b], 0 := [e,d], T x ¢ C [0,1] x [0,1] be a subdomain with the property b < ¢ such that the
intervals are disjoint: 7 N o = (). Then the kernel function is nonsingular in 7 X o. Basic calculus reveals
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Lemma 1.2 (Derivatives of log |z —y|) The derivatives of g(x,y) = log |z —y| for x #y and v € N are

Kg(z,y) = ()" -z —-y)™"
oyg(z,y) = —(v—-Dlz—y)™.

The Taylor series of © +— g(z,y) in xo := (a + b)/2 converges in the whole interval 7, and the remainder of
the truncated Taylor series can be estimated as follows.

Lemma 1.3 (Taylor series of log |z —y|) For each k € N the function (truncated Taylor series)

k—1
1 174 v
) = Z Jaxg(x07y)(x — 7o) (1.3)
v=0
approzimates the kernel g(x,y) = log |x — y| with an error

—k
l9(z,y) — g(z,y)| < |T£__ba (H - )

|zo — al

Proof: Let x € [a,b], a < b, and y € [¢,d]. In the radius of convergence (which we will determine later) the
Taylor series of the kernel g(z,y) in xo fulfils

Z g(zo,y)(x — x)".

o 20V g(z0,y)(z — x0)” can be estimated by

v=k ol

5 domamote | = | St (£2)'
> =

v=~k

The remainder g(z,y) — §(z,y) = >

IN

o0

|0 — al '
< =0
- ;<mo—a|+c—b
|

|zo —a ] "
= (1+ 1+
le —b] |zo — al
le— b\

roo—a] > L, the radius of convergence covers the whole interval [a, b]. [

Since 1 +

If ¢ — b then the estimate for the remainder tends to infinity and the approximation can be arbitrarily
bad. However, if we replace the condition b < ¢, i.e., the disjointness of the intervals, by the stronger
admissibility condition

dist

ot ; . . 11 diam(7) < dist(7, o) (1.4)

diam

then the approximation error can be estimated by

3 3

o(e.) — G(e.y)| < S0+ )7 < 3k (15)

This means we get a uniform bound for the approximation error independently of the intervals as long as
the admissibility condition is fulfilled. The error decays exponentially with respect to the order k.



12 CHAPTER 1. INTRODUCTORY EXAMPLE
1.3 Low Rank Approximation of Matrix Blocks

The index set Z := {0,...,n — 1} contains the indices of the basis functions ¢; used in the Galerkin
discretisation. We fix two subsets ¢ and s of the index set Z and define the corresponding domains as the
union of the supports of the basis functions:

7:=|Jsuppgi, o= Jsupp .
1€t i€Ss

If 7 x 0 is admissible with respect to (1.4), then we can approximate the kernel g in this subdomain by the
truncated Taylor series ¢ from (1.3) and replace the matrix entries

ZJ—/ / wi(x)g(z,y)p; (y)dydz

by use of the degenerate kernel § = Z’Z;é guv(z)h, (y) for the indices (i,75) € t x s:

Gij = / / ei(x)g(x, y)p; (y)dyda.

The benefit is twofold. First, the double integral is separated in two single integrals:
éij / / 901 Z gl/ ( )dydx

3 (/ o1(@)g0 (@ >dx) (/Ole(y)hu(y)dy).

v=0

Second, the submatrix G|¢xs can be represented in factorised form

G|t><s _ ABT, Ae ]Rtx{o,...,k:fl}7 Be Rsx{O,...,kfl}’

where the entries of the factors A and B are
1 1
Aiy 3:/ (pi(m)gy(m)dx, Bj, ::/ ‘Pj(y)hu(y)dy
0 0

The rank of the matrix AB7 is at most k independently of the cardinality of ¢t and s. The approximation
error of the matrix block is estimated in the next lemma.

Definition 1.4 (Admissible Blocks) A block t x s C Z x I of indices is called admissible if the corre-
sponding domain T X o with T := U;cisuppyw;, o := U;csSupp p; is admissible in the sense of (1.4).

Lemma 1.5 (Local Matrix Approximation Error) The elementwise error for the matriz entries Gi;
approzimated by the degenerate kernel g in the admissible block t x s (and g in the other blocks) is bounded
by
A 3 oak
‘Gij —Gij| < 5% 377
Proof:

G5 -Gl = | [ [ @) - s
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(1.5)

< / / 01 ()13~ |3 ()| dydlz

3 A 1 1

= 33 / soi(x)dw/ vj(y)dy
0 0

3

= —n7

29—k
37N
2

Let us assume that we have partitioned the index set Z x Z for the matrix G into admissible blocks, where
the low rank approximation is applicable, and inadmissible blocks, where we use the matrix entries from G
(in the next two subsections we will present a constructive method for the partitioning):

IxTI= Utxsept X S.

Then the global approximation error is estimated in the Frobenius norm || M| := 7 M

Lemma 1.6 (Matrix Approximation Error) The approzimation error |G =G| in the Frobenius norm
for the matriz G built by the degenerate kernel g in the admissible blocks t x s € P and by g in the inadmissible
blocks is bounded by

- 3 o
\|G—G||F§5n 13—k,

Proof: Apply Lemma 1.5. [ ]

The question remains, how we want to partition the product index set Z x Z into admissible and inadmissible
blocks. A trivial partition would be P := {(i,5) | i € Z,j € Z} where only 1 x 1 blocks of rank 1 appear.
In this case the matrix G is identical to G, but we do not exploit the option to approximate the matrix in
large subblocks by matrices of low rank.

The number of possible partitions of Z x 7 is rather large (even the number of partitions of Z is so). In
subsequent chapters we will present general strategies for the construction of suitable partitions, but here
we only give an exemplary construction.

1.4 Cluster Tree 17

79 =1 {0,...,7}
/\
AR AR {0,...,3} {4,...,7}
N\ N\ N\ N\
7 7 7P 7 {0,1} {2,3} {4,5} {6,7}
¥ ¥ 1 ¥ 1 1 1 1 {0} {1} {2y {3} {4 {5} {6} {7}

Figure 1.3: The cluster tree T7 for p = 3, on the left abstract and on the right concrete.

The candidates t, s C Z for the construction of the partition of Z x Z will be stored in a so-called cluster tree
Tz. The root of the tree T7 is the index set Ifo) :={0,...,n — 1}. For ease of presentation we assume the
number n of basis functions to be a power of two:

n=2P,
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The two successors of I§0) are Ifl) ={0,...,2 -1} and I(l ={%,...,n—1}.
L5 —1}

The two successors of Iél) are I§2) =1{5 ... 3% — 1} and If) ={3%,...,n—1}.

{
={%

The two successors of Ifl) are I{z) ={0,...,2 -1} and I(Q

ﬂ*lﬁ

Each subsequent node ¢ with more than n.,;, indices has exactly two successors: the first contains the
first half of its indices, the second one the second half. Nodes with not more than n,;, indices are leaves.
The parameter nyi, controls the depth of the tree. For nyi, = 1 we get the maximal depth. However, for
practical purposes (e.g., if the rank k is larger) we might want to set nmin = 2k or np, = 16.

Remark 1.7 (Properties of Tz) For nyin = 1 the tree T1 is a binary tree of depth p (see Figure 1.3). It
contains subsets of the index set T of different size. The first level consists of the root T ={0,...,n—1} with
n indices, the second level contains two nodes with n/2 indices each and so forth, i.e., the tree is cardinality
balanced. The number of nodes in the cardinality balanced binary tree Tz (for nmin = 1) is #T7r = 2n — 1.

1.5 Block Cluster Tree 177

The number of possible blocks ¢ x s with nodes t,s from the tree T7 is (#17)? = (2n — 1)2 = O(n?).
This implies that we cannot test all possible combinations (our aim is to reduce the quadratic cost for the
assembly of the matrix).

One possible method is to test blocks level by level starting with the root Z of the tree T7 and descending in
the tree. The tested blocks are stored in a so-called block cluster tree Tr«7 whose leaves form a partition of
the index set ZxZ. The algorithm is given as follows and called with parameters BuildBlockClusterTree(Z,Z).

Algorithm 1 Construction of the block cluster tree Tr«7

procedure BuildBlockClusterTree(cluster ¢, )
if (¢, s) is admissible then
S(txs):=0
else
Stxs):={t'xs |t € S(t) and s’ € S(s)}
for t' € S(t) and ¢’ € S(s) do
BuildBlockClusterTree(t’, ')
end for
end if

The tree T7x7 is a quadtree, but there are leaves on different levels of the tree which is not the case for the
binary tree T7.

Example 1.8 (Block cluster tree, p = 3) We consider the example tree from Figure 1.3. The root of the
tree is

0 1 2 3 4 > o /

{0,..., 7y x {0,...,7}

which is not admissible because the corresponding domain to the index set {0,...,7} is the interval [0, 1] and

diam([0,1]) = 1 £ 0 = dist([0, 1], [0, 1]).
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The four successors of the root in the tree Trx1 are

v 1 Z 3 4 > o !

{0,1,2,3} x {0,1,2,3}, {0,1,2,3} x {4,5,6,7}
{4,5,6,7} x {0,1,2,3}, {4,5,6,7} x {4,5,6,7}

Again, none of these is admissible, and they are further subdivided into

v 1 Z 3 4 > o !

{01} x {0,1}, {0,1} x {2,3}, {0,1} x {4,5}, {0,1} x {6,7},
2,3} x {0,1}, {2,3} x {2,3}, {2.3} x {4,5}, {2,3} x {6,7},
{4’ 5} X {0’ 1}’ {4’ 5} X {2’ 3}’ {4’ 5} X {4’ 5}’ {4’ 5} X {6’ 7}’
{6’ 7} X {0’ 1}7 {6’ 7} X {2’ 3}’ {6’ 7} X {4’ 5}’ {6’ 7} X {6’ 7}'

Now some of the nodes are admissible, e.g., the node {0,1} x {4,5} because the corresponding domain is

[0, ] > [3, 3]
s (o1 - - (] 1]

The nodes on the diagonal are not admissible (the distance of the corresponding domain to itself is zero) and
also some nodes off the diagonal, e.g., {0,1} x {2,3}, are not admissible. The successors of these nodes are
the singletons {(i,4)} for indices i,j. The final structure of the partition looks as follows:

I Y . B )

For p=4 and p =5 the structure of the partition is similar:
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1.6 Assembly, Storage and Matrix-Vector Multiplication

The product index set Z x Z resolves into admissible and inadmissible leaves of the tree T7 7. The assembly,
storage and matrix-vector multiplication differs for the corresponding two classes of submatrices.

1.6.1 Inadmissible Leaves

In the inadmissible (but small !) blocks ¢ x s C Z x Z we compute the entries (4,j) as usual:

1,1
Gy = [ [ et logle — slesl)duds
0o Jo
(i+1)/n p(G+1)/n
= / / log |z — y|dydz.

Definition 1.9 (fullmatrix Representation) An n x m matric M is said to be stored in fullmatrix
representation if the entries M;; are stored as real numbers (double) in an array of length nm in the order

Myi,..., My, Myo,..., My, ... ,Mim,...,Muym (column-wise).

Implementation 1.10 (fullmatrix) The fullmatrix representation in the C programming language
might look as follows:

typedef struct _fullmatrix fullmatrix;
typedef fullmatrix *pfullmatrix;

struct _fullmatrix {
int rows;
int cols;
doublex* e;

3
The array e has to be allocated and deallocated dynamically in the constructor and destructor:

pfullmatrix

new_fullmatrix(int rows, int cols){
pfullmatrix f = (pfullmatrix) malloc(sizeof (fullmatrix));
f->rows = rows;
f->cols = cols;
f->e = (double*) malloc(rows*cols*sizeof (double));
for(i=0; i<rows*cols; i++) f->e[i] = 0.0;
return f;

void

del_fullmatrix(pfullmatrix f){
if(f->e) free(f->e);
free(f);
f = 0x0;

}

The entry M;; is stored at the position £— > e[i 4+ j * £— > rows]. The ordering of the matrix entries in
the fullmatrix representation is the same ordering that is used in standard linear algebra packages (BLAS,
LAPACK, MATLAB, etc.). Therefore, procedures from these libraries can be called without complications,
e.g., the matrix-vector multiplication can be performed by calling the standard BLAS subroutine dgemv.
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1.6.2 Admissible Leaves

In the admissible blocks ¢ x s C Z x Z with corresponding domains [a,b] X [¢,d] and x¢ := (a + b)/2 we
compute the submatrix in factorised form

é‘txs = ABT,
(i+1)/n
Ay = / (x — x0)"da,
B. = (_1)y+1’/_1 L(;:l)/n($o —y)"dy ifv>0
" fj(/]:”/n log [zo — y|dy if v =0.

Definition 1.11 (R(k)-Matrices) Let n,m € N,k € Ng. We define the set of n x m matrices of rank at
most k by
R(k,n,m) = {M € R™™ | rank(M) < k}.

A suitable representation for the submatrix G ltxs is the rkmatrix format defined next.

Definition 1.12 (rkmatrix Representation) An n x m matriz M of rank at most k is said to be stored
in rkmatrix representation if it is stored in factorised form M = ABT where the two matrices A € R*¥F
and B € R™** are both stored as an array (column-wise).

Implementation 1.13 (rkmatrix) The rkmatrix representation is implemented in the C programming
language as follows:

typedef struct _rkmatrix rkmatrix;
typedef rkmatrix *prkmatrix;

struct _rkmatrix {
int k;
int kt;
int rows;
int cols;
doublex* a;
doublex* b;

};

The arrays a and b have to be allocated and deallocated dynamically in the constructor and destructor:

prkmatrix
new_rkmatrix(int k, int rows, int cols){
int 1i;
prkmatrix r = (prkmatrix) malloc(sizeof (rkmatrix));
r->k = k;
r->kt = 0;
Ir—->rows = Yrows;
r->cols cols;
r->a = 0x0;
r->b = 0x0;
if (k>0){
r—>a = (double*) malloc(k*rows*sizeof (double));
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for(i=0; i<rowsxk; i++) r->al[i] = 0.0;
r->b = (double*) malloc(k*cols*sizeof (double));
for(i=0; i<colsx*k; i++) r->b[i] = 0.0;

}

return r;

3

void
del_rkmatrix(prkmatrix r){
free(r->a);
free(r->b);
free(r);

3

The implementation of the fullmatrix representation for the factors A and B in the implementation of
the rkmatrix representation differs from the one in Implementation 1.10: the information about the size of
the two factors is stored in the rkmatrix structure and the two matrices A and B are stored as two arrays.
The integer k in the rkmatrix structure is an upper bound for the allowed rank while kt denotes the actual
(temporarily) used rank. Often k equals kt, but in general there holds kt < k.

1.6.3 Hierarchical Matrix Representation

Definition 1.14 (H-matrix) Let Trx7 be a block cluster tree for the index set . We define the set of
H-matrices as

H(Trxz1, k) := {M e RT*T | rank(M|ixs) <k for all admissible leaves t x s of szz} )

Definition 1.15 (H-matrix Representation) Let Trxz be a block cluster tree for the index set T. A
matric M € H(Tzxz,k) is said to be stored in H-matriz representation if the submatrices corresponding to
inadmissible leaves are stored in fullmatrix representation and those corresponding to admissible leaves are
stored in rkmatrix representation.

One possible implementation for a matrix in H-matrix representation would be to store the admissible and
inadmissible matrix blocks in a list. The assembly and matrix-vector multiplication can be done for each
block separately. However, we choose a different implementation that is guided by the block tree Trx 7 (not
only the leaves) and stores the matrix in a more “structured” way.

Each block ¢t x s in the tree T7y7 can be

e a leaf - then the corresponding matrix block is represented by a fullmatrix or rkmatrix;

e not a leaf - then the block ¢ x s is decomposed into its sons ¢ X s’ with ¢’ € S(¢t) and s’ € S(s). This
means that the matrix corresponding to the block t X s is a supermatriz that consists of submatrices
corresponding to ¢’ x s:

t’xs

Implementation 1.16 (supermatrix) The supermatrix structure in the C programming language is im-
plemented as follows:
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typedef struct _supermatrix supermatrix;
typedef supermatrix *psupermatrix;

struct _supermatrix {
int rows;
int cols;
int block_rows;
int block_cols;
prkmatrix r;
pfullmatrix f;
psupermatrix* s;

};

A supermatrix M consists of block_rows X block_cols submatrices. The size of the matriz is rowsx cols,
i.e., M € Rrowsxcols - The matriz can be

e an rkmatrix - then r # 0x0, f = 0x0 and s = 0x0:
the matriz r is the rkmatrix representation of M ;

e ¢ fullmatrix - then £ # 0x0, r = 0x0 and s = 0x0:
the matriz £ is the fullmatrix representation of M;

e ¢ supermatrix - then s # 0x0, £ = 0x0 and r = 0x0:
the array s contains the pointers to the submatrices M; ; of

Ml,l e Ml,blockcols
M = :
Mblockrows,l e Mblockrows,blockcols
in the order
M1,17 cety Mblockrows,h M1,27 R Mblockrows,% ey Ml,blockcolsa R Mblockrows,blockc0157

so that the pointer to the submatriz M; ; is stored at the position M->s [i+j*M->block_rows].

The implementation of an H-matrix is a tree with nodes implemented as supermatrix. Additionally, the
structure coincides with the structure given by the block cluster tree Tz x7 (successors = submatrices) and
the submatrices corresponding to admissible or inadmissible leaves are stored in the rkmatrix or fullmatrix
format.
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Chapter 2

Multi-dimensional Construction

In order to apply hierarchical matrices to problems in more than one space dimension, we have to introduce
multi-dimensional counterparts of the cluster tree and the block cluster tree.

2.1 Multi-dimensional Cluster Tree

In the one-dimensional case, the clusters are organized in a balanced binary tree. For multi-dimensional
problems, we need a generalized structure.

2.1.1 Definition and Basic Properties

Before we can define cluster trees, we have to define trees.

Definition 2.1 (Tree) Let N # () be a finite set, let r € N and let S : N — P(N) be a mapping from
N into subsets of N. Fort € N, a sequence to,...,tm € N withto =1, t, =t and t;v1 € S(t;) for all
i €{0,...,m— 1} is called sequence of ancestors of t.

T:=(N,r,S) is called a tree if there is exactly one sequence of ancestors for each t € N.

If T is a tree, the elements of N are called nodes, the element r is called the root node or root and denoted
by root(T"), and the set sons(T',t) := S(t) is called the set of sons.

Lemma 2.2 (Properties of trees) Let T = (N,r,S) be a tree.
1. Lett € N, and let to,...,tm € N be its sequence of ancestors. For alli,j € {0,...,m} with i # j, we
have t; #t;.
2. There is not € N with r € sons(t).

3. For each t € N\ {r}, there is a unique t* € N with t € sons(t™).

Proof: Let 4,5 € {0,...,m} with t; = t;. Then both to,...,t; and to,...,t; are sequences of ancestors for
t; = t;. Since these sequences are unique, we conclude i = j.

Let t € N with sons(T,t) # 0, and let s € sons(T,t). Let to, ...,y be the sequence of ancestors of ¢. Then
to,...,tm, s is a sequence of ancestors of s, and by definition it is the only one. This implies r =ty # s.

Let t € N\ {r}, and let tg,..., ¢ be its sequence of ancestors. Due to t # r = ty, we have m > 0 and find
t =ty € sons(T, t,,_1). Therefore we can conclude by setting ¢ := ¢, 1. |

21
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Figure 2.1: Tree in standard notation

Due to Lemma 2.2, for each t € N \ {r}, there is a t+ € N with ¢ € sons(¢t"). This node is called the father
of t and denoted by father(t) := ¢+.

We define the set of descendants sons*(t) of a node t € N recursively by

sons* (£) = {{t} if sons(t) =0,

{t} U Usesons(r) sons™(s)  otherwise.

A vertex t € N is a leaf if sons(t) = () holds and we define the set of leaves

Definition 2.3 (Tree level) Let T = (N,r,S) be a tree. Lett € N, and let to,...,tm € N be its sequence
of ancestors. The number m € Ny is called the level of t and denoted by level(T,t). We define

TO .= {te N : level(T,t) = £} for all £ € Ny.

We will use the short notations ¢t € T instead of ¢ € N, sons(t) instead of sons(T,t) and level(t) instead of
level(T,t) as long as this does not lead to confusion.

Obviously, we have level(t) = 0 if and only if ¢ = root(T"). The maximal level is called the depth of T and

denoted by
depth(7T") := max{level(t) : t € N}.

Definition 2.4 (Labeled tree) Let N, L # ) be finite sets, letr € N, let S: N — P(N) and m: N — L
be mappings. T := (N,r,S,m, L) is a labeled tree if (N,r,S) is a tree.

The notations for a tree carry over to a labeled tree. In addition, L is called the label set of T and for each
t € N, m(t) € L is called the label of t and denoted by t.

Now we can generalize the structure introduced in the previous chapter: we organize subsets of the index
set 7 in a cluster tree. The cluster tree supplies us with candidates that can be checked for admissibility. If
they are not admissible, we split them and repeat the procedure. This suggests the following definition:

Definition 2.5 (Cluster tree) A labeled tree T = (N,r,S,m, L) is a cluster tree for an index set T if the

following conditions hold:

-

e root(T)=17.


ather

leaf

L(T):={t∈N : sons(t)=∅}.

level

depth

depth(T):=max{level(t) : t∈N}.

we organize subsets of the index set I in a cluster tree.

(Cluster tree)
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o Lette N. Ifsons(T,t) # 0, we have

S.

>

sesons(t)

o Lett € N. For all 1,59 € sons(T, t) with s1 # s2, we have §; N 83 = 0.

The vertices t € N of a cluster tree are called clusters.

A cluster tree for T is usually denoted by Tr. We will use the abbreviation t € Tt fort € N.

Remark 2.6 (Alternative notation) In the literature, the distinction between the cluster t and the cor-
responding index set t is frequently neglected. This simplifies the notation, but it can lead to ambiguities if
clusters t with # sons(T,t) = 1 are present in the cluster tree: for t' € sons(T,t), the definition of the cluster
tree implies t = t', although t and t' are different mathematical objects.

Lemma 2.7 (Properties of cluster trees) Let T be a cluster tree.

1. For allt,s € Tr with t # s and level(t) = level(s), we have t N § = ().
2. For all t,s € Tz with level(t) < level(s) and t N5 # 0, we have s € sons*(t).

3. For alli € T, there is a leaf t € L(T7) with i € .

4. 1= UtEL(TI)E

Proof: We prove the first claim by induction over level(t) = level(s) € Ng. For level(t) = level(s) = 0, we
have ¢ = root(T7) = s and our statement is trivial. Let now £ € Ny be such that

t#£s=1tNs=10

holds for all ¢, s € Tz with level(t) = level(s) = ¢.

Let t,s € Tr with ¢t # s and level(t) = level(s) = ¢ + 1. Since level(t) = level(s) > 0, there are clusters
t*, st € Tr with ¢ € sons(t1), s € sons(sT) and level(th) = level(t) — 1 = £ = level(s) — 1 = level(s™).

If t+ = st we have s € sons(t"), i.e., s and ¢ are different sons of the same cluster, and Definition 2.5
implies t N § = 0.

If t+ # sT, we can apply the induction assumption in order to find £+ N §t = ). Definition 2.5 yields ¢ C ¢+
and 5 C 8T, which implies t N5 C t+ N3+t = 0 and concludes the induction.

Let us now consider the second claim. Let t,s € T with level(t) < level(s) and £ N 5 # (). Let m := level(s)
and ¢ := level(t). Let sq,...,8n € Tr be the sequence of ancestors of s. Since £ < m, s* := sy is a well-
defined cluster satisfying s = s, € sons*(s*) and level(s*) = ¢ = level(t). Due to Definition 2.5, we have
§* D 5 and therefore §* Nt D 34Nt # (. Using the first part of this proof, we can conclude ¢t = s*.

In order to prove the third claim, we let ¢ € Z and introduce the set
C:={teTr : ict}.

Duetot € 7T = roa—(\TI)7 we have root(T7) € C, i.e., the set C is not empty. Let ¢t € C. If sons(t) # 0,
Definition 2.5 implies that there is a cluster s € sons(t) with i € § C ¢, which means s € C. Let now t € C
with level(t) = max{level(s) : s € C'}. We have seen that the maximality of level(t) implies sons(t) = 0,
therefore t is a leaf, and the definition of the set C' implies i € {.

We can prove the fourth claim by combining the second and third claim: the third claim implies Z =
Usecirn t. Let t,s € L(Tr) with t # s. Without loss of generality, we can assume level(t) < level(s). Since

t is a leaf, we have sons*(t) = {t}, i.e., s & sons*(t). Due to the second claim, this implies £ N § = {. [ |



Lemma 2.7 (Properties of cluster trees) Let TI be a cluster tree. 1. Forallt,s∈TI witht̸=sandlevel(t)=level(s),wehavetˆ∩sˆ=∅.2. Forallt,s∈TI withlevel(t)≤level(s)andtˆ∩sˆ̸=∅,wehaves∈sons∗(t). ˆ3. For all i∈I, there is a leaf t∈L(TI) with i∈t. 4.I= t∈L(TI)t. ˆ
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Exercise 1 Let T7 be a cluster tree with ¢ clusters and l leaves. Prove that ¢ < 2l — 1 holds if we have
#sons(t) # 1 for allt € T7.

Now that we know what a general cluster tree is, we have to find a suitable method for constructing a good
cluster tree for a given set of basis functions. In the following, we will describe two simple algorithms that
build cluster trees in a relatively general setting.

2.1.2 Geometric Bisection

The complexity of arithmetic operations for a hierarchical matrix is directly linked to the number of leaves
of a block cluster tree, so a good cluster tree should make sure that blocks become admissible as soon as
possible. The admissibility of a block depends on the diameters of the supports of the involved basis functions
and on their distance. We cannot do much about the distance of the supports, but we can try to choose the
cluster tree in such a way that the diameters shrink quickly.

For each i € 7, we denote the support of the corresponding basis function p; by Q; := supp(;). Since dealing
directly with the supports will be too complicated, we choose a point x; € €; for each index 7 € Z and work
with these points instead of the supports. This simplification will not significantly harm the performance of
the algorithm, since the supports of typical finite element basis functions are small.

Our construction starts with the full index set Z, which is the root of the cluster tree by definition. Then,
we apply a suitable technique to find a disjoint partition of the index set and use this partition to create son
clusters. We apply the procedure recursively to the sons until the index sets are small enough.

Let us first consider the one-dimensional case: We want to split the index set ¢ C Z corresponding to a
cluster ¢ into two parts. Each index i € ¢ corresponds to a point z; € R, so we can set a := min{z; : i€ f},
b:=max{z; : i €t} and find {z; : i € {} C [a,b]. Now the solution is clear: We set ¢ := (a + b)/2 and
split the interval [a, b] into [a,c] and ]c, b]. This gives rise to the partition {to, %} of  with

1?02:{’L.Giil'i§c}, ilzz{iei:xi>c}.

Obviously, we have

2 2

%X X oxxx

a b
c

diam{x; : i€y} < b—a diam{z; : i€}
diam{x; : i€t} |~ B ’

so our choice is optimal.

In the multi-dimensional setting, we can generalize this approach: We set
a; :=min{(x;); : i €t} and b = max{(x;); : i€}

for all I € {1,...,d}, therefore all points are contained in the axis-parallel box [a1,b1] X -+ X [ag, bs]. Now
we are faced with a choice: We can split the box in all coordinate directions simultaneously and get 2¢
subdomains, or we can choose the coordinate direction of maximal extent and split the box perpendicular
to this direction into two subdomains.

The first approach guarantees that the diameters of the subdomains are halved, but creates only a small
number of clusters, so we will have only a small number of candidates to choose from in the construction of
the block partition.

The second approach leads to a tree with a large number of clusters, but it also has the disadvantage that
the diameters of the clusters will decrease only by a factor of \/1 — 3/(4d) during one step of the procedure,
while performing d steps will still give us 2¢ clusters with halved diameters, just as in the first approach.
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2.1.3 Regular Subdivision

In some situations, we want to have a cluster structure that is more regular than the one resulting from
standard geometric bisection, e.g., for the theoretical treatment of cluster algorithms or in situations where
we want to use one cluster tree structure for different geometries.

As before, we construct the regular cluster tree by defining how a cluster ¢ is split. We assume that a box
B, = [a1,b1] X -+ X [ag, bg] with xz; € By for all i € t and a splitting direction j; € {1,...,d} are given. We
construct new boxes By, and By, by setting ¢; := (a; + b;)/2 and

By, = [a1,b1] x --- x [aj,¢j] X -+ X [ag,bq] and By, :=[a1,b1] X -+ X [¢j,b;] X -+ X [ag, bq].
The index sets o and 1 are defined by
£0 = {Z€£ : xiGBtD} and il :£\£1

We set ji, := ji, := (j: mod d) + 1.

Since x; € By, for i € to and z; € By, fori e {1 hold by construction, we can now repeat the procedure for
to and tq.

Compared to the standard geometric bisection, the regular construction has a major disadvantage: One of
the son clusters ¢; and {5 can be empty even if ¢ is not, so it is possible to have clusters with exactly one
son. But the regular construction also has a major advantage: all boxes on a level of the cluster tree have
exactly the same dimensions, i.e., they are identical up to translations.

2.1.4 Implementation

The implementation of the tree structure is straightforward:

Implementation 2.8 (cluster) The cluster structure is defined as follows:

typedef struct _cluster cluster;
typedef cluster *pcluster;

struct _cluster {
int start;
int size;

int sons;
pcluster *son;

};

The fields start and size describe t: they give us the number of the first index of t and the number of
indices. The meaning of these indices will become clear later.

The field sons contains the number of sons, i.e., the cardinality of the set sons(t), while the array son is
filled with the pointers to these sons.

We will now demonstrate how a cluster tree can be constructed. Before we start, we have to comment on a
finer point of the implementation: in some applications, not all vertices appearing in a grid correspond to
degrees of freedom. An example is the standard finite element method, applied to a problem with Dirichlet
boundary conditions: the boundary vertices are present in the finite element grid, but they are not degrees
of freedom.

In order to handle this in an elegant fashion, we distinguish indices and degrees of freedom. The indices form
the contiguous subinterval {0, ..., nigx — 1} of the set of integers, while the set Z of degrees of freedom is an
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arbitrary non-empty subset of the set of indices. In the finite element example, nigx would be the number
of all vertices, while Z would be the subset containing non-boundary vertices.

Before we can give the complete algorithm, we first have to consider the necessary data structures: we need
a struct to store the array of points and some auxiliary data:

Implementation 2.9 (clusterfactory) The clusterfactory structure is defined as follows:

typedef struct _clusterfactory clusterfactory;
typedef clusterfactory *pclusterfactory;

struct _clusterfactory {
double *x*x;

int ndof;
int nidx;
int d;

double *vmin;
double *vmax;

double *blocks;
};

The field ndof contains the mazimal number of degrees of freedom, the field nidx contains the mazimal
number of points, while the field d gives us the spatial dimension of the underlying space.

The array x stores the coordinates of the points x; for each index i € {0,...,nidx-1}: the entry x[i] is a
d-dimensional array containing the coordinates of the point x;.

The fields vmin and vmax will be used in our algorithms to store the minimal and mazimal values corre-
sponding to each coordinate.

Since x is implemented as an array of length nidx containing pointers to double variables, we need something
these pointers can point to. Instead of allocating memory for each point individually, we allocated one block
of size nidx*d and distribute this memory among the pointers x[i]. The field blocks points to the large
block.

The algorithm for the creation of a cluster tree is based on sets of indices. Therefore we have to find a
suitable representation of sets and subsets in the C programming language.

We choose a simple approach: a set is an array of indices. The points are numbered by int quantities, so
we represent a set by an array of int variables: the array

int index[4] = { 7, 2, 5, 8 };

corresponds to the set {7,2,5, 8}, the points can be accessed by x[index[i]] for values of i between 0 and
3.

Obviously, the described set does not change if we rearrange the entries in the corresponding array:
int index2[4] = { 2, 5, 7, 8 };

describes exactly the same set as before. This fact can be used to treat subsets efficiently: if we want to split
the set {7,2, 5,8} into the subsets {2,5} and {7, 8}, we find that both subsets are described by two-element
subarrays of index2, namely index2 and index2+2.
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This means that a clustering algorithm will give us two results: the cluster tree, expressed in the cluster
structure, and an array index describing the mapping of degrees of freedom to indices. We collect these
objects in a new class:

Implementation 2.10 (clustertree) The clustertree structure is defined as follows:

typedef struct _clustertree clustertree;
typedef clustertree *pclustertree;

struct _clustertree {
int ndof;
int nidx;

int *dof2idx;
int *idx2dof;
pcluster root;

};

The field ndof contains the maximal number of degrees of freedom, the field nidx contains the mazximal
number of points.

The array dof2idx has ndof elements and corresponds to the array index described above, i.e., it translates
degrees of freedom into indices.

The array idx2dof has nidx elements and performs the inverse operation, i.e., it translates indices into
degrees of freedom. The entries of indices that do not correspond to degrees of freedom are set to —1.

The pointer root gives us the root cluster of the cluster tree.

Based on this representation of sets and cluster trees, the implementation of the geometric bisection clustering
algorithm is straightforward: we use a recursive function split_geometrically() that receives a pointer
factory to a clusterfactory structure containing the point coordinates, a pointer index to an int array
describing the subset we have to split, and an int size giving us the size of this array. The function
determines how to split the subset and rearranges the array index such that the first subset corresponds to
the first part of the array and the second subset corresponds to the rest, then calls itself recursively.

In order to be able to reconstruct the subsets corresponding to all clusters, not only the leaf clusters, we add
the additional int parameter start giving us the absolute starting index in the array describing the full
index set. For performance reasons, we may want to stop the splitting process before we have reached sets
containing only one element, so we also add an int parameter leafsize that tells us which sets are small

enough.

static pcluster
split_geometrically(pclusterfactory factory, int *index,
int start, int sz, int leafsize)

{
/* ... some initialization ... */
if (sz <= leafsize) /* Stop if small enough */
this = new_cluster(start, sz, 0);
else {
for(j=0; j<d; j++) { /* Determine bounding box */

vmin[j] = vmax[j] = x[index[0]]1[j];
for(i=1; i<sz; i++)
if (x[index[i]1] [j] < vmin[j]1)
vmin[j] = x[index[i]][j];
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else if (vmax[j] < x[index[i]][j])
vmax[j] = x[index[i]][j];

jmax = 0; vdiff = vmax[0] - vmin[0]; /* Find maximal extent */
for(j=1; j<d; j++)
if (vmax[j] - vmin[j] > vdiff) {
jmax = j; vdiff = vmax[j] - vmin[j];

}

1 =0; r=sz1; /* Rearrange array */
vmid = 0.5 * (vmax[jmax] + vmin[jmax]);
while(l < r) {

while(l < sz && x[index[1]] [jmax] <= vmid) 1++;

while(r >= 0 && x[index[r]] [jmax] > wvmid) r--;

if(1 < 1) {
h = index[1]; index[1l] = index[r]; index[r] = h;
}
}
this = new_cluster(start, sz, 2); /* Recursion */

this->son[0] = split_geometrically(factory, index,
start, 1, leafsize);
this->son[1] = split_geometrically(factory, index+1,
start+l, sz-1, leafsize);

return this;

3

In order to simplify the handling of the creation of cluster trees, we employ a simple “front-end” procedure
to call split_geometrically:

static pcluster
do_geometric(pclusterfactory factory,
int *index, int n,
int leafsize)

{

return split_geometrically(factory, index, O, n, leafsize);

}

For the clustering strategy based on regular subdivisions, we have to modify the splitting routine slightly:
instead of computing the box given by vmin and vmax in each step, we simply update only one coordinate
before calling the routine recursively.

If we apply one of these algorithms to a simple rectangular grid with lexicographic numbering of the degrees
of freedom, we get the following sequence of numberings:
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The array index maps the final numbering (i.e., the one corresponding to level 3) to the original numbering;:

int index[16] = { 0, 4, 5, 1, 12, 8, 9, 13,
2, 6, 7, 3, 14, 10, 11, 15 };

In practice, the routines for the creation of cluster trees will be called not from the top-level of a program,
but from intermediate routines that initialize the fields x, smin and smax with geometry data. Since we
do not intend to write these routines for each type of clustering strategy, we use a “master function” that
controls all aspects of the creation of a cluster tree:

pclustertree

create_subclustertree(pclusterfactory factory,
const int *index, int n,
ClusterStrategy strategy, int leafsize)

/* ... some initialization ... */

ct = new_clustertree(n, factory->nidx);

dof2idx = ct->dof2idx;
idx2dof ct—>idx2dof;

for(i=0; i<n; i++) dof2idx[i] = index[i];

switch(strategy) {

default:

case HLIB_DEFAULT:

case HLIB_GEOMETRIC:
ct->root = do_geometric(factory, dof2idx, n, leafsize);
break;

case HLIB_REGULAR:
ct->root = do_regular(factory, dof2idx, n, leafsize);

break;
/* ... more clustering strategies ... */
}
for(i=0; i<factory->nidx; i++) idx2dof[i] = -1;

for(i=0; i<n; i++) idx2dof [dof2idx[i]] = 1i;

return ct;

Now let us turn our attention to a simple but non-trivial example that illustrates how we have to initialize
the clusterfactory structure and how we can use it to create a cluster tree.
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Example 2.11 (Curve in 2D) We consider a closed curve in two-dimensional space, given as an array x
of vertices points and an array e of edges edges. We use piecewise constant basis functions and choose
the characterizing point to be the middle of the corresponding interval. Building the desired cluster tree is
straightforward:

new_clusterfactory(edges, edges, 2);

factory =
= (int *) malloc((size_t) sizeof(int) * edges);

index

for(i=0; i<edges; i++) {
factory->x[i] [0] = 0.5 * (x[e[i][0]][0] + x[e[i][1]1]1[01);
factory->x[i] [1] = 0.5 * (x[e[1]1[0]1]1[1] + x[e[i]1[1]1]1[11);
index[i] = i;

}
ct = create_subclustertree(factory, index, edges, HLIB_GEOMETRIC, 1);

In the previous example, each index corresponds to a degree of freedom. Now, we will consider a simple
example in which the degrees of freedom are a true subset of the set of indices.

Example 2.12 (FE grid in 2D) We consider a triangular grid, given as an array triangle of nt trian-
gles, an array vertex of nv points and an array dirichlet of nv flags that are set if a point is part of the
Dirichlet boundary. The construction of the cluster tree is done as follows:

n = 0;
for(i=0; i<nv; i++)
if(!'dirichlet[i]) n++;

factory = new_clusterfactory(n, nv, 2);
index = (int *) malloc((size_t) sizeof(int) * n);
j=0;

for(i=0; i<nv; i++) {
factory->x[i] [0] = vertex[i] [0];
factory->x[i] [1] = vertex[i] [1];
if (!dirichlet[i]) {
index[j] = i; j++;
}
}

ct = create_subclustertree(factory, index, n, HLIB_REGULAR, 1);

For a given cluster t, we can iterate over all corresponding intervals by using the following simple loop:

for(i=t->start; i<t->start+t->size; i++) {
ii = dof2idx[il;
/* do something for the index ii */

}
For a pair t, s of clusters and a given rank k, we can build the rkmatrix by this function call:
rk = new_rkmatrix(k, t->size, s->size);
There is one very important detail: if we want to perform matrix operations, we use the permutation of the

index set given in dof2idx, not the original ordering. The first index of a cluster t corresponds to the basis
function with the number dof2idx[t->start], not to that with the number t->start.
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In typical applications, the permutation described by dof2idx is only important when accessing the un-
derlying geometry, i.e., when matrices or right hand side vectors are discretized or when results have to be
interpreted, e.g., if the solution vector is to be displayed.

Remark 2.13 (Alternatives) There are many variations of the two possible clustering strategies described
here: for some applications, a balanced cluster tree may be of importance, so the algorithm is changed so that
the subsets it creates are of approximately identical size. For other applications, e.g., in boundary element
techniques, it may be desirable to split the index set by more general planes than those given by the coordinate
vectors we have used in our method.

2.2 Multi-dimensional Block Cluster Tree

As seen in Subsection 1.5, the cluster trees can be used to derive a hierarchy of block partitions of the Z x J
corresponding to the matrix, the block cluster tree. The leaves of this tree form a block partition of T x J.

2.2.1 Definition

Definition 2.14 (Block cluster tree) Let T7 and T be cluster trees for index sets T and J. A finite
tree T is a block cluster tree for Tr and T if the following conditions hold:

e 100t(T) = (root(Tr),root(T7)).
o Fach node b € T has the form b= (t,s) for clusterst € Tt and s € Ty.
e For each node b = (t,s) € T with sons(b) # 0, we have
{(t,s") : s' €sons(s)} if sons(t) =0 and sons(s) # 0,
=0

sons(b) = < {(t',s) : t' € sons(t)} if sons(t) # 0 and sons(s)
{(t',s') : t' €sons(t),s €sons(s)} otherwise.

)

e The label of a node b= (t,s) € T is given by b=1tx 8 C T x J.

The vertices of T are called block clusters.

A block cluster tree for Tt and T is usually denoted by Trx 7.

We can see that root(Tzx7) = Z x J holds. A closer look at the definition reveals that Tz« 7 is a special
cluster tree for the index set Z x J, therefore the leaves of T« 7 define a disjoint partition

{i) be ﬁ(TIXJ)} (2.2)

of the index set Z x J corresponding to a matrix.

Remark 2.15 (Alternative notation) In the literature, block clusters are frequently denoted by b =1 x s
instead of b = (t,s). The motivation for this notation is the one already pointed out in Remark 2.6: if t and
t are treated as the same object, it is straightforward to also treat b = (t,s) and b=1x35 as the same object.
Using this sloppy notation, we have b = b=fxs=txs.

Definition 2.16 (Level-consistency) A block cluster tree Trxg for Tz and Tz will be called level-
consistent, if
level(b) = level(t) = level(s)

holds for all b= (t,s) € Trx 7.


lock cluster tree
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If a block cluster tree is level-consistent, we have
sons(b) #0 = sons(b) = {t' x s’ : t' €sons(t),s” € sons(s)}

for all b = (t,s) € Trx, i.e., only the last choice in (2.1) can hold.

2.2.2 Admissibility

In the one-dimensional setting, we have used the simple condition (1.4) to determine whether we could
approximate a matrix block by a low-rank matrix.

In the multi-dimensional setting, we have to generalize the admissibility condition: the indices in Z and
therefore the clusters in Tz no longer correspond to intervals. We can still find a connection between indices
and domains: each index ¢ € Z corresponds to a basis function ¢;, and the support €; = supp ¢; again is a
subdomain of R¢.

We can generalize ; to clusters t € T7 by setting
0=,
it
i.e.,  is the minimal subset of R¢ that contains the supports of all basis functions ¢; with i € .
Using this, a possible generalization of (1.4) is
min{diam(€;), diam ()} < ndist(Q, Qs), (2.3)
where diam(-) is the Euclidean diameter of a set and dist(-, ) is the Euclidean distance of two sets.

The concept of admissibility carries over to clusters: a pair (¢, s) of clusters ¢ € Tz, s € Ty is admissible if
the corresponding domains 2; and €, are admissible. Using this, we can define the necessary conditions for
block cluster trees:

Definition 2.17 (Admissible block cluster tree) A block cluster tree Trx 7 for T and J is called ad-
missible with respect to an admissibility condition if

(t,s) is admissible or sons(t) =0 or sons(s)=10

holds for all leaves (t,s) € L(Trx 7).

Constructing an admissible block cluster tree from the cluster trees 77 and T7 and a given admissibility
condition can be done by a straightforward recursion: given two clusters t € Ty and s € Ty, we check the
admissibility. If the clusters are admissible, we are done. If they are not admissible, we repeat the procedure
for all combinations of sons of ¢ and sons of s.

Checking the condition (2.3) for general domains can be computationally expensive, so we are looking for a
simplified condition. The traditional way is to determine the Chebyshev circles (in 2D) or spheres (in 3D)
for the domains, since diameters and distances of circles or spheres can be computed in O(1) operations.
Unfortunately, the construction of Chebyshev circles is not entirely trivial, so we make use of an even simpler
technique: axis-parallel boxes.

2.2.3 Bounding Boxes

For each cluster t € Tz, we define an axis-parallel box Q¢ C R? such that ©Q; C Q; holds. This box will be
called the bounding box of the cluster ¢.

By replacing the possibly complicated domains ; and € in (2.3) by the larger boxes @; and @, we get
the admissibility condition

min{diam(Q;), diam(Q;)} < ndist(Q:, Qs). (2.4)
This condition obviously implies (2.3).


min{diam(Ωt), diam(Ωs)} ≤ η dist(Ωt, Ωs),

ad- missible
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Checking the distance and computing the diameters for axis-parallel boxes is not as simple as in the case of
Chebyshev circles, but still manageable: if Q; = [a1,b1] X -+ X [aq,bq] and Qs = [c1,d1] X - -+ X [eq, dg], we
have

d

1/2 d 1/2
diam(Q;) = (Z(bl —al)2> , diam(Qy) = (Z(dl —~ cl)2> and

=1 =1

4 1/2
dist(Qs, Qs) = (Z dist([a;, by, [Cz,dz])2> )

=1

so these quantities can be computed by O(1) operations.

2.2.4 Implementation

Implementation 2.18 (Bounding boxes in cluster) Since bounding bozxes are fundamental, we modify
the definition of the cluster structure by adding the necessary fields:

double *bmin;
double *bmax;
int d;

The fields bmin and bmax are d-dimensional arrays of double variables representing the minimal and mazximal
coordinates, i.e., if Qy = [a1,b1] X - -+ X [aq, ba), then bmin contains the vector (a;)%; and bmax contains the
vector (b;)%_,.

We can make use of the structure of the cluster tree in order to construct optimal bounding boxes, i.e., bound-
ing boxes with minimal diameter: since ¢ = {Jy cyons(s) t' holds by definition, we have Q; = Uy cgons(r) /s 50

the optimal bounding box for the cluster ¢ has to contain all the optimal bounding boxes for its sons ¢’ and
can therefore be constructed by finding maxima and minima of the corresponding coordinate vectors.

N
/

In the leaf clusters, we need information on the supports of the basis functions corresponding to the indices,
and this geometric information has to be provided by the user. The obvious solution is to store it in the
clusterfactory structure:
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Implementation 2.19 (Bounding boxes of supports in clusterfactory) We add the following two
fields to the clusterfactory structure:

double **smin;
double **smax;

The arrays smin and smax have nidx entries, one for each index. The entries smin[i] and smax[i] describe
the axis-parallel box containing the support Q; of the corresponding basis function in the same way the fields
bmin and bmax describe the bounding box of a cluster.

Example 2.20 (Curve in 2D, support) In the Example 2.11, we have to add code that initializes the new
fields smin and smax describing the bounding boxes of the supports of basis functions. Since these supports
are simple intervals, it is sufficient to determine the minimal and maximal coordinates of the endpoints:

for(i=0; i<edges; i++) {
factory->smin[i] [0]
factory->smax[i] [0]
factory->smin([i] [1]
factory->smax[i] [1]
}

dmin(x[e[i] [0]1]1[0], x[el[i] [11]1[0]1);
dmax(x[e[i] [01][0], x[e[i1][111[0]1);
dmin(x[e[i] [01][1], x[e[1][111[11);
dmax(x[e[1]1 [011[1], x[e[1]1[111[11);

Here, we use the functions dmin and dmax to compute the minimum and mazimum of two double arguments.

Example 2.21 (FE grid in 2D, support) Creating bounding boxes in the setting of Example 2.12 is
slightly more complicated, since more than one triangle contribute to the support of a nodal basis function.
Therefore we compute bounding boxes for all triangles and combine them to form boxes for the vertices:

for(i=0; i<nv; i++) {
factory->smin[i] [0] = factory->smax[i] [0]
factory->smin[i] [1] = factory->smax[i] [1]

3

vertex[i] [0];
vertex[i] [1];

for(i=0; i<nt; i++) {
tmin[0] = dmin( vertex[triangle[i] [0]] [0],
dmin(vertex[triangle[i] [1]] [0],
vertex[triangle[i] [2]][0]1));

tmax [0] = dmax( vertex[triangle[i] [0]] [0],

dmax (vertex[triangle[i] [1]][0],
vertex[triangle[i] [2]1]1[01));

tmin[1] = dmin( vertex[triangle[i] [0]1][1],

dmin(vertex[triangle[i] [1]][1],
vertex[triangle[i] [2]][11));

tmax[1] = dmax( vertex[triangle[i] [0]] [1],

dmax (vertex[triangle[i] [1]] [1],
vertex[triangle[i] [2]1]1[11));

for(j=0; j<3; j++) {
k = triangle[i] [j];
factory->smin[k] [0]
factory->smax [k] [0]
factory->smin[k] [1]
factory->smax [k] [1]

dmin(factory->smin[k] [0], tmin[0]);
dmax (factory->smax [k] [0], tmax[0]);
dmin(factory->smin[k] [1], tmin[1]);
dmax (factory->smax [k] [1], tmax[1]);
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Note that we have to initialize the bounding boxes with “safe” values before entering the main loop.

Using the extended clusterfactory, we can construct the bounding boxes and initialize the fields bmin and
bmax in the cluster structure by the following recursive procedure:

static void
find_boundingbox(pcluster tau, pcclusterfactory factory)
{

/* ... some initialization ... */

if(sons > 0) {
for(i=0; i<sons; i++)
find_boundingbox(tau->son[i], factory);

for(j=0; j<d; j++) {
bmin[j] = son[0]->bmin; bmax[j] = son[0]->bmax;

}

for(i=1; i<sons; i++)
for(j=0; j<d; j++) {
bmin[j] = dmin(bmin[j], son[i]l->bmin[j]);
bmax[j] = dmax(bmax[j], son[i]l->bmax[j]);
}
}
else {
for(j=0; j<d; j++) {
bmin[j] = smin[index[0]]; bmax[j] = smax[index[0]];
}

for(i=1; i<size; i++)
for(j=0; j<d; j++) {
bmin[j] = dmin(bmin[j], smin[index[i]][j1);
bmax [j] = dmax(bmax[j], smax[index[i]][j1);

Now we can use the bounding boxes in order to construct a block cluster tree.

Implementation 2.22 (blockcluster) The blockcluster structure is defined as follows:

typedef struct _blockcluster blockcluster;
typedef blockcluster *pblockcluster;

typedef struct {
unsigned weakadm : 1;
unsigned minadm : 1;
unsigned maxadm : 1;
} BlockType;

struct _blockcluster {
pccluster row;
pccluster col;
BlockType type;
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pblockcluster *son;
int block_rows;
int block_cols;

};

The fields row and col give the row and column clusters that form this block. If the block has sons, the
array son contains block_rows*block_cols pointers to these sons. The pointer to son (i,7) can be found
at position i+j*block_rows. The bitfield type contains information about the admissibility criteria this
block satisfies: it has subfields weakadm, minadm and maxadm corresponding to weak admissibility, standard
admissibility (2.4) and strong admissibility (9.8).

The following simple algorithm constructs a blockcluster structure from cluster structures and the stan-
dard admissibility condition (2.4):

pblockcluster
build_blockcluster(pccluster row, pccluster col, double eta)
{

/* ... some initialization ... */

dist = distance_cluster(row, col);
diam_row = diameter_cluster(row);
diam_col = diameter_cluster(col);

type.maxadm = type.minadm = type.weakadm = O;

if(diam_row < eta*dist || diam_col < etaxdist) {
type.minadm = type.weakadm = 1;
bc = new_blockcluster(row, col, 0, 0, type);
}
else if (row->sons > 0 && col->sons > 0) {
bc = new_blockcluster(row, col, row->sons, col->sons, type);
for(j=0; j<col->somns; j++)
for(i=0; i<row->sons; i++)
bc->son[i+j*bc->block_rows] =
build_blockcluster(row->son[i], col->son[j], eta);
}
else
bc = new_blockcluster(row, col, 0, 0, type);

return bc;

Exercise 2 The routine build_blockcluster stops splitting matriz blocks as soon as one of the correspond-
ing clusters is a leaf.

Write a routine build_blockcluster_inhom that splits the blocks until both clusters are leaves. If a pair
(t,s) is not admissible, we distinguish four cases:

e [fsons(t) # (0 and sons(s) # 0, examine all pairs (t',s') with ¢’ € sons(t) and s’ € sons(s).
o Ifsons(t) = and sons(s) # 0, examine all pairs (t,s’) with s’ € sons(s).

o Ifsons(t) # () and sons(s) = 0, examine all pairs (¥',s) with ¢ € sons(¢).

e Ifsons(t) =0 and sons(s) = 0, create a full matriz.
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Differently from build_blockcluster, this new routine may create a block cluster tree that is not level-
consistent.

Implementation 2.23 (Construction of blockcluster structures) In the library, we use a more ge-
neral routine

pblockcluster

build_blockcluster(pccluster row, pccluster col,
BlockAdmissiblityCriterion adm,
BlockHomogeneity hom, double eta, int leafsize);

which allows the user to pick the desired kind of admissibility criterion adm, to choose to create inhomogeneous
block cluster trees (suited for H2-matrices) by setting hom appropriately, and to stop splitting clusters if they
have not more than leafsize elements. The latter option is useful if a “coarse” block cluster tree has to be
created without changing the clustertree structure.

2.3 Construction of an Admissible supermatrix Structure

Since the structure of a supermatrix closely resembles that of a blockcluster tree, we can directly translate
the latter into the former:

psupermatrix
build_supermatrix_from_blockcluster(pcblockcluster bc, int k)
{

/* ... some initialization ... */

if (bc->son) {
s = new_supermatrix(block_rows, block_cols, rows, cols,
NULL, NULL, NULL);
for(j=0; j<block_cols; j++)
for(i=0; i<block_rows; i++)
s->s[i+j*block_rows] =
build_supermatrix_from_blockcluster(bc->son[i+j*block_rows],
k, eps);
}
else {
if (bc->type.weakadm) {
r = new_rkmatrix(k, rows, cols);
s = new_supermatrix(1l, 1, rows, cols, NULL, r, NULL);
}
else {
f = new_fullmatrix(rows, cols);
s = new_supermatrix(1l, 1, rows, cols, NULL, NULL, f);
}
}
return s;

3

If we apply this algorithm to Example 2.11 and a block cluster tree constructed for the standard admissibility
condition (2.4), we get a supermatrix structure that corresponds to the following matrix partition:
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Chapter 3

Integral Equations

Using the multi-dimensional cluster tree and the corresponding generalised block cluster tree, we can store
approximations of multi-dimensional discretise integral operators in the form of hierarchical matrices.

The basic approach is to replace the kernel by a degenerate expansion [44], this leads to the panel-clustering
method. One of these expansions is the multipole expansion [53, 35] for the Laplace kernel, another one is
the Taylor expansion which has already been used in Chapter 1.

3.1 Galerkin Discretisation

We consider a general Fredholm integral equation
Glu] + M= f (3.1)

in a Hilbert space H of functions on a domain €2, where G is an integral operator
Giul@) = | gl y)uty) da (32)

corresponding to a kernel function g, which maps H into its dual space H’'. The right hand side f € H' is
an element of the dual space, A € R is some parameter and v € H is the solution we are looking for.

The variational counterpart of equation (3.1) is given by

a(u,v) + Am(u,v) = (f,v) g« for all v € H, (3.3)
where the bilinear forms a and m are given by

a(u,v) = (Glu],v) vy and m(u,v) = (u,vV)FxH-
The bilinear form a(-,-) representing the integral operator can be written as
a(u,v) = /Qv(x) /Qg(x, y)u(y) dy dz. (3.4)
The equation (3.3) is discretised by a Galerkin method, i.e., we choose an n-dimensional subspace H,, of H
and consider the problem of finding a function u,, € H, such that
a(tn, V) + A (Un,vn) = (f,0n) /< H holds for all v,, € H,.
Given a basis (¢;)iez of Hy, this is equivalent to
a(tn, i) + AXm(un, vi) = (f, vi) ' x 1 for all i € Z.

39
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Since the solution wu,, is an element of H,,, there is a coefficient vector x = (z;);ez satisfying
Up = Z TjiPj,
jeT

so the coefficients satisfy the equation

Z% a(ej, i) +)\ij m(pj, i) = (f,0i)H xm foralli e T.
JjeT JET

This is a system of linear equations and can be written in matrix form
G+ Mz =10

by introducing matrices G, M € RT*Z and a vector b € R? with

Gy = alips 00 = [ i) [ ol ) dyda forallieZ,jeT, (35)

M;; = m(pj,p:i) = / wi(x)p;(z)dx forallie Z,j €Z, and (3.6)
Q

b; = <f, (Pi>H’><H for all ¢ € 7. (37)

If we use standard finite element basis functions (¢;);cz, the matrix M will be sparse, but the matrix G will
be densely populated, since typical kernel functions have global support.

Storing G directly will not lead to efficient algorithms. One way of avoiding this problem is to approximate
G by a matrix that can be treated efficiently. The idea has already been described in Section 1.2: we replace
the original kernel function g(-,-) by local degenerate approximations, and this leads to a hierarchical matrix.

3.2 Degenerate Expansions

In Section 1.2, we have used the approximation

Z g(zo,y)(x — x)” (3.8)

of the kernel function g¢(-,-). This approach can be generalised to the higher-dimensional case, but it will
only work satisfactorily if the derivatives of the kernel function can be evaluated efficiently: in some cases it
is possible to derive efficient recursion schemes to reach this goal, in other cases the kernel function is simply
too complicated.

Fortunately, we are not forced to rely on Taylor expansions to construct H-matrix approximations, we can
use any approximation scheme which has two key properties: the approximant has to be degenerate, i.e.,
the variables z and y have to be separated, and it has to converge rapidly (cf. (1.5)) to the original kernel
function g.

Before we consider concrete approximation schemes matching this description, let us investigate the general
case: let 7,0 C Q, let K be a general index set of cardinality k, and let (v,),cx and (w,),ex be functions
on 7 and o, respectively, which satisfy

l9(z,y) — g(z,y)| < e forallz e 7,y €0 (3.9)

for the general degenerate approximation

g(:v,y) = Z vl,(x)wl,(y) (310)
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and a given error tolerance € € Ryy.
Let t and s be clusters whose supports 2; and €2, satisfy

2% Cr and Qg Co.

Then a rank-k-approximation of the subblock G|;, ; is given by

G = [ o) [ s edeay =3 [l [ v dsdy

veK

= Z /Qvl,(x)cpi(x) dx/gw,,(y)goj (y)dy = (ABT);; for all i € £, € 3,

veK

=Ai :BjV
where the matrices A € R™*X and B € R¥*K are given by
Ay = / v, (x)pi(x) dx forallict,vekK, (3.11)
Q

Bj, = /wa(y)goj(y) dy forall j € 5,v € K. (3.12)

Obviously, G = ABT is given in rkmatrix representation, and this implies that its rank is bounded by
#K =k.

Now let us investigate the approximation error introduced by replacing G|;, ; by G%*. For each cluster
t € T, we introduce the local coordinate isomorphism

PR H, u— Y Ui,

and a corresponding L?-like norm

” : HHn :Rt - RZO) u = H.ZDt’LLHL27

and find the following estimate:

Lemma 3.1 (Kernel approximation) Let t,s € Tz be clusters satisfying Q0 C 7 and Qs C o, and let
(8.9) hold. Then we have

(0, (Glis =GP < el 212 ol 1, for all v € R u € Y.
Proof: Let v € Rf and u € R®. For 9 := P,v and 4 := Psu, we find

(v, (Glis — G )u)a| =

/Q o() / (9(z,9) — Gl ))aly) dydz

Q
< / o) [ lo(@,y) — 3z, 9)lJaty) dy dz
Q Q
<« / (o)) d / ()| dy = ¢ / (o)) d / la(y)] dy

~<(f, ) (f o) (], ») " (7o)

< el 20|l 2 Nall 2 = €]l 212 0] 1, ] -
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This error estimate demonstrates that a good approximation of g, i.e., a small value of €, directly translates
into a good approximation of G|;, ;. Another important point is that the sizes || and || of the supports
of the clusters t and s enter the estimate, since this suggests that only large clusters require a high accuracy,
i.e., a higher rank, while small clusters can be handled with lower rank.

The estimate provided by Lemma 3.1 is not “purely algebraic”, since it explicitly involves the coordinate
isomorphisms, i.e., the discretisation scheme. Under the assumption that these isomorphisms are well-
behaved, we can derive a more familiar-looking error estimate:

Lemma 3.2 (Block approximation) Let pimax € Rso be a constant satisfying

lull3, < pmaxllull3 for allt € Ty and u € RY.
Let t,s € Tr be clusters satisfying Qy C 7 and Qs C o, and let (3.9) hold. Then we have

‘|G‘£><§ - Gt’s||2 < /~Lmax5|Qt|1/2|QS|l/2- (3.13)

Proof: Let v € Rf and u € R®. Due to Lemma 3.1, we have
(v, (Gliws = G Yuha| < el Q212 0], el < prmaxel Q]2 19262 0] 2 ]ullo.
Choosing v := (G|, s — GP*)u yields
1(Glixs = G“*)ull3 < pmaxell 2|21 (Glies — G ull2]|ull2,

and we can infer
1(Glixs = G"*)ull2 < frmaxe| Q% |Q] 2 ull2

for all u € R®, which implies our claim. [ |

Remark 3.3 The optimal choice for the constant pmax s the spectral norm of the mass matriz M € RT*Z

given by (3.6): let r := root(T7). Since M = P’ P,, we have
P,ul|? M
max{% L ue RI\{O}} - max{w S u GRI\{O}} = ||M]Js

lull3 lull3

due to the Courant-Fischer Minimax Theorem [21, Theorem 8.1.2]. This means that timax = || M||2 is the
optimal choice for the root cluster v of Tr. For an arbitrary cluster t € Tr, we apply this theorem to the
principal submatric M|;; = PP of M and find that pmax = ||M||2 is already optimal.

For a discretisation using standard finite elements on a family of do-dimensional quasi-uniform meshes with
mesh parameter h € Rsq, there is a constant Ci, € R satisfying

HMmax S Cfeth~

We can combine estimates of the type (3.13) in order to derive global error estimates for hierarchical matrix
approximations:

Lemma 3.4 (Global operator norm) Let Trx 7 be a block cluster tree. We have

1X]2 < Do X3 for all X € RT*7.
b=(t,s)eL(TTx7)
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Proof: Let v € R and u € R7. We have

‘<U’Xu>2‘

Z (vlg, Xlpxsuls)2| < Z [ (vlg, Xgxsuls)2]

(t75)€L(TIXJ) (t75)€L(TIXJ)

Yo I Xlicall2llolill2lluls]2

(t,9)eL(Tzx7)

IN

1/2 1/2

< Do X3 Yo IleliRlulsl3

(t,s)EL(Tzx7) (t,s)eLT (Tzxg)

Due to Lemma 2.7, we have

Yoo ellBlulsiE= D> DD weie =30 vl = |loll3]lull3

txseL(Trxz) txseL(Trxz) i€t JES €T jET

and can conclude

1/2
(v, Xu)o| < Yo X lasli3 [oll2l[ull2-
(t,5)€L(Trx 1)
Proceeding as in the proof of Lemma 3.2 yields the desired estimate. [ ]

Theorem 3.5 (Operator-norm error) Let Co, € N be a constant satisfying
#{ieT : pi(z) #0} < Co for all x € Q.

Let € € Ruq. Let Trxz be an admissible block cluster tree. For each admissible leaf (t,8) € LT (Trx1), let

Gt € R3 pe an approzimation of G|z, s satisfying (3.13), and let the global approzimation G € RT*T pe
defined by

B ~t’s . . . .
Glivs = {G if (t,5) is admissible, for all leaves (t,s) € L(Trxz).

Gli;ys  otherwise,

Then we have

G — GHQ < Cov,umaX|Q‘5~

Proof: Applying Lemma 3.4 to the matrix X := G — G and the block cluster tree Tz 7 yields
1/2
IG =Gz < > 1Glixs = G5

(t,s)eLY (TzxT)

Due to (3.13), we find
1/2
G = Gll2 < eftmax > 110

(t,8)eL(Tzx1)

The analysis of this sum is based on Lemma 2.7: it implies that £(T7x7z) corresponds to a disjoint partition
of T x Z, and we find

Yo o< Y ZZ|Qi|Qj|:ZZQi|Qj:<Z|Qi>2~ (3.14)

txseL(Trxz) txseL(Trxz) i€t JES €T jET i€l
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We introduce

xi 2 — {0,1}, for alli € 7.

0 otherwise,

%{1 if () # 0,

Due to our assumption, we have

> xilw) < Coy

i€l

in all points z € 2 and conclude

S =Y [ s = [ ¥l do < Culal. (3.15)

i€T i€l i€l

Combining (3.14) and (3.15) yields the estimate. [ |

Remark 3.6 If the space H,, is constructed by a standard finite element approach using a local trial space on
a reference element, the optimal choice for the constant Cyy, is the dimension of this local space. For piecewise
constant functions we have Coy = 1, while the well-known piecewise linear basis functions on triangles lead
to the choice Cy, = 3.

The error estimate of Lemma 3.4 will, in general not be optimal: if we consider the identity matrix I € R™*"™
as an n-by-n block matrix with blocks of size 1 x 1, the Lemma yields an estimate of \/n for the norm,
while obviously 1 would be correct. If we assume that the block cluster tree is level-consistent and satisfies a
property closely related to the concept ot sparsity introduced in Definition 7.3, we can derive the following
improved error estimate:

Theorem 3.7 Let Trx 7 be a level-consistent block cluster tree of depth p, and let
Pp:={b=(ts) € L(Trxg) : level(t) = ¢} for all £ €{0,...,p}.
Similar to Definition 7.3, we let

Cy, = max{max{#{s € Ty : (t,s) € L(Trx7)} : t € T1}, (3.16)
max{#{t eTr : (t,s) S E(TIXJ)} s e Tj}} (317)

The following inequality holds for the global and the blockwise spectral norms:

p
X2 < €3> max{[|X|qll2 : b= (t,s) € P} for all X € R**J. (3.18)
{=0

Here we use the convention max () = 0.
Proof: Let P := L(Tzx7), let
go = max{||X|;sll2 : b= (t,s) € P} for all £ € {0,...,p},
and let Let v € R? and v € J. According to Lemma 2.7 and the fact that Tz 7 is a cluster tree for Z x J,
{tx& : b=(ts) e P}
is a disjoint partition of Z x J and we have

o, Xual = | Y0 (ol Xlaesuls)2| < D Ilolell2ll Xy

b=(t,s)EP b=(t,s)EP

|2lluls]l2
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1/2
S Z Z <€level(t)||v| H ) (gle/vel ”u‘ || )

b=(t,s)eP b=(t,s)eP
1/2 1/2
S Z elevel ||U| H2 Z elevel(s)Hu|§H§
b=(t,s)eP b=(t,s)eP
1/2
p
=Y e > Il #{s €Ty : (t,5) € P}
=0 yer®
1/2
P
e > lulsls #{t € Tr : (t,5) € Pr}
=0 er®

Since P; C P, we have

max{#{se€Tys : (t,s) € P} : teTr} <C max{#{t€Tr : (t,s) e P} : s€Ts}<C

5p7 5P’
and due to Lemma 2.7, we find that {f : t € TI(E)} CZand {35 : s€ T‘(;)} C J hold, which implies
> lolll3 < o3 > lulsll3 < llull3
teTt? seT®)
Combining both estimates yields
» 12 , 1/2 »
(v, Xu)o| < (Z EeCS}Wll%) (Z EeCS}l”l%) =Co <Z€z> [[0ll2flel2-
=0 =0 £=0
In the case Xu =0, (3.18) holds trivially. Otherwise, we let v := Xu, find
[ Xull3 = (Xu, Xu)y = (v, Xu)y < CF, (Z €e> ([ Xull2]|ull2,
and divide by || X ul|2 in order to obtain the desired result. [ |

3.3 Interpolation

A relatively general approach to the construction of degenerate approximations is based on polynomial
interpolation and has been described in [8, 47]. Its implementation is quite simple and it can be applied to
all asymptotically smooth (cf. (3.38)) kernel functions.

Let (£, ),ex be a family of interpolation points in 7, and let (£,),ex be the corresponding Lagrange
polynomials satisfying

Lu(f#) = 5%#
for all v, u € K. We interpolate the (function-valued) function = — ¢(x,-) and get the interpolant

9@ y) =Y g9(&,y)Lu(x). (3.19)

veK

This approximation is obviously degenerate, and it can be constructed without the need for derivatives of
the kernel function.
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'z,

Figure 3.1: Lagrange polynomial £y for m =5

The computation of the entries of A and B defined in (3.11) and (3.12) is simple: the entries of the matrix
A are given by

Ay = / Ly (z)p;(x)d for alli € ,v € K, (3.20)
Q

i.e., if the basis functions ¢; are piecewise polynomial, the same will hold for the integrand, so that the
entries can be computed by an exact quadrature rule. The entries of the matrix B are given by

Bj, = / 9(&, y)p;i(y) dy forall j € §,v € K, (3.21)
Q

and they can be computed either exactly (cf. Exercise 3) or approximated efficiently by quadrature rules: if
the basis function is piecewise polynomial, the fact that the point z, is well separated from the support of
p; implies that the integrand will be piecewise smooth.

3.3.1 Tensor-product Interpolation on Bounding Boxes

Since we cannot find a global degenerate approximation of the kernel function g(-,-), we work with local
approximations corresponding to pairs of clusters.

This means that we have to find a set of interpolation points and a set of corresponding Lagrange polynomials
for each cluster ¢t € T7 such that the approximation error on the corresponding domain €2; is small enough.

Constructing good interpolation operators for general domains is a complicated topic, therefore we use the
same simplification as in the treatment of the admissibility condition: instead of approximating the kernel
function on a general subset Q; of R%, we approximate it on the bounding box Q; D €.

Since the bounding box @ is the tensor product of intervals, we first consider interpolation on intervals. For
the interval [—1, 1], the m-th order Chebyshev points

2 1
&, = cos (2;;1270 for all v € {0,...,m}
are a good choice. The Lagrange polynomials (cf. Figure 3.1) have the form
L,(z)= H ¢ _gg for all v € {0,...,m}
p=0,puv 7

and the corresponding interpolation operator is given by

T 1 C[=1,1] = P, fr Zf(@)ﬁy.
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Figure 3.2: Transformation of two-dimensional tensor interpolation points

In order to get an interpolation operator for an arbitrary non-empty interval [a, b], we use the bijective affine
transformation

b+a b—a
—

d =11 b
[avb] [ ) ] - [a’7 ]7 T 2 + 2

and define the transformed interpolation operator jgf{b] : Cla,b] — Py, by

S [f] = (Tm[f 0 Plapy]) 0 @Y, (3.22)
It can be written in the form

Tt = D F (@ (@))Ln 0 By,
v=0

so it is straightforward to define the transformed interpolation points

b—|—a+b—a
2 2

ot = @y, 45(6) = &

and corresponding Lagrange functions

la,b] ._ —1
L7 =Ly o Py

We observe that
LED(E) = £, 0871 (B0 (€)= £0(€) = b
holds for all v, € {0, ..., m}. This implies

m [a,b]
a:d] (. _ r— &
LN x) = H @ o for all = € [a, b].
n=0,uv SV w
In the d-dimensional case, the domain of interpolation is an axis-parallel bounding box Q; = [a1,b;1] X

- X [ad,bq]. Since the domain has tensor-product structure, it is straightforward to use tensor-product
interpolation, i.e., to set
~t ~la1,b ~laa,ba
3t =glahl g g gleabd,

By introducing the set

K::{VENg : Z/iSmforalliE{l,...,d}}:{O,...,m}d
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of multi-indices and the corresponding interpolation points (cf. Figure 3.2) and Lagrange polynomials

gl = (glovtl, L glaabaly, Ly =Lt @@ Lliabd, (3.23)

vy
we can express J¢ in the familiar form
Talf(@) = Y FE)L ().
veK

Note that evaluating the tensor-product polynomials £L!, is quite simple due to

d d m L [ai,b;]
che) = (o L) @) = [T el @) =TT 11 %

[aibi]
i=1 i=1 p=0,u#v; SVi gﬂ

(3.24)

3.3.2 Construction of the Low-rank Approximation

Let us consider an admissible pair (¢, s) of clusters. The admissibility implies that

min{diam(Q;), diam(Qs)} < 7 dist(Qr, Qs)

holds. If diam(Q;) < diam(Q;), we apply interpolation to the first argument of the kernel function. The
corresponding block of the matrix has the form (3.19), so we have to compute the matrices A»* and B%*:

Aty = / i) L (z) da, Bl = / o3 (w)g(al, 9) dy,

where z!, and £} are the transformed interpolation points and Lagrange polynomials defined in (3.23).

If diam(Q;) < diam(Q;), we apply interpolation to the second argument and have to compute the matrices
Ab® and B%® with reversed roles:

Al = /Q pil@)g(a,a3) da, B = /Q ()3 (y) d.

In both cases, we need the transformed interpolation points. Given an array xp of dimension p = m +
1 containing the points (&), and a cluster ¢, the following code fragment computes the corresponding
transformed points and stores the points in an array 1 containing p entries containing the transformed
points for each of the d dimensions:

for(j=0; j<d; j++) {
mid = 0.5 * (t->bmax[j] + t->bmin[j1);
dif = 0.5 * (t->bmax[j] - t->bmin[jl);

for(i=0; i<p; i++)
1[j1[i] = mid + xp[i] * dif;
}

We store a multi-index v € N& in the form of an array nu of d integers. The j-th coordinate of the point
&l is then given by 1[j] [nulj]1] for nu[jl= v;. The computation of integrals of the Lagrange polynomials
can be handled by exact quadrature rules, so only a way of evaluating a Lagrange polynomial corresponding
to a multi-index v at a point x is required. Due to (3.24), we can use the following simple code fragment:

result = 1.0;
for(j=0; j<d; j++)
for(i=0; i<p; i++)
if(i '= nuljD)
result *= (x[j] - 1[jI1[i]) / (A[j1[nuljl] - L[310i1);
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3.3.3 Interpolation Error Bound

We will now investigate the error introduced by replacing the kernel function g by its interpolant g. We
start by recalling the properties of one-dimensional interpolation, derive the properties of multi-dimensional
tensor-product interpolation, and then apply these results to the problem of approximating g.

For each m € N, we let A,,, be a constant satisfying the stability estimate
[Tm[fUloo,(=1,1) < Amll Flloo,(~1,1] for all f € C[-1,1]. (3.25)

In the case of Chebyshev interpolation, it is possible to show [51] that
2
Api=—In(m+1)+1<m+1 (3.26)
m

is a good choice for all m € N, i.e., the stability constant grows very slowly depending on m.

A bound for the approximation error can be derived by using the fact that J,, is a projection onto the set
P of m-th order polynomials, i.e., that we have

Im[v] =0 for all v € Pp,. (3.27)

Combining (3.27) with (3.25) yields A, > 1.

Lemma 3.8 (Best-approximation property) Let J,, satisfy (3.25) and (3.27). Then we have

1f =T, —1.1) < (14 Am) Inf{[|f = vllo,—1,1) : v € P} for all f € C[-1,1]. (3.28)

Proof: Let f € C[—1,1]. For an arbitrary v € P,,, we can combine (3.27) and (3.25) in order to find

1f = Imlfllloc,i=1,0) = If = v+ TIm[v] = T flloo,(=1,0) = I(f =) = T [ = v]lloo 1,11
< = vlloo =1, + 1Fm[f = V]lloe,=1,11
< A+ Ap)llf = vlloo-1,)-
Since v is arbitrary, this implies (3.28). [ |
This lemma demonstrates that a stable interpolation scheme yields the best approximation of any given
function, up to the additional factor 1 + A,,, in the space of polynomials.

For a function f € C™%![—1,1], we can find a bound for the approximation error directly without relying
on stability estimates: we get

2—m m
,Hf( +1)H<>o,[—1,1]~ (3.29)

1 = Tm[flloc (-1, < (m+1)!

Let us now consider the transformed interpolation operator Jﬂ’b]

estimate (3.25) yields

mapping Cla,b] into P,,. The stability

135 Moot = 1 Tmlf © Ppas])) © @Yy lloosfa) = 1T [f © Plapi]llse (1.1
<Al f o @paplloo,(~1,1] = Al flloo,(a.8) (3.30)

for all f € C[a,b]. The error estimate (3.29) takes the form

”f - jg;lz’b] [f]“oo,[a,b] = ||f © (b[a’b] - (31[7%71)] [.ﬂ) © ¢[a7b]||oo,[71,1] = Hf © (b[a’b] - jm[f © (I)[mb]}HOO,[fl,l]

2" a,b]\(m+1 2—m b—a mAl a1
< (m+ 1)!H(focp[ b1y (mt )‘|oo7[_171] = Y ( 5 ) || fOmt )||m7[a7b]

2 (b=a\" iy
= (m+1)| 4 Hf Hoo,[a,b] (331)




50 CHAPTER 3. INTEGRAL EQUATIONS

for all f € C™*a,b].

Now we will consider tensor-product interpolation operators on a general d-dimensional axis-parallel box
Q = [a1,b1] X -+ X [aqg, bg]. Let
39 = jlavtil g ... g glaabal (3.32)

be the corresponding m-th order tensor-product interpolation operator mapping C(Q) into P, ® - -+ ® Py,
We introduce the componentwise interpolation operators

jg,i ;:]@...@]@j%ivbi]®]®...®]

foralli e {1,...,d}. Fori e {1,...,d} and a function f € C(Q), the function Jgﬂ[f] is a polynomial in the
i-th coordinate:

m

T2 @) =D w0 g £ () for all z € Q. (3.33)
v=0

Before we can investigate J9, we have to consider 3%1 Fortunately, the latter operator inherits most of its

properties directly from the one-dimensional operator Jﬂ’b]:

Lemma 3.9 Letic {1,...,d}. We have

132 [l < Al flloo.0 for all f € C(Q),
b _ m—+1
I =380l < ey (C50) 10 e for all f € C™H(Q).

Proof: Let yi € [ak, bi] for k€ {1,...,i—1,i+1,...,m}. For all f € C(Q), we define the function

it |4, 05 — IR, = JWi, -5 Y%i-1,2,Yit15-- -5 Yd
fitlai, b] = R f( )
and observe
||fi||00,[ai,bi] < HfHOQQ for all f € C(Q)’
£ ot < 107 flloo0 for all f € C"Y(Q).

Let now f € C(Q). We have

FWi, Y1, %, Yiv1s -, ¥a) = fil®),
jg,i[ﬂ(yla YL T Yir s - ya) = et f] (),

so the stability estimate (3.30) yields
9210 vy 90| < PRI € Anllfilloc o < Anllflocg: (3:30)

For f € C™1(Q), we can use the approximation error estimate (3.31) in order to find

‘f(y17~-~,yi—17$7yi+1, cosya) = T W Y T i ,yd)’ = |filw) = Sl fi] ()

2 bi—ai\" T et 2 by —a; ™! m

Applying (3.34) and (3.35) to arbitrary points (y1,...,%i—1,Z, Yit1,---,Yd) € Q yields the desired result. W
Q

Now that we have established the stability and approximation properties of J,7 ;, we can do the same for

the tensor-product operator J:
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Theorem 3.10 (Tensor-product interpolation) Let Q = [a1,b1] X -+ X [ag,bq], let m € N. Let J,,
satisfy the stability estimate (8.25) and the error estimate (3.29). Let 32 be the m-th order tensor-product
interpolation operator defined by (3.32). We have

133 lloe.0 < ALl oo for all f € C(Q),
_ (diam(Q)\ " max{ |07 flleeo ¢ i€ {1,...,d}}
_~Q < d—1 i ) ) ) m+1
1f = 35 [flllc,@ < 2dAT, ( 1 ) (m E D1 for all f € C™THQ).
Proof: For all i € {0,...,d}, we introduce the auxiliary operator

Pi::j[al,bﬂ@...@j%i,bi]®I®...®[:ngvk

We observe Py = I and Py = 39. Let i € {1,...,d}. We have P; = J%iPi_l, so the first inequality of
Lemma 3.9 yields
1P [fllloe, = 1952 :[Pic1 [fllll oo < AmllPic1[f]l 0.5

and we get
1P flle.@ < Al fllso,@ (3.36)

by induction. This implies
132, = 1Palfllloc. < ALl fllso,s

which is the first inequality of Theorem 3.10. In order to prove the second one, we combine (3.36) with
Lemma 3.9 and find

Hf—JQfHooQ<ZHR of - Pf||ooQ—Z||le F=32 [l

=1 =1

d . 0 2Ad 1 d a m-+1 )
<A -l < s S (BT) I e (337
3 i=1

2dA%1 ( diam(Q)

m—+1
m—41 Lo
= (m+1)! 4 ) max{||8i fHoo,Q S {1,...,d}},

and this was to be demonstrated. |

Remark 3.11 (Anisotropic interpolation) The intermediate estimate (3.37) in the proof of Theo-
rem 3.10 suggests a modification of the interpolation scheme: if the dimensions of the bounding box vary,

e., if it is short in some directions and long in other ones, it may be possible to use a lower interpolation
order in the shorter directions without harming the total interpolation error.

Now let us apply Theorem 3.10 to the kernel function g.
We assume that g € C°(Q; x Q) is asymptotically smooth, i.e, that

0509 y)| < Cla+ Bl el — y| 7101 (3:38)
holds for constants C, cg, 0 € Rsg. This implies that the functions

gz * Qt - COO(QS)» €T = g(:v, ')7 (339)
gy 1 Qs = C(Q1), y—g(-y),

satisfy the estimates

10° g2 () | o0, < Clal! e dist(Qr, Q) ™11,
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18%g, (1)]lsc0. < C1BI! " dist(Q, Qs)~171=7

for x € Q; and y € Qs, so we can apply Theorem 3.10 and use A,, < m + 1 in order to get

20d(m + 1)4-1 di m+1
lgs — 3t [galllooc, < 25AM+L) ( 1am<czt>)>

dist(Q¢, Q)7 \ 4dist(Qy, Qs

. 20d(m + 1)~ [ codiam(Q,) \™*
9y — Tlgyllloo.@. < dist(Qy, Qs)° <4dist(Qt,Qs)> '

The approximation g is given by

Hag) m {(g@[ggcmﬂc)(y) if diam(Q;) < diam(Q,), for all 2 € Oy € Q.. (3.40)

ml9y])(y)(x)  otherwise

If diam(Q;) < diam(Qs), we have

l9(z,y) — Gz ) = lg(z,y) = Y glal, y)LL ()| = |g:(2) () — (hnlga] (@) (W)] = (92 — Th[92]) () (v)]

veK
_ 2Cd(m +1)*"" ( ¢odiam(Q) m _ 20d(m + 1)41y° cony
dist(Q:, Qs)” <4dist(Qt,Qs)> ~ min{diam(Q;), diam(Qs)} (T) '

In a similar fashion, we can treat the case diam(Q;) < diam(Q:) and conclude

l9(z,y) — 9(z,y)| < % (%)mﬂ (3.41)

for the polynomial Cj,(m) = 2Cd(m + 1)%n°. If we choose < 4/cy, we have (con/4) < 1 and the
approximation of the kernel function converges exponentially in m.

Remark 3.12 (Improved error bound) In /8], we prove that the error converges as O((con)/(con + 2)),
i.e., we get exponential convergence even if n and co are large.

3.4 Approximation of Derivatives

In the context of boundary element methods, we are frequently faced by the challenge of approximating prod-
ucts of derivatives of an asymptotically smooth function and another function which is not asymptotically
smooth, but separable.

A typical example is the classical double layer potential operator

Gorp|ul(z) 1A@L&%ﬂ

o = yl?

on a curve I' in two spatial dimensions, where for each y € I' the unit vector n(y) describes the outward
normal direction. The kernel function

1 (z—y,n(y))
9(,y) = 5o
2r |z —yl?
is not asymptotically smooth: n is only defined on T', and it will, in general, not be smooth. Therefore the
theory of the preceding section does not apply directly to this integral operator.
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3.4.1 Separable Approximation of Partial Derivatives

We observe that we have

g(z,y) = (grad, y(z,y),n(y)) for z,y e R*,z #y

for the generator function

~Lilogla—y| if
7 (R?) x (R?) = R, (5,9) o § 2w O8Iyl i Ay
0 otherwise.

This function is asymptotically smooth, so g is the product of a derivative of v and a separable function
(since n does not depend on z, it is trivially separable).

We can apply the theory of the previous sections to - in order to construct a separable approximation
Y(z,y) = Z vy (@) wy (y),
veEK
which gives rise to a separable approximation
g(x,y) = (grad, ¥(z,y),n(y)) = > _ v, (x){gradw, (y),n(y))
veK

of the kernel function g. Using this approach, we can construct low-rank approximations of matrix blocks
by the techniques we have already introduced.

Now let us investigate the error introduced by replacing g by g. We have

lg(z,y) — g(z,y)| = [{grad, (v — ) (=, ), n(y)) < || grad, (v —7)(z, )| [n(y)]l

and due to |[n(y)|| = 1, we are left with the task of finding a bound for || grad, (y—%)(z, )|, i.e., of bounding
the derivatives of the approximation error.

3.4.2 Stability of Derivatives

In the case of polynomial interpolation, we can use an indirect approach: we construct a polynomial f* of
order m — 1 which approximates f’. Its antiderivative f will be a polynomial of order m with f* = f’,
therefore the derivative of f will be a good approximation of f’. With a suitable generalization of the
stability bound (3.25), we can then proceed as in Lemma 3.8 in order to prove that the interpolant of f is
as least as good as f.

Our goal is therefore to establish a version of (3.25) relating to the derivatives of f and f. The key component
of the proof is the following inverse estimate in the space of polynomials:

Lemma 3.13 (Markov’s inequality iterated) Let ¢ € Ny, and let u € P,,,. We have

2
m! if 0 <
Oy < § (2) locirn i E<m. (3.42)
0 otherwise.

Proof: By induction over ¢. For ¢ = 0, this inequality is trivial.

Let now ¢ € Ny be such that (3.42) holds. We have to prove the inequality for ¢ 4+ 1. If £ > m, we have
0+ 1>m and u“*Y = 0, therefore (3.42) is trivial.

Otherwise, we have u(¥) € P,,,_,; and can apply Markov’s inequality [19, Theorem 4.1.4] in order to get

oo, 11,17 = 1@ Y oo, -1, < (m = 020 ]l oo f-1,15-
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The induction assumption yields

m/! 2
H“(E“)Hoo,[_m] < (m-— £)2||U(Z)Hoo,[—1,1} < (m—¢)? (m) lelloo,(-1.1

m! 2
- (=) e

which is the desired estimate. |

Using this estimate, we can reduce the task of bounding the derivative of the interpolant to the task of
bounding the interpolant itself, i.e., to the standard stability estimate (3.25).

Lemma 3.14 (Stability of derivatives) Let ¢ € {0,...,m}, let f € C*[a,b]. I 3198 satisfies the stability
condition (3.25), it also satisfies the condition

1SN O o o) < ALNFO o tan)

2
AO . Am (ml AT
m o\ (m—10)

Proof: Let f =fody € C*[—1,1]. We denote the Taylor expansion of the function f around zero by

with the stability constant

Since ]?(2) =0 and £ < m, we have

and find . o
Tl D = @nlf - MY
We apply Lemma 3.13 to u := Jm[f — f] € P, in order to get

m'

2 2
1lF = D Oleirn < (i) 10l = Al < 8 (5 ) 17 =l

m!

m — ()]
The standard error estimate for the Taylor expansion yields

o 1 ONoo -1y

||f_f||oo 11] = /1 )

and we conclude

~ P Am m! ¢
|(Jmm)w>|w,[l,ugw<ﬁ) 17O o o1, = Ao 1O 1

m —/{)!

Let us now return our attention to the original function f on the interval [a,b]. Due to (3.22), we have

4
G = Gl a5) 0 = (2] @uli) o g,

which implies

~la 2 ¢ ~ P 2 ¢ ~
IO s = (g ) IOVl < AP (r) 17O e e

YA YA Y/
A0 (2} 1 0 @) A9 (2} (222 e
= b_a a,b) oo,[—1,1] = b_a 9 0,[a,b]

= AD1F 9 o at]>
and this is the desired result. |
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3.4.3 Construction of Approximants

We can use the stability estimate of Lemma 3.14 in order to prove a best-approximation inequality similar
to the one from Lemma 3.8.

Theorem 3.15 (Approximation of derivatives) Let £ € {0,...,m}, let n € {0,...,m — ¢} and let
feCmta,b]. If (3.25) and (3.29) hold, we have

o 2AW +1) (b—a\"""
£ — @D O o 0y < 1) 1 [FASad [

Proof: Let f, := f©, and let Let f; := et [fe] € Pr, € Pm—e. According to (3.31), we have

~ 2 b—a et n41
= Felooton < gy (52) W o

-2 b—a " (E+n+1)
T+ 1)\ 4 ILf ll oo, [a,b]-

For all k € {0,...,0 — 1}, we construct fj € Pp,_ inductively by
t
fe(t) = / fr—1(s)ds for all ¢ € [a, b].

This definition implies f,’c = fr_1, and by induction féz) = fo, ie.,

5 5 2 b—a\" "
1(F = o) Nloo.ae) = I fe = Felloojap) < CES] (T) £ o st

Due to fo € P, we have

(= 9N ooy = 1 (F = Fo+ 3@ [fo] = TN O e o)
<N = ) lloorfa) + 1EEIE = Fol) oo fa (3.43)

and can apply Lemma 3.14 to get

IO = Fol) oo,y < AN = F0) oo a0

Combining this estimate with (3.43) yields

w . 201+ AW) (b—a\"™ i
107 = 2D gy < (14 A = 0O ey < 22T (20 ) 17 o,

which was to be proven. [

Combining this estimate with the technique used in the proof of Theorem 3.10 allows us to find an error
estimate for the multi-dimensional interpolation operator.

We first consider the coordinate-wise operators jg’i:

Lemma 3.16 Leti,j € {1,...,d}. Let £ € {0,...,m} and n € {0,...,m —{}. We have

A8 flloee i i =4y

053 il Dl < I fech(Q),
10; (T, il Dllso,@ < {Am|ajf|oo,Q otherwise for all f (Q)
2(A£ﬁ)+1) (bfa)n+1 ||a€+n+1fH e
~ n+1)! 4 i 00,Q Zf’L =7 I4+n+1
107 = 053l Dlles. < { ot , forall f € C (@)
o i (5 9801 fleg otherwise
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Proof: The case i # j is simple: according to (3.33), we have
¢ (~Q _~Q 9t ¢
05 (T sl (@) = Ty, 3105 F(2) forallz € Q, f € C°(Q),
¢ ~Q Y Q (9t ¢
(f = T lfD(@) = 05 f (@) = T5, ;[0; f1 () forallz € Q, f € C°(Q),
and applying Lemma 3.9 yields the desired result.

Let us now consider the case ¢ = j. As in the proof of Lemma 3.9, we let y, € [ag,bx] for all & €
{1,...,i—1,i+1,...,d} and define

fi : [aivbi] - Rv €T = f(yla ey Vi1, T, Yidk 1y - - 7yd)
for all f € C(Q). If f € C*(Q) holds, we have
aff(ylw-~ayi71a$ayi+17~~~ayd) f(z)(x),
azz(jg@,z[f])(ylv ey Vi1, T, Yit 1, - - '?yd) = (J[T(rllhbl][fl])(z)(m)

for all € [a;, b;]. Lemma 3.14 yields the stability estimate, while we can use Theorem 3.15 in order to get
~ ¢ ~lai b;
0L F (s oY1, Wit -5 ya) — OS(I LD W i1, it - Ya)| = 10 (@) = (@b 1)) ()]

2AY +1) (b—a\"™ | ensn) oA +1) (b—a\" "
(Tl—|— 1)! 4 Hfl ||007[ai7bi] < (n+ 1)! 4 ||az f”oo,Q

for all = € [a;, b;]. [ |

Theorem 3.17 (Tensor-product interpolation) Let @ = [a1,b1] X ... X [ag,bd], let m € N, and let
p € N& with p; < m for alli € {1,...,d}. Let n € Ng with n < m — p; for all i € {1,...,d}. Let I,
satisfy the stability estimate (3.25) and the error estimate (3.29). Let 32 be the m-th order tensor-product
interpolation operator defined by (3.32). We let

The error estimate

" ~ QA%) d bi—ai ntl n "
(7 - 30Dl < o 3 (B %) 1000 e
i=1

holds for all f € C™H1(Q).

Proof: We proceed as in the proof of Theorem 3.10: for all ¢ € {0,...,d}, we introduce

P = H 32
and note Py = I and Py = J39. Let f € C"™1(Q) and i € {1,...,d}. According to Lemma 3.16, we have

AP it =g,

A otherwise,

10V (P, [Dlso = 107 3L P-1[fMlss.q < 187 (Bir[f]) o {

and due to 1 < A, < Agffj) < Agffj) + 1, a simple induction yields

10" (PilfDlc. < H (A +1) | 110" fllo.
Jj=1
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for all i € {0,...,d — 1}.

The second inequality of Lemma 3.16 implies

- 2A£¢:1)+1 b, — a; ntl m
R e ) I a2 s

and proceeding as in the proof of Theorem 3.10 yields

d fi-1
j0"f =" (2 Mlle.o < D | TTAE + 1)) 105 = 05 (37 ;1D .0
i=1 \j=1
2A(H d o\ nt1
< i n+lgu
< 2 1_1( ) e
which is the inequality we had to prove. [ |

3.4.4 Application to the Generator Function

We assume that Q; and @, are bounding boxes satisfying the admissibility condition (2.4) and require that
the generator function + is asymptotically smooth, i.e., satisfies

020 1(.y)| < Cla+ It ey o -y 701
for all z € Q;, y € Q, and all multi-indices a, 3 € Ng.

We assume that g = 85857 holds for y,¢ € Ng.
We will consider only the case diam(Q;) < diam(Qs), i.e., we will approximate the function ~y, defined by

VY - Qt - COO(QS)a T ’}/(.13, ')’

by an interpolant 3%t g,. The case diam(Q;) > diam(Qs), in which we approximate a similarly-defined =,,
can be handled similarly.

We assume that the interpolation order m € N is sufficiently high, i.e., that u; < m holds for alli € {1,...,d},
and we fix n € Ny with n <m — p; for all i € {1,...,d}.

For 0"+, , we have
188" g, (2) |0, < C e+ p|! ey ™! dist(Qr, Q) 1!tk

Using this estimate, we can derive the bound
107 Ougalloc.n < C (il +m+ Dl eg™ ™ dist(Qr, Q) =D =( M)

for all i,5 € {1,...,d}, and combining this bound with Theorem 3.17 yields

N 20AW A (A n+ DI [ (b —ai)ee "
0y = " B2 < Gign O T Z(Mist(%%) |

We have b; — a; < diam(Q;), and since @; and @, are admissible, we also find

dist(Qr, Q) ™! < ndiam(Qy) Y,

and combining both estimates yields
(bi — a;)co < Con
4dist(Qy, Qs) — 4
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As in the standard case, we assume 1 < 4/cg, i.e., cgn/4 < 1, and conclude

2CdAE M (jul + n 4+ 1) feonyn
o a(~Q < m_Co con
0¥y — 0 (Jmm)Hoo,Q = diSt(Qt,Qs)a—H“l (n+1)! ( 4 ) ’

so the derivative of the interpolant of « will converge to the derivative of v with the same rate as in the
standard case.

(3.44)

We introduce the polynomial

d 2
(), m+1(  ml Ul A+ D!
Ciy ' (n) :=2Cd (}:[1 ! ((m—mﬂ) ) O T (n+1)

and find that (3.44) implies

Ci (n) () ntl

l9(z,y) — g(z,y)| < Bst(Qy, Qo \ 1

for the separable approximation given by

le,y) = Y (9"L))()(95)g (), y).
veK
This estimate is very similar to the estimate (3.41) we have found for the approximation without derivatives,
only the polynomial C’i(r‘f) is of higher order and we only get an exponent of n + 1 instead of m + 1 in the

rightmost term.

We can conclude that the derivatives of the interpolant will converge under exactly the same conditions as
before and with the same asymptotic convergence rate, only the additional constants are higher.

3.5 Example: Boundary Element Method in 2D

In Example 2.11, we have considered the construction of a cluster tree for a curve in two-dimensional space.
Now we will solve integral equations on this curve by the techniques introduced in this chapter.

We are interested in a boundary integral problem, i.e., the set Q will be a submanifold. In our case,  is a
one-dimensional submanifold of R2, i.e., a curve. Since we are interested in integral equations, we have to
recall the meaning of an integral on a curve.

3.5.1 Curve Integrals

Let 7 : [0,1] — R? be a continuously differentiable function that is injective in [0,1]. We denote its range
by T :=~([0,1]). Let w € C(T"). Similar to the construction of Riemann integrals, we introduce a partition
0=xz9<x <...<x, =1 o0f the interval [0, 1] and consider the sum

n

L=y uly(@a) |y (i) = v(@ima)ll.

i=1

Lemma 3.18 (Curve integral) Let ¢ € Ryg. There is a § € Rsq such that for all partitions 0 = xg <
2 <...<zp=1witha; —x;1 <3 (i €{1,...,n}) we have

I - / w(r ) @)l dy| < <.
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Proof: Since u o and ||| are continuous on the compact set [0,1], they are uniformly continuous. Let

g:=\/e+a?/4—a/2 for
1
as= [ i)+ ') 4.
Due to uniform continuity, there is a § € R+ such that

[uory(z) —uory(y)l <& and [y (@) -V Wl <&

holds for all z,y € [0,1] with |z — y| < 4.

Let 0 =a0 <1 < ...<ax,=1withao; —2,01 < forallie {1,...,n}. By the differential mean value
theorem, we find an Z; € [x;_1,x;] with

This implies

I W)

Now we can define the curve integral: let (v;)™; be a tuple of injective functions in C1([0, 1], R?). For all
ie{l,...,m}, weset I'; := ~;([0,1]). The curve integral over the piecewise differentiable curve I := |JI" ; I;
is given by

/F e =3 / (v ()l w)] dy.

3.5.2 Single Layer Potential Operator
We fix n points po, ..., pn_1 € R2, set p, := pg and define the affine parametrisations
7 [0,1] = R?, gy = pii(1—y) + piy,

for i € {1,...,n}. Aslong as p; # p; holds for all 4,j € {0,...,n — 1} with ¢ # j, this defines a polygonal
curve ' := J", 7:([0, 1]).
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On the curve I', we can now define the single layer potential operator

Gl .=——/1og Iz = yll)u(y) dy

and the corresponding bilinear form

ap(,0) = —5= [ (@) [ 1os(lle = ylDute) dy e,

We discretise agip(+,-) by piecewise constant functions (¢;)? ; defined through

@i ©7; = 0ij
for i,j € Z:={1,...,n}. The coefficients of the corresponding matrix are given by
Giy = auplos ) = 5= [ #i(o) [ Toa(la = ylles ) dy e

1
= ot piall oy =yl [ [ oallu(@) 01
m o Jo

Now we are in the situation of Section 3.2 and can construct a hierarchical matrix by replacing the logarithmic
kernel g(z,y) := log(||z — y||) by degenerate approximations.

3.5.3 Implementation

We have already considered the construction of suitable cluster trees and admissible partitions in Exam-
ples 2.11 and 2.20, so we will focus on the problem of computing the entries of the hierarchical matrix
represented by a supermatrix in our code.

The treatment of the full matrices involves the efficient evaluation of singular integrals and is not the subject
of our investigation. It suffices to say that we provide a function integrate_nearfield that initialises these
matrices.

Let us now consider the treatment of the low-rank blocks. They correspond to admissible pairs (t,s) of
clusters and require the evaluation of a degenerate approximation of the kernel function. We assume that
diam(Q?) < diam(Q?*), so the approximation is given by

y) =y log(lla, -yl Ll (x)

veK

and we have to compute the matrices

1
Ay =/F<pi(x)ﬁi(x) da = IIPi—pHII/O L} (vi(x)) dz, (3.45)
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1 1 !
By = —5- [ eslosllel ~ ) dy =5 lIp; ~ sl [ Tog(llel =)y (.40
™ Jr 27 0
Since ~y; is affine, the first integrand is a polynomial of degree m, so we can apply an exact quadrature rule
for its evaluation.

In order to implement this computation, we need the following data:

e An array vertex of dimension n containing the coordinates of the points (p;)}= .

e Arrays xq and wq of dimension q containing the points and weights of a suitable quadrature rule. For
the typical choice, Gauss quadrature, we can use the library routine build_gauss.

e An array 1 of dimension p containing the transformed interpolation points. This array can be computed

by the function given in Subsection 3.3.2.

Filling the matrix B%*® requires us to integrate the kernel function for points x!, on intervals given by p;_1
and p;. In our example, this can be done analytically (cf. Exercise 3). In more general situations, we can
use the same quadrature rule as in the case of the integration of the Lagrange polynomials.

The supermatrix structure can be initialised by a simple recursion: If the supermatrix contains an
rkmatrix, we compare the diameters of the clusters involved and use the procedure described above to
initialise the fields a and b of the rkmatrix.

If the supermatrix contains a fullmatrix, we evaluate singular integrals and fill its field e.

Otherwise, we proceed recursively with the subblocks that are given by the array s.

3.6 Exercises

3.6.1 Practice

Exercise 3 Let v :[0,1] — R? and ¢ € R? be given by

8zt tdy (e
~v(t) == <sy —|—tdy> and c¢:= (cy> .
We assume that ¢ € v([0,1]). Write a C function

static double
collocation_logarithm(double sx, double sy, double dx, double dy,
double cx, double cy);

that computes the value of the integral

1
/0 log([lv(t) = cll2) 7' (®)ll2 dt.

There are two ways of solving this exercise: you can compute the value of the integral explicitly by using the
equation

/log(a2 + 2?) dz = xlog(a® + 2?) — 22 + 2a arctan (g) ,

or you can use Gauss quadrature. Gauss quadrature points can be computed by the routine build_gauss in
the file quadrature.c.

Exercise 4 (BEM) The structure curvebemfactory contains the data necessary for the discretisation of
the single layer potential on a curve:
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An integer n and an array vertex containing the geometrical information of the curve, i.e., the points
-1

(pi)];:o .

o Arrays xq and wq containing q quadrature points.

o An array xp containing p interpolation points.

An auxiliary array 1 that can be used to store transformed interpolation points.
Use the given function transform_interpolation_points to implement the functions

static void

integrate_polynomial (pccluster t,
pcurvebemfactory bfactory,
double *X, int 1dX);

static void

integrate_kernel(pccluster t, pccluster s,
pcurvebemfactory bfactory,
double *X, int 1dX);

that initialise the matrices X as follows: for the first function, the matriz X is filled with the entries of the
matriz A from (3.45). For the second function, it is filled with the entries of the matriz BY®.



Chapter 4

Cross Approximation

In the previous chapter we have constructed a degenerate kernel approximation §(z,y) =~ g(z,y). The
subblock R := G;, ; of the stiffness matrix using the degenerate kernel § instead of g is of low rank and can
be represented by an rkmatrix AB”. The rank k in this representation is independent of the quadrature
used to compute the matrix entries and it is independent of the discretisation scheme (Nystrgm, Collocations,
Galerkin).

In this section we consider methods that start with the already discretised matrix block M := Gl;, , and
compute a (low rank) approximation up to a prescribed error €. For the more elaborate (and more heuristic)
methods it is not necessary to assemble the whole matrix block in advance, the method will request to
compute particular entries of the matrix.

4.1 Singular Value Decomposition

The minimal rank approximation R of M € RP*# for a prescribed error bound |R — M|y < € is given in the
following Lemma.

Lemma 4.1 (Best approximation via SVD) Let the singular value decomposition of M € RIS pe given
by

M=UxvT :

with unitary matrices U and V' (columns orthonormal) and diagonal (rectangular) matriz
Y =diag(o1, .. Opmin(pigps))s 012022+ 2 Opinegi g = 0.
Then the matrix

k
R := Z u, o0k, O) > € 2 Ok1,
v=1
is a minimal rank approzimation of M that fulfils ||[M — Rl|2 < e, i.e., R = argmingeg ) |M — Rl

Proof: [21, Theorem 2.5.3] [ |

The rank k of the minimal rank approximation R obviously depends on the desired accuracy €. But it also
depends on the perturbation of M due to an inexact quadrature.

63
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Example 4.2 (Influence of quadrature errors) We consider the model problem from Section 1.1 where
the matriz block G;, s corresponding to the subdomain [0, i] X [%, 1] can be approzimated by low rank provided
that the quadrature is exact. In practice this will almost never be the case (due to the complexity). Instead,
one lowers the order of the quadrature formula in the farfield where the kernel is fairly smooth. In particular,
one can replace farfield entries G;; by zero if the distance between supp ¢; and supp; s large compared
to diam(supp ¢; X supp ;). In our model problem we assume that the meshwidth h is small enough so that
matriz entries G; ; can be replaced by zero if |i — j| > %n, Fori =0 all entries Go ; with j > %n are zero, for
1 =1 all entries G1 ; with j > %n—k 1 are zero and so forth. The pattern of the matriz block G;., . is that of a

txs§

0 1/4 34 1 0

Figure 4.1: The matrix G;, ; corresponding to the subdomain [0, 1] x [2,1] is lower triangular.

lower triangular matriz (cf. Figure 4.1). This means that for an accuracy e < min{|G; ;| #0|i € t,j € 3}
any approzimation Gliy s of Gliys with ||Gliys — Glixsll2 < € has to be of full rank.

The previous example is not an academic or practically unimportant example. In fact, whenever the quadra-
ture order is changed within a matrix block, we expect the approximation rank to be k = O(n) as the desired
accuracy € reaches the quadrature error. If we forbid a change in the quadrature error within a single matrix
block (in order to get rid of this side effect) and instead use the highest quadrature, proposed for an entry
(i,7) in the respective block, for all entries in the block, then the computational effort is much higher, as
can be seen in Figure 4.2.

- q:O

-

\qz]_

S~ q=2 q=3

q=3

Figure 4.2: The matrix G from the model problem of Section 1.1 is assembled with different quadrature
orders ¢ € {0,1,2,3} in different parts of the matrix. The highest order is used close to the diagonal. If we
forbid a change in the quadrature order within a single block, then all blocks have to be assembled with the
highest order ¢ = 3.

Conclusion: When applying rank revealing decompositions, then the accuracy of the quadrature has to be
better than the desired accuracy of the low rank approximation.

4.2 Cross Approximation

An interesting approach for a special low rank approximation is proposed in [26] under the name skeleton
approzimation or cross approzimation. Let us fix a block ¢ x § C 7 x T and a matrix block M € R***. The
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idea of cross approximation is to choose (in a clever way that we describe later) a small set s* C § of pivot

columns and a small set t* C ¢ of pivot rows so that for a matrix S € R® **" there holds (cf. Figure 4.3)
IM — M|s<e,  M:=DM|z,. S Mpxs € R(min{#s", #t*}).

Since only #t* rows and #s* columns of the matrix M are used in the representation of M, this is an

1 3 6 136

2 ] ° °

B

4

0

Figure 4.3: The matrix M is approximated by a combination of few rows t* = {2,4,7} and columns s* =

{1,3,6} of the matrix. A diagonal entry (i,j) € t* x s* defines the (rank 1) cross (M|{i}xg)ﬁ(M\{j}xg).
57

efficient way to assemble the matrix M in rkmatrix format with rank k = min{ #t*, #s*}.

There is a positive result proven in [26]: if we assume that there exists a sufficiently good low rank approxi-

mation, then there also exists a cross approximation with almost the same approximation quality.

Theorem 4.3 (Existence of cross approximations) Let M, R € Ri*% be matrices with |[M — R|| < ¢
and rank(R) < k. Then there exists a subset s* C § of pivot columns and a subset t* C t of pivot rows and
a matriz S € RY %" with

o xslle < 21+ 2VE( i + VED)).

Proof: [26] |

IM — M. -S-M

In the following we introduce two constructive heuristics for the assembly of a cross approximation. Both
algorithms compute successive rank one approximations. The first one is of quadratic complexity, the second
one of linear complexity.

4.3 Cross Approximation with Full Pivoting

Let M € RIX? # 0 be given. All entries of M have to be computed in advance.

An R(1)-approximation of M using full pivoting is constructed in two steps:

1. Determine the index pair (i*,;*) with maximal entry |M; ;«| in
modulus. Set § := M« j-. o
: oL —
2. Compute the entries =
a; = Mi’j*, 1€ 1?, bj = Mi*,j/é, Jj €S i

The matrix R := ab? € R(1) is the sought rank one approximation.

An R(k)-approximation of M consists of k steps of the above procedure applied to the remainder M —
h a’(b”)T. The rank one approximation is denoted by Rj, the rank two approximation by Ry and so
forth. The complete cross approximation algorithm with full pivoting is given in Algorithm 2.

This approximation scheme is able to find the exact representation of a rank k£ matrix in k steps, i.e.,
25:1 a’(b")T = M if rank(M) = k.
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Algorithm 2 Cross approximation with full pivoting and quadratic complexity O(k#-{#3).

The input of the algorithm is the matrix M € R4 which is overwritten during the procedure. The output
is a rank k approximation Zle a’(b")T of M.
forv=1,...,k do
Compute the maximal entry in modulus

(iv, jv) 1= argmax; ;| M; ;|, d:=M,, ;.
if § =0 then
the algorithm terminates with the exact rank v — 1 representation R, _; of the input matrix M.
else

Compute the entries of the vectors a”, b”:
(a”)i = M j,, 1€ tA, (by)j = Mz-mj/é, j € s.
Subtract the rank one approximation

Mi’j = Mi,j — (a”)i(b”)j, 1€ t,j € S.

end if
end for

Lemma 4.4 (Exact reproduction of rank k matrices) Let M be a matriz of rank exactly k. Then the
matriz Ry, = Zizl a, bl given by Algorithm 2 equals M.

Proof: We will prove that My = M—Zl’fl:l a’(b)T is of rank k— Kk’ for k’ € {0, ..., k} by induction, where
the start &’ = 0 is trivial. Now let M}, be of rank k — k’. Let V denote the k — k’-dimensional image of M}/
and W = V+ the n — k + k’-dimensional complement in R"*™. Let V’ and W’ denote the corresponding
spaces for My 41 = My, —a¥ T1(BF +1)T . Since by construction (Algorithm 2) a* *! is a column j* := jp/ 11
of My it must belong to V. Therefore V! C V and W C W’. Let ¢* := ix11 be the corresponding row pivot
index. Then there holds
e;‘ller/ _ (bk/Jrl)T(s 7& 0,
eZl(Mk/ _ ak’+1(bk'+1)T) _ (bk’+1)T5 _ egak’Jrl(bk’Jrl)T _ (bk’+1)T5 _ 5(bk’+1)T =0,

so that e;» € W'\ W, i.e., the dimension of the image V' of Mj,4; is at most dim(V)—1 =k — k' — 1. Since
Mj 41 is a rank one perturbation of My, we conclude rank(My/ 1) = rank(My) — 1=k — k' — 1.

For k' = k we get rank(M}) = 0 so that M = Zi:l a’ (b)T. [ |

Lemma 4.5 (Interpolation property) Let M be a matriz of rank at least k > 1 and Ry the cross ap-
proximation from Algorithm 2. For any row pivot index i* and any column pivot index j* there holds

Ryej- = Ix{j*} and ez?’:Rk:M{i*}X&

i.e., Ry exactly reproduces the pivot columns and rows of M.

Proof: The statement holds for £ = 1:
(R1ej*)i = allbjl* = Mi’j*, (elel)j = a}* bjl = Mi*’j

so that for the remainder M; the row i* and column j* is zero. We prove by induction over ¥’ = 1,...,k
that each Ry fulfils the statement for the first &’ pivot elements, where the start of the induction is already
proven.
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The matrix My, 1 < k' < k has zero columns and rows for the first &’ pivot columns and rows. For the
k' + 1-st column pivot element j* there holds

(Ri1es)i = (R )ige +af TR Ry )ige + (M )ige = Mige
and analogously for i*. For any of the first &’ pivot elements j* we conclude
(Rirgreje)i = (Ru)ige +af T (Rer)ige + (M )ige = (Ri)ige +0 = M je.

Lemma 4.6 The cross approzimation of a matriz M of rank at least k by the matriz Ry, from above is of
the form

k
71 fay
Rp:=Y a’(")" = Mlp,  (MIpxPons) - Mlp,paxs = Ri,
v=1

where Prows 15 the set of pivot rows and Peois the respective set of pivot columns. Note that the ordering of
the pivot rows and columns is irrelevant.

Proof: By construction both matrices Ry and Ek are of rank k. Let j; € Pcois be the £-th pivot column.
Then for the j,-th unit vector e;, there holds

Ryej, = Mliyp, . - (M

-1
ProwsxPeots) M |Prowexier = Ml €0 = Mlis -

According to Lemma 4.5 both Ry and I:Ek are identical on the span of the unit vectors e;-, j* € Pco1. Since
the image of them spans the whole image of Ry and Ry, both matrices are identical. [ ]

For matrices M with full rank but exponentially decaying singular values there is no guarantee for a good
approximation quality of Ry. Even if we could prove such a result, the quadratic complexity O(k#t#3) is
not efficient enough for large scale problems. The reason for the inefficiency comes from the determination
of the pivot indices (i*, j*).

4.4 Cross Approximation with Partial Pivoting

In each step v = 1,..., k of Algorithm 2 we have to

e determine the pivot pair (i*, j*) (complexity O(#{#35))
e compute the two vectors a”,b” (complexity O(#t + #35)) and

e update the matrix M (complexity O(#{#35)).

The bottleneck is the determination of the pivot pairs and the update of the matrix M.

In the following we introduce a heuristic where the determination of the pivot pair (i*, 7*) is changed so that
we do not have to compute all entries of M in advance. Also, we omit the update of M and instead use
the representation M, = M — 25;1 a’(b*)T from above. The only open question is: how do we choose the
pivot indices (i*,5*) ?

The idea of partial pivoting is to maximise |M; ;| only for one of the two indices ¢ or j and keep the other one
fixed, i.e., we determine the maximal element in modulus in one particular row or one particular column.

Let ¢* denote an arbitrary row index. Then the corresponding matrix row M;- ; can be computed in
complexity O(#3§). The row maximiser

%
J* = argmax | M;- j|, 0 i= M« j=,
JjES
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Algorithm 3 Cross approximation with partial pivoting and complexity O(k?(#t 4 #35)).

The input of the algorithm is the matrix M € R¥#. The output is a rank k approximation Zizl a’(b)T
of M.

Set i* := min{i € {}, v := 1 and P := {} (the set of row pivot indices)
while v < k do
Compute the maximal entry in modulus

v—1

My jl, 8= Mye jo =Y ()i ()
pn=1

o P—
J7 = argmax;c;

if § =0 then
if #P =n — 1 then
the algorithm terminates with the exact rank v — 1 representation R, _; of the input matrix M.
end if
else
Compute the entries of the vectors a”, b”:

v—1
(@)i = Mo —> (a")i(b");+, i€,
p=1
v—1
(); = (Mi*,j - Z(a”)i*(b“)j> /6,  jESs
p=1
end if
P :=PU{i*}
Choose i* € 1\ P, e.g., i* := argmax; ey p [(b")i,5+
end while

yields the pivot pair (i*,7*) which is not a maximiser for all pairs of indices but at least for one row. The
whole cross approximation procedure based on partial pivoting is given in Algorithm 3.

For § # 0 the arguments of Lemma 4.4 apply and the rank of the remainder is reduced by one. However,
the condition ¢ # 0 is sometimes a bottleneck, as the following example shows.

Example 4.7 Let M € R™*"™ with
Jo

[ (4, 5) = (o, jo) iy =
“J 0 otherwise.

Obviously M € R(1,n,n), but if the position (ig,jo) of the only non-zero entry is not known in advance,
then it takes in average O(n) steps to find the row index ig and in each step we have to compute n entries
of a row. The average total complezity is O(n?).

We conclude that the cross approximation with partial pivoting is not a useful technique for sparse matrices.
For the typically dense boundary element matrices however, the method can be well-suited.
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4.5 Adaptive Cross Approximation (ACA)

A variant of the cross approximation algorithms (Algorithm 2 and 3) is derived if we determine the rank
k adaptively for a given approximation accuracy €. The important question is: how do we estimate the
(relative or absolute) approximation error?

A good heuristic is to estimate the remainder ||[M — Ry|| by a rank one approximation R. Since we use a
successive rank one approximation (in each step we compute a rank one approximation of the remainder)
we can estimate

IM = Ryl S |M = Ry || = || Ri = Ri—1|| = [la*(0")"].

The two vectors a* and b* are constructed in Algorithms 2 and 3, so the functionals

€abs () lla®[|211"]2,
eret(k) = [la®||2]|6"]|2/|a*[12]|6|2

can be used to estimate the (absolute or relative) error | M — Rj||2 in the Euclidean norm. For the Frobenius
norm one uses

€aps (k) la® 126" 2,

k
€rei (k) la® (1218 12/ | > la* (1311~ 13-
v=1

The stopping criterion “v < k” is replaced by
etV —1)<e or eps(r—1)<e (4.1)

for one of the above error estimators (Euclidean or Frobenius). The initial value is €(0) := co. Since the rank
is determined adaptively, this variant is called adaptive cross approximation (ACA). The counterexamples
that will follow show that for smooth kernels g it can nonetheless happen that €(v) — 0 although the relative
or absolute approximation error is O(1).

In the literature [2, 1, 4] there exist some “proofs” for the convergence of (adaptive) cross approximation
in the case that the matrix entries M; ; stem from the evaluation of a smooth function f(x;,y;) = M, ; at
some points x;,y; € R? . At the core the “proofs” are based on a theorem that states that a Lagrange
interpolation with p points (in some bounded subset Dx C R9) has a uniformly good approximation quality
n¥P n < 1, for a smooth function f : R? — R. Obviously, one needs assumptions on the distribution of the
p points used for the interpolation, i.e., we need (geometric) assumptions on the choice of the pivot elements
1*,7*. In particular, for all boundary element discretisations the set Dy lies on the boundary I' (measure
zero) of a domain  C R? so that the theorem can not be applied. This is not just a technical detail in the
proof, as the following examples reveal.

Example 4.8 (Counterexample for cross approximation) We define the function
g:RPxR* =R, (z,y)— (y1—21— 1) (y2 — 22— 1) -log|lz — y]|.
The derivatives of g are bounded by those of log ||x — y||, therefore g is asymptotically smooth, in particular
in the domain Q := [0,1]2 x [0,1]? and on the boundary T := 9.
We apply a Nystrom discretisation
M; ;= g(%,&5)

for a uniformly distributed set of points Z := {&1,...,én}, T :={1,..., N}, on the boundary T (just for the
sake of simplicity, in general one should apply a Galerkin discretisation). For a given admissibility parameter
n we define § :=n/(1+n) and
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fL = {ieT| (&) e, K
ty = {i€T|(&)2€](0,4]}, Q

$1 = {ie€T|(&)2€[1-9,1]}, N

6 = [eT|(€)ell-61]) bl r

The two clusters t := t1 Uty and § := § U 8o are n-admissible:

diam(f) = V20 = V2n/(1 +1n),  dist({,8) = V2(1 — &) = V2/(1 +1n).

For each i € t; and j € §o the matriz entry is

Mij =9 &) = (1 =0=1)-((§)2 = (&)2) = 1) - log [|& = &;l[ = 0.

The same holds fori € ty and j € 1. The matriz block M|, ; is therefore of the 2 x 2
block structure depicted rightward.

In each of the two subblocks t1 x &1 and ty x 55 the matriz can be approzimated by low rank (e.g. by
interpolation of g in [0,6]? x [1 — §,1]% as in the previous section,).

The cross approzimation algorithm with partial pivoting starting with an index i* € £, will compute a nonzero
pivot element j* € §,. Hence, the first cross a'(b*)T is zero outside of t; x 31 so that the remainder is of
the same structure as M. If we apply the standard heuristic i* := argmax;cj\ p CIRE

row index, then again i* € t,. All pivot indices (i*,5%) will belong to 1 % &1 until k > min{#t1, #51}. The
second block M|;, . s, will not be approzimated at all: [|M — 25:1 a’ (b)) Nl > 1Mz, s, ll2-

The problems in the previous example can be remedied by taking a different heuristic for the choice of pivot
elements leading to the ACA+ algorithm that will be introduced later.

The counterexample seems to be artificial, since the kernel function was chosen so that (partially pivoted)
cross approximation fails. In the next example the same effect appears for the standard double layer potential
in three dimensions. There the kernel function is only asymptotically smooth with respect to one of the two
variables.

Example 4.9 (DLP counterexample for cross approximation) We consider the Nystrom discretisa-

tion of the double layer potential g(z,y) = %

The corresponding domains of the two clusters are

in three dimensions for an n-admissible block t X s.

Q= Oy, UQy,, Qs = Q,, UQ,,,

where

Q, = [0,1] x [0,1] x {0},
Q, = [0,1] x {0} x [0,1],
Qs = [1+2n71 24271 x {0} x [0,1],
Q., = [1+2n71 24271 x [0,1] x {0}.
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%tz QS]
i — i —
2n_1
Qtl QSZ

The matrixz block M has entries
M; ;= g(xivyj)v x; € Q4,95 € Qs.

The normal vector n(y) is perpendicular to the xy-plane, and for all x; € Qy,,y; € Qs, the difference x; —y;
lies in the xy-plane. Therefore,

Mi’j:() fO’f‘ alliEfl,j€§2 and i€1§2,j€§1.

The double layer kernel g(x,y) is a standard kernel function that is asymptotically smooth with respect to
the first variable x but not with respect to the second variable y (there are jumps in n(y) across edges).

Let us assume that in Algorithm 3 the first pivot index i* belongs to t. Then the corresponding row has zero
entries for all j € 82, so that the column pivot index j* (row maximiser) belongs to $1. The cross

Ry =a'(b"), a} =M, -, bgl = M j /M~ j+

has non-zero entries only for all (i,j) € t; x 31. This means that the off-diagonal zero blocks are unmodified
during the update, i.e., M — Ry is of the same block structure as M. Consequently, if all pivot rows are
chosen from t; (which is the case for the default choice i* := argmax;|(b); ;-| in Algorithm 3), then

(M — Ry) lo =0 but (M = Ri)lg,xs,ll2 ~ Mg, 5,2 # 0 for all k < 41

‘51 ><§1
The partial pivot search simply fails to “see” the second block M|y, s . There occurs no breakdown during
the iteration in Algorithm 8 but still the approximation is bad.

Conclusion: The standard cross approximation algorithms from the literature fail even for smooth kernels
and the standard double layer kernel on domains with edges.

4.6 Improved Adaptive Cross Approximation (ACA+)

As the many counterexamples in the previous sections indicate, it is not advisable to use ACA for the
assembly of stiffness matrices from boundary integral operators. In the next section we present a hybrid
method (HCA) for the assembly of admissible matrix blocks. That method however is not purely algebraic,
that means it is not sufficient to provide only a function (4, j) — M; ;, we also need to evaluate the kernel
function (z,y) — g(x,y).

In practice we are sometimes forced to assemble the BEM stiffness matrix in a grey-box fashion. That means
we are given the locations of the basis functions, e.g., a nodal point & from the support of ¢; (we need this
to construct the cluster tree Tz and block cluster tree T7x7), but the assembly of matrix entries M, ; is
done by some provided procedure assemble(i, j). In this setting we can use either the expensive SVD (not
reasonable for large scale problems) or a heuristic like ACA. Due to the fact that ACA fails even for the
standard double layer potential operator on domains with edges, we will improve the pivoting strategy of
ACA in this section. This variant of ACA is called the ACA+ algorithm.

We denote the matrix to be approximated by M € R™*". A reference column of M is defined by
(@, = M., ie€{l,....n},
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Figure 4.4: Three situations where ACA (with standard partial pivoting) fails.

where the choice of the index jyf is arbitrary. The reference row is determined by

lref 1= argminie{l,...,n} | (amf)i B

(bmf)j = M,.j, jE{l,...,m}.

The choice of i,ef is counterintuitive, because it corresponds to a row that produces a small entry in the
column j,er. The reason why we do this is that we expect one of the three situations from Figure 4.4 where
ACA with standard partial pivoting will fail. The above choice of i,ef and j.of ensures each non-zero block
is intersected by a reference row or column. The role of the reference row and column is that of an observer
that tells us where to start with the pivot search.

The pivoting strategy is now based on the knowledge that we gain from a™f and b*e':

1. Determine the index i* of the largest entry in modulus in a™f, i* := argmax;_q ., |azet].

2. Determine the index j* of the largest entry in modulus in b™f, j* := argmax;_, b59f|.

7...,m|

w

If Jaret

i*

> [b%T] then

(a) compute the vector b € R™ with entries b; := M;- j;
(b) redefine the column pivot index j* := argmax;_; _,, [b;];

(c) compute the vector a € R™ with entries a; := M; j+ /M~ j=;
4. otherwise

(a) compute the vector a € R™ with entries a; := M; j+;
(b) redefine the row pivot index i* := argmax;_; _,, |al;

(c) compute the vector b € R™ with entries bj := M;» ;/M;» j-.

5. The rank one matrix ab” is the sought cross approximation to M.

In the next step we can omit to determine a new reference row and colum by updating the already existing
ones. Of course, it is not reasonable to use the reference row i,.¢ if it was chosen as a pivot index, i.e.,
i* = irer O t0 use the reference column if j* = jif (the corresponding matrix row (column) of the remainder
is zero). In that case we have to define a new reference row or column (provided the stopping criterion by a
given rank k or given accuracy ¢ is not fulfilled). We denote the already used pivot elements by Prows and
Peols and proceed as follows:

1. We update the reference row and column

ref ., _ref ) ref ., pref .
a® i=a"" —a-bj,, b :=b"" —a,,, - b.

2. If both * = i, and j* = jief, then we have to determine both of them as above, where we restrict the
possible indices to non-pivot ones.
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. If % = jret and ©* # drer, then we have to choose a new reference column a
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. If i* = dper and j* # jrer, then we have to choose a new reference row b™f corresponding to a reference

index i.ef that has not yet been a pivot index and that is consistent to jyef:

Tref 1= argmin \agef\

7;6{15---7”}\Pr0ws
ref corresponding to a
reference index j,or that has not yet been a pivot index and that is consistent to i ef:

3 L . ref
Jref :=  argmin \bj |
JEL e\ Peons

For the improved cross approximation ACA+ we are not able to prove convergence, but at least for the
counterexamples presented above the method works fine, because we have modified the partial pivot search
correspondingly. The question is: Is it possible to find a partial pivoting strategy that yields a good cross
approximation in O(n)? The following example gives a negative answer to that question.

Example 4.10 (Counterexample for partial pivoting) We define the functions

and

p(z) = (2-1)- (2 —13/16),
q(z) = z-(2—1/8),
r(z) = (z=1)-(2-7/8)

fiRPXR? =R, (z,y) = plz1 —y1)  q(22) - 7(ya).

— 1
— 14/16
— 2/16
—0
‘ \ \ |
0 3/16 13/16 1
The polynomials p,q,r are chosen such that
g(ze) = 0 forax €ty Ulty, (4.2)
r(y2) = fory € s3 U s, (4.3)
p(z1 —y1) = for (z,y) € t1 X s1 Uts X 51 Uty X s3. (4.4)

We define the matriz M € R™*™ by

Mi,j = f(xzvy])a

where the points x; € t = t1 Uta Uts Uty and y; € s = 51 U sp U sz U sy are uniformly distributed in
t,s CT =00 of the H-domain Q) depicted above. From (4.2) and (4.3) and (4.4) it follows that M is of the
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block structure

0 0 O 0

0 0 O 0
M= 0 0 M3 0|’

0 0 O 0

where M33 € R#3X#s3_ Here, cross approzimation with partial pivoting faces the same problem as in
Example 4.7: the block M33 can only be found in quadratic complezity O(nm). On the other hand, polynomial
interpolation yields the exact representation with separation rank k = (m + 1)2 = 4. Of course, we can add
a “nice” smooth function to f in order to avoid the zero matriz entries and the breakdown of the cross
approzximation.

Conclusion: The grey-box algorithm ACA+ seems to work for many practical cases, in particular for the
double layer potential operator on domains with edges. In general however, it is impossible to find
reliable partial pivoting strategies and it is even impossible for the algorithm to detect whether it has
succeeded or not — unless one checks all n x m matrix entries.

4.7 Hybrid Cross Approximation (HCA)

The problems for ACA (and ACA+) stem from the fact that we evaluate the kernel function only in a part
of the boundary I'" (measure zero) and not in the whole volume. Additionally, the results of the existing
convergence proofs are not convincing and we don’t have a reliable error estimate (there are claims and
“proofs” but in presence of the above examples they are at best misleading).

The idea for hybrid cross approximation is to use the nodal points of a standard tensor-product Chebyshev
interpolation scheme in a bounding box @Q; that contains a given cluster ¢, as pivot points for cross approx-
imation. The m-th order tensor interpolation in @Q; C R? uses (m + 1)¢ interpolation points (x),cx. We
define the coupling matrix S € RE*K by

Sy = g(xtw x;)

and observe that for an admissible block cluster ¢ x s the interpolation based low-rank approximation is of
the form 3
M|{><§ = UtS(VS)Tv

where the entries of U?, V* are
Uf,l, = /ngi(x)Lf,(x)dx, VP2 = /ngj(x)LZ(y)dy.

The matrix S € REXX is the pointwise evaluation of an asymptotically smooth kernel g at nodal points
distributed in the whole volume of the bounding box product Q; x Qs, therefore we expect ACA (with partial
or full pivoting) to work for this type of matrix. In particular, S is of size K x K so that full pivoting and a
posteriori error control is feasible. Let P,ows denote the row pivot indices and P.q)s the column pivot indices.
A cross approximation of S is of the form (Lemma 4.6)

-1
S~ Sp = S|ixpuy, - G- S € RPeorsXProw,

Prows X K3 G = (S

Prows X Peots)

The entries of the product US|k« p,,,. are

(US| ipu)ip = S Ul glat,s) = 3 /Q pi(@) Lo (2)dag(at, 25) = /Q oi(@) T g, 25

veK veK

If we now replace the interpolation Z}, g(x,z7,) by the exact kernel g, we get

M|tA><§ ~ Rk = AGBT’ A c fopcols’ Be R§x7’rows’
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where the two matrices A and B consist of collocation integrals

mW:Awuwwmm, %M:A%wm@w@

and the matrix G is
-1
G = (S‘Prowsxpcols) *

The entries of Ry, = AGBT coincide with

s = [ [ @it e, )z
where the degenerate kernel g is given by

gy = > Y gl@x)Gug(,y). (4.5)

VEProws HEPeols

From the representation of Ry we can see that the interpolation is only used to determine the correct pivot
indices. However, since we restrict the set of allowed pivot indices, the accuracy ||[M — Rk|| will depend on
both the accuracy of the interpolation M — M as well as the accuracy of the cross approximation |5 — Sk||.

Theorem 4.11 Let Q; X Qs the product of the two bounding boxes for two clusterst,s € Tr. The degenerate
kernel g from (4.5) fulfils

V(z,y) € Qe x Qs :  g9(z,y) — G(z, )| < €int(9) + €t () + A2leaca,

where €int(g) and €;n(§) are the interpolation errors of g and g by the m-th order tensor Lagrange interpo-
lation

g™ (x,y) = Y Li(x)g(al, yp) L)
veEK nekK

gxy) = Y Y Lh(a)g(l, yi) L),

veK neK

with stability constant Ay, and e ac 4 is the entrywise error of the cross approzimation of the coupling matriz

S: |(Sk —S)ij‘ < €acA-

Proof: [13, Corollary25] u
If the kernel function g is of the form
9(z,y) = Dy Dyy(z,y)

for some partial differential operators D, acting on z and D, acting on y, then Theorem 4.11 cannot be
applied directly: g might not be smooth in any of the two variables. We assume that the so-called generating
kernel function - is asymptotically smooth. Then we define the approximating separable kernel g by

9(@,y) = DDy = Z Z ng(maxi)Gu,uDyg(xfuy) (4.6)

VEProws HEPeols

so that the low rank approximation of M|, , by M|;,; = AGBT consists of G as above and matrices A, B
with entries

Aw:A%@QMW@W, &w=4%@mmmww

The approximation error can be estimated analogously to Theorem 4.11 where the error |D, D,y — D, D7
is now amplified by the derivatives [13, Theorem26].
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Figure 4.5: The crank shaft geometry

Remark 4.12 The error of the cross approzimation is amplified by A2?, but A,, ~ logm depends only
logarithmically on m, i.e, onlog(1/e). The interpolation error of g has already been estimated in the previous
section. In order to estimate the interpolation error for g, we have to give bounds for the asymptotic
smoothness of g. From (4.5) we observe that both g and § have the same asymptotic behaviour with respect
to partial derivatives 0'. and 85. However, the coefficients G, ,, can only be bounded by eZéA so that the order
of the interpolation has to be m ~ log(1/(e - eaca) in order to compensate this. This is a purely theoretical
artifact: we expect that the substitution of Y, Ltg(xl,y) by g(x,y) will only decrease and not increase
the error, so that the expected error is

V(z,y) € Qe x Qst |g9(z,y) — gz, y)| < max{ein(g), eaca}-
The numerical tests in the next section will even suggest that
l9(z,y) — §(z,y)| < cr€mi(g) + c2€aca,

where ¢c1 <€ 1 and co = 1 for the single layer potential and co = 30 for the double layer potential, i.e., a weak
dependency on the interpolation order and a strong dependency on the cross approzimation error.

4.8 Numerical Examples in 3D for Interpolation, ACA, ACA+
and HCA

4.8.1 The Test Problem: 3D Laplace Single- and Double-Layer Potential

For the numerical examples in this section we consider as a reference problem the single layer potential
operator V and double layer potential operator K of the three-dimensional Laplacian,

Vi) = [ mrutds, w el
Klul(z) := /F%u(y)dy, zel,

where T' := 9Q is the surface of the domain 2 describing a crank shaft geometry, cf. Figure 4.5 (an
example from the NETGEN library of Joachim Schoberl). The surface T' is discretised by n flat triangles
of a triangulation 7. The Galerkin discretisation V;, of ¥V and K, of K in the piecewise constant basis
{¢i = Xr;, | m € T} yields fully populated matrices that can be approximated by data-sparse H-matrices
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V,, K. Each admissible block of the H-matrix is assembled by either ACA, ACA+, HCA or interpolation.
For the quadrature we choose a variable order that is lowered in the far-field where the kernel function
is smoother. The underlying cluster tree T7 is produced by regular subdivision with stopping parameter
Nmin ‘= 20, and the block cluster tree T 7 is constructed in the canonic way using the standard admissibility
with n = 2 based on bounding boxes.

All computations are performed on a single UltraSPARC Illcu processor with 900 MHz clock rate in a
SunFire6800 machine. The elapsed time is measured in seconds and the storage requirements are measured
in megabyte.

4.8.2 Interpolation

First, we consider the interpolation approach. The accuracy of the approximation will depend on the order
p =m + 1 of the interpolation. According to (3.41) we expect an exponential decay, and this is underlined
by the results in Table 4.1. The complexity for the assembly and the storage requirements of the matrix
entries is expected to be linear in the rank k& = p® and thus cubic in p, which is in accordance with the results
in Table 4.1.

DLP M = K, SLP M =V,
p | Time Storage % |I — M~*M]|, | Time Storage % T — M~'M||;
1 95 255 1.4x107! 2.2x1079 93 255  9.3x1072 9.6x107°
2 150 652 3.5x1072 1.2x1070° 144 652 8.2x1073 4.6x10~1
3 365 1731 5.7x1073 6.3x10! 343 1731 7.0x107% 4.7x10~2
4 | 1060 3830 8.2x107* 1.5x10~! 1028 3830 6.9x107° 6.9x1073
5 1996 7291 1.9x10~% 1.9x10~2 1890 7291 1.5x10°° 1.2x1073
6 | 3625 12455 3.9x107° 3.6x1073 3528 12455 1.8x1076 2.1x10~%

Table 4.1: Assembly of K, and V,,,n = 25744, using a p-th order interpolation scheme.

4.8.3 ACA and ACA+

The second numerical test illustrates the behaviour of ACA and ACA+ when these methods are used to
assemble K, (cf. Example 4.9). In Table 4.2 we observe that ACA fails to assemble the stiffness matrix
whereas ACA+ yields a good approximation. This behaviour is not stable. For finer discretisations of the

ACA ACA+
€ACA Time Storage % |I — M~'M]||, | Time Storage % I — M~M||
1x10~1 131 303 1.4x1072 1.1x107° 171 351 2.9x107°3 5.0x1071
1x1072 185 434 8.3x1073 3.8x1071 206 469 3.2x107¢ 4.8x1072
1x10~3 251 584 6.2x1073 2.7x1071 249 609 4.2x107° 4.1x1073
1x10~4 329 752  4.4x1073 2.1x107! 301 772 3.2x1076 4.6x10~4
1x107° 422 936 4.1x1073 1.9x1071 357 958  4.4x10~7 3.9x107°

Table 4.2: Assembly of K,,,n = 25744, using ACA and ACA+ with different stopping tolerances € 4¢ a-

same geometry with ny = 102976 panels we observe that both ACA and ACA+ are deteriorated, cf. Table
4.3. The prescribed stopping tolerance e4c 4 is not met: the error estimate (4.1) becomes very small when
the exact error is still rather large. For sufficiently small e 4o 4 the improved adaptive cross approximation
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ACA+ is able to find the desired approximation, but then both the time for the assembly and the storage
requirements are undesirably large.

ACA ACA+
€ACA Time Storage % |I — M~'M]||, | Time Storage % |1 — M~1M||,
I1x107% | 5788 1900 8.9x1073 3.7x107 " 5262 1874 2.1x107* 3.4x1072
1x107° 9035 6603 7.1x1073 3.7x107! 8096 6625 2.0x107* 3.4%x1072
1x107% | 15100 12482 8.5x1073 3.7x107! 13804 12353  2.1x107* 3.4x1072

Table 4.3: Assembly of K,,,n = 102976, using ACA and ACA+ with different stopping tolerances e4c 4.

4.8.4 HCA

The third numerical test supports the statements in Remark 4.12: we fix the order p := 3 of the polynomial
interpolation and vary the accuracy e4ca in the HCA algorithm. In Table 4.4 one can see that the error
of the approximation by HCA tends to be much smaller than the interpolation error with order p = 3. For
very small e 404 the HCA error stabilises at a certain level. For the Laplace kernel it seems that the choice
eaca = 107771 is appropriate. With this choice of parameters we start the fourth numerical test where we

DLP M = K, SLP M =1V,
|M— M| T—1 |M— M| r—1
e M7 Mz | P - M7 Ml
Interpolation, p =3 | 5.7x1073 6.3x107! 7.0x107% 4.7%x1072
€aca = 1x1072 9.4%x1073 3.5x1079 2.0x1073 2.5%x107!
€aca = 1x1073 7.5x107% 1.5x10~! 1.4x10~* 2.3x1072
€aca = 1x107% 3.0x10~* 3.9x1072 3.2x107° 3.2x1073
€aca = 1x107° 8.7x107° 1.2x1072 1.2x107° 1.5x1073
€aca = 1x1076 6.5x107° 9.4%x1073 1.1x107° 1.4x10~3

Table 4.4: We assemble the low rank blocks of the matrix M € {l@n, f/n} using HCA with fixed interpolation
order p = 3 and different accuracies e4c4 for ACA applied to the coupling matrices S.

approximate V,, and K, by HCA with different accuracies e4ca. The results in Table 4.5 underline that
HCA converges faster than standard interpolation but with a complexity comparable to ACA. However,
for large p (i.e., small e4ca) the full pivoting for the p® x p® coupling matrix S** in each block M|;,, is
dominant. This can be overcome by using a partial pivoting strategy — at least for the Laplace kernel.

DLP M = K, SLP M =V,

€ACA Time Storage % |I — M~'M]||, | Time Storage % I — M~1M||
1x10~2 141 485 1.0x1072 3.4%x1079 138 484 2.0x1073 2.6x1071
1x10~3 172 678 6.8x107% 1.5x10~ 1! 166 677 1.3x107% 2.6x102
1x10~* 269 895 2.2x10~¢ 2.7x1072 263 880 2.6x107° 2.8x1073
1x107° 486 1143 1.7x107° 2.2x1073 472 1101 2.2x10°° 3.2x10~*
1x107% | 1096 1288 1.2x107° 1.0x107* 1075 1171 2.2x10°7 3.0x107°

Table 4.5: Assembly of K,, and V,, using an HCA approximation with accuracy parameter esc 4.

The last numerical test in this section compares the three methods interpolation, ACA+ and HCA to each
other when used on three different discretisation levels with n; = 25744, ny, = 102976 and n3 = 411904
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panels. The order of the quadrature is adapted to the discretisation level so that the relative inversion error
is €1 ~ 1072, €3 ~ 3 x 1073 and €3 ~ 103, Each of the compression schemes uses parameters that yield an
approximation with relative inversion error approximately ¢; (ACA+ fails to achieve this for the two larger
problems and the interpolation approach is too expensive for the largest problem). The results are given
in Table 4.6. For all three discretisation levels we have applied an on-the-fly recompression and coarsening
scheme that will be introduced later. This keeps the storage requirements almost independent of the method
for the assembly and at the same time minimises the total amount of storage needed.

ny = 25744 ng = 102976 ng = 411904
Method Time Storage | Time Storage Time Storage
ACA+ 656 235 | (6538) 1499 | (88811) 8003
Interpolation | 3416 235 | 50054 1485 | 918000 —
HCA 587 235 3203 1484 34540 8025

Table 4.6: Assembly of C,, on three different levels with n € {25744,102976,411904} panels. The time in
brackets is for a constant order quadrature instead of the variable-order one (roughly twice as expensive).
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Chapter 5

Elliptic Partial Differential Equations

In the previous two sections we have introduced the hierarchical matrix format which is well suited for the
fast assembly and evaluation of stiffness matrices stemming from non-local integral operators. Since the
stiffness matrix of those operators is in general dense, one has to apply a compression method in order to
avoid the O(n?) complexity.

The case is different for the discretisation and solution of partial differential equations. Differential operators
are local so that a finite element discretisation leads to a sparse stiffness matrix. This means, the assembly
and evaluation is of (optimal) complexity O(n). However, the inverse to the stiffness matrix is in general
dense. In Theorem 5.18 (cf. [3]) we prove that the inverse allows for a data-sparse H-matrix approximation.
The analysis shows that no smoothness of the coefficients need to be required.

5.1 Sparse Finite-Element Matrices

We consider the differential equation

Llu)(z) := — div (C grad u) (z)

d
-y % (@ﬂ@%u(ggo — f(a) for all 7 € O C R (5.1)

i,j=1
with Dirichlet boundary conditions
u(z) =0 for all z € I' := 042,

where C(x) = (Cyj(x))f,—, is a symmetric and positive definite matrix for all z € Q and f € L?() is the
right-hand side.

The corresponding weak formulation reads as follows:

Seek the solution u € H}(Q) of

/(grad v(x), C(z) grad u(z)) doe = / v(x)f(z)dx for all v € H} (). (5.2)
Q Q
We define
a: H(Q) x HY(Q) — R, (v,u) — /Q<grad v(x), C(z) grad u(x)) dz,
F:H}(Q) — R, v /Qv(x)f(x) dz,

81
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and can now write (5.2) in the short form
a(v,u) = F(v) for all v € H} ().
Let V,, := span{¢p1, ..., ®,} be an n-dimensional subspace of H}(Q), and let Z := {1,...,n}. The coefficient
vector u = (u;)iez € RY of the Galerkin solution u, (z) := >, 7 uip;(x) is the solution to the linear system
Au=f (5.3)

for the stiffness matrix A = (A;;);i jez € RT*Z and the load vector f = (f;)icz € R? given by
Aij = alpi, ;) = / (grad ¢;(x), C(x) grad ¢, (x)) dz for alli,j € Z, (5.4)
Q

fi = Flpr) = / oi(2) () da for all i € T.
Q

In the case of a general Galerkin method, the matrix A may be fully populated (when all ¢; have global
support). The finite-element method, however, uses basis function with minimal support. Typical are the
piecewise affine basis functions on a triangulation 7 of 2, with one Lagrange basis function ¢; associated
to each nodal point z; of the triangulation. In such a case, A is sparse. In particular, A;; # 0 holds only if
i = j or if the nodal points z; and x; are connected by an edge of a triangle 7 € 7.

As in Chapter 2, we will use the notations

Q; := supp(p;), Q= UQZ (5.5)

ict

in the following.

Lemma 5.1 Let H(Tzrxz,k) € RT*T be an arbitrary H-matriz format, where each admissible block (t,s) €
Tr«1 satisfies at least the simple admissibility condition

min{diam(Q;), diam(Q;)} < ndist(Qq, Qs)

with n > 0. Then any finite-element matriz belongs (exactly) to H(Trx1,k).

Proof: Let b = (¢, s) be an admissible block. Because of 1 > 0, dist(2;,Q2s) > 0 follows. Therefore, for all
i €t, j € the supports of ; and ¢, are disjoint, which implies A;; = 0. This shows A|;, ; = 0. Hence, the

S

local rank is 0 which is < k for any k from H(Tz«z, k). [ |

5.2 The Mass Matrix
The mass matrix (or Gram matrix) M € RZ*Z defined by

M;; = / i(x)p;(x)dz foralli,jeZ
Q

is the finite-element approximation of the identity with respect to the finite-element space V;, from above.

We introduce the prolongation

P RI — Vn, VvV = ('Uj)jeI = Zngoj, (56&)
JET
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and the restriction
R:V, — R%, Vi V= (/ vi(z)v(x) dm) . (5.6b)
o i€
We can see that R = P* holds, i.e., that R is the L2-adjoint of P.

Exercise 5 Show that a) M = RP, b) M s positive definite, and c) the extreme eigenvalues pmin and fimax
of M are the best bounds in the inequalities

Vimin|[Vil2 < 1PV|r2 < /lmax|| V]2 for all v e RT. (5.6¢)

If the triangles 7 € 7 have comparable size, i.e., if

a4
7.1am(7) <Cy holds for all 7,7" € T,
diam(7)

the triangulation 7 is called quasi-uniform.

The triangulation 7 is called form-regular, if all angles of the triangles 7 € 7 are bounded from below by a
fixed angle ag > 0.

Lemma 5.2 If T is quasi-uniform and form-reqular, the norms given by |Pv| 2/ vol(Q) and ||v||2/+/n for
all v € R? are equivalent with a constant independent of n = #T.

In particular, the condition cond(M) = pimax/fmin 15 independent of n.
Proof: see [38, Remark 8.8.4]. [ |
The norm defined by

Ivilv, := [|Pv]| L2 for all v € RY

has the major advantage that it does not depend on the choice of basis functions and that refining the grid
will not change its scaling. Using the mass matrix, we can write the norm as

IVl = [[PV]|z2 = V/(Pv, Pv) 2 = \/(Mv,v)s = [|[M"/?v]]5.
We require a counterpart of this norm for functionals. The natural choice is the dual norm

<f,V>2 <f7 V>2 <f’M71/2V>2 -1/2
If]lv: := sup = sup =sup———==|M f]2.
"o [PVliEe vz IMY2v]la w0 (V]2

These vector norms give rise to matrix norms. We define

[ Xvllv:

[ Xlvy—v, = S |M~Y2X MY, for all X € RT*%,
v#£0 n
X
[ X]|v;,—vy :=sup % = || MY2X M2, for all X € RZ*7Z,
v#0 IViivy

We will frequently use the first of these two norms, so we introduce the short notation
X == 1 XTlvy v, for all X € RT*Z
and observe that

11X = |IMY2XM Y2y = |[PM XM 'R|| 22 holds for all X € RT*Z. (5.7)
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Let us consider the application of the norm |||-||| to the matrices corresponding to integral operators introduced
in the Chapters 1 and 3: for a kernel function g : 2 x Q@ — R, we define the operator G by

Glu)(z) == / g(z,y)u(y) dy for all uw € V,, and allz € Q.
Q

Its discrete counterpart is the matrix G € RZ*Z given by
Gy = [ elel@)de = [ i) [ al.n)e, ) dyda for all i, j € T.

Remark 5.3 Let Cie := fimax/bmin- For all u = (u;)iez, we have

2 2
Zui%’ < Cre Z uipill72 < CE, Z Ui p; (5.8)
i€l L2 i€l i€l L2
Proof: Let u € RZ. We define e; := (0i)jez for all ¢ € T and get
2
Pmax
Zui‘Pi = ”Pu”%? < NmaXHUHQ Hmax Z ”UzeZHQ — Z ”Uz‘»OZHL?
i€l L2 i€l ez
2
2 2
< P 5 3 = L 3 < P pg 3, = s |5
~ Hmin i€l Hmin Fmin min |[;e7 12
|

We can use this estimate in order to prove an equivalent of Theorem 3.7 for the norm ||| - [||:

Theorem 5.4 Let ¢ € Rxo, and let CF, be defined as in (3.16). Let (Gt s)o—(1,s)ec(Trrz) e a family of
operators satisfying

Gt,sll 1200y —L2(0,) < € forallb=(t,s) € L(Trx1)-
Let p € Ny be the depth of the cluster tree Tr. Let the matrix G € RT*T pe defined by
Gij := (¢i, Grslej]) L2 forict jesb=_(ts) e L(Trxz)
Then we have

Gl < CRCL(p+ 1)e.

Proof: Let u,v € RZ. Due to (2.2), we find

<V,Gu>2 = Z szinGij

(t,s)eL(Trx1) ict JES

= > D vl Gesles))e

(t,s)EL(Tzx1) ict JES

- ¥ <Zui§0i,gt,s Zvj%>

(t,s)eL(Tzxz) \iet jes

< Z Zui% Gis Zvj%‘

(t,s)Eﬁ(szz) ict LQ(Qt) JES LQ(Qt)
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Se Z Z“i%‘ va

(t,s)eL(TzxzT) || iet L2(0) jES L2(0.)
) 1/2 ) 1/2
el X |Dw > |
(t,8)€L(Tzxz1) || i€t L2(9) (t,s)EL(Tzx1) ||JES L2(Q)

Now we can use the L?-stability (5.8) of the basis and Lemma 2.7 to prove

2 2 2
p
> w2 D e =GR D (D we
(t,s)EL(Tzx1) || it L2(Q) teTr || iet L2(Q) £=0 teTg‘) ict L2(Q)

p p

< CrClh Y Do D luigiliai) < CeCl YD luigiliz
=0 eq®) ict (=0 ieT
p 2

S CRCL Y D i = CRCL (0 + D[ Pul?2(q
0=0 ||ieT

L2(Q)
= CRCL(p + 1)lull?,.
This means that we have
(v.Gu)2 < CRCL(p + Dellullv, [Iv]v,
and can conclude

v,Gu
IGI = [Gllvsev, = sup %

— L < C2CE (pH+ 1)
S0 vl < CeCP D)

5.3 ‘H-Matrix Approximation of the Inverse of the Mass Matrix

Our construction of the inverse of the stiffness matrix A of the discrete problem (5.3) employs the inverse of
the mass matrix M to switch between the discrete space and its dual. Before we can prove that A can be
approximated by an H-matrix, we have to establish that we can approximate M in this format.

The analysis is based on the graph G(M) of a matrix M (cf. [39, §6.2]): the nodes of the graph are the
indices ¢ € Z, and for 4,j € Z, (4,7) is a (directed) edge in G(M) if and only if M;; # 0 holds. A path
from ¢ € T to j € T is a sequence (i,)™, of nodes ¢, € 7 such that (i,—1,7,) is an edge in G(M) for all
¢ € {1,...,m}. In this context, the number m € Ny is called the length of the path. The graph distance
0(i,7) is defined to be the length of the shortest path from i to j in G(M).

We assume that the discrete space V,, is defined based on a conforming triangulation 7 with nodes (z;);ez
and let h € R< o denote the maximal length of an edge of 7, i.e.,

h := max{diam(r) : 7€ T}. (5.9)

Remark 5.5 a) For alli € Z, h is a bound of the radius of the support §; with respect to the center x;:
max{||z; — 2|z : =€} = dist(z;, R\ Q;} < h.

b) Let i,j € Z, and let (i,)]"y be a path from i to j in G(M) of minimal length § := §(i,5) € No. Then

|zi — ;]2 < dh holds.

¢) Furthermore,
1) > 24+ diSt(Qi, QJ)/h

holds if dist(£2;,€2;) > 0 or Q; N QY is of measure zero. Alli # j satisfy 6 > 1+ dist(2;,Q;)/h.
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Proof: a) The set {||z; — x|z : z € ;} takes its maxima at the corner points. For each corner point x’ of
Q; there is a triangle 7 € 7, so that the line z; 2’ coincides with a side of t. Hence ||z; — /|2 < h.

b) Let (im,im+1) be an edge in G(M), i.e., M;, ;... 7 0. Hence the supports €; , and Q; , must overlap
in an inner point. This case happens only if the nodal point z;,,_, is one of the corner points of €;  or if it
coincides with x;,, itself. Hence, ||z;, — i, ||2 < h. A simple induction yields ||z; — z;|2 < dh.

c) Let 6 > 2. Because of z;, € Q; and z;; , € Q;, dist(Q;,Q;) < ||z, — x4, |l2 < 6(i1,45-1)h holds. Due
to the minimality of §, we have 6(i1,45-1) = 0 — 2 and conclude dist(£2;, ;) < (6 — 2)h , which implies the
further assertions. ]

im

The mass matrix is positive definite and therefore the norms and the extreme eigenvalues are connected by
ponin = [M 713" and pimax = | M-

Let Tz« 7 be a level-consistent block cluster tree satisfying the admissibility condition

max{diam(;), diam ()} < ndist(Q, Q5) for all admissible blocks b = (¢,5) € LT (Tzxz)  (5.10)

(here the weaker condition /diam(Q;) diam(Qs)) < 5 dist(Q:, Q) would be sufficient).

Criterion 1 Assume
diam(Q,)? > CL R4t for allt € Tz (5.11a)
with certain constants Cy,d, and h > 0 from (5.9). Let M € RI*! be a matriz with the entry-wise estimate
|M;;| < Coq st (SisL) /R foralli,j e, whereq<1. (5.11b)

Then the blockwise definition

Ml;,  forb=(t,s) € L(Trxz) with (#t)(#3) < k2,
Mylys = A Sl (5.11c)
0 for b= (t,s) € L(Trxz) with (#1t)(#5) > k*,
leads to My, € H(k, P) with the error estimate
[ M — Myll2 < CZe2(1 + depth(Tzxz)) - O(rkl/d) for any r < ¢“/n <1, (5.11d)

where CF, is defined as in (3.16).

Proof: a) Since rank(My|,) < min{#t, #3} < \/(#1)(#35) < k for all b = (¢,5) € L(Trx1), M) belongs to

H(k, P). Let E = M — Mj, be the error matrix. E|;,, = 0 holds, if (##)(#35) < k2. Theorem 3.7 provides
an estimate of || E||2 by means of the local spectral norms of E|, = M|, which are to be considered for the
remaining case of #7140 > k2.

b) For (#)(#3) > k? and i € £, j € § we have to estimate the error component E;; = M;;. The admissibility
condition implies

dist (€, Q) dist (2, ) /diam(Q;) diam(€,) Cronaf v rma
TR i = > — #1)(#3).
h iet,jes h (5.10) hn (5T1a) 7 (#1)(#5)

From inequality (5.11b) we derive
|Eijl = [Myj| < cag®t ™V #I@E /.
A rough estimate of the spectral norm is provided by

lo </ (#D) (#5) max |Eyj| < cor/ (#8) (#58)gr V#FIH/n,

B ict,jes

||E‘£x§
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The right-hand side can be simplified: Let kmin < k. There are constants ¢} = ¢} (kmin) > C1 and ¢ such
that £ ¢ e/ < c’Q’qC/l Ve for all £ > Kmin- Hence, with ¢}, := cacly, we have

IE]bll2 < 2l ¢ WEF < gl Vk/n
#HrH#Ho>k?

Lemma 3.7 shows || E|l2 < CF, (1 + depth(Trx1))chqe VR/m The inequalities ¢} > Cy and r := ¢/ < ¢C1/n
are equivalent and yield (5.11d). [ |
In the following we have to satisfy the conditions (5.11a,b) of the criterion. The first step is done by the
next lemma which applies to all positive definite, well-conditioned matrices. Note that the optimal values of
a,b in the next lemma are the extreme eigenvalues resulting in r = cond(M).

Lemma 5.6 Let M € RT*T be a symmetric positive definite matriz with spectrum o(M) C [a,b], where
0<a<b. Fori,j€Z denote the graph distance of i,j by 6(i,7). Then for all i # j, the following estimate

holds:
(VP V-
2ar 17 V41’

y b
(M1)iy] < éq’D with ¢ = where 7 := —. (5.12)
a

Proof: For any polynomial p € Py with k < §;; we observe that p(M);; = 0 holds. Furthermore, the
spectral norm and the spectral radius coincide for normal matrices:

M~ = p(M)||2 = p(M~" = p(M)) = Do ™t = p(p)]-

Due to a result of Chebyshev (cf. [49, p. 33]) there is a polynomial py € P, so that

1 k+1

™" = pre()lloo,fa,p) < €4
with ¢ and ¢é as in (5.12). Set k := d;; — 1. Then
[(M™1)ij] = (M) i — pe(M)ij| < [M71 = pr(M)||2 < éq"T =g

proves the assertion. [

Since the exponent in (5.12) satisfies §(¢, ) > 1 + dist(€2;,Q;)/h due to Remark 5.5b, the condition (5.11a)
holds: éqé(i,j) < éqlerist(Qi,Qj)/h _ (é(]) qdist(Qi,Qj)/h _ Cquist(Qi,Qj)/h with

r—1

co =éq=C | M2, C:= , (5.13)
2r
provided that @ = pmin and b = pmax are the extreme eigenvalues of M.
Under the assumption of shape regularity and quasi-uniformity, we have the estimate
vol(Q;) > ¢, he. (5.14)

The supports €2; may overlap, but due to the form regularity the number of intersecting €2; is limited. This
fact is expressed in the following inequality: there is a constant Cy, > 0 so that

Coy vol() = > vol(€;). (5.15)

i€t

Lemma 5.7 The inequalities (5.14) and (5.15) imply the condition (5.11a), i.e.,

Cy

diam(,)? > Oy hi#t with Cy := :
wdCOV

where wy is the volume of the d-dimensional unit sphere.
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Proof: (), is contained in the sphere of radius diam(£;), so that diam(€2;)? > vol(€;)/wa. On the other

hand, (5.15) and (5.14) show that vol(€;) > &= >, ; vol(€;) > S=h#. [ ]

Theorem 5.8 Assume that the admissible leaves b = (t,s) € LT (Trx1) of Trxz satisfy the admissibility
condition (5.10). Assume form reqular and quasi-uniform finite elements (in particular (5.14), (5.15) and
cond(M) = O(1) are needed; c¢f. Lemmata 5.2, 5.7). Then for all € > 0 there is a matriz Ny € H(Tzx1, k<)
such that

|M~1 = Noglla < el| M2 with k. = O(log?((p+ 1) /¢) and p := depth(Try 7). (5.16)

Proof: In Criterion 1 (with M replaced by M 1) the conditions (5.11a,b) are satisfied with the constants
Cy = =%— (see Lemma 5.7) and ¢5 := C'||M ||z from (5.13). The error estimate (5.11d) yields

waCoy

_ _ « /d
[M~" — Noglla < [|M |2 - CZ, (1 + depth(Trx 7)) - const - o~ (5.17)

with quantities Cg, const and p < q©1/" (n from (5.10)) independent of #Z. Hence, (5.16) follows for

k= k. = O(log?((p + 1)/¢)) with p = depth(Trx1). [
Inequality (5.16) describes the relative error with respect to the spectral norm. Later, the norm [[|A]|| from
(5.7) will be of interest.
Corollary 5.9 Under the assumptions of Theorem 5.8 the inequality
MM = Ny M| = [|MY2(M* = Np) M2}y = | P(M™ = Ny Rl 2120 (5.182)
E1/d

< C,(1 4 depth(Tzxz)) - const’ - p* ", (5.18b)

holds, where const’ := const - cond(M) with const from (5.17). As in Theorem 5.8, for all € > 0 there exists
a matriz Ny € H(Tzx1,ke)), such that

[MY2(M~ = Ny )MY?||3 <& with k. = O(log?((1 + depth(Tzx1))/¢)). (5.18¢)

Proof: For (5.18a) compare (5.7). Furthermore,
IMY2 (M = Ny ) M2 < |22 MY = Nagll2|| M2l
= | M~ = Nygll2| MY2)5 = | M7 = Nagllo | M2

Inequality (5.17) shows

1/d

A3 = Np) M2y < M o[ M|z - (1 + depth(Tic)) - const - p*

Since ||M~Y||2||M||2 = cond(M) = O(1), the assertion is proved. ]

5.4 The Green Function Operator and its Galerkin Discretisation

5.4.1 The Elliptic Boundary Value Problem

We consider the differential operator

Lu = —div(C(x) grad u) in (5.19)
from (5.1), where  C R? is assumed to be a bounded Lipschitz domain.
The Dirichlet boundary value problem is

Lu = f in ,

u =0 on I' := 00. (520)
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We assume no smoothness of the d x d coefficient matrix C(z) except its boundedness C' € L>°(£2). The
uniform ellipticity is described by the inequalities

0 < Amin <A < Anmax for all eigenvalues A € o(C(x)) for almost all z € Q. (5.21)

The ratio
Rc = Amax/)\min (522)

is an upper bound of all spectral condition numbers conds C'(x). But notice that the extrema Apin and Amax
need not be attained for the same x € Q.

After fixing the basis of V,, C V = H}((2), the finite-element matrix A is defined by A;; = a(¢;, ¢;) using
the weak formulation (5.2) (see (5.4)).

Using P, R from (5.6a,b) and L : H}(Q) — H~1(Q) from a(u,v) = (Lu, V) 12(q) » @ Possible representation of
the stiffness matrix A is
A=RLP. (5.23)

The following statements also hold, when L contains further terms of first and zeroth order with L°°-

coefficients (cf. Bebendorf [5]). The case of dominating convection is discussed in Bebendorf [6]. Elliptic
systems of equations (e.g., the Lamé equation) are considered in [57].

5.4.2 The Green Function
For all z,y € Q the Green function G(z,y) is the solution of LG(-,y) = d,, with boundary data G(-,y)|r =0

(L and the restriction to I' refer to the first variable -), where 0, is the Dirac distribution at y € . The
Green functionis the Schwartz kernel of the inverse L~!, i.e., the solution of (5.20) is represented by

u() = / G(z.y) f(y) dy.

For L = —A (i.e.,, C(z) = I) the Green function is analytic in . Since, under the present assumptions
the coefficient matrix C(z) is only bounded, G is not necessarily differentiable. The existence of Green’s
function is proved for d > 3 by Griiter-Widman [36] together with the estimate

|z —y|> (Cq = Ca(ke) with k¢ from (5.22), Apin from (5.21)). (5.24a)

Gyl < 22

For d = 2, the existence proof can be found in Dolzmann-Miiller [20] together with

Gla.y)| < 22

log |z — y|. (5.24b)

)\min

Here, |-| denotes the Euclidean norm in R

5.4.3 The Green Function Operator G
Because of (5.24a,b) the integral operator

(T @ =00 = [ Genfwiy (@9 (5.25)
is well-defined. Usually, G is not explicitly known, however, we will use G only for theoretical considerations.

Lemma 5.10 Under the mentioned assumptions G € L (L*(Q2), L?(Q)) . More precisely, the bound is

‘|gHL2(Q)<—L2(Q) S diam(Q)Q//\min. (526)
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HuHiZ(Q) < diam(Q)2||VuH%2(Q) holds for a bounded domain Q and functions u € H}(Q) so that

Proof: Let u = Gf € Hj(Q) with f € L*(Q). (5.21) shows a(u,u) = Amin|[Vu[72q,- The estimate

diam(2)?

)\min

720y < diam(Q)? | Vul|Zsq) < a(u,w).

On the other hand, a(u, u) = (f,w)2(q) < [ fllp2(q) [[ull 2(q) - Dividing by [u[;2(q) , one obtains the desired
inequality. [ ]

We remark that, in general, ||G||12(q)—r>(q) cannot be replaced by the weaker Hilbert-Schmidt norm ||G||r =
|G 12(axq) since G with its singularity (5.24a) is not square-integrable in €2 x € for d > 4.

5.4.4 Galerkin Discretisation of G and the Connection to A~!

The Galerkin discretisation matrix of G from (5.25) is B := RGP with the components

Bij :Z/Q/Qw(w)G(w,y)%(y)dxdy (1,5 € 1), (5.27)

where we use the same finite-element basis ¢; as above.

Two different finite-element error estimates can be considered. The L?(Q2) orthogonal projection is defined
by
Qn:=PM'R:L*Q) = Vi, ie, (Qnu,vn)r> = (u,vp)2 forallu €V and vy €V},

(M is the mass matrix). The corresponding error is

e (u) = |Ju — Quull L2()-

On the other hand, the finite-element approximation is associated with the Ritz projection
QRitzh = PAT'RL: V — V.

If w € V is the solution of the variational problem a(u,v) = f(v) (see (5.2)), then up = Ppu is the finite-
element solution. The finite-element error is

ey, (u) = [Ju = Qrits,nul L2()-

Since the L2(Q) orthogonal projection is optimal, i.e., 2 (u) < ef (u), it suffices to bound the error e, The
weakest form of finite-element convergence reads

e () <enllfllz  forallu=Gf, feL*(Q), (5.28)

where €, — 0 for h — 0. This estimate will be provided by Lemma 5.11, whose presumptions hold for the
problem considered here. Only under further smoothness conditions and regularity assumptions, one can
expect a better behaviour like e, = O(h?) with o € (0, 2].

Lemma 5.11 Let the bilinear form a:V x V — R be bounded, while the subspaces V;, CV satisfy

lim dist(u, V) =0 forallueV (dist(u, V) := inf,ev, |lu—v|v). (5.29)

n—oo

Let the discretisation { Ay, }nen be stable and the embedding V — L%(Q) be continuous, dense and compact.
Then
|IL™' = PAT'R||12()—12(0) < €n with €, — 0 for n — oo

(here L : V' — V' is the operator associated with a : a(u,v) = (Lu,v)y,., . . The last inequality can also be
written as || (I — QRitz,n) vllL2(0) < enll fllz2@) with Au = f.
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Proof: a) Because of the embedding property of V — L2(Q2), also the embedding E : L?(Q) — V' is a
continuous, dense and compact embedding (cf. Hackbusch [38, Lemmata 6.3.9 and 6.4.5b]).

b) Let e, (u) := (I — QRitz,n) u for u € V. Cea’s Lemma shows |le,, (u)||v < Cy dist(u, V},) (cf. Hackbusch [38,
Theorem 8.2.1]). Hence, (5.29) and part a) imply ||e,(u)|[z2(q) — 0 for all u € V.

c¢) The stability of {A,},en together with (5.29) proves L=1 € L(V’,V) (cf. Hackbusch [38, Theorem
8.2.2)).

d) The set U := {L~'f € V : [|f]|12(qy < 1} is image of the unit sphere {f € L*(Q) : || 12(q) < 1} under
the mapping L~'E. Since L~! is bounded (see part c) and E is compact (see part a), U is a precompact
subset of V.

e) Now we want to show the uniform convergence &, := sup{|le,(u)||z2(q) : u € U} — 0. For the indirect
proof assume that there are n > 0 and a sequence u(™ € U such that

||en(u("))||Lz(Q) >n>0 foralln e N C N.

By the precompactness of U there is a subsequence u(™ € U with (™) — u* € V for n = nj, — oco. Since
en(u™) = e, (u™ — u*) + el (u*), it follows that [|e, (u(™)||r2(q) < [lea(u™ —w*)||r2) + llen ()| r2()-
For the first term use

len (™ — w20y < Collen (™ —u*)|ly < CoCh dist(u™ — u*,V,,) < CoCyllul™ — u*|ly — 0,
and [[e,(u*)| r2) < Collen(u”)|lv < CoChdist(u*,V,) — 0 for the second. This yields the contradiction
len(ut™)] 20y — 0. u

The next lemma shows that M ~!BM~! is an approximation of A1,

Lemma 5.12 Let €, be as in (5.28). Then, using the norm ||| - ||| from (5.7), the following estimate holds:
[[MA™'M — B|| = |PA™'R — PM'BM ' R||12(0)—r12(q) < 2€h. (5.30)
Proof: ||[MA™'M—B|| = |PA"'R—PM~'BM ' R| 12(0)—1>(0) follows from the definition (5.7). Because

of B= RGP, we have
PM™'BM™'R=PM'RGPM 'R = Q,GQh.

We have to estimate (PAflR— thQh) f for f € L?(Q2). Since Rf = 0 for f € V;1, it suffices to use
f € Vi,. up == PAT'Rf is the finite-element solution of Lu = f, while Q,GQnf = QnGf = Qnu is the
L?(Q) projection of the u into V},. The expression can be formulated by means of the Ritz projection Py,

(PAT'R — QnGQp) f = un — Qnu = Qrigznt — Qru = (u — Qpu) — (u — QRitz,nt)
and can be bounded by || (PA™'R — QnGQ4) fllr2(0) < eg(u)—i—ef(u) < 2ef (u) < 24| f|l L2(n)- This proves
the inequality (5.30). [ |
Corollary 5.13 An equivalent formulation of the triple norm in (5.30) is
IMA=*M — BJ|| = ||[MY2A" ' MY2 — M—Y2BM Y2y,
This implies ||[A=1 — M~*BM o < |||IMA=M — B||| [|M 7|2 < 2||M~1|2en.

We remark that the boundedness of G implies the boundedness of B. Because of

IIBIll = |QrGQnll L2(0)—12()

we conclude the inequality in
Remark 5.14 |[|B]|| < |G| L2(@)—r2()-

The further steps are as follows. In §5.5 we show that B can be approximated by an H-matrix By. Theorem
5.8 states the M ~! has an H-matrix approximation Ny. By Theorem 7.17 the product Ny By Ny is again
an H-matrix which now approximates M ~'BM~!. Since additional errors of the size of the discretisation
error €, are acceptable, approximations of M ~!BM~! are also good approximations of A~! (see (5.30)).



92 CHAPTER 5. ELLIPTIC PARTIAL DIFFERENTIAL EQUATIONS

5.4.5 Conclusions from the Separable Approximation of Green’s Function

We anticipate the result of Section §5.5 and assume that the Green function allows a separable approximation

G(z,y) = Gg(z,y) = Zuk) forze X, yevy, (5.31a)

where the subsets X,Y C € satisfy the usual adm1881b1hty condition
min{diam(X), diam(Y)} < ndist(X,Y). (5.31b)

Moreover, we assume that the approximation error decays exponentially, i.e., the integral operators
Gxy,Grxy € L(L*(Y),L*(X)) defined by

(Gxvu)( / G(z,y)u(y)dy, (Gk,xyu) / Gr(2,y)u (z € X)
satisfy
1Gxy — Gk xv |l L2(x)—r2(v) L €llGllL2(@)—r2() With & = e(k) < Oy exp(—c2k™), c1,c2,¢3 >0 (5.31c)
for all k € N. We shall prove (5.31c) with the constants
arl, = cg/(dﬂ), c3 = dL—Fl (cn = Boe with [y from (5.47d) below). (5.31d)

The proof, however, uses a further assumption: If the minimum in (5.31b) is taken by diam(X) [diam(Y")],
then X [Y] must be convex. In practice this is no restriction, since by construction of the partition
P CT(I xI) the admissibility of the bounding boxes are used and the bounding boxes are convex. The
verification of (5.31a-d) follows after the proof of Lemma 5.28.

The matrix B from (5.27) is obviously approximated by By, € H(Tzxz, k), where the definition of By, uses
the approximation Gy, from (5.31a). For b = (¢,s), the sets X and Y in (5.31a) become Q; and Q. The
estimate (5.31c) implies that

1Ga,. .0, — Gr.0..0.

while no approximation is used in inadmissible leaves b = (¢, s) € L™ (Tz«z). The total error can be estimated
by means of Theorem 5.4: for a sparse block cluster tree and an L2-stable finite element basis, we get

I1B — Bll| < eCteCsp(1 + depth(Tzx2))|G |l 12 (2)—L2()

This inequality combined with Lemma 7.26, which yields Csp = O(1), and Lemma 5.26, which yields
1G] 22y —r2(0) = O(1), show

)—L2(Qy) < €HgHL2(Q)<—L2(Q) holds for all b = (t,S) € £+(TI><I)

l|1B — Bg|l| < O(e depth(T7)).

This proves the following Lemma:

Lemma 5.15 The matriz By, € H(Tzx1,k) defined above satisfies the error estimate
[I|1B = Bg|l| < O(e - depth(Tr)) with € = (k) < exp(—cok'/ (1)
for all k € N and with the constant co from (5.31d).
Remark 5.16 a) The usual construction of the cluster tree leads to depth(T7) = O(log #I).
b) In the following we choose k. g > O <logd+1((1 + depth(TI))/e)), so that
1B =Bl <e for k =kep. (5.32)

c) [IBI| < 1G||L2()—r2() = O(1) from Remark 5.14 and Lemma 5.10 show that € < O(1) leads to
1Bl < O(1). (5.33)
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Since A= ~ M~1BM~! (cf. Lemma 5.12) and M ~! ~ Ny (cf. Theorem 5.8) as well as B ~ By, we use
H = NHB’CE,BNH (534)

as approximation of the inverse finite-element matrix A~".

Lemma 5.17 Given € > 0, choose Ny € H(Tzx1, ke) according to Theorem 5.8 and By, , € H(Tzx1,ke.B)

according to Lemma 5.15. According to Theorem 7.17, the (exact) product H from (5.84) is a hierarchical

matriz from H(T7xz, ke, ir) with
kE,H = C[2j maX{kE, kE,Bv nmin}a (535)

for Cuy = O(log #7).

Proof: According to Theorem 5.8, the exact product Ny By, , satisfies
NHBkE,B c H(TIxL k'NB) with kyg = Cy max{ks, k&B, nmin}.

The second product H = (NHBkE,B) Ny leads to ke g = Cumax{kng, ke, "min}. Since Cy > 1, one con-
cludes from max{ke, min} < knp the statement (5.35). [ |

The appropriate norm for the error A=! — H is
|P (A" ~ H) Rllza@)— o = IMY2 (A~ — H) MY2), = [|MA™'M = BJ|.  (5.36a)
(cf. (5.7)). Multiple application of the triangle inequality yields
1P (A_1 — H) RHL2(Q)<—L2(Q) <||P (A_l - M_lBM_l) RHL2(Q)<—L2(Q) (5.36b)
+||[PM~" (B = By, ) M™'R||12(0)—r2(0)
+[PM ™' By, 5 (M™! = N#) Rl|22(0)—12(0)
+||P (Mil - NH) BkE,BNHRHL2(Q)(_L2(Q).
The first term in (5.36b) is estimated in (5.30) by means of the quantity €, defined there:
[P (A7 = M~'BM™") R||12(0)—12(02) < 2¢h. (5.36¢)

The second term ||[PM ™ (B — Bi, ,) M R||12(0)—r2(2) = |B — Bk, ;|| in (5.36b) can be treated by
Lemma 5.15 and (5.32):
|PM~" (B = By, ,) M 'R||12(0)—12(0) < €. (5.36d)

The third term in (5.36b) is split into the factors
|[PM ™' By, (M~™" — Ny) Rl r2(0)—12(0) (5.36¢)
= {PM*lBkE,BMflm] {MI/Q (M~! — Ny R} 22()—L2(0)
< |[PM ™' By, y M7Y2| 2y gz [|MY2 (M~ = Nyy) Rl|gzr2(0
= IBr s 1M Y/2 (M = Nyg) MV
<O(1)-e=0(),

where the last inequality follows from (5.33) and (5.18c).

The fourth term in (5.36b) is treated analogously:

|P(M~" = Ny¢) By, NuR|| L2(0)—12(0)
= || [P (w7 = Ny 2] [M12 By, NiR]|

L2(Q)—L2(Q)
< ||P (M~ = Nog) MY?| 2y pz | M2 By, y Ny Rz r2 (0
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= ||M*2 (M~" — Ny ) MY2||5|PM 7' By, , NyR||12(0)—12(0)
=¢||[PM ™' By, s N R||120)—12(0)
<e(|[PM'Bi. s MR 12(0)—12(0) + [PM ' By, (M~ — Nyg)R| 12y —12()) -

The first norm expression in the last line is [|[PM By, , M~ ' R| 12(0)—r2(0) = ||| Bk[|| < O(1), the second is
estimated in (5.36¢) by O(e), so that

| P (M~" = Ny) Br. s NuR||p2(0)—12(0) < O(e). (5.36f)
The combination of (5.36a-f) yields the final result.

Theorem 5.18 Let the assumption of the previous Sections §5.2, §5.3, §5.4.1 hold and assume depth(T7) =
O(#I). Let ¢ € (0,1) be given. Choosing the local rank k. = O(log?(#I/¢)) of Ny € H(Tzx1, k) and
kep = O(log™ (#I/¢)) of By, 5 € H(Tzxz, ke B), one obtains an approximation H = NyBy, , Ny €
H(Trx1, ke, 1) of the inverse finite-element matriz A=Y with the error

|P(A™" — H)R||r2(q)—12(0) < O + 1),

where k. g = C{ max{ke, ke g, nmin} = O (log2(#I)k€,B) =0 (logd+3(#I) + log2(#I) log?tt (1/5)), while

en 1s the finite-element consistency error from (5.28).

An obvious choice of ¢ is € = ¢,. Since, in the best case, e, = O(h®) = O(#I~*/) (a > 0: consistency
order) the quantities log(#Z) and log (1/¢) coincide with respect to their size and yield

|P(A™" — H) R r2)—r12(0) < O(h%)

for an H € H(Trxz, ke.ir) with ke g = O (10gd+3(#I)) .

5.5 Analysis of the Green Function

The goal of this Section is to construct a separable approximation G(z,y) ~ G® (z,y) = Zf:l u;(z)vi (y)
of Green’s function in X x Y (see (5.31a)), where X, Y C Q satisfy the admissibility condition.

The Green function G is defined in 2 x Q. If X € Q and Y C Q are disjoint, the restriction of G to X x Y is
L-harmonic, i.e., LG = 0. The subspace of L-harmonic functions will be considered in §5.5.2. First we give
approximation results for general closed subspaces of L?(D).

5.5.1 Approximation by Finite Dimensional Subspaces

In the following D C R? is a domain. All distances and diameters use the Euclidean norm in R¢ except the
distance of functions which uses the L?(D)-norm.

Lemma 5.19 Let D C RY be a convex domain and Z a closed subspace of L*(D). Then for any k € N there
s a subspace Vi, C Z satisfying dim Vi, < k so that

diam(D 2vd
distr2(p)(u, Vi) < cappr MTT](C)HVMH(D) for allu € Z N HY (D), where cappr = i (5.37)
™

Proof: a) D is contained in a cube with side length diam(D). Let z be the centre point:

1
DcQ={x¢e RY: |z — 2z|loc < 5 diam(D)}.
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Q
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r®

Figure 5.1: Domains 2, D and I'(D)

b) First let k = ¢¢. We subdivide the cube @ uniformly into k subcubes Q; of side length diam(D)/¢ and
set D;=DNQ; (i=1,...,k). Each D; is convex with diam(D;) < @ diam(D). The subspace

Wi, ={ve L?*(D) : v is constant on D; for all i = 1,.. Lk}
has the dimension dim W}, < k. Poincaré’s inequality for u € H'(D) shows that
diam(D;)\ 2 ddiam(D)\2
/ u — @ |2d < (&()) / \Vul2dz < (M) / \Vul2dz,
D, s D; 94 D;

i

where u; = vol(Di)’1 f D, u dx is the mean value of u in D;. Summation over all i yields
. _ vd .
distz2(py(u, W) < ||u — [ z2(p) < 7 diam(D) ||[Vul|2(py,

where @ is the piecewise constant function from Wy with @|p, = 4;.

¢) For general k € N, choose £ := | Vk]| € N, i.e., ¢ < k < (£ +1)%. Applying Part (a) for k' := £, we use
the space Wy := Wy satisfying dim Wy, = dim Wy < k' < k. Using % < [_%1 < d%/E’ we arrive at

. diam(D
dist 2 () (u, Wi) < cappr% IVull 22y

with the constant cappr := 2V/d/.
d) Let IT : L?(D) — X be the L?(D)-orthogonal projection onto X and Vj, = IT(W}). Keeping in mind that

P has norm one and u € X, the assertion follows from |lu — u| z2(py = (v — @) z2p)y < |lu — @l z2(p)
for all uw € Wy. [ |

In the last proof we have restricted D; to convex domains though Poincaré’s inequality holds whenever the
embedding H'(D;) — L*(D;) is compact. This is for example true if D; fulfils a uniform cone condition.
However, in the general case extra assumptions are required to ensure the uniform boundedness of the
Poincaré constants for all D;.

5.5.2 Space Z(D) of L-Harmonic Functions

Q C R? is the domain where the differential operator L is defined (cf. (5.19), (5.20)). Let D C R? be a
further domain with Q N D # (. In the following we will specify the space Z = Z(D) which appears in
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Lemma 5.19. Z(D) has to satisfy three properties: u € Z(D) should be (i) L-harmonic, (ii) locally in H?!,
and if (iii) D ¢ Q, u =0 holds in D\Q. Before we give the precise definition, we add some remarks:

ad (i): A function satisfying Lu = 0 in a subdomain, is called there L-harmonic. In particular, the Green
function G(x,y) is L-harmonic with respect of both arguments x,y, if  # y. The appropriate description
(5.39c¢) uses the weak formulation by means of the bilinear form a from (5.2).

ad (ii): If x € QN 0D, the function u := G(z,-) is L-harmonic in D (since ¢ D), but due to the singularity
of the Green function u does not belong to H'(D). There we require only a local H'-property: u € H'(K)
for all domains K C D, which have a positive distance from the interior boundary

I'(D) :=QnaD (5.38)

(see Figure 5.1 and (5.39b)).

ad (iii): For later constructions it is helpful if D is not restricted to subsets of 2. Because of the homogeneous
boundary condition G(x,y) = 0 for z € Q and y € 91, the continuation of G(z,-) by zero in D\ belongs
again locally to H'. Condition (5.39a) is an empty statement if D C ©Q holds.

Definition 5.20 Let Q, D C R? and I'(D) be defined as above. Let Z(D) be the space of all u € L*(D) with
the properties

ulp\a =0, (5.39a)
u € HY(K) for all K C D with dist(K,T'(D)) > 0, (5.39b)
a(u, ) =0 for all p € H} (DN Q). (5.39¢)

Lemma 5.21 The subspace Z(D) is closed in L?(D).

This statement is needed to apply Lemma 5.19 to Z = Z(D). Its proof is postponed to the subsection,
following Lemma 5.23.

Remark 5.22 Let Z(D) and Z(D') be subspaces for D' C D. For all w € Z(D) the restriction u|ps belongs
to Z(D"). The short notation of this statement is Z(D)|p C Z(D"). If dist(D',T'(D)) > 0, even Z(D)|p: C
Z(D"YN HY(D') holds (cf. (5.39b)).

5.5.3 Inner Regularity

Inner regularity denotes the characteristic property of homogeneous solutions of elliptic partial differential
equations, to have better regularity in inner subdomains. Here, we make use of the fact that for functions
u € Z(D) the gradient norm [|Vul|2(xnq) in a smaller domain K can be estimated by means of ||u|z2(pna)-
Because of the continuation by zero in D\ (cf. (5.39a)) also the norms ||[Vu| r2(x) and [ulz2(py can be
used.

Lemma 5.23 Let Q, D, Z(D), I'(D), and K C D with dist(K,T'(D)) > 0 as in Definition 5.20. ko =
Amax/Amin 8 the quantity from (5.21)). Then the so-called Caccioppoli inequality holds:

2 /K
IVul| L2 (xna) < WMHMM%DOQ) for allu € Z(D). (5.40)

Proof: Let the cut-off function n € C(D) satisfy 0 <7 <1, =1in K, n = 0 in a neighbourhood of T'(D),
and |Vn| <2/§ in D N Q, where we use the abbreviation

0 = dist(K,T'(D)).
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Since K’ := supp(n) C D satisfies the condition dist(K’,I'(D)) > 0, one obtains from (5.39b) that u €
H'(K"). Hence, ¢ :=n*u € H}(DNQ) is a possible test function in a(u, ¢) = 0:

nu(Vu) ' C(z)(Vn)dz + /Drm 7 (Vu) " C(z)(Vu)de. (5.41)

0= /D ()T @)V () =2 /D

nQ

The inequality chain

(5.41)

/ 772||C’1/2(:v)VuH2dx:/ (Vu) C(z)(Vu)dz = 2
DNQ DNQ

/ nu(Vu)TC(x)(Vn)dx
DN
< 2/ nlul |CY2 @)Vl |CY2(x) V| da

DN

VAmax

< 4 m“/ lul 7 [|CY(2) V| da
0 DO

1CN < Amax because of (5.21), |Vn|<2/é

)\max
< g Ve / 2| CV/2(2) Vul2dz |lu] 12 posy
DNQ

Schwarz Trlequality

can be divided by \/fDmQ n2(|CV/2(2)Vul|2dz = [|n CV/2(2)Vul r2(proy:

Al’l’lEi‘X

H7701/2(95)VU||L2(DmQ)§4 5 lull 2(Dngy) -

Since n = 1 in K, one concludes that

IVul 2(kno) = MVl L2(kno) < InVull L2(pnay (5§21) )\;nlfHWCl/Q(iU)VuHH(DnQy

Altogether, the assertion (5.40) follows with the factor 4 instead of 2. The condition |Vn| < 2/§ can be
replaced by |Vn| < (1+4¢€) /4§ for any € > 0. Therefore, (5.40) holds with the factor 2 (1 + ¢) for any € > 0,
hence also for 2. ]

Proof: [Proof of Lemma 5.21] Let {uy}ren C Z(D) be a sequence converging in L?(D) to u. Let K C D
with dist(K,I'(D)) > 0. Since |Jug| r2(py is uniformly bounded, due to Lemma 5.23, also {Vuy}ren is
uniformly bounded on K:
[Vug|l2(ry < ellukll2py < C.

By the Theorem of Banach-Alaoglu, a subsequence {u;, }ren converges weakly in H'(K) to @ € H'(K).
Hence, for each v € L?(K) we have (u, v) 2 (x) = imp—oo (Ui, , V) p2(x) = (@, 0) 2(x) showingu = @ € H*(K).
Since for any ¢ € H}(DNQ) the functional a(-, ) belongs to (H(K))’, the same argument yields a(u, ¢) = 0.
Finally, ux|p\o = 0 implies also u|p\o = 0, proving u € Z(D). ]

5.5.4 Main Theorem

In the following construction we start from a convex domain K with K N # (). Broadening of K by r > 0
yields
K(r) :={z € R?: dist(z, K) < r} for 0 < r <4, (5.42)

where K(0) := K is set for » = 0. Let D be a superset of K with

§ = dist(K,T(D)) > 0. (5.43)
It is easy to see that K (6) N Q C DN Q. In the complement R\, where all functions are defined by zero,
D can be enlarged in such a way that K(J) C D.

The following lemma describes the approximability of all u € Z(D) by means of a subspace W C Z(K), so
that the approximation error decays exponentially with respect to the dimension dim W (i.e., the dimension
grows only logarithmically with the inverse approximation error).
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D

Figure 5.2: The domains Q, K C K(§) C D and I'(D)

Lemma 5.24 Let Q, D, Z(D), I'(D), and K C D with dist(K,T'(D)) > 0 as in Definition 5.20. Further-
more, let K be a conver domain with

diam(K) < n dist(K,T'(D)).

Then for all e < 1 there exists a subspace W = W, C Z(K) with the approzimation property

dist 2 () (u, W) < e|ull L2(pnoy for allu e Z(D) (5.44)
and the dimension
dimW < cﬁ [log %1‘”1 + [log 1] with ¢, = 2 € Capprv/kc (N +2). (5.45)

Proof: a) Convexity of K implies also convexity of all K(r) from (5.42), which for increasing r become
larger: K(r1) D K(re) for r1 > ro. The smallest domain is K(0) = K, while K (§) is the maximal domain
with K (0) C D. It is easy to see that

dist(K(rg),0K(r1)) =r1 —re forr >y and diam(K(r)) < diam(K) + 2r. (5.46a)
b) We fix a p € N, which will be specified in part f), and introduce radii 7o > 1 > ... > r, = 0 by means of
ni=0-5p  0<j<p). (5.46b)
We define
K; = K(rj), Zj:=Z(K;) (compare Definition 5.20)

and remark that K = K, C K,_1 C...C K1 C Ko CD.
c) Let j € {1,...,p}. Application of Lemma 5.23 to the domains K;_;, K; instead of D, K yields

21/1-%0
20y <
IVellzzu < dist (K, T(K;-1))

vl L2k, for all v € Z;_1,

where the notation I'(K;_;) is explained in (5.38). Because of dist(K;,I'(K;_1)) > dist(K;,0K;_1) =
rj—1 —1; =0/p (see (5.46a)) it follows that

Qp,//ic
IlVUHLz(Kj) < s ||'U||L2(Kj,1) for all v € Zj_l. (547&)
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d) We apply Lemma 5.19 with K instead of D and with k := [(8p)?]. The factor 3 will be specified later

in (5.47d). Following Lemma 5.19, there is a subspace V; C Z; of dimension dim V; < k so that

diam(K;)
VEk

Using the inequalities V& > fp and diam(K;) = diam(K) + 2r; < diam(K) + 2§ (see (5.46a)), we obtain

distr2(x;) (v, V;) < Cappr IVoll2x,)  forallve Z; N H'(K;).

diam(K) + 24
Bp

Due to Remark 5.22, each v € Z;_; restricted to K; belongs to Z; N H'(K;). The estimates (5.47a,b)
together with diam(K) < nd shows

distz2(x;) (v, V) < Cappr Vol 22 (k) for all v € Z; N H(K;). (5.47b)

2 al TV
distp2 (k) (v, Vi) < (n+2) % vl L2k, forallv e Z;_4. (5.47¢)
In order to enforce (1 + 2) M =e!/P, we choose
B:= Boe /P with By = 2capprv/FO (7 +2). (5.47d)

e) (5.47¢c,d) shows that for each u =: vy € Zy there is a u; € V4 C Z1, so that u|x, = vo|x, = u1 + v1 and

oillz2aeyy < €Y [[voll L2 (x)-

Analogously, for vy € Z; there exists a ug € Vo C Zy, so that vi|x, = uz +v2 and |[jve|[z2(k,) <

e¥/? ||v1| 22 (k) By induction one constructs u; € V; (1 < j < p), so that

p
ulk =vp+ Y uilk  with [Jvy]l 2y < € [Jufl 2
j=1

Since uj|x € Vj|k,
W =span{Vj|x : j=1,...,p}

is the desired approximating subspace which ensures the estimate

= 5||U||L2(Dm9)-
|p\@=0

distz2(py) (u, W) < ellull L2k, K<CD ellullz2(p)
0 u

f) The dimension of W' is bounded by >7_, dim V; = p[(Bp)?] < p+ Bp?*!. The choice p := [log 1] yields

e=1/p — ¢(08 2)/P < ol and the estimate
dim W < [log 1] + Bfe?[log 79+1. (5.47e)

This inequality together with ¢, := pe proves the assertion. [ |

Remark 5.25 Lemma 5.24 describes the dimension k := dim W in dependence of the factor €. The inverted
relation shows the exponential decay

e =¢e(k) =~ exp (—c dJr\l/E) with ¢ = (¢,) %@+

(the equality c = (c,)~ @+ would hold, if on the right-hand side of (5.47e) the term [log 11 of lower order
is missing, whereas (k) < exp(—c “Vk) would hold, if [log 11 is replaced by log L ).

Forr e X CQC R? Green’s function G(z,-) is L-harmonic in Q\X, i.e., G(z,-) € Z(Q\X) and even
G(z,-) € Z(R?\X) because of the continuation by zero.
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Theorem 5.26 Let X C Q C R? and K C R? be two domains with K N Q # 0. Furthermore, let K be
convex and satisfy
diam(K) < ndist(X, K).

Then for any e € (0,1) there exists a separable approximation
y) = Z wi(z)v; (y) with k < k. = cﬁl, [log ﬁdH + [log 1]

(cy, defined in (5.45)) satisfying

||G(.’E,) _Gk:(xv')HL'L’(K) SEHG(SL’,')HL'Z(DQQ) fO’/‘ all x € X, (548)
where D = {y € R% : dist(y, K) < dist(X, K)}.
Proof: Since diam(K) < ndist(X, K) = ndist(X,0D) < ndist(X,T'(D)), Lemma 5.24 can be applied. Let
{v1,..., vk} be abasis of the subspace W C Z(K) from Lemma 5.24 with k = dim W < ¢2[log L1471 4[log 1].

For all x € X the function g, := G(z,-) belongs to Z(D) because of X N D = (. Due to (5 44) we have
gz = Jo + 7o With g, € W and |72 ||r2(x) < €9zl 2(png). The approximation g, has a representation

k
i=1

with coefficients u;(z) depending on z. Since x varies in X, the coefficients u; are functions defined on X.
The function Gi(x,y) = Zle u;(x)v;(y) satisfies the estimate (5.48). [ |

Remark 5.27 Without loss of generality, {vi,...,vr} can be chosen as an orthogonal basis of W. Then the
coefficients u;(x) in (5.49) are equal to the scalarproduct (G(x,-),vi)r2(knq)- This proves that the functions
u; satisfy the differential equation

T — ) Vi m KNQ,
Yi=3 0 otherwise

with homogeneous Dirichlet boundary condition. In particular, the w; are L-harmonic in Q\K. Note that
the u; do mot depend on the choice of the domain X.

Lemma 5.28 Let X, K,D, and € as in Theorem 5.26. Let Gx i, Gxp, and G, x i be the integral operators

(Gxxf)(x) = [, G(z,y)f(y)dy Jorz e X,
(Gxpf)(x) = fDmQ G(z,y)f(y)dy Jorx € X,
(Grxx) () = [ Gr(x,y)f(y)dy Jor z € X,

while G is the operator from (5.25). Then
1Gx K — Gk xKllL2(x)—r12(kn0) < €llGxD|lL2(x)—L2(Dn) < €llG]lL2(Q)—L2(0)- (5.50)

Proof: Let ¢ € L?(X) be an arbitrary test function and ®(y) := [, G( (z)dz for y € D N Q. Since
® € Z(D), we have again

@ — Pl L2(kn0) < €l|®|lL2(Dnay (5.51)

(proof as in Theorem 5.26 with the same W). As &y is the projection of ® to the subspace W, it follows

that
0= [ Gt dx—z(/xum (@) ) ().

i=1
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For all ¢ € L?(K N Q) we have

(.G = Gxr) Vpsy = [ [ (Glau) = Gulan) ple)o(odady = (@ = 08200

<@ = Pillr2(xne) WHLZ(KmQ) (5§51) e[l @l z2(pne) ||¢\|L2(Krm) :

® can also be written as G so that
||(I>||L2(DOQ) < ||g}k(D||L2(DﬂQ)<—L2(X) HSOHLZ(X) = ||gXD||L2(X)<—L2(DnQ) ||90||L2(X)
proves the first inequality in (5.50). The second inequality holds, since Gx p is a restriction of G. [ ]

We now show that the assumption in (5.31a-d) hold. The approximation (5.31a) corresponds to the represen-
tation in Theorem 5.26. The notation in (5.31a) indicates that the functions u;,v; depend on the dimension
k.

If the minimum in (5.31b) is taken by diam(Y), we set Y = K and the inequality in (5.31c) follows from
(5.50). If, however, diam(X) < ndist(X,Y’) holds with a convex X, the same estimate can be proved by
exploiting L-harmonicity with respect to the first argument: G(-,y) € Z(X).

The sizes of the constants in (5.31d) result from Remark 5.25.

In the boundary element method (BEM) the fundamental solution S plays a central role. It is defined by
the property
L,S(z,y) =6(x—y) for all z,y € R%

We can apply Theorem 5.26 to S. The following corollary ensures that BEM matrices can be successfully
represented in the hierarchical format.

Corollary 5.29 Assume the existence of a fundamental solution S for the differential operator L. Let
X,Y c R? be two domains such that Y is convex and

diam(Y) < ndist(X,Y).
Then for any € > 0, there is a separable approximation
k
Sk(z,y) = Zuz(:ﬂ)vz(y) with k < k. = cg [log 179! + [log 17 (cn as in (5.45)),
i=1
so that

15(@,-) = Sk(x; M2y <ellS(a, )2y forallz e X
with D = {x € R? : dist(z,Y) < dist(X,Y)}.



102 CHAPTER 5. ELLIPTIC PARTIAL DIFFERENTIAL EQUATIONS

5.6 Implementation

The matrix G defined by (5.4) is sparse, so we should store it in a suitable format.

5.6.1 Sparse Matrices

One way of storing a sparse matrix efficiently is to use the row-compressed representation: For each row i,
there are arrays containing the columns of non-zero entries and the corresponding coefficients.

Implementation 5.30 (sparsematrix) The sparsematrix structure is defined as follows:

typedef struct _sparsematrix sparsematrix;
typedef sparsematrix *psparsematrix;
struct _sparsematrix {

int rows;

int cols;

int nz;

int *row;

int *col;

double *coeff;

};

The fields rows and cols contain the number of rows and the number of columns of the sparse matriz. The
field nz contains the number of non-zero entries.

The columns indices for all non-zero entries are stored in the array col, and the array coeff contains the
corresponding coefficients. The array row contains the start and end indices of the parts of the col and
coeff arrays corresponding to a certain row: For each row i, the entry row[i] is the first index in col and
coeff corresponding to the i-th row of the matriz, and row[i+1]1-1 is the last index.

Let us consider the matrix

2 -1
-1 2 -1
G= -1 2 -1
-1 2 -1
-1 2
as an example (in C notation, i.e., with indices {0,...,4}). The first row contains two non-zero entries,
so we set row[0]=0 and row[1]=2. The first non-zero entry is Gpy = 2, therefore we set col[0]=0 and
coeff[0]=2.0. The second non-zero entry is Gg; = —1, and we represent it by setting col[1]=1 and

coeff[1]=-1.0.

The second row contains three non-zero entries. We already have found row[1]=2, so we add three to get
row[2]=5. The first non-zero entry G19 = —1 in this row is represented by col[2]=0 and coeff [2]=-1.0.
Repeating this construction for the remaining non-zero entries leads to the following representation:

2 | -1 |-1 2 -1 |-1 2 | -1 |-1 2 | -1 |-1 2 coeff

0 1 0 1 2 1 3 2 3 4 3
0 2 5 8 |11 |13 row

2 4 col
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The product of a vector v and a matrix described by a sparsematrix object can be computed by the
following simple algorithm:

for(i=0; i<rows; i++) {
sum = 0.0;
for(j=rowl[il; j<row[i+1]; j++)
sum += coeff[j] * v[coll[jl];
w[i] = sum;

}

This and a number of other useful functions are already included in the library:

Implementation 5.31 (sparsematrix) Once the structure of a sparse matriz (i.e., the arrays row and
col) is fized, we can use the functions

void
clear_sparsematrix(psparsematrix sp);

void
addcoeff_sparsematrix(psparsematrix sp, int row, int col, double val);

void
setcoeff_sparsematrix(psparsematrix sp, int row, int col, double val);

to initialize the coefficients. clear_sparsematrix sets all coefficients to zero, addcoeff_sparsematrix adds
val to the coefficient in row row and column col, while setcoeff_sparsematrix sets the coefficient to val
directly. The first two functions are useful in the context of finite-element discretisations, where the stiffness
and mass matrices are usually assembled iteratively, while the third function was included for finite difference
methods, where all matriz coefficients are known a priori.

Of course, there are also the usual eval methods

void
eval_sparsematrix(pcsparsematrix sp, const double *v, double *w);

void
addeval_sparsematrix(pcsparsematrix sp, const double *v, double *w);

void
evaltrans_sparsematrix(pcsparsematrix sp, const double *v, double *w);

void
addevaltrans_sparsematrix(pcsparsematrix sp, const double *v, double *w);

that multiply a sparse matriz or its transposed by a vector and add the result to another vector or overwrite
it.

A sparsematrix is not a supermatrix. Therefore we have to convert it before we can apply H-matriz
arithmetics. Due to Lemma 5.1, this is a simple task that is accomplished by the function

void
convertsparse2_supermatrix(pcsparsematrix sp, psupermatrix s);

Defining the proper structure for a sparse matrix can be complicated, since it involves counting the num-
ber of non-zero entries and enumerating them correctly. Therefore we introduce the auxiliary structure
sparsefactory that handles all the bookkeeping:
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Implementation 5.32 (sparsefactory) A sparsefactory object is used to describe only the structure of
a sparse matriz, i.e., the distribution of non-zero entries. It is created by a call to

void
new_sparsefactory(int rows, int cols);

giwing the number rows of rows and cols of columns of the sparse matriz. A new sparsefactory contains
no non-zero entries, i.e., it describes the zero matriz. We can add non-zero entries using the function

void
addnz_sparsefactory(psparsefactory fac, int row, int col);

where row and col are the row and column of a new non-zero entry. This function call will only change the
sparsefactory if the entry is currently not in the list of non-zeros, i.e., it is safe to call it more than once
for the same entry.

After the entire structure of the matriz has been described by calls to addnz_sparsefactory, we can use the
sparsefactory to create a matching sparsematrix:

psparsematrix
nev_sparsematrix(psparsefactory fac);

Let us now apply these techniques to Example 2.12: we use piecewise linear basis functions, i.e., an entry
G; of the stiffness matrix (5.4) can be non-zero only if there is at least one triangle in the grid that lies in
the support of both ¢; and ¢;. This information is sufficient to create the sparsematrix structure:

idx2dof = ct->idx2dof;

fac = new_sparsefactory(n, n);
for(k=0; k<triangles; k++)
for(i=0; i<3; i++) {
ii = idx2dof [t[k] [i]];
if(ii >= 0)
for(j=0; j<3; j++) {
jj = idx2dof[t[k][j1];
if(jj >= 0)
addnz_sparsefactory(fac, ii, jj);

3

sp = new_sparsematrix(fac);
del_sparsefactory(fac);

Since the sparsematrix structure should be compatible with a supermatrix structure, we have to take the
permutation of the index set into account. The code in Example 2.12 stores the mapping from grid indices
to degrees of freedom in the array ct->idx2dof, and our code fragment uses this array to convert the indices
of the triangles vertices t[k] [i] into degrees of freedom. If t[k] [i] does not correspond to a degree of
freedom, i.e., if it is a boundary node, idx2dof [t [k] [i]] has the value -1 and we drop this entry from the
sparse matrix.

5.6.2 Assembly of Stiffness and Mass Matrices

We have seen how a sparsematrix object matching the structure of a grid and a set of basis functions can
be constructed. Now, we will fill the sparse matrix with coefficients corresponding to the partial differential
equation.
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The matrix coefficients are defined by (5.4). As in Example 2.12; we consider only domains that correspond
to compatible triangulations, i.e., there is a family (7,)"-!' of triangles such that

T-1
a=J7
=0

holds and that two different triangles 7,, 7, are either disjoint, share a common vertex or a common edge.

The discrete space V,, of piecewise linear functions on the triangulation (TL)T;OI is defined by
Vi, i={u € C(Q) : ul,, is affine for all « € {0,...,T — 1} and u|r = 0} C H} (D)

Let u € V,,. Since u is affine on each 7,, its restriction u|,, it is uniquely defined by the values in the vertices
of 7,. Since u is continuous, it is uniquely defined by its values of u in all vertices of the triangulation, which
implies that the dimension n of V,, has to be the number of interior vertices in the triangulation. We denote
the interior vertices by (v;);cz and define the basis functions (p;)iez by

@i(v;) = bij
for all j € Z. Due to (5.4), the entry G;; is given by

T-1

Gy = /Q (grad pi(z), grad g3 () dz = 3 / (grad gi(2), grad @y (2)) de,

=0 YT

so we could build the matrix using the code fragment

for(ii=0; ii<n; ii++)
for(jj=0; jj<n; jj+) {
sum = 0.0;
for(k=0; k<triangles; k++)
if (in_support(k, ii) && in_support(k, jj))
addcoeff_sparsematrix(G, ii, jj, integrate_G(k, ii, jj));

This is a very inefficient approach, since all entries of the stiffness matrix G are considered at least once, i.e.,
we will have a quadratic complexity in the number n of degrees of freedom, which is clearly inacceptable for
interesting problem sizes.

A far more efficient approach switches the ordering of the loops: the outer loop passes through all triangles,
the inner loops consider all contributions a given triangle 7, makes to the matrix G. According to our
definition of the basis functions, only the three basis functions corresponding to the vertices of the triangle
can differ from zero in 7,. Therefore we only have to take pairs of these three basis functions into account,
i.e., we require two nested loops passing each through the vertices of the current triangle. This leads to the
following more efficient algorithm:

for(k=0; k<triangles; k++)
for(i=0; i<3; i++) {
ii = idx2dof [t[k] [i]];
if(ii >= 0)
for(j=0; j<3; j++) {
jj = idx2dof[t[k][j1];
if(jj >= 0)
addcoeff_sparsematrix(G, ii, jj, integrate_G(k, ii, jj));
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In order to evaluate the individual integrals (5.4), we need the gradients of the basis functions. For piecewise
linear basis functions, their computation is very simple: let 4, 5,k € {0,...,n — 1} be such that v;,v;, v are
the vertices of a triangle 7, in the triangulation. The function

_det(x —v;, v — vj)

Pir. () = det(v; — vj, v — ;)

if affine and obviously satisfies ¢; -, (vi) =1, @i r, (v;) = @i,r, (vk) = 0. This implies ¢;|-, = ¢; -,, and we can
use this representation to compute the gradients of basis functions:

det = ((pl[t[k][0]][0]
(pltlx][11]1[1]
(plt[k] [1]1][0]
(pltlk] [01][1]

plt [kl [211[01) x
plt[k] [21]1[1]) -
plt[k] [211[0]) *
plt k] [211[11));

for(i=0; i<3; i++) {
glil [0] (plt[k] [(A+1)%311[1] - pltlk] [(i+2)%31]1[1]) / det;
glil [1] (plt[k] [(i+2)%31]1[0] - pltlk] [(i+1)%31]1[0]) / det;
}

We can combine this fragment with the loop over all triangles in order to complete the algorithm for
assembling the stiffness matrix for the Laplace operator:

for(k=0; k<triangles; k++) {
det = ((p[tlx][0]1]1[0] - pltlk][2]1]1[0]) =
(plt[k][11]1[1] - pltlk][2]1]1[1]1) -
(pltlk][11]1[0] - pltlk][2]1]1[0]) =*
(pltlk][011[1] - pltlk1[211[11));
for(i=0; i<3; i++) {
glil [0] (plt (k] [(1+1)%31]1[1] - pl[t[k] [(i+2)%3]1]1[1]) / det;
glil [1] (plt[k] [(1+2)%3]11[0] - p[t[k] [(i+1)%3]1]1[0]1) / det;
}
area = 0.5 * fabs(det);

for(i=0; i<3; i++) {
ii = idx2dof [t[k] [i]];
if(ii >= 0)
for(j=0; j<3; j++) {
jj = idx2dof[t[k][j1];
if(jj >= 0) {
val = area * (g[i][0] * g[jl[0] + glil[1] * g[jI1[11);
addcoeff_sparsematrix(G, ii, jj, val);
}
}



Chapter 6

Arithmetics of Hierarchical Matrices

In this chapter we will explain the algorithms that perform the addition and multiplication in the hierarchical
matrix format efficiently. Based upon these basic linear algebra subroutines, we can define algorithms that
compute an approximate inverse, LU-decompostion or Cholesky decomposition. The actual proof for the
efficiency, namely the complexity estimates, are postponed to the next Chapter 7. The basic idea for the
‘H-matrix arithmetics is formulated in [40] and a general approach is contained in [27] (german) and [29]
(english).

6.1 Arithmetics in the rkmatrix Representation

Since the basic building blocks of H-matrices are matrices in fullmatrix and rkmatrix representation we
will first explain how the arithmetic operations +,- can be performed efficiently for matrices in rkmatrix
format - for the fullmatrix format this is obvious (and already implemented in BLAS or LAPACK).

First, we have to introduce the set of matrices of rank at most k. These are the matrices that can be
represented in the rkmatrix format. Afterwards, we will modify the rkmatrix implementation.

Implementation 6.1 (rkmatrix) The rkmatrix representation is implemented in the C programming lan-
guage as follows:

typedef struct _rkmatrix rkmatrix;
typedef rkmatrix *prkmatrix;

struct _rkmatrix {
int k;
int kt;
int rows;
int cols;
doublex* a;
doublex* b;

}s

The description is the same as in the previous Implementation 1.13.

The current rank kt resembles the fact that a matrix in (RN can have a rank kt smaller than k. From
Lemma 5.1 we know that all rkmatrix blocks in the H-matrix representation of the stiffness matrix are of
rank 0 while the maximal allowed rank for the formatted arithmetics is £ > 0. In the algorithms we want to
exploit kt < k whenever possible.
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6.1.1 Reduced Singular Value Decomposition (rSVD)

Definition 6.2 (SVD and rSVD) Let M € R(k,n,m). A singular value decomposition (SVD) of M is a
factorisation of the form

M=Uxv" oo
U > A\

T

with unitary matrices U € R™"*" V€ R™*™ and a diagonal matriz 3 € R™"*™  where the diagonal entries
are
E11 > E22 > 2 Ek:k: > Ek:Jrl,k:Jrl = ... = Emin{n,m},min{n,m} =0.

The diagonal entries of ¥ are called the singular values of M .

A reduced singular value decomposition (rSVD) of M is a factorisation of the form

M=Uxv"T

!

with matrices U € R™F, V € R™*F that have orthonormal columns and a diagonal matriz ¥ € RF**  where
the diagonal entries are
Y11 > Mo > ... 2> Mg > 0.

Remark 6.3 1. A (reduced) SVD is not unique.

2. If the singular values of M are all different then the reduced singular value decomposition is unique up
to scaling of the columns of U,V by —1.

3. A SVD of M yields a rSVD by discarding the columns > k of U,V and the columns and rows > k of
3.

A SVD of a general matrix (fullmatrix) can be computed by the standard LAPACK subroutine dgesvd
within complexity O (min(n, m)max(n,m)?) (see [21]). After the next Lemma we will explain how to
compute a rSVD of an rkmatrix in O (k* max(n,m)) complexity.

The singular value decomposition is a representation of a matrix (in factorised form) and the reduced singular
value decomposition is similar to the rkmatrix format. The reason why the SVD is of interest is given in
the next Lemma.

Lemma 6.4 (Best Approximation with Fixed Rank) Let

M=UxvVT

be a SVD of M € R™"*"™. Let
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with matrices 3 3 }
UZ: U|n><k7 Y= diag(2171,...,2k7k), VZ: V‘mxlv

Then M is a best approximation to M in the sense that

min(n,m)

Z %2,

i=k+1

IM—=M| = min M= R|,|M =Mz =Sk, |M - M|r =
ReR(k,n,m)

holds in the Frobenius and spectral norm.

Proof: For the spectral norm the proof is contained in [21]. The extension to the Frobenius norm can be
achieved by induction as an exercise. [ |

Let M = ABT € R™™ be a matrix in rkmatrix representation. A rSVD M = UXVT can be computed
efficiently in three steps:

1. Compute (reduced) @QR-factorisations of A,B: A=QaRa, B=QpRp

with matrices Q4 € R"**, Qg € R™** R4, Rp € RF*F, dgeqrf— complexity O((n + m)k?)
2. Compute a rSVD of R4RE = U'S(V')T. dgesvd— complexity O(k?)
3. Compute U := QaU’", V :=QpV’. dgemm— complexity O((n + m)k?)

Implementation 6.5 (rSVD) The implemementation of the rSVD in the C programming language for the
rkmatrix format might look as follows:

void

rsvd_rkmatrix(prkmatrix r, double *u, doublex s, double *v){
double *u_a, *v_a, *u_b, *xv_b, *usv;
int kt = r->kt, rows = r->rows, cols = r->cols;

. allocate u_a,v_a,u_b,v_b,usv ...

qr_factorisation(r->a,rows,kt,u_a,v_a); /* r->a =: u_axv_a */
qr_factorisation(r->b,cols,kt,u_b,v_b); /* r->b =: u_bxv_b */
multrans2_lapack(kt, kt, kt, v_a, v_b, usv); /* usv := v_a*v_b’ */
svd_factorisation(usv, u_s, s, v_s); /* usv =: u_s*sxv_s’ */
mul_lapack(rows, kt, kt, u_a, u_s, u); /* u 1= u_aku_s */
mul_lapack(cols, kt, kt, v_b, v_s, v); /* v 1= v_b*v_s */

. deallocate u_a,v_a,u_b,v_b,usv ...

3

The procedure rsvd_rkmatrix enables us to compute a rSVD of an rkmatrix in O (k2 (n+ m)) complexity.
According to Lemma 6.4 the rSVD representation can be used to derive a best approximation with fixed
rank.

Definition 6.6 (Truncatiop Ti) Let M € R™ ™ gnd k € N. We define the truncation operator Ty :
R™ ™ — R(k,n,m), M +— M, where M is a best approzimation of M in the set R(k,n,m) (not necessarily
unique). The matriz M is called a “truncation of M to rank k.

The truncation operator 7, produces an approximation to a given matrix in the set R(k,n, m). The approx-
imation quality might be arbitrarily bad, although it is a best approximation within the set. An alternative
truncation operator is defined by a fixed accuracy that has to be achieved. The rank necessary to reach the
accuracy is chosen automatically.



Let M = ABT ∈ Rn×m be a matrix in rkmatrix representation. A rSVD M = UΣVT can be computedefficiently in three steps: 1. Compute (reduced) QR-factorisations of A,B: A = QARA, B = QBRB with matrices QA ∈ Rn×k, QB ∈ Rm×k, RA, RB ∈ Rk×k.2. Compute a rSVD of RARBT = U′Σ(V ′)T .3. Compute U := QAU′, V := QBV ′. dgeqrf→ complexity O((n + m)k2)dgesvd→ complexity O(k3)dgemm→ complexity O((n + m)k2)
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Definition 6.7 (Truncation 7;) Let M € R"™™ and ¢ > 0. We define the truncation operator 7. :
R™™ — R(k,n,m), M — M, where M is a best approximation of M in the set R(k,n,m) and

k:=min{k € No | IM € R(k,n,m) : ||M — M| < || M||}.

The matriz M is called an “adaptive truncation of M with accuracy €”. T2bs s the respective truncation
operator with absolute truncation error €.

From Lemma 6.4 we know how to determine the necessary rank for an adaptive truncation: compute a
rSVD and discard singular values (starting from the smallest) as long as the relative or absolute prescribed
accuracy is met.

6.1.2 Formatted rkmatrix Arithmetics

The set R(k,n,m) is not a linear subspace of the n x m matrices, because it is not closed with respect to
the addition. Instead, the set has properties of an ideal.

Lemma 6.8 (Multiplication) Let R € R(k,n,m), N € R"*" and M € R™*™ . Then
NR e R(k,n',m), RM € R(k,n,m’).

Proof: If R = ABT then NR = (NA)BT and RM = A(MTB)T. m
Lemma 6.9 (Addition) Let Ry, Ry € R(k,n,m). Then Ry + Ro € R(2k,n, m).

Proof: If Ry = ABT and Ry = CDT then R; + Ry = ABT + CDT = [ A C ] [ B D
—_—
nx2k 2kxm

I

The addition of two matrices in rkmatrix format of rank k£ and ko yields a matrix in rkmatrix format of
rank ki + ko without performing arithmetic operations (see the previous proof). The formatted sum is then
defined as a best approximation of rank at most k, where k is either fixed (fixed rank addition) or chosen
automatically so that a given approximation quality is achieved (adaptive addition).

Definition 6.10 (Formatted rkmatrix Addition) The formatted addition (fixed rank k or adaptive with
accuracy €) is defined as

AerB:=T.(A+B), A®.B:=T.(A+ B), A, B e R™™,

In the following implementation of the formatted rkmatrix addition we have combined the fixed rank and
adaptive truncation.

Implementation 6.11 (Formatted rkmatrix Addition) The structure truncation_control contains
the information about the sufficient relative truncation error rel_eps, the sufficient absolute truncation
error abs_eps and a flag adaptive that tells us wether we use the fized rank truncation (adaptive=0) or
the adaptive arithmetic (adaptive=1). This information is stored in the struct truncation_control:

typedef struct _truncation_control truncation_control;
typedef truncation_control *ptruncation_control;

struct _truncation_control {
double rel_eps;
double abs_eps;
int adaptive;

};



(Truncation Tε)

compute a rSVD and discard singular values (starting from the smallest) as long as the relative or absolute prescribed accuracy is met.

Definition 6.7 (Truncation Tε) Let M ∈ Rn×m and ε > 0. We define the truncation operator Tε : Rn×m → R(k,n,m), M → M ̃ , where M ̃ is a best approximation of M in the set R(k,n,m) andk:=min{k ̃∈N0 |∃M ̃ ∈R(k ̃,n,m):∥M−M ̃∥≤ε∥M∥}. The matrix M ̃ is called an “adaptive truncation of M with accuracy ε”. T abs is the respective truncationε operator with absolute truncation error ε.

NumCSE exercise: implementation of \epsilon truncation

A⊕kB:=Tk(A+B), A⊕εB:=Tε(A+B),
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FEach rkmatrix r stores a pointer r=>tc to a struct truncation_control which is by default NULL, i.e.,
we use by default the fized rank arithmetic. If r=>tc!=0 and r->tc->adaptive= 1 then the rank k for the
representation of the target matriz is determined by

k :=min{k € N | IM € R(k,n,m) : ||M — M| < rel_eps||M]| or |M — M|| < abs_eps}.

The structure of the target matriz has to be extended to allow the necessary rank k (which is a priori not
known,)

The implementation of the formatted addition in the C programming language for the rkmatrix format is
done as follows:

void

add_rkmatrix(prkmatrix c, prkmatrix a, prkmatrix b){
prkmatrix a_plus_b;
double *u, *s, *v;
int i, j, n = c->rows, m = c->cols, kt = a->kt + b->kt;

lus_b = new_rkmatrix(kt,n,m);
(double*) malloc(kt*n*sizeof (double));
(double*) malloc(kt*m*sizeof (double));
(double*) malloc(kt*sizeof (double));

[y

a_
u
A%
S

for(i=0; i<(a->kt)*n; i++) a_plus_b->al[i] = a->al[il;
for(i=0; i<(a->kt)*m; i++) a_plus_b->b[i] a->b[i];
for(i=0; i<(b->kt)*n; i++) a_plus_b->al[i+(a->kt)*n] = b->ali];
for(i=0; i<(b->kt)*m; i++) a_plus_b->b[i+(a->kt)*m] = b->b[i];

rsvd_rkmatrix(a_plus_b, u, s, v);

if (c->tc && c->tc->adaptive){

for(i=0; i<kt && s[il>c->tc->rel_eps*s[0] && s[i]>c->tc->abs_eps; i++)

if (i>c->k) reallocstructure_rkmatrix(c,i);
Yelsed{

for(i=0; i<kt && i<c->k; i++);
}
c—>kt = i;
for(i=0; i<c->kt*n; i++) c->ali] = ulil;
for(i=0; i<m; i++)

for(j=0; j<c—>kt; j++)

c->bli+j*m] = v[i+j*m] * s[j];

free(s); free(u); free(v);
del_rkmatrix(a_plus_b);

Later, we will always use the procedure addparts2_rkmatrix(r,nr,rk_no,rk_mo,rk_r) that computes
T (R) or 7 (R) for the matrix R (cf. Figure 6.1) defined by

nr
R = r+)» R
1=0
(R)is rk_r; ;5 0<i4 <rk_r[l]->rows, 0 <j <rk_r[l]->cols,
1ij 0 otherwise.

iy ;=1 —rk_no[l], j;:=j—rk_mo[1].



112 CHAPTER 6. ARITHMETICS OF HIERARCHICAL MATRICES

rk no[l]
| rk _r[0]

rk_r[l]
rk_mo[1l]—]

,,,,,,,,

rk_r[2]

Figure 6.1: The matrix R is the sum of r and the by zero extended matrices rk_r[1].

The standard addition 7x(A + B) is given by nr := 2,r := 0,rk_r[0] := A,rk_r[1] := B and offsets
rk_no[1l] = rk_mo[1l] = 0. The implementation of addparts2_rkmatrix(r,nr,rk_no,rk_mo,rk_r) is
similar to Implementation 6.11.

6.2 Arithmetics in the H-Matrix Format

6.2.1 Addition and Multiplication

In Definitions 6.6 and 6.7, we have defined the truncation operator 7j to the set R(k,n, m). The extension
to H-matrices is given below.

Definition 6.12 (Truncation 7;) Let Tz« be a block cluster tree. We define the truncation operator
T : R™™ — H(Trez, k), M— M
blockwise for all leaves t X s € Trx71 by

Y Tu(M;ys)  if t X s admissible
s | otherwise.

Lemma 6.13 The operator T, maps a matric M € RT*T to q best approzimation M € H(Trxz1, k) with
respect to the Frobenius norm:

IM—Ml|p= min |M-M|p
M'eH(Trxz,k)

Proof: Exercise u

The truncation operator can be used to define the formatted matrix operations as follows, cf. Algorithm 4.

Definition 6.14 (Formatted Addition) Let Trx7 denote a block cluster tree and k € N. We define the
formatted addition of H-matrices A, B € H(Tzxz,k) by

A® B :=T,(A+ B).

If the rank k under consideration is not evident then we write @y, instead of B.

Definition 6.15 (Formatted Multiplication) Let Trxz be a block cluster tree and let k € N. We define
the formatted multiplication of H-matrices A, B € H(Tzxz1, k) by

A®B:=T,(A-B).



M|ˆ :=t×sˆ M |ˆt×sˆ Definition 6.12 (Truncation Tk) Let TI×I be a block cluster tree. We define the truncation operatorTk:Rn×m→H(TI×I,k), M→ M blockwise for all leaves t × s ∈ TI×I by kˆ ̃ T (M|t×sˆ) if t×s admissibleotherwise.

(Formatted Addition)

(Formatted Multiplication)
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Algorithm 4
procedure AddH-Matrix(H-Matrices A,B,C);
for t x s € L(T7x1) do
add_rkmatrix(Cls 5, Aligs> Blixs)s
end for

Formally it is easy to write “A - B”, but in practice the structure of the matrix product A - B can become
rather complicated. This is different from the addition where the structure of the sum A 4+ B retains the
structure of A and B. To illustrate the complications, we take a look at two typical examples. After some
necessary Definitions and Lemmata we finally explain how to compute the H-matrix product efficiently.

Example 6.16 (Multiple Blocks per Row) We consider m x m block matrices in R™"*™:
A o A Bii -+ Bim
A= : . : ; B = : . ;
Aml o Amm Bml o Bmm

In the sum A 4+ B only one addition per block occurs:
(A+ B)ij = Aij + By
In the product A - B multiple terms appear:
(A-B)ij = ZAil - By
1=1

The truncation Tj of the sum over m addends is much more expensive than m times the truncation of two
addends. However, the latter will not necessarily yield a best approximation.

Definition 6.17 (Fast Truncation 7,)) Let Tzx7 be a block cluster tree and ¢ € Ns1. We define the fast
truncation operator _
T - H(Trxz,qk) — H(Trxz,k), M — M

by g—1 times calling the truncation for a matriz with blockwise rank 2k: let M = Y"1, M; be a decomposition
of M into q matrices M; € H(Tzxz1,k). Then we define

Ml M17
Mi = %(M1+Ml—1)7 i:2a"'7Qa
0o,

Example 6.18 (Different Matrix Formats) We consider 2 x 2 block matrices in R™*™,

A A By Bio Cii Ch2
A= B = C =
{ A1 Az } ’ [ Ba1 Ba } ’ { Co1 Ca } ’

and assume that all submatrices A;j, Bij, Cij are again 2 x 2 block matrices consisting of matrices in
supermatrix format except the lower right blocks Ass, Baa, Caa, which belong to R(k,ma,msa). The product
A - B is to be truncated to the format of C':
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In the lower right block of C' we have to perform the truncation
Caz = Ty, (A21 B2 + A22Ba2)

to the rkmatrix format. The product Az Bis is not contained in R(k,ne, ma) which poses a problem: we
have to truncate a hierarchical matriz (supermatrix) to the rkmatrix format. To do this efficiently, we will
not compute a best approximation but something close to it.

Definition 6.19 (Levels of the Tree) Let T be a tree. We define the levels £ € No of T by
TO .= {t € V(T) | level(t) = ¢}.

On each level £ € Ny we define
L(T,0) :=T% N L(T).

Lemma 6.20 For any cluster tree T7 and ¢ € Ny there holds

—| ; —7® _
= UteLz(Tz)t’ Ly(Ty) := 7 U L(Tr,¢—1)U...UL(Tz,0).

Proof: We start by proving 7 = U, t. Let i € Z. According to Lemma 2.7, there is a leaf cluster
t € L(Tz) with i € . If level(t) < £, we have t € Ly. If level(t) > ¢, let m := level(t), and let to,...,t, be

the sequence of ancestors of t. Due to £ < m, t* := t, is well-defined, satisfies level(t*) = ¢, i.e., t* € TI(E),
and due to t € sons*(t*), we have i € t C t*, so we have found t* € L, with ¢ € t*.

Now we prove that the elements of L, correspond to disjoint index sets. Let t,s € L, with N5 # (). Without
loss of generality, we assume level(t) < level(s), and Lemma 2.7 yields s € sons*(¢). If ¢ is a leaf, this implies
s =t. If t is not a leaf, the definition of L, implies level(t) = £. Due to s € Ly, we have level(s) < ¢, and
£ = level(t) < level(s) < ¢ yields level(s) = ¢ = level(t). Using the first statement of Lemma 2.7, we can
conclude s = t. [ ]

Definition 6.21 (Hierarchical Approximation) Let T7.71 be a block cluster tree and p := depth(T7x1).
For each M € H(Tzxz,k) we define the hierarchical approzimation My of M in p+1 steps (see Figure 6.2)
using the notation Ly(Tzxz) from Lemma 6.20 by

M ‘A o %(M|£><§) tXse ‘C(TIXIap)v
Pitxs Mg t x s € Lp(Trxz) \ L(Tzx1,P)
%(Mg : A) txXse E(szz f— 1)
Mp_1lz,. = tx8 ’ ) {=p,...,1
‘ 1‘t><s { M[‘fx§ tXSEL[_l(TIXI)\[:(TIXI,f—l) p, »
MH = Mo.

Lemma 6.22 (Hierarchical Approximation Error) Let Tz be a block cluster tree, p := depth(Trxz),
M € H(Tzxz,k) and let My denote the hierarchical approzimation of M. Then

1M = Myl < (27" + 1)IM — To(M)]| -

Proof: We define the sets
R(Trxz, b k) = {X € RPT | rank(X|;,,) <k forall leaves t x s € L(Trxz) ortxse Ti) ).

Obviously M, is contained in the set R(T7xz,¥, k). From one level ¢ to the next level £ — 1, the algorithm
determines a best approximation (with respect to the Frobenius norm) of the matrix My in the set R(Tzxz, £—
1,k):

VXER(TIXI,é—Lk‘) : ||M5—Mg_1HF < ||M5—X||F. (61)



(Hierarchical Approximation)

Lemma 6.22 (Hierarchical Approximation Error) Let TI×I be a block cluster tree, p := depth(TI×I),M ∈ H(TI×I,k) and let MH denote the hierarchical approximation of M. Then ∥M−MH∥F ≤(2p+1+1)∥M−Tk(M)∥F.
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M,

Figure 6.2: The matrix M is converted levelwise for each block: in the first step the fullmatrix blocks (F)
to rkmatrix format (R), then the sons of a block to a single rkmatrix.

In the first step (conversion of the fullmatrix blocks) this reads

VX € R(Truzp.k) s |M — Myllp < ||M - X|r. (6.2)

By induction we prove
1M — T (M) || p < 27| My, — T (M) p

as follows. The start £ = p of the induction is trivial. The induction step ¢ +— ¢ — 1 follows from

(6.1)
[Me—y = Tu(M)|[p < |Mp—1 — Mel[p + [|My = Te(M)|[p < 2([Me — T(M)]| p-

Using this inequality, we can conclude that

p—1
|M — Mol r = IM =Y (Mg — Myy1) — My|r
£=0
p—1
< IM = Myllr+ > IIMe = Myl
£=0
(6.1),(6.2) il
< IM = T(M)|[r+ > I[Me1 — Ta(M)]||
£=0
p—1
< IM = Te(M)||F + 227 M, — Te(M)]|F
=0
< 2P| My — T (M) || F + [|M — Te(M)||
< 2°(|Mp — M||p + |M — To(M)||F) + |M = To(M)]| p
(6.2)
< @+ )| M = Ti(M)]| -

The factor ‘2T + 1 = O(n)’ in the estimate of the hierarchical approximation error seems to be rather
large. Since the singular values in the rkmatrix blocks decay rapidly, this factor can easily be compensated
without destroying the complexity. In practice the hierarchical approximation error is observed to be much
smaller than the estimate.

Next, we want to combine the hierarchical approximation with the multiplication (see Example 6.18). In
order to explain the algorithm we will first take a look at a simple example. Let the matrices

A11 A12 Bll Bl?
A — B =
[ A1 Az ] ’ [ Ba1 B }


In practice the hierarchical approximation error is observed to be much smaller than the estimate.
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be given. The goal is to approximate the truncation of the product,

A11B11 + A12Ba1 A11Bia + A12Bao
C :=T,(AB) =17, .
H(AB) =T ({ A21B11 + A22Bo1 A2z Bag + A1 Bio ])

First, we compute for each block entry the truncated product
Cij = Te(AnByj),  Cfj = Ti(AinBay).
Afterwards we compute the formatted sum
Ciy 1= Cl &

and finally the rkmatrix approximation

A Cn Ciz
C =17 .
In general, C' # C' due to possible cancellation effects and the hierarchical approximation error.

Implementation 6.23 (Fast Multiplication and Conversion to rkmatrix Format) The matrices a
and b are given in supermatrix format (underlying block cluster tree T, based on Ty, T> and Ty, based
on Ty, T3 ) while the target matriz r is of rkmatrix format. We compute r :=r®a®b.

void

addprod2_rkmatrix(prkmatrix r, psupermatrix a, psupermatrix b){
int i,j,k,bn,bm,bam,no,mo,*rk_no,*rk_mo;
prkmatrix *rk_r;

bn = a->block_rows;
bam = a->block_cols;
bm = b->block_cols;
if (a->s!=0x0 && b->s!=0x0){
rk_no = (int*) malloc(bn*bm*sizeof (int));
rk_mo = (int*) malloc(bn*bm*sizeof (int));
rk_r = (prkmatrix*) malloc(bn*bm*sizeof (prkmatrix)) ;
no = 0;
for(i=0; i<bn; i++){
mo = 0;
for(j=0; j<bm; j++){
rk_no[i+j*bn] = no;
rk_mo [i+j*bn] = mo;
rk_r[i+j*bn] = new_rkmatrix(r->k,a->s[i]->rows,b->s[j*bam]->cols);
for (k=0; k<bam; k++){
addprod2_rkmatrix(rk_r[i+j*bn] ,a->s [i+k*bn],b->s[k+j*bam]);
}
mo += b->s[j*bam]->cols;
}
no += a->s[i]->rows;
}
addparts2_rkmatrix(r,bn*bm,rk_no,rk_mo,rk_r);
for(i=0; i<bn*bm; i++) del_rkmatrix(rk_rl[i]);
free(rk_r);
free(rk_mo);
free(rk_no);
Yelsed{
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/* no hierarchical conversion necessary */

}
}

In the next chapter we will define the product T := Tzx7 - Tzxz of two block cluster trees. The fast
multiplication of two matrices A, B € H(Trx1,k) is defined in two steps by C’ := 7 (A - B), where T is the
truncation to the set H(T\, k), and

~ L O/‘£x§ iftXSE[:(T)
Cliys = { " )n otherwise, for each t x s € L(T7x71),

where (C'|;,¢) is the hierarchical approximation of C’|;, ; from Definition 6.21. The result C' belongs
to H(Tzxz, k), whereas C’ belongs to H(T, k). In Implementation 6.24 we go even one step further: for
t x s € Trx 1 the corresponding exact result C|;, ; is of the form

q
C|{><§ = ZA|{><MB‘N><§
=1

where r, € T7. Some of the addends are of rank k, but some are hierarchical matrices. We compute
hierarchical approximations (Al s, Bl#,x3s)n of them and afterwards use the fast truncation to sum up all
the addends:

=1 (1

C‘gx)g = (Alpus, Blixs)m;

~ (£ = (6—1

C‘Ex)é = O|i(?><§ . @(A‘fan‘ﬁxﬁ)Hy {=2,...,q,
C‘fx§ = C|§i)§

Implementation 6.24 (Fast Multiplication of Hierarchical Matrices) The matrices a,b,c are given
in supermatrix format (the underlying block cluster tree Ty, is based on Ty and Ts, Ty is based on Ty and
Ts, T, is based on Th and Tz). We compute c :=c B a®b.

void
muladd_supermatrix(psupermatrix c, psupermatrix a, psupermatrix b){
int i,j,k,bn,bm,bam;

bn c->block_rows;
bm c->block_cols;
bam = a->block_cols;

if (c->s!=0x0){

if (a->s!=0x0 && b->s!=0x0){

/* only supermatrices -> recursion */

for(i=0; i<bn; i++)

for(j=0; j<bm; j++)
for(k=0; k<bam; k++)
muladd_supermatrix(c->s[i+j*bn],a->s[i+k*bn],b->s[k+j*bam]) ;

Yelsed{

/* a or b is rk or fullmatrix */

X
Yelse{
if (c->r!=0x0){
/* product of 2 supermatrices to be stored in a rkmatrix*/
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addprod2_rkmatrix(c->r,a,b);
Yelsed{
/* ¢ is fullmatrix */

6.2.2 Inversion

Definition 6.25 (Preliminary Formatted Inversion) Let Trxz be a block cluster tree and k € N. The
preliminary formatted inversion operator is defined as

Inv : {M € R™" | rank(M) = n} — H(Trxz, k), M To(M).

Since the (fullmatrix) inversion of M is rather expensive, we will present an algorithm that computes an
approximation to 7 (M ~1) without the need to invert M exactly. This approximation will not necessarily
be a best approximation.

The inversion is done by use of the equation

M71

[ Mt M M ST Moy My My M ST ] o= { My, My ] (6.3)

—S™ Moy M7 St My Mo

where S = Moy — M21M1_11M12. If the inversion of the submatrices M7, and S is already done, then we
only need to perform multiplications and additions of submatrices. These can be replaced by the formatted
operations @ and ®. Recursively, we get an approximate inverse Invy (M). This approximation is called the
formatted inverse.

Our goal is to derive an algorithm that computes the inverse of M with a minimum of storage overhead.
Later we will see that it is possible to compute the approximate inverse within the same supermatrix
structure as the input matrix M, overwriting the input data by the output data, essentially without any
storage overhead. Algorithm 5 computes the approximate inverse in supermatrix format and uses a second
supermatrix as temporary storage, destroying the content of the input matrix and overwriting it by the
approximate inverse.

Algorithm 5 The H-matrix inversion Invy (M) for 2 x 2 block structures. On input m is the matrix to be
inverted, on output m is the approximate inverse Invy (M ). x is used for temporary storage.

procedure HInvert(var m, var x)
if the matrix m is of the structure (6.3) then

HInvert(m;q, x11) { destroys m1; }
X12 := X11 O m12 { %12 = M;;'My> }
X1 1= Mg O X711 { %01 = My M7' }
Moo = M2 O Moy O X12 {mp =25}
HInvert(mgz, x22) { mg2 = S~1, destroys xa2 }
mip 1= —X12 O Moo {mg = —M'M12571 }
myp i=my; ©myg O Xa1 {my = M3+ M MpS™ Moy MM}
mgy 1= —Ma2 O X1 {mo = =S~ My M;" }
else
Invert(m;q) { fullmatrix inversion }

end if




6.2. ARITHMETICS IN THE H-MATRIX FORMAT 119

6.2.3 Cholesky and LU Decomposition

Sometimes one does not need the whole (approximate) inverse but only a method to perform the matrix
vector multiplication b — A7, i.e., to solve the system Az = b. In that case it is sufficient to compute a
Cholesky or LU decomposition

A~ LU o

of the matrix A. Depending on the application one could want a decomposition such that ||A — LU|| is of
the size of the discretisation error or just a coarse approximation in order to precondition the linear system
and use a simple iterative solver, e.g., GMRES:

(LU) ‘Az = (LU) '

An (approximate) H-LU decomposition is defined as a decomposition of the form

T o =
A~ LUy ++ = ++ y ++
T = =

where the two (lower and upper triangular) matrices Ly and Uy are stored in the H-matrix format. As for
the fullmatrix version one can store the two factors by overwriting the given H-matrix A.

Three procedures are needed to compute the decomposition: first, a method to solve a triangular H-matrix
system for a vector. Second, a method to solve a triangular H-matrix system for a matrix and third the
LU-decomposition which is based on the aforementioned two.

Solving a triangular system Lz = b for a right-hand side b and lower triangular matrix L in the H-matrix
format is done recursively:

e if L is not subdivided (fullmatrix) then use the LAPACK subroutine dtrsv.

e if L is subdivided, for simplicity into block_rows=2 times block_cols=2 submatrices
Ly 0 1 by
L= T = b=
[ Loy Lo ] [ T2 ] [ ba

Lz =0y

then we have to solve

which yields z; and afterwards
Laszo = by — Loray

which yields 5.

Solving a triangular system LX = B for a right-hand side matrix B and lower triangular matrix L in the
‘H-matrix format is done similarly by recursion:

e if L is not subdivided (fullmatrix) then compute the solution row-wise by the LAPACK subroutine
dtrsv.

e if L is subdivided, for simplicity into block_rows=2 times block_cols=2 submatrices

Ly O X1 Xio Bi1 B
[ Loy Lo ] ’ [ Xo1 Xoo ] ’ [ By B }
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then we have to solve
L1 X1 = DB, L1Xi2= B
which yields X711, X12 and afterwards

L2 X21 = Bo1 — L21X11, L2aXoo = Bag — L1 X192

which yields X21, X22.

Analogously we solve an upper triangular system XU = B.

Finally, the H-LU decomposition A = LU is defined recursively by

e if A is not subdivided (fullmatrix) then use the LAPACK subroutine dgetrf.

e if A is subdivided, for simplicity into block_rows=2 times block_cols=2 submatrices

A A
A =
[ Ag1 Az }

then we have to compute the factorisation
L11Up = Ay,
which yields the upper left components Li1, U1y of the factors L, U, solve the triangular systems
L11Uig = Ay2,  LayUn = Ay

and compute again a factorisation
LooUzp = Ay — Loy Una.

For symmetric matrices A one can of course compute a Cholesky or LDLT factorisation with half the
complexity, where the steps in the algorithm are just analogously to those for the LU decomposition.

The LU decomposition of a matrix M uses only the input matrix as storage and overwrites it by the factors
L and U. These factors can then be used to compute the approximate inverse Invy (M) by overwriting M,
i.e., the factors L and U. In order to do this efficiently, we use the following special case of a multiplication.

Let L be a square lower trianguar and X a general 2 x 2 block matrix of matching size so that the multipli-
cation L - X can be formulated blockwise,

L11X11 L11X12

L-X= .
Lot X1 + LoaXo1 L1 Xq2 + Lo Xoo

(6.4)

Then the product can be computed in the order presented in Algorithm 6, overwriting X by the product
LX without using extra storage. The multiplication with an upper triangular matrix from the right can be
done analogously.

The inverse of a lower triangular matrix L of 2 x 2 block structure,

Ly 0 1 L 0
L= , L7 = _ _ _ . 6.5
{ Lo1 Loy ] { _L221L21L111 L221 (6:5)

can also be computed by overwriting the input matrix with the (approximate) inverse, cf. Algorithm 7.

Now we can formulate the matrix inversion via LU decompositions so that only a single supermatrix is
necessary for the whole inversion process, namely the input matrix which is overwritten by the approximate)
inverse in Algorithm 8.
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Algorithm 6 The H-matrix multiplication X := L- X for 2 x 2 block structures, where L is lower triangular.
On input X is the matrix to be multiplied, on output X is the product.

procedure MultiplyLowerLeft(L, var X)
if L and X are subdivided as in (6.4) then
MultiplyLowerLeft(Log, Xo1)
MultiplyLowerLeft(Lag, Xo2)
X271 := X21 ® Lo1 © X131
Xo2 1= Xog ® Lo1 © X192
MultiplyLowerLeft(Lq1, X11)
MultiplyLowerLeft(Lq1, X12)
else
{L = (Lij)ijeqt,...n}> X = Kij)ief1,...n}.jefl,.;m}}
for i=mn,...,1 do
for j=1,...,m do
Xij = LiiXq
end for
for /=i—1,...,1 do
for j=1,...,m do
X; ;=X +LiXe; { uses only the unmodified X, ; for £ < i }
end for
end for
end for
end if

Algorithm 7 The H-matrix inversion L := L~! for 2 x 2 block structures. On input L is the lower triangular
matrix to be inverted, on output L is the approximate inverse.

procedure InvertLowerTriangular(L)
if L is subdivided as in (6.5) then
InvertLowerTriangular(Li;) { L1y = Lfll }
InvertLowerTriangular(Lg2)  { Log = Ll_l1 }
MultiplyLowerLeft(ng, L21) { L21 = L2_21L21 }
MultiplyLowerRight(—Li1, La1)  { Loy = — Loy Lat1 Li7 }
else
{L=(Lij)ije{t, .} }
for i=1,....,n do
Li,i = L;,}
end for
for i =n,...,1 do
for j=4,...,1 do
Lij = LiiLi
for /=4j4+1,...,i—1 do
Lij :=L;; + LieLe;
{ Li,¢ is a block of the inverse, because £ > j, and Ly ; is unmodified because ¢ < i }
end for
Lij == —Li;Lj;
end for
end for
end if
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Algorithm 8 The H-matrix inversion A := A~! for 2 x 2 block structures. On input A is the matrix to be
inverted, on output A is the approximate inverse.

procedure Invert(M)
LUDecomposition(M) { diag(U) = 1, L stored in lower triangular part of M, }
{ strictly upper triangular part of U stored in strictly upper triangular part of M }
InvertLowerTriangular(M)
InvertUpperTriangular(M)
MultiplyUL(M)

procedure MultiplyUL(M)
if M is subdivided as in (6.3) then
MultiplyUL(M;;)
Myg := M1 @ M2 © Moy {Mi1 =Ui1L11 + Ui2Lo1 }
MultiplyLowerRight(Mgg,Mlg) { M12 = U12L22 }
Multiply UpperLeft (Ma2,Ma1) { Mgy = Us2Lo1 }
MultiplyUL(Ma2)
else
{M=Mij)ije(r,..n} }
for i1=1,...,n do
for j=1,...,i—1 do
Mj ;= M; M, {M;; =Uj;iLii,Mij =U;;Lij=Lj; }
for {=i+1,....,n do
M; ;= M; 5 + M; oMy {M; :=M; +UieLe; }
Mj g i=M;; + M Mg {Mj; =M;; +UjeLe; }
end for
end for
for /=i+1,....,n do
M; g o= M; 5 + M; oMp ; {M; =M, ; +U;¢Le; }
end for
end for
end if




Chapter 7

Complexity Estimates

The complexity estimates for the arithmetics of hierarchical matrices can be decomposed into two parts:

a) The storage, matrix-vector multiplication and addition require the so-called sparsity of the underlying
block cluster tree Try7.

b) For the (formatted) multiplication and inversion in the H-matrix format we need the so-called idempotency
of TIXI~

The estimates in this general form are contained in [27] (german) and [29] (english). For the one-dimensional
case the complexity estimates can be simplified as in [40], and for a two- and three-dimensional model problem
the storage, matrix-vector mutliplication and addition can be estimated as in [42].

7.1 Arithmetics in the rkmatrix Representation

Let M = ABT € R™*™ be a matrix in rkmatrix representation. Since only the two factors A, B need to be
stored, the storage requirements amount to

Nsi r(k,n,m) = k(n +m) (7.1)
while in the fullmatrix representation we have

Ngi,p(n,m) = nm. (7.2)

7.1.1 Reduced Singular Value Decomposition (rSVD)
Let M = ABT € R™*™ be a matrix in rkmatrix representation. We computed an rSVD M = UXV 7 by

1. Computing (reduced) @QR-factorisations of A, B: A= QaRa, B=QpRp
with matrices Q4 € R™** Qp € R™** R4, Rp € RF*F,

2. Computing an rSVD of RyREL = U'SV".
3. Computing U := QAU', V :=QpV".

QR-factorisation of A O(
QR-factorisation of B O(
Multiplication R ARE O(
The complexity of each step is rSVD of RaRL O(
Multiplication U := Q AU’ | O(
Multiplication V := QgV’ | O(
Altogether O(

123
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Lemma 7.1 (Truncation) The truncation T, of a matric M € R"*™ in rkmatrix format to lower rank
k' <k is of complexity

Nz (k,n,m) < 6k*(n +m) + 23k>.

Remark 7.2 (Large k) If k > min(n,m) then the computation of the rSVD of RARL can be exceedingly
expensive. In order to avoid this, we first compare k,n,m and if k > min(n,m) then we first change the

representation of M to fullmatrix by M;; := 25:1 A Bjy, at a cost of knm and afterwards we compute
an rSVD of M in fullmatrix representation in O(min(n,m)? max(n,m)). Altogether this amounts to
O(min(n, m) max(n, m)k).

7.1.2 Formatted rkmatrix Arithmetics

Multiplication

The multiplication of an rkmatrix R = ABT = Zle A, BI with a matrix M involves k times the matrix-
vector multiplication of the matrix M or MT:

k

RM = AB"™M = Y A,(M"B,)T,
v=1
k

MR = MAB" = > (MA,)B].

v=1
Addition

The formatted addition A @ B := 7 (A + B) of two matrices in rkmatrix format is done by truncation of
the exact sum (rank 2k) with a complexity of O((n + m)k?).

7.2 Arithmetics in the H-Matrix Format

For a matrix M € RZ*Z one can count the number of nonzero entries per row,

.:-

c:= mea}(#{j €1 | M,; #0},

such that the number of nonzero entries in the whole matrix is at most c#Z. The constant ¢ depends on the
sparsity pattern and for standard FEM stiffness matrices the constant ¢ is independent of the size of #Z.

The block cluster tree T7x7 may have a similar sparsity property which is measured by the quantity Cjp
defined below. In Section 7.3, the construction of 77 and Tz« 7 will lead to a block cluster tree with a sparsity
constant Cs;, independent of the size of #Z.

Definition 7.3 (Sparsity) Let Tz« be a block cluster tree based on Tz. We define the sparsity (constant)
Csp Of TIXI by
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Csp = max{ max,er, #{s €Tr | r x s € Trxz},

+ maxser, #{r € Tr | r x s € Trxz} }

Lemma 7.4 For any block cluster tree Trx1 based on Tt with sparsity constant Cs, and depth p holds

Y #EH#5<20,(p+ DHT.

txXseETrxT

Proof:

p
S H#+#s = SO #E#3

tXsETTxT i=0 txseTéiiz
P P
=X X #EY ) #
=0 yxserl) =0 yxser) .
P
< 2) ) Out
i=0 e
Lemma 6.20 p
< 23 Co#T = 20o(p+1)#I.
i=0

Definition 7.5 (Admissible and Inadmissible Leaves) Let T := Trxz be a block cluster tree. The set
of leaves of T is denoted by L(T) We define the set of admissible leaves of T as

LT(T):={txseT|txs admissible}
and the set of inadmissible leaves of T as

L7(T):={txseT|txs inadmissible}.

Lemma 7.6 (Storage) Let T := Trx1 be a block cluster tree with sparsity constant Csp and depth p. Let
k € N. The storage requirements Ngi(T', k) for a matrix M € H(T, k) are bounded by

Nsi(T, k) < 2Csp(p + 1) max{k, nmin }#Z.
Proof:

Neo(T k) TS kips) + S #e#s

txseLt(T) txs€L(T)

< Do RHA#3) + D nun(# 4 #3)
txseLF(T) txseL=(T)

< > max{nmin, k}(#E + #38)
txseT

< 2Csp max{k, nmin }(p + 1)#Z.
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Lemma 7.7 (Matrix-Vector Multiplication) Let T := Try7 be a block cluster tree. Let k € N. The
complezity Ny, (T, k) of the matriz-vector multiplication for a matrix M € H(T, k) are bounded by

Niyg.o(T, k) < 2Ns (T, k).

Proof: Consider the matrix-vector product blockwise and use (7.1), (7.2) together with the respective
counterparts for the matrix-vector product. [ |

7.2.1 Truncation

Lemma 7.8 (Cardinality of 77 and Trx7) Let T7 be a cluster tree of depthp > 1 and T := Tz« 71 a block
cluster tree with sparsity constant Cgp.

1. If #sons(t) # 1 holds for all (or at least #Z/p) nodes t € T then

#Tr < 2#I,  #T < 20,#T. (7.3)

2. If #sons(t) # 1 is not necessarily fulfilled then

LT < p#T,  #T < 2pCsp#T. (7.4)
Proof: Exercise. ]
Lemma 7.9 (Truncation 7;) Let T := Tzxz be a block cluster tree. The truncation Ty, for a matriz

M € H(T, k) in supermatrix format to lower rank k' < k is of complezity

N7 (T, k) < 6kNs(T, k) + 23k*#L(T).
Proof:

NrTR) = S0 Np(e#h#s) T ST Gk + #8) + 23K4L(T)

txs€Lt(T) txs€Lt(T)
< 6kNgs(T, k) + 23k3#L(T).

Lemma 7.10 (Fast Truncation 7;’) Let T := T7x7 be a block cluster tree. The truncation 7;/ for a matriz
M € H(T, qk) in supermatrix format to rank k is of complezity

N7/(T, qk) < 24(q — 1)kNsi (T, k) + 184(q — 1)E*#L(T).
Proof: Apply (¢ — 1)-times Lemma 7.9 for rank 2k. ]

Lemma 7.11 (Hierarchical Approximation) Let T := Trxz be a block cluster tree of depth p based
on the cluster tree Tz where each node has at most Csons sons (typically Csons = 2) and npmin < k (for
simplification). Then the complexity to compute the hierarchical approximation (cf. Definition 6.21) is
bounded by

NHG«IJI(T7 k) S 1203? ma‘x{4vcs20ns}(p+1)k2#z + 230530nsk3#T'

Proof: First step of the algorithm: the fullmatrix blocks corresponding to leaves t x s of T' have to be
truncated to rkmatrix format. Since either #t < npiy or #38 < npin the complexity for the rSVD is at
most 21(#38 + #t)n2,.,.. In the later steps we always have to truncate a { x § supermatrix consisting of

submatrices in rkmatrix format to rkmatrix format. The submatrices can be extended by zeros to yield an
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< nsk. The truncation to rank k is according to Lemma 7.1 of complexity
602 K2(#5 + #t) +23C3 k3. For all nodes this sums up to

t x § rkmatrix of rank at most C2

NHQP-’E (T’ k) S Z 21”12nzn(#§ + #E) + Z (60520nbk2(#5 + #t) + 230530n5k3)
txseL—(T) txseT\L—(T)
< Y (max{21,6C2,, Jk(#5 + #1) + 23C3,, k)
txseT
L.7.4
< 2C4(p+ 1) (max{21,6 bOnb}]{;z#I) +23C3  KSHT.

7.2.2 Addition

The complexity estimate for the formatted addition of two H-matrices based on the same block cluster tree
Tr«71 can be derived directly from the estimate for the truncation.

Lemma 7.12 (Addition) Let T = Trxz be a block cluster tree and k > 1. Then the complezity of the
formatted addition of two matrices from H(T, k) is bounded by

N (T, k) < 24kNs (T, k) + 184Kk>#L(T).

Proof:
Ne(T.k) = > Nz #L#)+ D ##S
txseLT(T) txseL—(T)
emma 7.1 ~
e ST URP(H 4+ #8) + IBUSHLNT) + > #i#s
txseLt(T) txseL—(T)

< 24k Nsi (T, k) + 184k3#L(T).

7.2.3 Multiplication

The multiplication is a much more complicated operation than the addition, as we have already seen in
Examples 6.16, 6.18. In order to illustrate what might happen during the multiplication we will take a look
at three typical examples, where we multiply two matrices A, B € H(T, k) and seek a block cluster tree T'- T
(the product tree) in such a way that A - B € H(T - T, k).

It may happen that the structure of the product of two matrices from H(Tzrxz, k) is “coarser” than Tryz:

3 3
H .| -

The coarsening effect is not severe, since the structure can be refined to fit to the original tree T := Tr«7,
but it may also happen that the structure of the product of two matrices from H (7', k) is “finer” than T"

HA HA] HHA
HE L [ [
o o SEN
3 3 SENES
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The refinement effect seems to suggest that the structure of the product of two matrices from H (T, k) is just
slightly enriched but it may also change totally:

T N [
H .| _H|-_[HF
i T |
a5 a5 i

This poses the question how one can efficiently describe the structure of the product. The product tree T -T
should be a block cluster tree based on the cluster tree T7, i.e.,

root(T-T): =7 x T.
If » x ¢ is a node in the product tree T'- T then

(AB)|ixi = Alixz - Blzxi

t S t

If there is a cluster s € T7 such that both r x s and s X ¢ are a non-leaf element of T', then

(AB)|sxi = Alpxz\s - Blzysxi + Alixs - Blayi-
The product Alsxs - Bl;y; of the two subdivided matrices will yield a matrix that is again subdivided,
therefore the node r x t in the product tree must not be a leaf. This leads to the definition
Definition 7.13 (Product Tree) We define the product T-T of a block cluster tree T based on the cluster
tree Tz by the root root(T - T) := T x T and for each node r X t of the product tree the successors

sons(r x t) :={r' xt' | 3s,s' € Tr: 1/ x s’ € sonsp(r x s),s' x t' € sonsy(s x )} .
The sparsity of the block cluster tree T carries over to the product tree T - T.
Lemma 7.14 The product tree T - T is a block cluster tree of depth at most depth(T"). If Csp(T) is the

sparsity constant of T then the sparsity of the product tree is bounded by the product of the sparsity:
Cop(T - T) < Cep(T)*.

Proof: Due to the symmetry of the sparsity we only give a rowwise bound. Let r € T7. Then

{teTr|rxteT - T} C {teTr|3IseTr:rxseT,sxteT},
#{teTr|rxteT T} < > #{teTr|sxteT}

s€Tr,rxseT

< Cop(T)Cop(T).
n

The product tree T - T allows us to describe the result of the multiplication blockwise in a compact form.
In order to simplify the notation we need to define the ancestors of a cluster.
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Definition 7.15 (Ancestors) Let T7 be a cluster tree and t € TI(K), Then we define the ancestor of t on

level j < £ as the uniquely determined vertex F7(t) € TI(j) with t C % If t is an ancestor of s, we also
write s € S*(t), i.e., F'(s) = t.

Lemma 7.16 (Representation of the Product) Let T := Tzxz be a block cluster tree based on the
cluster tree Tr. For each leaf r x t € T on level £ and all j =0,...,¢ we define

Ur x t,j) == {s€Tr|F(r) xseT,sx F/(t) €T and at least one of the two is a leaf} .
Then for two matrices A, B € H(T, k) and each r xt € L(T - T) there holds

U U s (7.5)

7=0,..., £ seU(rxt,j)

4
(AB)|;yi = Z Z AlrxsBlgyi (7.6)

§=0 s€U(rxt,j)

7

Proof: (Disjointness of U(r x t,j)) The elements of U(r x t,5) are nodes of the cluster tree T7 on the
same level 7 and Lemma 6.20 yields the disjointness.

(Disjointness w.r.t. j) Let s1 € U(r x t,71) and ss € U(r X t,72), j2 < 71 and §; N & # . We want to
prove §; = 83. Since sy, s2 € T we get §; C 82 and F72(s1) = sp. It follows

fjl(’l“) X §1 CFjQ(T) X 89, 51 ijl(t) C 89 ijQ(t). (77)
Due to the definition of U(r x t, j2) at least one of F72(r) x s3 or sg X F72(t) is a leaf. Hence, one inclusion
in (7.7) becomes an equality and §; = $s.

(Covering) Let j € Z. If we define to := FO(r) x FO(r) and ¢}, := FO(r) x F°(t), then it holds
to€T, toeT and jeFO(r).

If neither to nor t{ is a leaf, then there exists s € sons(F%(r)) such that j € § and t; := Fl(r) x s € T,
1= s x F(t) € T. By induction we define t; := F'(r) x s, t] := s x F'(t) with j € 5. Let i be the first
index for which either ¢; = F*(r) x s or t; = s x F'(t) is a leaf. Then j € §,s € U(r x t,1). [ |

Theorem 7.17 (Structure of the Product) Let T := Tzxz be a block cluster tree based on Tz wth
sparsity constant Cysp, and depth p. The exact multiplication is a mapping - : H(T, k) x H(T, k) — H(T - T, k)
for some k which can be bounded by

k< (p+ 1)Csp max{k, numin}. (7.8)
The exact multiplication can be performed with complezity

Ny, (T, k) < 4Csp max{k, nmin} (p + 1) Ngo (T, k).
Proof: (Rank) Let A,B € H(T,k) and r xt € L(T - T,¢). Due to (7.6), we can express the product
by (p+1) maxﬁzo #U(r x t,7) addends, each of which is a product of two matrices. From the definition
of U(r x t,j) we get that for each addend one of the factors corresponds to a leaf and so its rank is
bounded by max{k,nmin}. Hence, each addend has a rank bounded by max{k,nmin}. It follows that
kE<(p+1) max’_q #U(r x t, j) max{k, nmin}. The cardinality of 2(r x t, j) is bounded by

#U(r x t,§) < #{s€Tr| Fi(r) xs €T} < Cup(T)

which yields #U(r x s,5) < Csp(T).
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>

tl
Figure 7.1: The idempotency constant Ciq(r x t) of the leaf r x ¢ is 9.

(Complexity) Each leaf  x s € £(T, /) is multiplied with at most every other block s x t € T and vice
versa every leaf s x t € £(T, /) is multiplied with at most every other block r x s € T®). The cost for the
multiplication is bounded according to Lemma 7.7 by 26Ny s¢(Tsxt, k), & := max{nmin, k}. This sums up
to

P
Z Z Z 26Ny, st (Tsxct, k +Z Z Z 26N, 5¢(Trxs, k)

NH,'(Tv k) S
£=0 rxs€L(T,L) sxteT® £=0 sxteL(TL) rxscT®
p
< 20y, Z Z 26N, 5t(Tsxt, k)
£=0 sxteT®)
< 4Osp(p + 1)’€NH,St(Ta k)

The representation formula of the previous theorem is based on the product tree T - T which may differ
from T. The formatted multiplication has to map into H(T), k) such that we have to truncate a matrix from
H(T - T, INc) to H(T, k). The complexity will depend upon the discrepancy between T'- T and 7T'. The trivial
case would be an idempotent tree T' in the sense T - T = T. Sadly, block cluster trees will in general not be
idempotent. The distance of T - T from T is measured by the idempotency constant defined next.

Definition 7.18 (Idempotency) Let T := Trxz be a block cluster tree based on Tz. We define the ele-
mentwise idempotency (cf. Figure 7.1) Ciq(r x t) and idempotency constant Ciq(7T") by

Cia(rxt) = #{' xt' |17 € S*(r),t' € S*(t) and Is' € Tr: 1" x ' € T,s' x t' € T},
Cid(T) = max Cid(r X t).
rxteL(T)

If the tree T is fized, the short notation Ciq is used instead of Cia(T).

Theorem 7.19 (Formatted Multiplication) LetT := Trx7 be a block cluster tree with idempotency con-
stant Ciq, sparsity constant Csp and depth p. We assume (for simplicity) nmin < k. The exact multiplication
is a mapping - : H(T, k) x H(T, k) — H(T, k) with some k bounded by

k < CiaCop(p + 1)E.
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The formatted multiplication Pt : H(T, k) x H(T, k) — H(T,k') for any k' € Ng is defined as the exact
multiplication followed by the truncation Ty of Lemma 6.12 and can be computed with complexity

No pest (T, k) < ATCHCS kP (p + 1)° max{#TL, #L(T)}

by truncating the exact product. Using the fast truncation T, of Defintion 6.17, the complezity can be reduced
to
No(T, k) < 60C2,Ciak® (p + 1)°#I + 184Cs,Ciak® (p + 1)#L(T).

We call this mapping ® or ©@t in contrast to Pt from above.

Proof: (a. Rank) Due to (7.8), in each leaf of T'- T the rank is bounded by (p 4+ 1)Cspk. If a leaf from T
is contained in a leaf from 7T'-T', then the restriction to the leaf from T" does not increase the rank. If a leaf
from T contains leaves from 7T - T then their number is bounded by Ciq and therefore the rank at most k.

(b. Complexity) We split the cost estimate into three parts: Ny, for calculating the exact product in
T-T, N_ for converting the rkmatrix blocks corresponding to leaves £ (T') to fullmatrix format and
Ny, Nt for the (fast) truncation of the rkmatrix blocks to leaves £ (T') with rank £’.

(b1. Nyu) According to Theorem 7.17 and Lemma 7.6, the exact product using the rkmatrix representation
with rank & in each leaf can be computed with complexity SCgp(p + 1)2K2#1.

(b2. N_) In the leaves r x t € L7 (T') we have to change the representation to fullmatrix format which
has a cost of 2k#r#t:

N_. < > 2k#t#s
rxtelL—(T)
< D 2kenmin(#7 + #E)
rxteL(T)
L.7.4 ~
S 4Cspknmin(p + 1)#I
< 4ACZCu(p+ 1)’ K*#T.

(b3. N, ) For each leaf in £T(T') we truncate the rkmatrix block of rank k to rank k using Lemma 7.9 for
the truncation or Lemma 7.10 for the fast truncation:

Lem.7.9 ~ ~ ~
Ny < 6kNs(T, k) + 23(k)*#L(T)
Lem.7.6
< 12C3 CAK? (p + 1)°#T + 23C3,CHE (p + 1) #L(T)

< 35C§p013dk3 (p + 1)3 maX{#I, #E(T)}v

fast Lem.7.10 3
Nios < CopCia(p+ 1) (24kNge (T, k) + 184K°#L(T))

Lem.7.6

< 48CZ,Ciak? (p 4+ 1)*#T + 184C,Ciak® (p + 1)#L(T).

7.2.4 Inversion

The formatted inversion for matrices in supermatrix format was defined by use of the formatted multi-
plication and addition. The complexity analysis is not done in this way. Instead, we observe that the
multiplication and inversion procedure perform the same kind of operations - only in different order.

Theorem 7.20 (Formatted Inversion) Let T := Tzxz be a block cluster tree. We assume that for the
fullmatrix blocks r x t € L™ (T') the complexity of the inversion is bounded by the complexity of the multi-
plication (in the case nyin = 1 both are one elementary operation). Then the complexity Noymv(T, k) of the
formatted inversion (Algorithm 5) in the set H(T, k) is bounded by N (T, k).
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Proof: We prove the statement by induction over the depth p of the tree T'. For p = 0, we have assumed that
the inversion is of the same complexity as the multiplication. Now let p > 0 and let the matrix M € H(T, k)

be of the block structure
M1 Mo
M1 Moo

The multiplication X := M ® M involves the operations

Y My © My © Mia © Moy Moy © My @ Moz © Moy
M1 © Mg ® Mip © Mags Moy @ Moy @ Moy © Mg |-

M= { } . sons(Z) = {11, T}

(7.9)

By induction the complexity Ny imnv(Tr, x7,, k) and Nu v (T7,x7,, k) for the formatted inversions of mj; =
My and mog = Moo © Moy @ Invyy (M11) © M1z (line 3 and 7 in Algorithm 5) is bounded by Ny o (Tz, x1,, k)
and Ny o(T1,x1,, k). The other six combinations of formatted multiplications (line 4-6 and 8-10) are of
the form M;; © Mj; and appear also in (7.9). The two formatted additions (line 6 and 9) for the matrices
Mj; and Mas are also present in (7.9). [ |

7.3 Sparsity and Idempotency of the Block Cluster Tree 17,7

7.3.1 Construction of the Cluster Tree 17

Before we estimate the idempotency and sparsity of the tree Ty 7, we will first recapitulate the construction
of the cluster tree T7 by geometrically balanced splitting of the space.

Let Z be any fixed (finite) index set and d € N. The basis functions associated to the indices ¢ € Z map
from R? to R and have a small support ;. Let m; be any point from the support ; (for nodal based basis
functions one can take the nodal point).

In order to simplify the notation and visualisation we will only present the case d = 2. The generalisation
to the case d > 2 is straightforward.

Construction 7.21 (Geometrically Balanced Clustering) Without loss of generality we assume that
the domain §2 is contained in the square [0, H) x [0, H). The root root(Tr) of the cluster tree has the whole
index set I as a label.

The splitting of a cluster t with corresponding box [a,c) x [d, f) is done geometrically balanced, i.e., for the
midpoints b := (a+¢)/2 and e := (d+ f)/2 the four sons {s1, s2, 3,84} of t are

51 {i et|m; €[a,b) x [d,e),
e {iet|m;€be)x[de),
33 = {iet|m;€la,b)xlef),
84 {iet|m;elbe)xlef).

Ift contains less or equal to numin indices then we do not split t any further. Note that the boxes [a,b) x [d, €)
are passed on to the sons such that they may differ from the bounding box. The box corresponding to
a node t € Tt is denoted by Cs.

The structure of the cluster tree 77 corresponds to the regular structure of the geometrically splitting of
[0, H] x [0, H]. This regular structure is essential in order to bound the sparsity and idempotency of the
block cluster tree to be constructed. Trees that have a large idempotency or sparsity may still be useful and
allow for fast formatted arithmetics, but the bounds for the complexity are not easy to establish.

Since only the vertex m; from €); is contained in the respective box, a box B; containing {; has to be
max,; diam(€2;) larger than C;. We define the local meshwidth h; and box B; by

ht = maxdiam(Qi), Bt = Ct + [—ht, ht]Q . (710)

i€t
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Lemma 7.22 For any two nodes t,s € TI(Z) there holds

Q C By
diam(B;) = V227" +2h)H (7.11)
dist(B;, B,) > dist(Cy, Cs) — V2(hy + hs). (7.12)

Proof: Let i € t. By Construction 7.21 we get m; € Cy. The elements in the support €2; have a distance of
at most h; from m; and thus Q; C B;. The second and third part follow from the definition of By. [ |

7.3.2 Construction of the Block Cluster Tree 77,7

Based on the cluster tree T7 from Construction 7.21 and the admissibility condition (2.4) we define the block
cluster tree T := T7« 7 as follows.
A product index set 7 x § with corresponding boxes C;. and Cj is called admissible, if
min{diam(r), diam(s)} < ndist(r, s), (7.13)
where the modified distance and diameter are
(ﬁ;_r?l(t) :=diam(By),
dist(r, s) := dist(B,, By).

If a product 7 x § is admissible with respect to (7.13) then the corresponding domain €2, x Qg is admissible
with respect to the standard admissibility condition (2.4).

This modified admissibility condition is used to construct the block cluster tree T7«7 as usual.

Construction 7.23 (Block Cluster Tree Trx7) Let the cluster tree Tr be given. We define the block

cluster tree T := Trx1 by root(T) :=T x T and for each vertex r x s € T the set of successors

{r' x s" | r' €sons(r),s’ €sons(s)}  if #F > Nmin and #8§ > Nin
sons(r X §) := and T X s is inadmissible,
0 otherwise.

The block cluster tree does not bear a regular structure and we have to do some work to gain the bounds
for the sparsity and idempotency.

Lemma 7.24 Let T := T7«7 be the block cluster tree of depth p > 1 built from the cluster tree T7 by
Construction 7.23. Then the sparsity constant (cf. Definition 7.3) Csp of T is bounded by

Csp §4rg%x#{s€TI |rxseT\L(T)}.

Proof: Let r € TI([), £ > 0. Then

#{se TV |rxseT} #{s € T\ | F(r) x F(s) € T\ L(T)}

< A#{F(s) € Tf TV | Flr) x F(s) € T\ L(T)}
< A#{s e TV | F(r) x s € T\ L(T)}
< A#{seTr | F(r)xseT\ L(T)}.
Here we exploit that a cluster has at most 4 sons. [ |

So far, we have not posed any condition on the locality of the supports of the basis functions ;. If all the
supports cover the whole domain €, then the only admissible block ¢ x § C Z x Z is t x § = (). Therefore, we
have to demand the locality of the supports.
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Assumption 7.25 (Locality) We assume that the supports are locally separated in the sense that there
exist two constants Csep, and nmin such that

sep

max #{j € T | dist(Q,Q;) < O tdiam(2)} < numin. (7.14)
1€

The left-hand side is the mazximal number of ‘rather close’ supports. Note that the bound nuyin is the same
that we use for the construction of Tr.

Lemma 7.26 (Sparsity, Idempotency and Depth of Try7) Let h := min;ez diam(Q;). We use the
same notation as in Construction 7.21 and assume that (7.14) holds for some constants Csep, Mmin. Let
T :=Tr«7 be the block cluster tree from Construction 7.21 and 7.23. Then the following statements hold:
(a) All leaves t x s € L(T) are either admissible with respect to (7.13) or min{#t, #3} < Nmin.

(b) The depth of the tree is bounded by

depth(T) < 1+ log, ((1 + 2csep)\/§H/hmm) .
(¢) The sparsity constant is bounded by

2
Csp < (2 + 8\/§Csep + 4\/57771(1 + 2C’sep)) .
(d) The idempotency constant is bounded by

Cia < (2 + 4Csep + 2n(1 + 2V2C4p))*

Proof: (a) Holds by Construction 7.23.
(b) Let t € TI(Z) be a non-leaf node, in particular #¢ > nyi,. We prove
hy < Csep diam(Cy)
by contradiction: assume that there exists i € £ such that diam(£2;) > Csep diam(Cy). Then for all j € £
dist(€2;, ;) < diam(C;) < C}, diam(€;)

which is a contradiction to (7.14). Using the bound on h; we conclude

(7.14)
diam(B,) "2V V22~ £ 2h)H < V(2 + 2Cupdiam(Cy))H = V2(1 + 2Csep)2 H (7.15)
while diam(B;) > diam(£2;) > Amin. This yields 2¢ < v/2(1 + 2Csep) H/ hin-

(c) We exploit the structure of the regular subdivision of [0, H) x [0, H) into the squares Cy. Let t € TI(Z) be
a node with #£ > nyin. The number of squares C; on level ¢ that touch C; is at most 32. By induction it
follows that the number of cubes on level £ with a distance less than j2~*H to C; is bounded by (1+25)2. Let

s € TI(K) with #3§ > nmin and dist(Cy, Cs) > j2='H. The diameter and distance of the respective bounding
boxes can be estimated by
(7.15)
diam(B;) < V2(1+2C.p)2 H,

1
dist(B;, Bs) > dist(Cy, Cs) — V2(hs + hs)

> j27'H — V2C,p(diam(C;) 4 diam(Cy))
§27H — V202"~ H.

If ¢ x s is not admissible with respect to (7.13) then min{diam(B;), diam(B;)} > ndist(B;, Bs). Insertion of
the above estimates gives

V2(1 + 2C.ep)27H > 1(j27 H — 2v/2C.0p2~tH)
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Cy
o C,

Figure 7.2: The small box Cy is well separated from either C,. or Cs if C, and C; are well separated.

which yields
j<n! (\/5(1 +20p) + 2ncsep) = fma.

As a consequence the number of nodes s € TI(K) not admissible to ¢ is bounded by (1 + 2jmax)?. Lemma 7.24
yields (c).

(d) Let r x t € L(T,€). If ## < npin or #t < Npin, then the elementwise idempotency is Ciq(r x t) = 1.
Now let 7 x ¢ be admissible. Define g := [logy(1 + 2Csep + 1(1 + 2v/2Cxep))]. We want to prove that for all
vertices 1/, s',t' € TUHD ¢/ x 5" € S*(r x s) and s’ x t € S*(s x t) one of the vertices 7 x s’ and s’ x t' is a
leaf. Let v/, s',t' be given as above and min{##', #8', #t'} > nmin.

For uw € {r’,s',t'} it holds

(7.15)
diam(u) < V2(1 4 2Csp)2 9 H. (7.16)
The distance between Cy and C,. or Cy can be estimated (cf. Figure 7.2) by

max{dist(Cy, Cy),dist(Cs, Cpr ) } dist(Cyr, Cy) — diam(Cy/)

>
> dist(By, By) — diam(Cy ).

Using this estimate we get

nmax{dist(B,, By ),dist(By, By)} > nmax{dist(C,/,Cy),dist(Cs,Cp)} — 7 max V2(hy + he)
ue{r’,t’/
> ndist(B,, B) — ndiam(Cy) — 12v/2Ckp diam(Cy)
> min{diam(B,), diam(B;)} — n(1 4 2v2Csep) diam(C:)
> diam(C,) — n(1 4 2v2Cyp) diam(Cy/)

V227 H — (1 + 2v2C4p) V2279 H. (7.17)
The admissiblity condition for either ' x s' or s’ x ¢’ is according to (7.16) and (7.17) fulfilled if
V2(1 4 2C5ep)2 97 H < V227 H — 5(1 4 2v2C,ep) V2277 7H,

which is equivalent to (1 4 2Csp)27% < 1 — n(1 + 2v/2Csp)279, and this equation is true for the choice of
q = [logy(1 + 2Csep + (1 + 2\/§Cser))ﬂ~

We conclude that either 7’ x s’ or s’ x ' is admissible (and has no sons). It follows that there are no vertices
" x s € TWHItY and s x t" € T¢I with »” € S*(r), " € S*(t). Since the number of sons of a vertex
is limited by 2%, there are at most 2%¢ vertices in T - T that are contained in r x ¢. [ |

Remark 7.27 Lemma 7.26 proves that Construction 7.21 (— cluster tree) combined with Construction
7.28 (— block cluster tree) yields a tree T that is sparse and idempotent with Cs, and Ciq independent of the
cardinality of the index set T. The depth of the tree is estimated by the logarithm of the ratio of the smallest
element to the diameter of the whole domain (which can be large). For most triangulations this ratio depends
polynomially on #Z such that the logarithm of the ratio is proportional to log(#I).
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Remark 7.28 (Admissibility for H2-matrices) The results of Lemma 7.26 depend on the admissibility
condition (2.4). In the context of H2-matrices the stronger admissibility condition

max{diam(7), diam(c)} < ndist(r, o) (7.18)

is required. The bounds for the sparsity constant Cp,, the idempotency constant Ciq and the depth p of the
tree also hold for this admissibility condition, because the reference cubes C,.,Cs on the same level are of
equal size.



Chapter 8

Alternative Clustering Strategies

In finite element methods, the stiffness matrix is sparse but its inverse is fully populated and can be ap-
proximated by an H-matrix. Such an approximate inverse may then be used as a preconditioner in iterative
methods, for the setup and inversion of Schur complements, for the representation of matrix valued functions
and so forth. Even though the complexity O(n log? nk?) of the H-matrix inversion is almost linear, there are
relatively large constants hidden. The following developments address this drawback successfully and allow
‘H-matrix based preconditioners to be competitive in the FEM context:

1. a weak admissibility condition yielding coarser block structures and hence yielding smaller constants
in the complexity [43];

soio]s
4 |4 ol [0] 106 |5 |3
s ols Mo s
#4 s lolo®g6 |11 [ ]]5 7
4 o[ oo
s 6 |4 10 16 [l [0 5 |3
s BHAE 105 Lo 116
s $$6 6 |11 [s o] 7 s || 5
(s |3 4 |a 106 0]10]6
s b, 5 [s o[l [0] 11 |6
4 [Ta

=)
2]
~
o
]

s o [» [~ F

5 LT
.
6
&
f
4

N N e

2. the introduction of an H-LU decomposition which is computed significantly faster than an approximate
inverse and provides an (in general more accurate) preconditioner [48, 33];
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3. the parallelization of the H-matrix arithmetic [46].

In this chapter, we will add a further improvement to these three components which reduces the constants in
the complexity significantly: we will introduce (recursive) domain decompositions with an interior boundary,
also known as nested dissection, into the construction of the cluster tree. This clustering algorithm, first
presented in [32], will yield a block structure in which large subblocks are zero and remain zero in a subsequent
LU factorization. Furthermore, the subsequent H-LU factorization is parallelizable.

In the last part of this chapter we introduce an algebraic clustering algorithm: In previous chapters, the
construction of the matrix partition of H-matrices is based on the underlying geometry of the degrees of

137
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freedom, i.e., information on the grid is needed in addition to the stiffness matrix itself. Here, we will develop
a black box clustering algorithm that is applicable to sparse matrices and only needs the matrix itself as
input. A matrix graph is constructed based on the sparsity structure of the matrix which is required for
the subsequent algebraic clustering algorithm. We therefore obtain an algorithm for an algebraic H-matrix
construction that can be compared to algebraic multigrid (AMG) techniques [17, 54, 18, 37].

8.1 Nested Dissection

Most direct methods for sparse linear systems perform an LU factorization of the original matrix after some
reordering of the indices in order to reduce fill-ins. One such popular reordering method is the so-called
nested dissection method which exploits the concept of separation. The main idea is to separate the vertices
in a (matrix) graph into three parts, two of which have no coupling between each other. The third one,
referred to as an interior boundary or separator, contains couplings with (possibly both of) the other two
parts. The nodes of the separated parts are numbered first and the nodes of the separator are numbered
last. This process is then repeated recursively in each subgraph. An illustration of the resulting sparsity
pattern is shown in Figure 8.1 for the first two decomposition steps. In domain decomposition terminology,

Q Q1 Q0
B!

[\

B0 B

Figure 8.1: Nested dissection and resulting matrix sparsity structure.

we recursively subdivide the domain into an interior boundary and the resulting two disjoint subdomains.

A favorable property of such an ordering is that a subsequent LU factorization maintains a major part of
this sparsity structure, i.e., there occurs no fill-in in the large, off-diagonal zero matrix blocks. In order
to obtain a (nearly) optimal complexity, we approximate the nonzero, off-diagonal blocks in the H-matrix
representation and compute them using H-matrix arithmetic. The blocks on the diagonal and their LU
factorizations will be stored as full matrices.

8.2 Clustering based on Nested Dissection

In [41], a direct domain decomposition method is combined with the hierarchical matrix technique. In
particular, a domain 2 is subdivided into p subdomains and an interior boundary I' which separates the
subdomains as shown in Figure 8.2. Within each subdomain, standard H-matrix techniques can be used,
i.e., H-matrices constructed by the standard bisection index clustering with zero or two successors. Thus,
the first step is the decomposition of the domain into a fixed number of subdomains, and in a second step,
‘H-matrix techniques are applied within each subdomain.

8.2.1 Clustering Based on Bisection

The standard construction of the cluster tree T is based on variants of binary space partitioning. The
basic idea to construct the clusters is to subdivide a cluster v with support €2, into smaller clusters vy, vy as
follows:
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Figure 8.2: Direct domain decomposition and the resulting matrix sparsity structure
1. Let @, denote a box that contains all nodal points (z;);c,. For the root cluster this could be the
bounding box Q7 := Bz.
2. Subdivide the box @, into two parts Q, = Q1 U Q2 of equal size.
3. Define the set sons(v) = {v1,v2} of v by
vi:={i€v|z,€Q1}, va:={i€v|z€Qa}

and use the boxes Q,, = Q1, @y, = Q2 for the further splitting of the sons.

The subdivision is typically performed such that the resulting diameters of the boxes associated with successor
clusters become as small as possible so that clusters eventually become separated and fulfill the standard
admissibility condition. A visualization of this process, the geometric regular bisection, is given in Figure
8.3.

Figure 8.3: The box Qr that contains the whole domain = [0,1]3 is successively subdivided into two
subboxes. The corresponding matrix A displays a hierarchical 2 x 2 block-structure. The eight light grey
blocks are not standard admissible but “weakly” admissible.

8.2.2 Clustering Based on Domain Decomposition

A new construction of the cluster tree is based on the decomposition of a cluster v with corresponding domain
Q, into three sons, i.e., sons(v) = {v1,v2,v3}, where v; and ve contain the indices of the two disconnected
subdomains Q,, and €, while v3 = v\ (v; Uvz) contains the indices corresponding to the separator ', = €,
cf. Figure 8.1.

Due to the fact that the distance between 2, and €,,, given by the width of the separator I';, is typically
very small compared to the diameters of (2,,, ,,, the block cluster v; x vy is neither standard admissible
nor weakly admissible. However, since the corresponding matrix block is zero and remains zero during an
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LU factorization, we want to regard it as admissible; in fact, we can assign a fixed rank of zero to this block.
This means that an admissibility condition suitable for domain decomposition based block clusters has to
distinguish between the sets of domain-clusters Cqom and interface-clusters 77 \ Cqom which will be specified
in Construction 8.2.

Definition 8.1 (DD-admissibility) Let Tz be a cluster tree for the index set T and let Caom C Tt be
the subset of domain-clusters which will be defined in Construction 8.2. We define the DD-admissibility
condition by

Admpp(s x t) = true & (s#t, 8,6 € Caom) or s xt standard admissible. (8.1)

The formal DD-clustering process is presented in the following Construction 8.2. A visualization for the
clustering of a three-dimensional domain and the resulting block structure is presented in Figure 8.4.

Figure 8.4: The domain € = [0, 1]3 is successively subdivided using DD-clustering. The top row displays the
respective bounding boxes used for the subdivision. The bottom row shows the resulting hierarchical block
structure of the matrix A. The light grey blocks are still weakly admissible (boxes intersect in at most one
corner) whereas the white blocks satisfy Admpp.

Construction 8.2 (DD-clustering, domain-cluster, interface-cluster) The cluster tree Tr as well as
the set of domain-clusters Cqom and interface-clusters Tr \ Caom 1S constructed recursively, starting with

o the root I, Caom = {Z} and

e the bounding box Qg := Bz that contains the domain Q.

Clusters that satisfy #v < N will be no further refined. For all other clusters we distinguish between
domain-clusters and interface-clusters. If a cluster v and a box Q, = ®?:1[ai, Bi] satisfying x; € Q, for all
J € v are given, we introduce new boxes Q1 and Q2 by splitting Q. in half in the coordinate direction ispii
of mazximal extent.

Domain-clusters: For v € Cqom, we define the three successors
vi:={icv|x €@}, ve:={i€v|suppp; NQy, =0}, v3:=v\ (v1Uwy) (8.2)

and correspondingly S(v) = {v1,v2,v3}, Cdom = Cdom U {v1,v2}. To the domain-clusters vy and ve we
associate the bozes Qy, = Q1 and Qu, := Q2. The interface-cluster is equipped with the “flat” box Q,, =
®f:1[&i,ﬁi] where &; := oy and B; == ; except for the splitting coordinate i = igpi, where we set

- 1

T
TRES §(ai + B8i) — hoy, Bii= §(ai +05i) + hoyy,  hog 1= r%axdiam(supp ©;j).
MASUE]
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Interface-clusters: We define the interface-level of a cluster, leveliy (v), as the distance of v to the nearest
domain-cluster in the cluster tree. For v € Tt \ Caom and associated flat box Q.,, we (possibly) split the box
Q. into two bozes Q, = Q1 U Q2 in a direction j different from the flat direction isplit- More precisely, the
set of sons is defined by

{v} levelin (v) = 0(mod d),

SO ={ {{evimeqn. ticvmeal o 5

The associated boxes of the sons are Qy, = Q;.

A visualization of the DD-clustering is given in Figure 8.4 for the first three subdivision steps (top). The
corresponding block cluster tree and partition of the matrix (bottom) is constructed in the canonical way.
The characteristic sparsity pattern can be noticed already after the first subdivision step. Since the dimen-
sion is d = 3 in this example, the interface-clusters that occur after the first and second subdivision have
interface-levels levelin, (v) € {1,2}. Only the four “vertical” interface-clusters that are present after the third
subdivision satisfy levelin;(v) = 3 and will not be subdivided in the next subdivision step according to (8.3).

Remark 8.3 1. The construction of the cluster tree is guided by the fact that matriz entries Ay; equal zero
if the corresponding supports of basis functions are disjoint. One can therefore replace the condition
“‘Suppp; NQy, =07 in (8.2) by “A;j =0 for all j € vy ”.

2. The subdivision of interface-clusters v € Tt \ Cgom 1$ delayed every d-th step in order to calibrate the
diameters of interface-clusters with those of domain-clusters. Without this calibration, the subdivision
of the largest interface cluster will reach the leaves after ~ logy(N'~1/?) = (1 — 1/d)logy(N) steps
while the depth of the cluster tree is approzimately logs(N). This would lead to undesirable fill-in in
the H-matriz so that we would lose the almost linear complezity and instead get the same complexity
as the classical nested dissection.

8.3 Black Box Clustering for Sparse Matrices

Hierarchical matrices are based on a block cluster tree Trx7 that describes the (hierarchical) partition of
a matrix into admissible and inadmissible blocks. The (formatted) arithmetic in the H-matrix format is
defined in an abstract setting where only this partition is needed but not the geometric information by
which the cluster tree T7 was built. However, for the construction of the bock cluster tree T7 7 we use the
cluster tree T7 and the admissibility condition which both require information about the distance between
(geometric) entities as well as the diameters of (geometric) entities.

In some applications, the geometric information describing the support of the basis functions that are used
for the discretization of the partial differential operator might not be available. Instead, only the already
assembled sparse stiffness matrix A is given.

In this case, our goal is to derive a black-box clustering algorithm and an admissibility condition that use
only the sparse stiffness matrix A as input. In the following, both the cluster tree T7 as well as the block
cluster tree Tz« will be derived from A so that we can solve the linear system Ax = b either directly (by an
almost exact H-LU decomposition) or by use of an H-LU preconditioner in some iterative method. Since the
only information available is the sparse matrix A itself, we use the matrix graph G(A) in order to redefine
the notions of distances and diameters.

The symmetrised graph G(A) = (V, E) of a matrix A € RT*Z is defined by the vertex and edge sets
V=T, E:={(i,j))eIxT|(Ay;#0VA;#0). (8.4)

The distance between two nodes i,j € Z in a connected matrix graph, defined as the length of the shortest
path between these two nodes, can be computed in O(N), N := #Z, by Dijkstra’s algorithm. However,
computing all pairwise distances would require quadratic complexity O(NN?) which is prohibitively expensive.
For the construction of the cluster tree T7 it is sufficient to split a set v C Z into two subsets v1,v2 (and
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possibly the interface v3). The complexity of the splitting should not exceed O(#v), so that the complexity
of the setup of the cluster tree will be O(N log N).

Construction 8.4 (Black Box DD-Clustering) Let Gsym(A) denote the symmetrised matriz graph of a
sparse matriz A € RT*T. We assume Gsym (A) to be connected. The root of the cluster tree Tz is root(Tr) :=
Z. Initially, we set Caom := {Z}.

We define the cluster tree Tt recursively by the son relation of an arbitrary cluster v CZ. Let v D v denote
a connected superset of v; for all domain-clusters (e.g. the root T), this is v := v.

1. We determine two nodes i1,is € v with almost maximal distance in v as follows: We choose an arbitrary
vertexr ig € v, determine a node i1 € v with the largest distance to ig in v and then determine a node
1o € v with the largest distance to i1 in v:

1o 1o 1o

2. We determine the distance of all i € ¥ to both i1 and iy in U. Subsequently, we partition ¥ into two
parts, each of which is again connected:

U1 = {’L €v ‘ diStf,(i,’h) < diSt{;(i,iQ)}, Vg =7 \ V1.
3. For a domain-cluster v € Cqom, we partition v into the three parts
vy =01, wg:={i€v|distg(i,iz) < distz(4,41) — 1}, wvs:=v\ (v1 Uva).

The corresponding supersets are U1 := vy, Uy := va, U3 := U, the sons are S(v) := {v1,ve,v3} with
two domain-clusters Ciom := Cdom U {v1,v2} and one interface-cluster vs. For the recursion, we
first subdivide the two domain-clusters vi,ve and afterwards the interface-cluster vs. To calibrate the
sizes of interface-clusters with those of domain-clusters (see Remark 8.3), we define the target depth
d(vs) := max{depth(T,,), depth(T,,)}, the average reduction factor p(vs) := (Nmin/#v3)'/P and the
target size s(vs) := #vsp(vs) for the next subdivision step.

4. For an interface-cluster v € Cqom, we distinguish between two cases:

o If the target depth is d(v) = 0, then the recursion stops, i.e., S(v) := 0.

o [f the target depth is d(v) > 0 and the size of v is less than the target size, #v < s(v), then
S(w) :={v}, s(v) :=s(v)p(v) and d(v) := d(v) — 1. Proceed with the son of v.

o [f the target depth is d(v) > 0 and the size of v is larger than the target size, #v > s(v), then we

define

v1 i=v NV, vg:=vN7s.
The corresponding supersets are U1 := U1, U2 := U2, the sons are S(v) := {v1,v2} with two
interface-clusters vi,ve. The target sizes of both v and vy are s(vy) = s(v2) := s(v)p(v) and

p(v1) := p(va) := p(v), and the target depths are d(v1) := d(ve) := d(v).

Remark 8.5 (Black Box DD-Admissibility) The black box DD-admissibility is defined by estimating
the diameter and distance in the matriz graph. The diameter of a cluster v we estimate by Cﬁf\i_l;l(v) =
dist(ip, 1) + dist(i1,42), where ig,i1,i2 are defined as above. The admissibility diam(v) < naﬁs/t(v,w) can be
tested checking all nodes with a distance of at most n~! diam(v) from v. If one of these nodes belongs to w,
then the block is inadmissible, otherwise it is admissible.



Chapter 9

H?-matrices

In order to find a hierarchical matrix approximation of an integral operator, we have used a degenerate
expansion of the kernel function. We have constructed this expansion by applying interpolation to either
the first or the second argument of the kernel function.

In this chapter, we will take a closer look at the properties of this expansion and derive a specialized variant
of hierarchical matrices that can be treated by more efficient algorithms.

H2-matrices were introduced in [45], where the approximation was based on Taylor expansions. We will use
the construction described in [25, 10], which is based on interpolation.

9.1 DMotivation

We consider the bilinear form

atw) = [ o) [ gap)u)dyds

corresponding to an integral operator. In Chapter 3, we have replaced the original kernel function g(-,-) by
a degenerate approximation

G () =Y glal, y)Lh(x)

veK

for admissible cluster pairs (¢,s) (we assume that diam(Q') < diam(Q®) holds for all cluster pairs in the
block cluster tree, so that we can always interpolate in the z-variable without losing the approximation

property).

Discretizing this approximated kernel function leads to the representation
Gy = [ i) [ @) dyds
Q Q

=3 [t [ s w s

veEK

=2 ( /Q pi(2) L}, (2) dx) ( /Q 0i(y)g(z,,y) dy)

veK
— (At,th,sT)

ij

for all i € £ and j € §, where

At = /Q pi(@)Ch(x)dr and Bl = /Q ;W) (el ) dy.

143



144 CHAPTER 9. H2?-MATRICES

Let us take a closer look at the matrix A%®: since we integrate a Lagrange polynomial corresponding to a
cluster ¢ multiplied with basis functions corresponding to the same cluster, this matrix depends only on the
cluster ¢, but not on the cluster s. This means that for each cluster ¢ € T7, we have a matrix Vt € R¥*XK
defined by

Vi = /Q os(x) €L () da (9.1)

for i € t and v € K satisfying V* = Ab* for all admissible leaves (t,s) of the block cluster tree Tryz. We
define
R' .= {S elr : (t,S) S £+(TI><I)}7

i.e., R contains all clusters s such that (¢, s) is an admissible leaf of the block cluster tree Trxz, and rewrite
our observation in the form
Abs =yt for all s € R".

This equation has two major implications: we can save memory, since we have to store V! only once, and
we can save time in the matrix-vector multiplication, since due to

> AtsBtsT g = > VIBS gl = V! (Z B 'a §> ’
SER!

sER? sER?

we can sum over vectors of length k = #K instead of over vectors of length #t.

But there is more: consider a second cluster ¢ € T7. Since we use the same space of polynomials for all
clusters, we have
span{L!, : v € K} =span{L!, : V' € K},

so there must be coefficients T, € R such that

=Y 1t,cl (9.2)

vV'eEK

holds, i.e., we can represent the Lagrange polynomials corresponding to the cluster ¢ by the Lagrange poly-
nomials corresponding to the cluster #'. Since we are dealing with Lagrange polynomials, the computation

of the coeflicients T,f , is especially simple: they are given by

Th, = LL(24). (9.3)

For each index i € , we can find a ¢’ € sons(t) with i € #, and equation (9.2) implies

ny:/ i(@)Lh(z)de = > T} / (@) L8 (x)dz = > Th, Vi, = (V'T"),,. (9.4)

v'eK v'eK

This equation allows us to speed up the matrix-vector multiplication even more: computing Viy? directly
for a vector y* € RE requires O(k#t) operations. If ¢ is not a leaf, i.e., if sons(t) # @, there is a ¢’ € sons(t)
for each i € ¢ such that i € #, and this implies (Viy); = (V' T y);. So instead of computing Vy* directly,
we can compute Tyt for all sons ¢’ € sons(t), and this will only require O(k?) operations.

9.2 H?-matrices

9.2.1 Uniform H-matrices

We have seen that the matrices A»* which appear in our degenerate approximation of the admissible matrix
blocks have many desirable properties due to the fact that they are discretizations of Lagrange polynomials.
Unfortunately, the matrices B%* are not of this kind.
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In order to fix this, we change our approximation scheme: instead of applying interpolation only to the x
coordinate, we apply it to both coordinates:

3 (z,y) == (35, ® 35,) =3 > 9@, 2L (@)L (y). (9.5)

veK nekK

Discretizing this approximation of the kernel, we find
G = [ wie) [ 5 (.0)pio) dyds
Q Q
=Y Satetap) ([ e ([ emgma) =visvT oo

veK pekK

—V =Vs

T

for i € t and j € §, where St° € RE*K is defined by

Sy = glxy,, z). (9.7)
Now, we have what we need: the matrices V* and V*® have the desired properties, and the matrix S*° is

only of dimension k x k (for k := #K).

Exercise 6 (Error bound for the symmetric kernel approximation) Assume that

max{diam(Q;), diam(Q,)} < ndist(Qy, Qs) (9.8)

holds. Prove that ( )2d 1
- Cdim+1
. t7
l9(x,9) =57 @)l = Sr @, e o)

m—+1

holds for all x € Qy and y € Qs under the assumptions from Subsection 3.3.3.

Definition 9.1 (Cluster basis) Let T7 be a cluster tree for the index set T. A family (V%)ier, of matrices
is a cluster basis, if for each t € Ty there is a finite index set K' such that V' € RI¥K",

A cluster basis (V)ier, is of constant order, if there is a set K such that K* = K holds for each t € Tr.
Obviously, the matrices V' introduced by (9.1) form a constant-order cluster basis.

Definition 9.2 (Uniform H-matrix) Let Trx7 be a block cluster tree and let V. = (V)ier, and W =
(W#)ser, be cluster bases for the index sets T,J. We define the set of uniform H-matrices with row basis
V' and column basis W as

H(Trx7, V,W) :={M € RT*7 | for all admissible (t,s) € L(Trx7),
there is S € RE™K with M|;, , = V'S W* T},

The matrices S* are called coupling matrices.

A uniform H-matriz is of constant order, if the cluster bases (V)ier, and (W*)ser, are of constant order.

Remark 9.3 Differently from H-matrices, the set H(Tzx7,V, W) of uniform H-matrices for fized bases V
and W is a subspace of RTXJ .

Exercise 7 (Strongly admissible block cluster tree) In order to get a good approzimation by an H?>-
matriz, we have to replace the admissibility condition (2.4) by the strong admissibility condition (9.8).

Modify the function build_supermatrix_from_cluster?2 from Fzxercise 2 in such a way that it uses the
strong admissibility condition (9.8) instead of the standard admissibility.
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Exercise 8 (H?-matrix) Modify build_supermatrix_from_cluster2 from Exercise 7 in such a way that
for admissible blocks, a uniformmatrix is created instead of an rkmatrix. Since you need a clusterbasis
to create a uniformmatrix, you have to modify the parameters for your function:

psupermatrix
build_supermatrix_from_cluster2(pclusterbasis row, pclusterbasis col,
double eta);

FEach supermatrix corresponds to a pair t X s of clusters. Make sure that the fields row and column of the
supermatrix point to the cluster bases corresponding to the correct clusters.

Due to rank(V*SHsWs ") < rank(S"*) < min{#K*, #K°}, each uniform H-matrix is also an H-matrix with
rank k := max{#K' #K* : teTr,s€ Tz}

Using the kernel approximation (9.5) in each admissible block will lead to blocks satisfying (9.6), this matrix
is a uniform H-matrix of constant order with cluster bases defined by (9.1) and coefficient matrices defined
by (9.7).

Multiplying a vector z € R can be organized in a procedure consisting of four steps:

1. Forward transformation: Compute z° := wsTx 5 for all clusters s € T7.

yt — Z St’SZL'S

SER?

2. Multiplication: Compute

for all clusters t € T7.

3. Backward transformation: Compute y € R defined by

yii= > (Vi)

ti€t

4. Non-admissible blocks: Treat non-admissible blocks as in the case of standard H-matrices.

Lemma 9.4 (Complexity of the multiplication phase) Let Cy, be the sparsity constant of Tryz. For
a constant-order cluster basis with k = #K, the multiplication phase requires O(Cspk?#T1) operations.

Proof: By definition, we have #R" < Cyp. Since the multiplication by S** requires O(k?) operations and
has to be performed for each s € R?, the computation of y* for a cluster ¢ € T7 requires O(Cs,k?) operations.

Summing over all clusters concludes the proof. [ |

Lemma 9.5 (Complexity of the multiplication for non-admissible blocks) Let Cy, be the sparsity
constant of Tryz, and let Ny, == max{#t | t € L(T7)}. We assume for all inadmissible leaves b = (t,s) €
L™ (Trx1) of the block cluster tree, both t and s are leaves of the cluster tree, i.e., t,s € L(Tr) (cf. Ezercise 2).
Then the treatment of the non-admissible blocks in the matriz-vector multiplication requires O(Cspn2, #17)
operations.

Proof: There are not more than #77 leaves, so there are not more than Cs,#77 leaf nodes in the block
cluster tree. Let b = (t,s) € L(Tzxz) be one of these leaf nodes. By assumption, ¢ and s must be leaf
clusters of 17, so we have max{#f, #38} < Nmin, and the multiplication by the corresponding full matrix can
be completed in O(n?; ) operations. |

In typical applications, we have #7T7 < n, so the second and fourth step of the matrix-vector multiplication
can be accomplished in linear complexity with respect to the number of degrees of freedom n.

Unfortunately, a naive implementation of the remaining steps, namely the forward and backward transfor-
mation, requires O(n(p + 1)k) operations, where p is the depth of Tz, and due to p ~ log(n), we would only
reach almost linear complexity in n. In order to be able to perform matrix-vector multiplications in optimal
complexity with respect to n, we need to improve these transformations.
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9.2.2 Nested cluster bases

Definition 9.6 (Nested cluster basis) A cluster basis (V!)ier, is nested, if for each non-leaf cluster
t € Tz and each son cluster t' € sons(t), there is a transfer matrix T' € RE" X" satisfying

(V)i = (VIT"y"); (9.9)
for all vectors yt € REX" and all indices i € t'.

Example 9.7 (Two sons) If we assume that sons(t) = {t1,ta} with t; # ta, we have t = tUty, and (9.9)

takes the form
" thTtl th Ttl
Vi=lyern ) = vz ) \1% )

Applying this equation recursively, we find
range(V'|;, je) C range(Vt/)

for all clusters t' € Tz with ' C t.

Definition 9.8 (H?-matrix) A uniform H-matriz whose column and row cluster basis are nested is called
an H2-matrix.

Due to equation (9.4), the cluster basis defined by (9.1) is nested.

Let us consider the backward transformation: for ¢ € Z, we have to compute

Yi = Z (Voy®)i.

s,1€8

We single out a non-leaf cluster ¢ € T7 and apply (9.9) to the cluster ¢’ € sons(t) with i € #":

Yi = Z (Vey®*)i + (Vtyt)i = Z (Voy%): + (Vt/Tt,yt)i

s#tIES s#tIES
= Z (Vsys)i—i—Vt’(yt'—th'yt)i.
s#t,s#t i€S

The cluster ¢t does no longer appear in this sum, since its contribution has been added to the vectors
corresponding to its son. This means that we can define a new set (§°)ser; by setting

0 if s=t,
9% = qys + Tyt if s € sons(t),
y° otherwise,
and find
yi=> (Vo) =) (V*9)i= > (V)
$91 EEY) $31,87#t

for all © € T. We can apply this technique to recursively eliminate all non-leaf clusters:

void
backward_clusterbasis(pclusterbasis cb, double *y)
{

/* ... some initialization ... */

if(sons > 0) {
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yindex = 0;
for(i=0; i<somns; i++) {
addeval_lapack(son[i]->kt, kt, T[i], yt, son[i]l->yt);
backward_clusterbasis(son[i], y + yindex);
yindex += son[i]->n;
}
}
else
addeval_lapack(n, kt, V, yt, y);

Lemma 9.9 (Complexity of the backward transformation) For a constant-order cluster basis with
k:= #K, the fast backward transformation requires O(kn + k*>#T7)) operations.

Proof: For a non-leaf cluster ¢ € Tz, we multiply y¢ by Tt for all of its sons ¢/ sons(t). This requires O(k?)
operations. Since each cluster has not more than one father, not more than O(#77) such multiplications
are performed, so treating all non-leaf clusters is accomplished in O(k?#T7) operations.

For a leaf cluster ¢t € Tr, we multiply y* by V*. This requires O(k#t) operations. Since the index sets
corresponding to the leaves of T7 form a partition of Z (cf. Lemma 2.7), we have

> k= kn,

teL(Tz)

so the backward transformation requires O(kn + k?#T7) operations. [ |

Let us now turn our attention to the forward transformation, i.e., to the task of computing z® := W Tzl
for all s € Ty. Let s € Tr. If sons(s) = (), we compute z° directly. Otherwise, we first compute z* for all
s’ € sons(s) and observe that

S/T SIT SIT SI
5§ = E T W £L'|§/ = E T x

s’ €sons(s) s’ €sons(s)

-
P =W?* z

holds, i.e., we can use the vectors z¥ corresponding to the sons of s to compute x°. The result is the following
recursive procedure:

void
forward_clusterbasis(pclusterbasis cb, const double *x)
{

/* ... some initialization ... */

clear_vector(kt, xt);
if(sons > 0) {
xindex = 0;
for(i=0; i<somns; i++) {
forward_clusterbasis(son[i], x + xindex);
addevaltrans_lapack(son[i]->kt, kt, T[i], son[i]->xt, xt);
xindex += son[i]->n;
}
}
else
addevaltrans_lapack(n, kt, V, xt, x);

Remark 9.10 (Complexity of the forward transformation) We can treat the forward transformation
by an identical argument as in the proof of Lemma 9.9 and reach an identical bound for its the complexity.
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Remark 9.11 In special situations, we can reduce the complexity of the forward and backward transforma-
tion to O(n) by using different ranks for different clusters [55, 56, 16].

9.2.3 Implementation

The structure used for the representation of a cluster basis is similar to that used for clusters:
Implementation 9.12 (clusterbasis) The clusterbasis structure is defined as follows:

typedef struct _clusterbasis clusterbasis;
typedef clusterbasis *pclusterbasis;

struct _clusterbasis {
pccluster t;

double *xT;
double *V;

double *xt;
double *yt;

int k;
int kt;
int n;

int sons;
pclusterbasis *son;
3
The fields sons and son are used to form a tree of clusterbasis structures similar to the cluster tree.
The entry t points to the cluster this cluster basis is used for.

The field k gives the maximal possible rank for which memory has been allocated, while the field kt gives the
current rank. The field n gives the number of indices in the corresponding cluster, it is identical to t->size.

The array T contains the transfer matrices T . The entry T[1i] corresponds to the i-th son sonl[i] and
represents a matrix in FORTRAN format with son[i]->kt rows and kt columns.

The array V contains the matriz V' corresponding to this cluster, stored in standard FORTRAN format
with n rows and kt columns. Typically, this array will only be used if t is a leaf cluster.

The fields xt and yt are auziliary variables of size kt that store the vectors xt and y* used in the matriz-vector
multiplication algorithm.

Using this representation of a cluster basis, the representation of a uniform H-matrix is straightforward: we
introduce a new matrix type containing the coefficient matrix S%* and pointers to the cluster bases and add
it to the supermatrix structure:

Implementation 9.13 The structure uniformmatrix is similar to rkmatrix:

typedef struct _uniformmatrix uniformmatrix;
typedef uniformmatrix *puniformmatrix;

struct _uniformmatrix {
pclusterbasis row;
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pclusterbasis column;

int rows;
int cols;

int kr;
int kc;
int ktr;
int ktc;

double *S;
};

The pointers row and column give us the cluster basis corresponding to this block: V* corresponds to row
and V?® corresponds to column.

The field rows stores the number of rows of this matriz block, while cols stores the number of columns.

The fields kr and kc give the maximal ranks of the row and column basis, the field ktr and ktc give the
current ranks.

Finally, the array S contains the coefficient matriz S° in standard FORTRAN format with ktr rows and
ktc columns.

Implementation 9.14 (Changes in supermatrix) In order to be able to treat uniform H-matrices and
H?-matrices, we have to add three fields to the supermatrix structure:

pclusterbasis row;
pclusterbasis col;
puniformmatrix u;

The fields row and col give us the cluster bases corresponding to this supermatriz, if it describes a uniform
H-matriz. If it describes an admissible block of a uniform H-matriz, the field u contains the corresponding
coefficient matriz S%°.

There are two ways of performing a matrix-vector multiplication by a uniform matrix: we can compute
y = VtStsys T x|, directly, or we can compute only 3¢ := S**z°. Obviously, the second choice is much more
efficient than the first. Its implementation is very simple if the LAPACK library is used:

void
fasteval_uniformmatrix(puniformmatrix um)
{
eval_lapack(um->ktr, um->ktc, um->S, um->col->xt, um->row->yt);

}

Obviously, this routine requires the representation um->col->xt of the vector z° to be already initialized.
This can be done by calling forward_clusterbasis before calling the standard eval_supermatrix and by
calling backward_clusterbasis afterwards. We have redefined eval_supermatrix, addeval_supermatrix,
evaltrans_supermatrix and addevaltrans_supermatrix in such a way that the forward and backward
transformations are performed automatically if a cluster basis is present, i.e., if the fields row and col of the
supermatrix are not null pointers.

9.3 Orthogonal cluster bases

In order to simplify the conversion of an arbitrary matrix into an H2-matrix, we introduce a special class of
cluster bases:
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Definition 9.15 (Orthogonal cluster bases) A cluster basis (V)ser, is orthogonal, if
(Vt)Tvt =7

holds for all clusterst € Tr.
Before we can prove some of the properties of orthogonal cluster bases, we need some nomenclature:

Definition 9.16 (Matrix Hilbert space) LetZ, J be arbitrary finite index sets. We define the Frobenius
inner product on the space RT*J by

(A, B)p = Z Z Ai;Bij
i€ jeJ
for A, B € RT*7I. Obviously, we have (A, A)r = ||A||%, so the Frobenius inner product turns the matriz

space RT* into a Hilbert space.

Lemma 9.17 (Matrix products) Let Z,7,K be arbitrary finite index sets. Let A € RT*J, B € RT*K
and C € RT*K . Then we have

(AB,C)p = (B,ATC)p = (A,CB" ).
Proof: Trivial. |

Lemma 9.18 (Best approximation) Let (V')icr,, (W*)ser, be orthogonal cluster bases. Let M € Rix8
be an arbitrary matriz. Then
Sy o= (VHT MW

satisfies
1M = VIS (W) T < |M = VES(W*) T p

forall S € RKﬁXKS, i.e., Sy is the optimal coefficient matrix for representing M as a uniform matriz block.

Proof: We introduce the function
to s 1
fiREET R S 5||VtS(WS)T—M\|%.

The minimum S* of f is the optimal coefficient matrix. Since f is a quadratic function, its minimum satisfies
the equation

0=Df(S*)-R=V'S*(WH T, VIRW*) g — (M, VIRW*) ") (9.10)
for all R € fog, ie.,

T 5 t s\Ty _ (9:10)
(Sa, Ry = (V') MW?®,R)p = (M, V'R(W?®) " )p =
= (5", (V))"VIR(W*)"W*)p = (S, R) .
—_—— —

= =

<VtS*(WS)T, VtR(Ws)T>F

Since the Frobenius inner product in non-degenerate, this implies S* = Sy,. [ ]

This lemma implies that computing the optimal coefficient matrices is a simple task once the cluster bases
have been constructed.

As an example, let us consider the conversion of an rkmatrix to a uniformmatrix: the rkmatrix is given
in the form M = ABT, so the optimal coupling matrix

S = (VHTMW? = (V) TA)((W*)"B)T

can be computed by the following simple procedure:
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void
convertrk2_uniformmatrix(prkmatrix r, puniformmatrix u)
{

/* ... some initialization ... */

Ac = allocate_matrix(u->ktr,r->kt);
Bc allocate_matrix(u->ktc,r->kt);

for(i=0; i<r->kt; i++) {
forward_clusterbasis(u->row, r—->a + i*r->rows);
copy_lapack(u->ktr, u->row->xt, Ac + i*u->ktr);

forward_clusterbasis(u->col, r->b + i*r->cols);
copy_lapack(u->ktc, u->col->xt, Bc + i*u->ktc);

3

multrans2_lapack(u->ktr, u->ktc, r->kt,
Ac, Bc, u->8);

freemem(Bc); freemem(Ac);

9.4 Adaptive cluster bases

We have seen that H2-matrices provide an efficient way of dealing with matrices that result from the dis-
cretization of integral operators. Now we want to examine the case of general matrices, i.e., we want to find
an algorithm that approximates an arbitrary matrix into an H2-matrix (cf. [9, 15, 7]).

9.4.1 Matrix error bounds

Since we intend to compute row and column cluster bases separately, we need to separate the estimates for
Vit and W*:

Lemma 9.19 (Separation of row and column bases) Let (V')ier,, (W*)ser, be orthogonal cluster

bases. Let M € R¥™3. Then

1M = VESa (W) T I < M = VIV TMIE + M7 Wo W) M3

Proof: Let B,C € RI*35. We start by observing

(B=V'WVHTB,VH(VHYTC)p = (VHVH)TB-VE(V)TVHVHTB,C)p = 0. (9.11)
=1

Setting B = M and C = M — MW?*(W?#)T, we find that we can apply Pythagoras’ equation in order to
prove

1M = VESyu (W) T |E = M = VIV TM + VHV) (M = MW (W) T
= |M =V (VOTM|E+ VIV (M = MW (W*) T3
Setting B=C =M — MW#*(W?#)T in (9.11), we can again use Pythagoras’ equation to get

I1BIF = 1B = V{(V) Bl% + IV(V) " BIE > [VI(V') " BlI%
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and therefore
VWV (M — MWS(W*) T||% < [|M — MW*(W*) (|7

Observing [|[M — MW(W*)T||p = [|[MT — W$(W?*)"MT||r concludes the proof. [ ]

Lemma 9.20 (Approximation error) Let (V);cr, be orthogonal cluster bases. Let M € R4, Then we

have
IM = VHVHTM|% = IM|F - 1(V)T M7

Proof: Due to (9.11), we have
IM = VAV T M = (M + VIV T M5 — 2(M, VI (VT M3
= [M|F+ VIV TM|F =20V (V) TM VIV TM)E = [M|[F — VIV T M][.
The orthogonality of V* implies

VAV TM[5 = VIV TM VI (V)T M)p = (V) TM, (V) TVI(V) T M) e = [|(V)T M7,
—
=I
which proves our claim. [

This means that minimizing the approximation error is equivalent to maximizing ||(V*)T M||p.

9.4.2 Construction of a cluster basis for one cluster

We recall Lemma 6.4 to see that the singular value decomposition can be used to find the orthogonal low-
rank matrix V? that solves this maximization problem: we set n = #t and compute the singular value
decomposition M = VXU of M with orthogonal matrices V € R*>*™ W € R**™ and a diagonal matrix
¥ = diag(oy,...,0,) € R™™ where 01 > 09 > --- > 0,, > 0. We choose a rank k and use ["™*F ¢ R**F
defined by
n,k
Iij = 52’1’
for i € {1,...,n}, j € {1,...,k} to define V! := VI™* (in short: the matrix V* consists of the first k
columns of V). Now we see that
M—-VY(VHYTM=VSUT —vVIHIm)TVTIVSU = V(T - 118 T)sU

holds, and since

In,k(In,k)T _ 6ij if i < ky

" 0 otherwise,

we get

1M -VH(V)TM|E= ) ol

i=k+1
We note that
MM =vsU'Uvs' v =V’

implies that, since we are not interested in the matrix U, we do not have to compute a full singular value

decomposition of M, but only a Schur decomposition of the Gram matrix MM . Then the eigenvectors will
correspond to the columns of V' and the eigenvalues to the squared singular values.

By definition, the matrix V* will not only be used for one block, but for an entire block row of the matrix.
The block row is given by

Rz_ :={s €Ty : thereist™ € Tr with { C T such that t* x s is an admissible leaf of Trx s}

Due to the nested structure of cluster bases, we have to consider not only blocks directly connected to ¢, but
also those that are connected to ancestors of ¢.
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.TH—I! CIT ] -

Block rows influencing different clusters

Using the row blocks described by R, we can now formulate the optimization problem: let M € RT*7 be
a matrix. We need to find an orthogonal rank-k-matrix V* that maximizes

E: ” TA[“XS

SERY

(9.12)

As we have seen before, this problem can be solved by computing the eigenvectors and eigenvalues of the
Gram matrix

= > Ml ML, (9.13)
SGR’;r

9.4.3 Construction of a nested basis

We can apply the above construction to all clusters in 77 and will get a cluster basis, but this basis will in
general not be nested. We have to modify the algorithm in order to ensure that it results in a nested cluster
basis: For all leaf clusters, we can apply the direct construction. For non-leaf clusters ¢ € T7, we assume
that we already have computed suitable orthogonal matrices V* for all sons ¢’ € sons(t) and have to ensure

that there are matrices T € R¥" ** such that
vi= (i),

holds for all ' € sons(t) and i € £. In order to simplify the presentation, we will only consider the case that
t has two sons, i.e., sons(t) = {t1,t2}. Then the condition (9.9) can be written in the form

th Ttl
V= (Vtth2>

and instead of finding V! maximizing (9.12), we have to find 7% and 7% maximizing

T 2 T
vt M|£1><§ — Z ™ (V ‘tlxs
Vet M, s T (vt TM\WS

t
F sERY

2.

t
seRY

If we introduce the matrices

M"* = (V) Mg, and M™% = (V)T Mg, o,

Ttl T J/\Ztl S
(th> Mt2rs

we get
2

DIV TMpliE =

t t
SERY seRY

F
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By construction, we know that V*' and V2 are already orthogonal, and we want the matrix V* to be
orthogonal as well, i.e., to satisfy

I _ (Vt)TVt _ thTtl T thTtl _ Ttl T (th)TthTtl _ Ttl T Ttl
Vthtg Vthtg Ttg (Vtg)'l'vtg Ttg th th .
Now we can summarize the algorithm:

1. If t € Tz is a leaf, we compute the Gram matrix

G:= Z M M| ..

sER!
We build V¢ from the eigenvectors corresponding to the k largest eigenvalues of G and set
Arts T
M= (V') Mgy
t
for all s € RY, .
2. If t € T is not a leaf, we compute cluster bases for the son clusters t1, to recursively and then compute
the reduced Gram matrix
— — T
~ Mtrss Mt
Mtg,s Mtg,s
sERfF

We build T4+t and Tt from the eigenvectors corresponding to the k largest eigenvalues of G and set

g Tt1 T M\tl,s —. —
M= (th> (z@) = (L) T M0 4 (T%) T M

for all s € Rﬁr.

9.4.4 Efficient conversion of H-matrices

We can implement the basic algorithm given above directly and will get a suitable nested row cluster bases
for the matrix M. Unfortunately, the computation of the Gram matrix

G= Z M‘£X§M‘T

ix3
t
SERJr

for a general matrix will require O((#£)2(#35)) operations, leading to a total complexity of O(n?). While
this is acceptable for dense matrices, it is not for matrices that are already stored in H-matrix format.

If M is an H-matrix, then s € Rﬂ_ implies that there is a cluster tT € T such that b := t* x s € Trx s
is admissible, i.e., that M| ., = ABT holds for a rank parameter k3 € N and matrices A € Rt+><k”,
B € R¥*#7_ Therefore we have

M‘£X§M|g><§ = A|£kaTBA‘£Txk = A‘kaGbA‘t‘Txk' (9'14)

If we have prepared the matrix
Gy := B'B,

in advance, we can compute the product (9.14) in O((#)?ksx) operations, which leads to a total complexity
of O(n(k* 4 kz)p). The preparation of all matrices G;, can be accomplished in O(nk3,p) operations.
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9.5 Implementation

Implementation 9.21 (Conversion functions) Since they are quite complicated, we will not describe the
routines for creating adaptive cluster bases and recompressing H- or H?-matrices in detail. The following
functions are collected in the module h2conversion:

pclusterbasis

buildrow2_supermatrix(psupermatrix s, pccluster root,
double eps, int kmax,
TruncationStrategy strategy);

pclusterbasis

buildcol2_supermatrix(psupermatrix s, pccluster root,
double eps, int kmax,
TruncationStrategy strategy);

These functions create an adaptive orthogonal nested cluster basis for a given supermatrix and a given
cluster tree root. The parameter strategy controls the truncation strategy and can take the following

values:

e HLIB_FROBENIUS_ABSOLUTE means that the rank k will be chosen large enough to ensure that the ab-
solute Frobenius error of the resulting matriz is bounded by eps.

e HLIB_FROBENIUS_RELATIVE means that the rank k will be chosen large enough to ensure that the block-
wise relative Frobenius error of the resulting matrix is bounded by eps.

e HLIB_EUCLIDEAN_RELATIVE means that the rank k will be chosen large enough to ensure that the block-
wise relative Euclidean error of the resulting matriz is bounded by eps.

The parameter kmax gives an absolute upper bound for the rank k.

As soon as we have orthogonal row and column cluster bases, we can use the function

psupermatrix
project2bases_supermatrix(psupermatrix s, int mixed,
pclusterbasis row, pclusterbasis col);

to create an H%-matriz that is the optimal approximation of s in the same block structure and with the bases
row and col (c¢f. Lemma 9.18). If the parameter mixed is non-zero, the routine will not create a “pure”
H?-matriz but mir rkmatrix and uniformmatrix blocks to minimize the storage complexity.

Of course there are also top-level functions that hide all details from the user:

psupermatrix

buildh2_supermatrix(psupermatrix s, pccluster row, pccluster col,
double eps, int kmax,
TruncationStrategy strategy);

psupermatrix

buildh2symm_supermatrix (psupermatrix s, pccluster ct,
double eps, int kmax,
TruncationStrategy strategy);

The first routine computes an H?-matriz that approzimates the given matriz s. Here, row and col give the
row and column cluster trees and eps, kmax and strategy have the same meaning as in the cluster bases

construction routines above.
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The second routine is meant for symmetric matrices. Here, we can use the same cluster basis for row and
columns, so we can reduce the computational and storage complezity.
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Chapter 10

Matrix Equations

In this chapter we consider matrix equations of the form

(Lyapunov) AX 4+ XAT +C =0, (10.1)
(Sylvester) AX -XB+C=0, (10.2)
(Riccati)  AX + XAT - XFX +C =0, (10.3)

where A, B,C, F are given matrices of suitable dimension and X is the sought solution (a matrix). In the
previous chapters we had the task to assemble a (BEM) stiffness matrix A, or to invert the matrix A in a
data-sparse format, or to solve an equation Ax = b for the vector x, where the right-hand side b and system
matrix A are given. The solution x was just a standard vector.

For matrix equations, also the solution matrix X has to be sought in a data-sparse format. Here, we will
seek X either in the R(k)-matrix or H-matrix format.

10.1 Motivation

Let us start with a simple example, namely the equation
AX+XA+1=0, A e RY",

The solution is the matrix X = —%Ail, i.e., the inversion of matrices is a special case of such a (linear)
matrix equation. From Section 5 we know that the inverse of an elliptic operator can be approximated
efficiently in the H-matrix format. In the following we will prove that this can be generalised and we will
present some algorithms by which the solution can be computed efficiently in the R(k)-matrix or H-matrix
format.

10.2 Existence of Low Rank Solutions

The existence of (approximate) solutions in a special format is best answered for the Sylvester equation
(which covers the Lyapunov case). For the non-linear Riccati equation we can derive the results easily for
low rank F'.

For the existence and uniqueness of solutions to the Sylvester equation (10.2) it is necessary and sufficient
that o(A) N o(B) = . We demand a slightly stronger condition, namely

o(A) < o(B), (10.4)

159



160 CHAPTER 10. MATRIX EQUATIONS

which can be generalised to the case that the spectra of A and B are contained in two disjoint convex sets.
Then the solution X is explicitly known.

Theorem 10.1 Let A € R"*™, B € R™*"™ and let (10.4) hold. Then the matriz
X ::/ exp(tA)C exp(—tB) dt (10.5)
0
solves (10.2).

Proof: Due to (10.4) the function ¢ — || exp(tA)|||| exp(—tB)| decays exponentially so that the matrix X is
well defined. Now we can simply calculate

AX - XB

/OO (Aexp(tA)Cexp(—tB) — exp(tA)C exp(—tB)B) dt

0
9 exp(tA)C exp(—tB) dt
o O

= tlim exp(tA)C exp(—tB) — exp(0 - A)Cexp(—0- B)
= —C.

Since the integrand in (10.5) decays exponentially, we can use special quadrature formulae that need only
O(log(¢)?) quadrature points in order to approximate X up to an absolute error of e. These can be derived
by piecewise interpolation, where the pieces are refined towards the origin, or one can use the formula from
the book [58] as done in [34] that gives k weights w; and points ¢; so that the matrix

k
Xy = Z w; exp(t; A)C exp(—t;B) (10.6)
j=1

fulfils the error estimate
IX = Xill2 < Ca BlICl2 exp(—Vk),

where the constant C'4 g depends on the location of the spectra of A and B. If C' is an R(k¢)-matrix, then
X}, is an R(k - k¢ )-matrix, which proves the existence of low rank solutions to the Sylvester and Lyapunov
equation if the matrix C' is of low rank. For the solution X of the Riccati equation there holds

AX + XAT +(C - XFX)=0,

so that the conclusions from above show that the solution X can be approximated up to an error of Cy 47 ||/C—
XFX]||2exp(—Vk) by a matrix X}, of rank at most k - (k¢ + kr).

The computation of an approximate solution by formula (10.6) is not straight-forward, since it involves the
matrix exponential.

10.3 Existence of H-matrix Solutions

Formula (10.6) can be used to prove the existence of H-matrix solutions to the Sylvester equation for
H-matrices C' € H(T,kc), if both exp(t;A) and exp(—t;B) can be approximated by H-matrices A; €
H(T,ka),B; € H(T, kp) for all t;: Lemma 7.19 proves

A;CB;j € H(T, CHCZ(p+1)* max{ka, kg, kc})
so that the approximant

k
XH,k = Z ’ijjCBj
j=1
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is contained in H(T, kx) for a rank kx = O(kp? max{ka, kp,kc}). The existence of H-matrix approxima-
tions to the matrix exponential is studied in [22, 34] and briefly in the outlook in chapter 11.3.2. Essentially,
one requires the uniform approximability of (A — A)~! in H(T,ka) for complex numbers A outside the
spectrum of A. This is just a variant of the approximation result from Section 5, if the matrix A stems from
the discretisation of a partial differential operator of elliptic type.

For a simple H-matrix format, we can improve the analytic results from above by algebraic arguments. Let
us consider a block-system of the form

A A (X Xi2|  [Xu Xi2| |Bu Bz n Cii Ciz| _
A1 A | Xo1 Xoo Xo1 Xog| |Ba1 B Co1 Ca ’

where the off-diagonal blocks A;;, B;;Cij, i # j, are of the R(k)-matrix format.

For the two off-diagonal blocks we get the equations
A22Xo1 — Xo1B11 + (Co1 + A21 X171 — X29B91) =0,

which is a Sylvester equation with low rank matrix Co; + A21 X117 — X22Bs1, so that here the results from
the previous section prove that Xs; can be approximated in the R(k)-matrix format.

In the diagonal subblocks this resolves into two smaller Sylvester equations
AiiXii — XiiBii + (Cii + Aij Xji — XijBji) = 0, i # j.
Since A;; and Bj; are of low rank, the (blockwise) rank of C1; is increased only by 2k.

By induction this proves ~
X~ Xy e HTE), [|X—Xneclla<e

where T' is a block cluster tree where all off-diagonal blocks are leaves (admissible), A, B,C € H(T', k) and
k = O(log(e)%kp).

10.4 Computing the solutions

The computation of rkmatrix and H-matrix solutions can be done efficiently by numerous methods. Here,
we want to present only some concepts of this rapidly developing field of research.

Via the matrix exponential

The first method is just the straight-forward implementation of (10.6). We compute the weights w; and
quadrature points t; beforehand (by an explicit formula), use the H-matrix-by-matrix multiplication ®
to compute exp(t;A)C exp(—t;B) and need to compute “only” the matrix exponential for all ¢;. This
can be done by scaling and squaring in the formatted H-matrix arithmetic [14] or by a Dunford-Cauchy
representation that involves the resolvents [22]. For each quadrature point we have to compute at least once
a matrix exponential, i.e., the complexity is at least O(n log* n) for this ansatz — neglecting the rank k.
The advantage of this method is its simplicity: all computations can be performed in the standard H-matrix
arithmetic and it works for matrices A, B, C in H-matrix or rkmatrix format.

Via multigrid methods

Multigrid methods rely on a multilevel discretisation of the underlying continuous equation, i.e., we have a
sequence
A Xy —XyB,+Cp =0

of equations where the size of the system on level ¢ is ny x ny and

~np << ng.
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Each of the operators Ay, By, Cy is discretised on a grid 7 (e.g., by finite elements) and between two subse-
quent grids 74, To+1 we have transfer operators P, that map a vector on the coarser grid 74 to the finer grid
Te+1- Therefore, the coarse solutions X, can be approximated by

Xg ~ PerJrng.

In the low rank setting the application of P reads

k k
PrXep1 P =Y PlablPi=> (Pla,)(Plb,)",

v=1 v=1

so that the transfer of the solution matrix X between the grids is just the application of the transfer operator
to the vectors a,, b, in the R(k)-matrix format. Similarly, this can be done for H-matrix solutions X,. Apart
from the grid transfer operators we need on each level ¢ a so-called smoothing operator Sy, e.g., Richardson
or Jacobi [39]. For a Sylvester equation the Jacobi smoother requires the solution of a diagonal Sylvester
equation (A and B diagonal matrices).

Via meta methods

A meta method is, e.g., ADI. Here, the Sylvester equation is split into a series of linear systems
AgjXej=Cy

where /‘ig’j = Ay + M\;I. For the right choice of shift parameters A; the iteration converges rapidly, but
in each step we have to invert the shifted system AM — similar to the matrix exponential ansatz in the
Dunford-Cauchy representation. In the low rank setting however, one can use standard solvers for the linear
system Az,jib = ¢, hence the name “meta method”.

Via the matrix sign function

The matrix sign function has proven to be a useful tool for the solution of dense matrix equations [52].
Therefore, it is natural to use the same method but formulate it in terms of H-matrices and H-matrix
arithmetics. We will explain this for the Lyapunov equation and leave the Riccati equation to the interested
reader [34]. We define the matrices

XO = C, AO = A

where o(A) C C_ is assumed. The solution X is just X = 1 X, where X, is the limit of the series
1 -7 —1 1 —1
Xiv1 = i(XZ + Az )QAz ), Aipq = 5(141 + Az )

Implicitly, we have computed

. AT C
sign A

by Newton’s method (sign is the matrix sign function corresponding to the complex sign function on C\ {0}:

AT X
— Ay

sign(r + ic) = { 1_1 : zg

Locally, the convergence is quadratic but the initial slow (linear) convergence dominates. Therefore, one
should use an acceleration technique by scaling.

We consider the scalar case ag < 0 and compute a;4; := %(ai + a;l) R %ai. The limit is the same if we
scale the iterate ag by some value a > 0:

1
sign(ag) = zlirgo a; = zlirglo b; = sign(by), bo = aag, bip1:= §(bz + b;l).
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In the limit we get lim; .. a; = —1, but for ay < 0 we have just a linear convergence rate of 1/2. Here, it
is obvious to compute

bo = ao/‘ao‘,

i.e., we rescale the iterate ag and get the solution in one step. For matrices A; this translates to

a = V[AT2/[IAll2,

Ay = aA,
1
A = A+ ATH.

In principle, one can use the acceleration by scaling in every step of Newton’s method, but for two reasons
this is not adavantageous: first, the quadratic convergence can be deteriorated and second, the truncation
error can be amplified by the scaling factor. Therefore, one should only use the scaling in the first step to
balance the spectrum of Ajy. Due to the fact that we have to compute Aj 1 anyway, the additional cost to
compute o by some power iteration (norm2_supermatrix) is negligible.

In H-matrix arithmetics we have to replace the exact addition, multiplication and inversion by the formatted
counterparts. This yields a fast solution method for Lyapunov, Sylvester and Riccati equations where the
matrices A, B, C, F' are allowed to be of an arbitrary H-matrix format. Since the computation of the matrix
sign involves log(n) inversions, the overall complexity of this approach is O(n log®n).

10.5 High-dimensional Problems

As a generalisation to the Sylvester equation of the previous section one can consider equations Az = b
where the matrix A € R* %" is of the form

d
A=>"4, A=1% -®I0ARI® -®I I AcR™"
— —_——— —_———
= i—1 terms d—i terms
and the right-hand side is given as a tensor vector

d d
b=®bz, biERn, b[]17ajd]:HbZ[jZ] fOI‘jE{l,...,n}d.

i=1 i=1

Then the solution can be computed by use of the matrix exponential exp(t;A;) of the n x n matrices A;,

T~ Z ®$i,u, xi, = wy exp(t,A;)b,

v=1 i=1

such that the complexity is reduced to O(dnlog(n)) instead of O(n?) for the fullmatrix solution. For
details the reader is referred to [28]. Here, the matrix exponential exp(t,A4;) can be approximated in the
‘H-matrix format and the solution is represented as a (low Kronecker rank) tensor vector, which is a d-
dimensional analogue to the rkmatrix format.
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Chapter 11

Outlook

In the previous chapters we introduced the hierarchical matrix format (H-matrices) and a refined variant,
the H2-matrix format. In this chapter we will consider further algorithms for these matrices, other (similar)
matrix formats and possible applications.

11.1 Adaptive Refinement

For the efficient treatment of boundary integral and partial differential equations an adaptive discretization
scheme is inevitable, that means for a given right-hand side the unique solution has to be approximated on
a grid with as few as necessary unknowns. This is typically done by refining the grid adaptively according
to the indication by some a posteriori error estimator.

For partial differential equations the discretization itself is of negligible complexity, only the solution of
the typically ill-conditioned large system of equations is a task. If a large part of the grid is refined, then
the (block) cluster tree is best constructed in the standard geometrically or cardinality balanced way and
the formatted H-matrix inversion yields a good approximate inverse that can be used to directly solve or
precondition the system. If only a small part of the grid is to be refined, then this can be regarded as a
low rank perturbation of the operator on the coarse grid. The Sherman-Morrison-Woodbury formula for the
inversion of the perturbed matrix allows for an efficient low rank update of the previously computed inverse
for the coarse grid.

The story is different for (boundary) integral operators. Here, the (data-sparse) discretization is of high
complexity. Therefore, it is desirable to retain as many as possible entries when refining the grid. This can
be achieved for the regular geometrically balanced clustering if one uses the approximation by interpolation
from Chapter 3 or the cross approximation techniques from Chapter 4. This topic is partially covered by
[30] and [31] and it is the topic of the doctoral thesis of Jelena Djokié.

11.2 Other Hierarchical Matrix Formats

The hierarchical matrices introduced in the previous chapters consist of rkmatrix or fullmatrix blocks
(uniformmatrix blocks for H2-matrices). One may think of other formats like Toeplitz matrices, banded
matrices, sparse matrices or others. Here, one has to distinguish between the data-sparse storage and fast
evaluation of the matrix, and the possibility to apply the formatted H-matrix arithmetics. While the first
goal, the storage and evaluation, can be achieved for a variety of formats, this is not true for the second task,
the formatted arithmetics. Toeplitz matrices allow for a fast inversion, but as subblocks in a hierarchical
matrix they have to be added and multiplied by other matrix blocks, which will destroy the structure.
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11.3 Applications of Hierarchical Matrices

11.3.1 Partial Differential Equations

H2-matrices and multi-grid methods share many properties in common, so it is straightforward to look for
approximations of the inverses of elliptic partial differential equations in the H2-matrix format.

A simple method to compute this approximation is to use the H-matrix inversion and use the algorithm
from [9] to find suitable cluster bases. Evaluating the resulting H?-representation of the inverse is more
efficient than evaluating the H-matrix representation, and the complexity of the transformation from H- to
H2-format is lower than that of the H-inversion.

Finding an algorithm that allows us to create an H2-matrix inverse without having to resort to the H-matrix
inversion is a topic of current research, cf. [12, 11].

11.3.2 Matrix Functions

The most prominent matrix function is M — ML, ie., f(z) = 1, which we have already analysed in
Chapter 5 for elliptic partial differential operators. Another important function is the matrix exponential,
because it allows us to solve systems of ordinary differential equations:

z(t) = Az(t), x(0)=xg = x(t) = exp(tA)xo.

If we could compute exp(dA) for a small § > 0, then we can easily obtain the values of z at all times ¢; = 5,
j=1,...,N, by j times evaluating exp(6A4): x(t;) = (exp(64)) zo, i.e., we need N times the matrix-vector
multiplication and only once the computation of the matrix exponential.

The question remains whether or not it is possible to approximate the matrix exponential in the H-matrix
format and how one can efficiently compute the matrix exponential in this format. The first question is
answered in [22] under the assumption that the resolvents (A — AI)~! can be approximated in the H-matrix
format, cf. Chapter 5. For the second question there is no definitive answer; often the standard scaling and
squaring strategy proposed in [14] does the job very well but for a more general survey the reader is referred
to [50].

For other matrix functions ([23],[24]) one can use the representation by the Cauchy integral
1
FOD) = 5§ FOO1 - 1) ar
21 r
and an efficient (exponentially convergent) quadrature rule
k
FOM) =Y w; f(t) (M = t;1)7"
j=1

to obtain an approximation.
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Fast multiplication of H-matrices, 117
Fast truncation 7/, 113
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Formatted H-matrix multiplication, 113
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Galerkin solution, 82
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HCA, 74

Hierarchical approximation, 114
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Hybrid cross approximation, 74

Idempotency Ciq, 130
Interpolation, 47

Labeled tree, 22
Lagrange polynomials, 46
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Large scale computations, 7
Level-consistency of block cluster trees, 31
Levels of a tree, 114

Linear complexity, 7

Locality Cscp of basis functions, 134

LU decomposition, 119

Lyapunov equation, 159

Matrix exponential, 161
Matrix functions, 166
Matrix Hilbert space, 151
Matrix sign function, 162
Multigrid methods, 161

Nested cluster basis, 147

One-sided H2-matrix approximation error, 153
Optimization problem for cluster bases, 154
Orthogonal cluster bases, 151

Product of block cluster trees, 128
Quasi-uniform triangulation, 83

Representation of index sets, 26
Riccati equation, 159
rSVD, 108

Separation of row and column bases, 152
Singular value decomposition, 108
Sparsity Csp, 124

Sparsity criterion, 133

Sparsity of tree product, 128

Stability of interpolation, 49

Stiffness matrix, 82

Structure of H-matrix product, 129
SVD, 108

Sylvester equation, 159

Taylor expansion, 11
Tensor-product interpolation, 47
Tree, 21

Tree level, 22

Triangular H-matrix solve, 119
Truncation 7, 110

Truncation 72>, 110
Truncation 7, 109, 112

Uniform H-matrix, 145
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