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Discretizing an integral operator by a standard finite element or boundary
element method typically leads to a dense matrix. Since its storage complex-
ity grows quadratically with the number of degrees of freedom, the standard
representation of the matrix as a two-dimensional array cannot be applied
to large problem sizes.

H?-matrix techniques use a multilevel approach to represent the dense
matrix in a more efficient data-sparse format. We consider the challenging
task of finding a good multilevel representation of the matrix without relying
on a priori information of its contents.

This paper presents a relatively simple algorithm that can use any of the
popular low-rank approximation schemes (e.g., cross approximation) to find
an “initial guess” and constructs a matching multilevel structure on the fly.
Numerical experiments show that the resulting technique is as fast as com-
peting methods and requires far less storage for large problem dimensions.
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1 Introduction

We consider numerical methods for solving integral equations. A typical example is the
boundary integral equation

/g(xa y)u(y)dy = f(x) forall z € T,
r
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where I' C R? is the boundary of a three-dimensional domain 2 C R3, g is the kernel
function, and f is a suitable right-hand side function.

If we approximate the solution uw by a Galerkin scheme using finite element basis
functions (¢;);ez, we have to handle the matrix G € RZ*Z given by

Gij Z/Fcpi(x)/rg(w?y)sog-(y) dy dx for all 4, € . (1)

Unless very special basis functions have been chosen, the matrix G is densely populated,
i.e., almost all of its entries will be non-zero.

Storing G in the standard way, i.e., as a two-dimensional array, requires O(n?) units
of storage, where n := #7 is the number of basis functions used in the discretization
scheme. In order to ensure a sufficient accuracy, we have to use a large number n of
basis functions, therefore the storage requirements for the matrix G will quickly exceed
the capacity of most of today’s computers.

Therefore several techniques have been developed to reduce the storage requirements
by replacing G with more efficient approximations G. Wavelet techniques [3, 12, 11, 30,
27] employ special basis functions in order to ensure that most entries of the resulting
Galerkin matrix G are almost zero, thus leading to a sparse approximation G of the
matrix G. This approach works well if good wavelet bases are available and if the
corresponding entries of G can be computed efficiently, so its application to complicated
geometries and complicated integral operators can be a challenging task.

An alternative approach is followed by panel-clustering techniques [21, 25] and the
closely related multipole expansion schemes [24, 16, 17, 23]: the domain I' x I is split into
subdomains 7 x o such that g|,x, is sufficiently smooth, and on each of the subdomains
a separable approximation

g(z,y) =~ g(z,y) := Zv,,(z:)wl,(y) forall x € 7,y € o,

v=1

of g is constructed, e.g., by Taylor or multipole expansions or interpolation. Since the
variables x and y are separated in g, the double integral in (1) is replaced by products
of single integrals that can be computed very efficiently.

Hierarchical (or short H-) matrices [18, 19, 13, 15] are the algebraic counterparts of
panel-clustering techniques: approximating g by a degenerate g on subdomains 7 X o
corresponds to approximating submatrices G|;xs of G by low-rank matrices. An H-
matrix is given by a partition of the matrix into a hierarchy of submatrices and factorized
low-rank approximations of these submatrices.

Since low-rank approximations can also be constructed using singular value decom-
positions [18, 13, 8] or cross approximation techniques [28, 29, 2, 1, 7], H-matrices are
far more flexible than panel-clustering techniques. It is even possible to carry out ap-
proximate arithmetic operations like matrix inversion or factorization [15, 22] in almost
linear complexity, therefore new applications like the evaluation of matrix functions, the
solution of matrix equations or just the construction of very efficient preconditioners for
linear systems can be treated efficiently by this approach.
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Compared to multipole expansions, H-matrices offer the advantage that optimal low-
rank approximations (e.g., for inverses and preconditioners) can be constructed adap-
tively, while standard multipole techniques require specially-designed expansion systems
to reach optimal efficiency, and these expansion systems are only available for a small
number of standard situations.

Compared to wavelet methods, H-matrices offer the advantage that their implemen-
tation is far easier and that they, like most schemes based on the approximation of g in
the entire space, can handle complex geometries without additional effort.

In an H-matrix, each submatrix uses a low-rank factorization that is independent of
the factorizations of the other submatrices. This leads to relatively simple algorithms,
but also to a loss of efficiency: if a special factorization is used that takes advantage
of connections between a submatrix and its “neighbors”, the storage complexity can be
reduced significantly. This is the idea of H2-matrices [20, 9]: each submatrix is expressed
as an element of a low-dimensional matrix space, and the different matrix spaces are
embedded in a multilevel structure. A typical H-matrix requires O(nklogn) units of
storage, while an H?-matrix needs only O(nk), where k determines the accuracy of the
approximation. The additional logarithmic factor means that H2-matrix approximations
will become more efficient compared to H-matrices as the problem size n increases.

We are therefore interested in an algorithm that combines the simplicity of H-matrix
constructions with the higher efficiency of H2-matrices. One solution is presented in [9]:
we can convert arbitrary matrices into H2-matrices, and the conversion procedure can
be adapted to handle H-matrices efficiently. Unfortunately, this approach requires the
entire H-matrix to be available to the algorithm, therefore its total storage requirements
will be at least as high as for a standard H-matrix.

This paper presents a new algorithm that avoids the necessity of storing the entire
‘H-matrix. It starts with independent initial low-rank approximations of submatrices,
as used in standard H-matrix techniques, that are recursively converted into larger
and larger H2-submatrices until the entire matrix has been approximated. Since each
submatrix is converted as soon as it becomes available, the storage requirements of the
resulting algorithm are close to those of the final H?-matrix. The basic building block
is a wnification step that takes several independent H2-matrices and turns them into a
unified H2-matrix.

The new approach is not limited to the approximation of matrices resulting from the
discretization of integral operators. Using the unification step, many algorithms devel-
oped for H-matrices can be “refitted” easily to construct the more efficient H?-matrices.
An important field of application for this paradigm are adaptive matrix arithmetic oper-
ations: algorithms like the approximative H-matrix multiplication or inversion [15] can
now work with H2-matrices that require far less storage and thus allow us to fit much
larger problems into a given amount of storage.

The paper is organized in five sections: section 1 is the introduction you are currently
reading, section 2 defines the basic structure of H?-matrices, section 3 recalls the fun-
damental theory of H2-matrix compression and error control and derives the unification
step, section 4 describes the new conversion algorithm, and section 5 contains numerical
experiments that demonstrate its efficiency regarding time and storage requirements.
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2 H2%-matrices

We will now briefly recall the structure of H2-matrices [20, 9].

2.1 Block structure

Hierarchical matrix techniques are based on detecting subblocks of the matrix which
admit a data-sparse approximation. In order to find these admissible blocks efficiently,
we introduce a hierarchy of subsets:

Definition 2.1 (Cluster tree) Let Z be an index set. Let T be a labeled tree. We
denote its root by root(T), the label of t € T by t, and the set of sons by sons(7,t) (or
Just sons(t) if this does not lead to ambiguity).

T is a cluster tree for I if it satisfies the following conditions:

—

e root(7) =1.
e Ifsons(t) # (0 holds fort € T, we have

t= U s and

s€sons(t)

§1 N &y =10 for all s1,s9 € sons(t) with s1 # sa.

If T is a cluster tree for I, we will denote it by Tz and call its nodes clusters. The set
of leaves of 17 is denoted by

L7 :={t € Tr : sons(t) =0}.

The definition implies ¢ C Z for all clusters ¢t € 77. We can use induction to prove
that the set L7 of leaves of 77 is a disjoint partition of the index set Z, i.e.,

T=J,, b (2)

Given a cluster tree 77 and a cluster ¢ € 77, we denote the subtree with root t by ’Z'Z?
and call its nodes, including ¢ itself, the descendants of t. If t € 77 is a descendant of
tT € Tz, the cluster t* is called a predecessor of t. The set of predecessors of a cluster
t € Tz is defined by

pred(t) == {tT € Tz : te T} }.

Using cluster trees, we can now define a hierarchical partition of the matrix entries:

Definition 2.2 (Block cluster tree) Let Z, J be index sets, and let T and Ty be
corresponding cluster trees. Let T be a labeled tree. T is a block cluster tree for 77 and
T7 if it satisfies the following conditions:

e 100t(7) = (root(7z),r00t(77)).
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o Each cluster b € T has the form b = (t,s) fort € Tz and s € Ty and its label
satisfies b =1 x 3.

o Letb=(t,s) € T. If sons(b) # (), we have

{t} x sons(s) if sons(t) = 0, sons(s) # 0,
sons(b) = < sons(t) x {s} if sons(t) # 0, sons(s) =0

sons(t) x sons(s)  otherwise.

If T is a block cluster tree for T and J, we will denote it by Tz« and call its nodes
blocks. The leaves of Trx g are denoted by Lz 7.

This definition implies that a block cluster tree for Z and J is a cluster tree for the
product index set Z x 7, therefore the set of leaf labels

P = {6:£X§ b= (t,8) € L1x7}
defines a disjoint partition of Z x J into blocks of indices.

Definition 2.3 (Admissibility) Let 77 and 77 be cluster trees for T and J. Let
a: T x Ty — B = {true, false} be a predicate, which we will call admissibility condition.
A block cluster tree Tz 7 is called admissible if

(sons(7z,t) # 0V sons(77,s) #0) = a(t,s)  holds for allb = (t,s) € Lzx7,

i.e., if each leaf of Trx 7 is either admissible or a pair of leaf clusters of the respective
cluster trees. For an admissible block cluster tree, we split the set of leaves into

E}'XJ ={b=(t,s5) € Lzxg : a(t,s) holds} and L7, ;:=Lrxg\ E;XJ,

i.e., into admissible and inadmissible leaves. Usually, we will not work with o, but only
use ﬁ}rxj and L7, -

For matrices resulting from the discretization of elliptic problems, the admissibility
condition

(3)

(t5) true  if max{diam(€;), diam ()} < dist(€2, Qs),
al(t,s) =
false  otherwise

is frequently used, where §2; and ), are suitable domains containing the supports of the
basis functions or functionals corresponding to ¢ and s.

The condition (3) ensures that we are dealing with a region where we can expect
Green’s function to be smooth or at least separable. In the case Z = 7, this means that
the block £ x § lies “sufficiently far away” from the diagonal of the matrix.

If the indices in Z and J correspond to locations in space, it is possible to construct
good cluster trees 77 and 77 by binary space partitioning and a good block cluster tree
Trx 7 by a simple recursion strategy [13, 15].
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2.2 Matrix structure

Typical hierarchical matrices are defined based on the block partition P: given a local
rank k € N, the submatrices M|;, , corresponding to admissible leaf blocks b = (¢, s) €
Ef{x 7 are required to be of low rank:

H(Tzx7, k) == {M € RIxJ . rank(M|;, ;) < k for all b= (t,s) € E;XJ}.

The parameter k is called the local rank of the H-matrix set. For each b = (¢,s) € E}FXJ,

the low-rank matrix M|;, ; is represented in factorized form, i.e., by matrices A, € Réxk
and B, € R¥** with M|;, . = AyBy .

The H2-matrix format is a specialization of this representation: we require not only
that admissible blocks correspond to low-rank matrix blocks, but also that the ranges
of these blocks and their adjoints are contained in predefined spaces.

Definition 2.4 (Cluster basis) Let 77 be a cluster tree, and let K = (Ky)ie7, be a
family of index sets. A family V- = (Vi)ieT, of matrices satisfying Vi € REXK: for all
t € 77 is called cluster basis for 77 and K. For each t € 77, the cardinality #K; is
called the rank of V in t.

In the literature, the matrices V; are sometimes embedded in RZ*%¢ by extending
them by zero. Obviously, both notations are equivalent.

The high efficiency of H?-matrix methods is owed to the fact that the cluster bases
are designed to form a nested hierarchy matching the cluster tree:

Definition 2.5 (Nested cluster basis) Let V = (Vi)ier; be a cluster basis for a clus-
ter tree T7 and a family (Ky)ier, of index sets. Let E = (Et)ier, be a family of matrices
satisfying By € REv>Ee gnd

Vloxk, = Ve B (4)

for allt € T7 and all t’ € sons(t). Then the cluster basis V is called nested with transfer
matrices E.

The case t = root(77) is only included in order to avoid the necessity of treating a
special case: we can see that the definition does not require the transfer matrix for the
root of 77 to satisfy any conditions. In practice, this matrix can be ignored completely.

If a cluster basis V' = (V})ie7, is nested, we have

W1Et1 ‘/21 Etl
.‘/t = E = . .
Vi, Et, Vi

for all t € 77 with # sons(t) = 7 > 0 and sons(t) = {t1,...,¢;}. This means that we have
to store the matrices V; only for leaf clusters ¢ € £7 and can use the transfer matrices
Ey to represent them implicitly for all other clusters. Since the transfer matrices Ey
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only require (#Ky)(#K;) units of storage, while the cluster basis matrices V; require
(#t)(#K;) units, this nested representation is very efficient for #¢ > #K,.

The nested structure is the key difference between general hierarchical matrices and
H2-matrices [20, 9], since it allows us to construct very efficient algorithms by re-using
information across the entire cluster tree, similar to multigrid algorithms or other mul-
tilevel methods.

Definition 2.6 (H?-matrix) Let 77 and T7 be cluster trees. Let Try 7 be an admissible
block cluster tree. Let V. and W be nested cluster bases for Tr and T; with families
K = (Ky)ter; and L = (Ls)set, of index sets. The set of H2-matrices for Trx7, V and
W is given by

H2(Trx7, V,W) :={X e RT*T : for allb = (t,5) € L7, 7 there is a matriz
Sy € REEs satisfying X|;, . = ViSy W, }

In this context, V is called the row cluster basis, W is called the column cluster basis,

and the family S = (Sb)beﬁ; , is called the family of coupling matrices.

Obviously, we have H?(Tzx.7,V, W) C H(Tzx 7, k) for the local rank
k = max{min{#K;, #Ls} : b= (t,s) € LF, ;},

i.e., the H-matrix structure seems to be more flexible at first glance. A closer investi-
gation [6] shows that in the most important application fields, H2-matrices can perform
even better than H-matrices if the cluster bases V' and W are chosen correctly.

2.3 Complexity

Let us now consider the storage complexity of the H?-matrix representation.

Block cluster trees constructed for standard situations have an important property:
for each ¢ € 77, there is only a limited number of blocks of the form (¢,s), i.e., the
cardinalities of the sets

row(t) :={s €Ty : (t,s) € Tzx7}, col(s) :=={teTr : (t,8) € Trx7}

can be bounded by a constant. For cluster trees and block cluster trees constructed by
geometric bisection, an explicit bound can be given, and this bound does not depend on
the number of degrees of freedom [13, 15].

Definition 2.7 (Sparsity) Let Cs, € N. The block cluster tree T7x 7 is Csp-sparse if
we have

#row(t) =#{se€ Ty : (t,s) € Tzxg} < Cyp for allt € Tz, (5a)

#eol(s)=#{t €Tz : (t,s) € Tzxg} < Cy forall s € Ty. (5b)
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The complexity of an H2-matrix representation can be bounded if the following con-
ditions are fulfilled:
e the block cluster tree 774 7 is admissible and Cgp,-sparse,

e cach cluster has only a bounded number of sons, i.e., there is a constant Cy, > 1
with

#sons(t) < Cqn, #sons(s) < Cgpn forallt € Tz,s € 77,  (6)

e cach leaf cluster is not too large, i.e., there is a constant Cy > 1 satisfying

#t < Cyp# K, #5 < Cy#Ls for all leaves t € L7,s € L7. (7)

To keep the notations short, we introduce the abbreviations
kt = # K5, ls ;= #Ls forallt € Tr,s € 7.
Let us first consider the storage complexity of the cluster bases V and W.

Lemma 2.8 (Storage of a cluster basis) A cluster basis V = (Vi)ic1;, represented
by transfer matrices for all t € T7 \ Lz, requires not more than

(Cit + CL/?) Z k?  units of storage.
telr

Proof. For each leaf cluster t € 77, we have to store the matrix V;, which requires
(#t)(#K;) units of storage. Due to (7), this is bounded by Ci(#K;)? < Cyk?, and all
of these matrices require not more than

Cie Z kf < Cit Z kf units of storage.
teLr teTr

For each non-leaf cluster t € 77, we have to store the transfer matrices Ey for all
t' € sons(t), which requires (#Ky )(#K¢) = ky ke units of storage and a total of

1/2 1/2
> Zktkt'— > 2 kt > 2 ’ft/
teT7 t/esons(t t€Tr t/esons(t teT7 t'€sons(t

1/2 1/2
(6)
2 2 1/2 2
< | Can Z k; Z ki = C’sr{ Z ki,
teTr t'elr teTr

where we have used the Cauchy-Schwarz inequality and the fact that each cluster has
at most one father. ]

Let us now consider the storage requirements of the coupling matrices and the nearfield
part of an H2-matrix.
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Lemma 2.9 (Storage of matrices) The coupling matrices (Sp) and the near-

field matrices (X|;)

bels, ;

_ for an H?*-matriz X require not more than
bELT, 7

C2Cs
% Z ki + Z 12 units of storage.
teTr SETJ

Proof. Let b = (t,s) € Lzx7. If b is admissible, the corresponding block is represented
by the matrix Sy, which requires (#K;)(#Ls) units of storage. If b is not admissible, the
admissibility of 774 7 implies that ¢ and s have to be leaves of 77 and 77, respectively,
and due to (7), the matrix M|, , requires only (#)(#3) < CZ(#K:)(#Ls) units of
storage. In both cases not more than CZ(#K;)(#Ls) = Cikls units of storage are
needed, and we get the bound

1/2 1/2
Ci Y.  kls<Ci >k 12
b=(t,s)ELrx 7 b=(t,s)ELTx 7 b=(t,s)ELTx 7
1/2 1/2
(Y Y k] (e
teTr serow(t) s€T 7 tecol(s)
1/2 1/2
()
< Cit | Cp D K Cop )12
tETI SGTJ
CiiCyp 2 2
N DL R I
tETI SETJ
for the total storage complexity. ]

Adding the estimates of Lemma 2.8 and Lemma 2.9 yields an upper bound of
C2C.
<lf2p + 20} + 20342) Sk (8)
teTr SGTJ

for the storage requirements of an H>2-matrix.
In simple situations, we can assume that the ranks of the matrices V; and Wy are
bounded by a constant k € N, i.e., that

#K; <k, #Ls <k, holds for all t € 77,5 € 7.

This leads to an estimate of O((#77 + #77)k?) for the storage requirements.

In practical applications, the cluster trees are constructed in such a way that #77 <
n/k and #77 < n/k hold for

n = max{#Z, #J },
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therefore an H2-matrix representation of X requires only O(nk) units of storage.

In the general case, we can take advantage of the fact that the estimate (8) depends
only on the sums of k2 and 2 and not on the maximum k, therefore we can admit higher
ranks for a small number of clusters and still get a low complexity. These variable-rank
methods [25, 4] can reach the optimal complexity of O(n) while keeping the matrix error
consistent with the discretization error.

3 Construction of cluster bases

Our goal is to approximate an arbitrary matrix X € RZ*7 by an HZ-matrix X. We
assume that the cluster trees 77 and 77 and the block cluster tree 774 s are given.

3.1 Matrix approximation

If the row and column cluster bases V' and W are also given, it is reasonable to wonder
if we can compute the best approximation of X in the matrix space H2(Tzx7,V, W).

Definition 3.1 (Orthogonal cluster basis) Let V = (V;)ie7, be a cluster basis. It is
called orthogonal if

V'V, =1 holds for all t € T7. (9)

If V and W are orthogonal cluster bases, the computation of the least-squares ap-
proximation of X in H2(7zx7,V,W) is straightforward: for an admissible block b =
(t,s) € E;XJ, we let Xy := X|;,; and look for a good approximation of this block in
the factorized form VtSbWST used by H2-matrices. We let Sy = VtTXmVVS and observe
that the orthogonality of V; and Wy implies

| Xes = ViSiW 17 = 11 Xe.0 = VST W + ViS5 — Sp) W/ |17
= | Xes = ViSs Wil + [IVa(S5 — So)W, I
= || Xes — ViSiWel[2 + (1S — Spl|3 for all S € REexEs,
i.e., Sy minimizes the blockwise approximation error. For the Frobenius norm, the
sum of the squares of the blockwise approximation errors yields the square of the total
approximation error, therefore the H2-matrix X defined by X live = ViS; W, for all
b € LF, ; is indeed the best approximation of X in the space H*(Tzx7,V, W) with
respect to the Frobenius norm. Using
1 Xes = VISEW |7 = [1X0s = ViV, Xos + ViV, X5 = iV X0 W |7
= [ Xt = ViVi XesllE + ViV (Xis = Xe, s WW,)|17
<[ Xes = ViV XesllF + [ Xes = XesWsW |7, (10)

the influence of V and W can be investigated independently.

10
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We conclude that finding the matrix X isa relatively simple task once we have good
orthogonal cluster bases at our disposal, and that orthogonal row and column cluster
bases V and W can be considered “good” if

1 Xes —ViVi Xesllr <6, | X, —W W/ X/[lp<e forallb=(t,s)€LE

hold for a given error tolerance € € Ry.

Due to the symmetry of these inequalities, we can restrict our attention to the con-
struction of a good row cluster basis V, since applying the same technique to the trans-
posed matrix X T will then yield a good column cluster basis .

In practical applications, the Frobenius norm is usually only of little interest, more
important are induced matrix norms like the spectral norm. The theory presented here
carries over to this case [4].

3.2 Orthogonalization

Let us now consider the construction of “good” cluster bases. In a first step, we assume
that a nested cluster basis V' = (V;)iez, for the cluster tree 77 and the index sets
K = (Ki)ter, is given that satisfies
i — < = +
ZbglRlKntxg | Xts —Vizpllr <€ for all b= (t,s) € L7, ;. (11)
We are looking for an orthogonal nested cluster basis @ = (Q¢)tez; for the same cluster
tree and the new index sets (K;)icz; that satisfies

[ Xis — QQf XisllF < e for all b = (t,s) € LF, 7,

i.e., that allows us to compute the best approximation of X; s explicitly by an orthogonal
projection.

In general, the latter inequality will only hold if the range of V; is contained in the
range of Qy, i.e., if there is a matrix R; € RE**E¢ guch that V; = Q;R; holds.

This equation already suggests a good approach for an algorithm: we are looking for
orthogonal factorizations of the matrices V;, and we have the additional requirement
that the new cluster basis ) = (Q¢)te7; has to be nested. To illustrate the idea, let us
consider a cluster ¢ € 77 with sons(t) = {t1,t2} for t; # to. Since V is nested, there are
transfer matrices Et, and E, such that

Vi By >
V — 1 1
! <W2Et2
holds. We assume that the factorizations Vi, = Q, Ry, and Vi, = Q, R, and the
corresponding index sets Ky, and Ky, have already been computed. We also assume

that the Ky, C {1 and K, C to hold, since this implies I/(\tl N K, = () and allows us to
avoid formal problems in the construction of the matrix V; below. We get

‘/t _ <‘/;1Et1> — <Qt1Rt1Et1> — <Qt1 ) <Rt1Et1> — (Qt1 >‘/}t
‘/tQEtQ QtQRtQEtQ Qtz Rt2Et2 QtQ

11
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for the auxiliary matrix

T 7 o RtlEtl I?tXKt 7> e 7 T
V= <Rt2Et2 eR : K, = K, UKy,

We compute the factorization
Vi= QiR
with an orthogonal matrix Qt e RExK: and a matrix R; € R <K using Givens or

Householder transfgrmatlons The index set Kt is chosen as a subset of Kt C t of
cardinality min{# Ky, #K;}. The new cluster basis matrix @, is defined by

Qt = <Qt1 Qt2> Q\tv

and it is obviously orthogonal. Due to IAQ = INQIL'JINQQ, we can split @t into its “upper
half” 1_71151 = Qt’f{tlxﬁt and its “lower half” Ft2 = Qt‘f?tzxf(t and observe

A Ftl _ Qtl N Qt1 Ft1 o QtlFtl
Q= <Ft2> 7 @ = < Qtz) = < Qt2> <Ft2> B <Qt2Ft2) ’

i.e., the cluster basis Q) = (Q¢)te7; is nested (cf. Definition 2.5), and the transfer matrices
are given by F;. Due to our construction, we have

Vi = <Q“ %) V, = <Q“ Qm) QiR = Q¢ Ry,

i.e., the matrices (J; and R; indeed form an orthogonal decompos1t10n of the matrlx Vi.
Ift is a leaf, the situation is simple: we let Kt = t Vt = V; and Q¢ := Qt, ie.,
we just compute a standard orthogonal factorization of V; by Householder or leens

transformations.

3.3 Truncation

The complexity of subsequent computations with the new cluster basis @) is determined
by the cardinalities of the index sets K= (f(t)teq—z, therefore we would like these sets to
be as small as possible. The orthogonalization procedure guarantees #INQ < #K, for all
t € 77, i.e., the new cluster basis will at least not be less efficient than the original one,
but this is not necessarily the optimal result.

In order to improve efficiency, we replace the exact factorization V; = Q:R; by an
approrimate factorization: we are looking for an orthogonal nested cluster basis @ =
(Qt)ter; such that V; =~ QR; holds for the optimal coefficient matrices Ry := Qt Vi. We
aim to choose the cardinalities #Kt as small as possible given the desired accuracy of
the approximation.

This goal is reached by the truncation algorithm: we replace the exact factorization
‘A/t = @th used in the orthogonalization algorithm by an approximate factorization

12
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Algorithm 1 Given X € RM*N  construct an index set K € M of minimal cardinality
and orthogonal @ € RM*¥ guch that | X — QQT X||r < ¢

procedure Lowrank(X, e, var Q, K);

m«— #M; {u1,...,pm}—M; n—#N; {vi,...,vn} — N,
X—0¢ Rmxm.

forie{l,....m},je{l,...,n} do )?ij — Xy

Compute singular value decomposition X=U VT

k < min{m,n}; €< 0;

while £ > 0 and E—i—Ezk < €2 do begin k «— k — 1; €%€+Eik end;
K —{p,. .. }; Q0 e RM*E

foric{1,...,m},je{l,...,k} do Quu, — Ui

YZ ~~ @th, e.g., by computing the singular value decomposition of X/}t and dropping all
singular values below a given error tolerance (cf. Algorithm 1).
In this setting we have

Vi, Ey Q¢+, Ry, By > <Qt > ~ <Qt > R
V e 1 1 ~ 1 1 1 — 1 V ~ 1 R _ R ’
: <V252Et2> <Qt2Rt2Et2 Q) " Q1 QiR = QR

i.e., the approximation error V; — @ R; is the sum of two errors: the first one is caused
1/)\y the approximation of V4, and V;,, the second one is caused by the approximation of
V;. Using the orthogonality of @, and @, yields
2
Vi — Qu Ry ) By x Q1 A
Vi — Rz 2 _ ( t1 1 1 1 + 1 VvV, — R)x

10 - Qurgoll = | ({1~ o) o 0,,) i~ @ik

= |(Viy = Qe Re)) Bry 2|5 + | (Viy — Quo Rey) Brplf3 + (Vi — Qi Re)z|f3

for all vectors z € RX*. The first two terms of this sum are of the same structure as the
original term, only with the vectors E x and E.,x instead of x. Using the long-range
transfer matrices defined by

for t € T7,r € T#,

E.pEy ifre T} for a t' € sons(t),
By = .. .
I otherwise, i.e., if r =t

we can proceed by induction (cf. [5, Theorem 4] for a detailed general proof) to get
[(Vi = QR)l3 = D [I(Ve = QrRr) Er gl (12)
reT}

This equation relates the total error to the local errors introduced in each step of the
algorithm, therefore it can be used to implement sophisticated error-control schemes.
Applying it to canonical unit vectors and summing up yields

Ve = QuRellz = > IV = QrRe) vyl (13)

reT}

while taking the supremum of (12) yields a similar estimate for the spectral norm.

13
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3.4 Matrix compression

Let us now return our attention to the problem of finding a “good” nested cluster basis
for an arbitrary matrix X € RT*J.

Let b = (t,s) € E?{XJ be an admissible block. According to (10), we have to find an
orthogonal nested cluster basis Q) = (Q¢)+e7, such that

”Xt,s - QtQ;rXt,sHF <e€

holds for a given error tolerance ¢ € R+.
We approach this problem by using the concept of the total cluster basis introduced
in [6]: if we collect the relevant matrix blocks X; s in a large matrix X; with

Xis =Xy (14)

|i><§
and find an algorithm that guarantees

1X: — QQ] Xi||F < e,

this would immediately imply

1 X5 — QiQ) Xesllr = |(Xe — QeQf Xo)|iwsllr < I1X: — QQf Xt||p < e

We choose the matrices X; in such a way that they not only satisfy (14), but also form
a nested cluster basis: we let

Xt = Xl n,s Ny := U{§ : with (t1,s) € E;Xj for tT € pred(t),s € 77}

for all clusters ¢ € 77. Obviously (X¢)iez; is a cluster basis with the index sets (N¢)ezy,
and since Ny C Ny holds for all ¢t € 77, t' € sons(t), this cluster basis is also nested
with trivial transfer matrices. For all b = (t,s) € LT, 7+ we have § C N; and therefore
Xis = Xilgys-

This means that the total cluster basis (Xt)ter; can be used to represent each admis-
sible block of X with zero error. The ranks of the total cluster basis are usually too
large (on the order of #.7) for useful algorithms, but we already know how to fix this:
we apply the truncation algorithm to the total cluster basis. Due to the simplicity of its
transfer matrices, the error estimate (13) takes the form

1X: — QuRillE = D I(Xr = QrR) |z o, I (15)
reTt

and due to § C N; and X; = X, , for all admissible leaves (¢, s) € ,C}X 70 we conclude

|£><§

”Xt,s - QtQ;rXt,s

% = Z ||Xr,s - QrQ:Xr,SH%

t
rel;

for )?T,s = )?r| Roxs therefore we can control the approximation error by making sure
that the local errors on the right-hand side of this equation are under control.

14
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3.5 Unification

Using the total cluster basis (X¢)ter, directly to construct the adaptive cluster basis
(Qt)tery is only an option if nothing about the structure of X is known, since it means
working with ranks on the order of #J and leads to algorithms of at least quadratic
complexity.

We consider the special matrix

X=(X; ... X,)

for submatrices X; € RI*JT: with disjoint index sets Ji,...,Jp. We assume that cluster
trees 7, are given for each i € {1,...,p} and that each of the matrices X; is an H>-
matrix with nested cluster bases V; = (Vit)ier; and W; = (WLS)SGT‘% and coupling
matrices (Si,b)bechj

In order to make the computation of Q) = (Q¢)ie7; as efficient as possible, we have to
take the special structure of the H?-matrices X; into account.

Let t € Tz, t* € pred(t) and s € Ty, with (¢,s) € CIXJ Since X; is an H2-matrix,
we have

Xi,t*’,s = (Xl)‘i+x§ = ‘/i,ﬁ'Sl bWz ,89

and since V; is a nested cluster basis, we can apply (4) inductively to get
Vit ’foi o+ VigEi g1+
and therefore

Xi’z‘sz = (Vz t+Sz bW )

xs = Virrlick, SipWils = Vit By 1+ Sip Wi,

This means that the total cluster basis (X;)ie7, for the submatrix X; satisfies
Xit = Vz;tZ;g for all t € 77,

where Z; ; € RVitxKit ig given by

Z;, e = Wis S ltﬁ for all t € T7,t* € pred(t), s € 77,

with b= (t*,5) € LT, ;.

The matrix Z;; has only # K ; columns, therefore we can use an orthogonal transforma-
tion to turn it into a upper triangular matrix with not more than #K;; columns. More
precisely, we can find an index set Nz + € N; ¢ with #Nz + < #K; ¢, an orthogonal matrix

P e RMit*Nit and a matrix Z,t € RVuxKit with
Zit = Pi,tZLt for all t € T7.

The weight matrix Z‘,t is relatively small, since both the number of rows and the number
of columns are bounded by #Kj ;, and using the factorization

Xy = ViyZ), P, (16)

15
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allows us to handle the truncation algorithm far more efficiently: the orthogonality of
the matrix P;; implies

1 Xt — QuQ XisllF = HVthTt — QtQ;rVi,tZ;—tHF; (17a)
1Xie = QuQf Xillr = [V Zly — QuQ{ Via Zl| (17b)
for the matrices R;; := Q;r Vit and
Vit if sons(t) =0,
Vie = <g::§::> otherwise

already used in the orthogonalization algorithm.
Replacing all matrices X} in the truncation algorithm by the more compact matrices
V! Z; means that we can handle the matrix

X, = (vl,tZ[t o VeuZl) €RPFL Np= MU UN, SN (1)

instead of the full total cluster basis matrix X; without changing the result of the al-
gorithm. We will call the matrix )Z't the condensed counterpart of X;: as far as our
algorithm is concerned, both matrices contain essentially the same information, but Xt
is far smaller than X;. Using this approach, the matrices )?t appearing in the orthogo-
nalization and truncation procedures are given by

o _ (o % 5 = Rox
K= (VaZl, - VpiZ)y) e REM

We can proceed as in the truncation algorithm: the singular value decomposition of )A(t
yields an orthogonal matrix )y with minimal rank satisfying an error estimate of the
form

1% - QI Xillr < &
for an arbitrary ¢, € R-g. Due to (17) and (15), we get

1Xes = QI Xallf < X~ QQI X} < S0 @ forall b= (t,5) € £F,

t
rel;

and conclude that by choosing the error tolerances (€;):e7, small enough an arbitrarily
good approximation can be computed. A similar result [6, Theorem 4.2] can be derived
for the total approximation error.

During the course of the algorithm, we also need the operators R; ; = Q;r Vit describing
the mapping from the old cluster bases to the new one. A direct computation would be
too time-consuming, but since the orthogonality of @), and @Q¢, implies

T AT 17
Ri,t = Qt Vi,t = Qt Vz‘,t;

16
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Algorithm 2 Given X € RM*N construct an index set K C M and a factorization
X = QR such that Q € RM*K is orthogonal, R € REXN and #K < #N

procedure Householder(X, var @, R, K);

mo— #M; {p1,... pm} — M; n—#N; {v1,...,vn} «— N; k«— min{m,n};
)?<—0€Rmx”; @HIERmxm;

forie{1,....,m},je{l,...,n} dcz\)?ij — Xy

Apply k Householder reflections to X to make it upper triangular;

Apply the same reflections to @;

K {u1,....,mx}; Q—0cRMXK, R 0cREXN
foric {1,...,m},j € {1,....k} do Qu, — Qjs;
foric {1,...,k}, j€{1,...,n} do Ry, — X;

we can perform this task more efficiently.

We intend to use this basis construction recursively, so we require the weight matri-
ces (Zt)te’]'l for the unified approximation with the new cluster basis (). Fortunately,
their construction is straightforward: the total cluster basis matrices for the unified
approximation are given by Q;Q; X¢, and due to (16) and (18), we have

QO X = Q] (Xia - X0) =QuQT (Vi ZIL P, .. VpuZJoP),)
T T
Py Py
= Q:Q/ X; = QiY; )
Ppﬂf Pp,t
for the matrix }N/t = ;r )Z't € RExN, t and we can use a standard orthogonal factorization

(cf. Algorithm 2) to find an index set N, C N, a matrix Z; € RNexKt and an orthogonal
matrix ﬁt € RVexNe with

i—r = ﬁtZtv
therefore we get

T T

Py Py
QtQtTXt = QY2 = Qt(ZtPt)T = QtZtTPtT
Pyt Pyt

for the orthogonal matrix

Py

Pt = . Pt7
Py

and conclude that Z; is a weight matrix for the new approximation defined by the
projection into the new cluster basis ). The resulting recursive procedure is given in
Algorithm 3.

17
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Algorithm 3 Construct unified cluster basis V' = (V;)1ez; with weight matrices (Z)teTI
for cluster bases Vi,...,V, with weight matrices Zl, cen Zp
procedure Unify(¢, V1, ..., V), Zl, ce Zp, var Q, Z, Ry, ..., Rp);
if sons(t) = () then begin
K, — 1
foriec {1,...,p} do 17” — Vit
end else begin
K; < 0;
for ¢ € sons(t) do begin
Unify(t', Vi, ..., Vi Z1, ..., Zp, Q, Z, Ry, ..., Rp);
[?t — [A(tUI?t/
end;
for i € {1,...,p} do begin
‘Z¢ —0¢€ RIAQXK”;
for ¢’ € sons(t) do ‘Z’t‘f(t,me — RipE;yp

end
end;
ﬁt — 0
forie{l,...,p} do N — NtONi,tQ
)?t —0€ RRtXﬁt;
forie{1,...,p} do Xt‘f?txj\?i,t — ﬁ,tZ@t;
Lowrank()/(\'t, €, @t, I?t);
forie{l,...,p} do R;; — @;‘Zt,
Y, — @:Xt € Rktxjvt;
Householder(f/:, ]3,5, Zt, ]\th);
if sons(t) = () then

Qt — @t
else

for t' € sons(t) do Fy @t|f(t/xf(t

3.6 Complexity of the unification

Let us now investigate the complexity of Algorithm 3. We assume that the computation
of the Householder factorization of a m x n matrix requires qumn2 operations and that
its singular value decomposition (up to machine accuracy) can be found in Cyyqmn?
operations.

We introduce the abbreviation

kit = #K;, for all t € 77

18



H2-MATRICES BY HIERARCHICAL COMPRESSION

and start by establishing a number of basic estimates: by construction, we have
#N;y < #Kip = kiy forallie {1,...,p},t € Tz,

and this implies
N P P
#Ny = Z #N;; < Zki,t for all t € T7.

Since )A(t has only #]\Aft columns, its rank cannot be higher, therefore also the rank of
the new cluster basis ); has to be bounded by

p
HE <HN < kig for all t € T7. (19)

Let us now consider the last remaining quantity #IAQ. If ¢ is a leaf, we have IAQ =t and
get #K; < Cyk;4 for any i € {1,...,p}, which trivially implies

p
#K: < Cy Z K4 for all t € L7.

Otherwise, we have

#E = > #Kt/<z > ki for all t € 77 \ L7.

t’ esons(t) 1=1 t'€sons(t)

Using these preliminary estimates, we can now give a bound for the algorithmic com-
plexity of Algorithm 3:

Lemma 3.2 (Complexity of unification) There is a constant Cyni € R depending
only on Cqr, Csva, Cip and Cgy such that Algorithm 8 requires not more than

P
Cunip? Z Z ki - arithmetic operations.
i=1reT}

Proof. Let t € Tz. Algorithm 3 starts by preparing the matrix ‘A/Zt If ¢ is a leaf, the
matrix V;; is copied and no arithmetic operations are performed. If ¢ is not a leaf, the
matrices R; y and E;p are multiplied for all ¢ € {1,...,p} and ¢ € sons(t), and this
requires not more than

p
Z Z #Kt’ VHK ) (#Kiy) <2 ZZ Z kjvkivk;; operations

1=1 t’esons(t) =1 j=1 ¢'€sons(t)
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due to (19). We employ the elementary inequality
1
ryz < g(x?’ + 3+ 2°) for all z,y,z € R>p

to bound this term by

oL P 9 P

3 3 3 3 3
320 > Kutki ki <opd Y 2y +k
=1 j=1 t’EsonS(t) i=1 t’Esons(t)
Since most of our estimates will be of a similar form with different constants, we introduce
[ _Zkzt’ Bt _Z Z kzt’
1=1 t’esons(t)

and get

Z D 2#Ke)#Eiw)(#Kiy) < (gcsnp) at+( )ﬁt

t=1 t'esons(t)

We can use similar techniques to prove that the number of operations for the construction
of Xt by multiplying VZ + and Z” is bounded by

p
Z 2 #Kt #K’L t)(#Nz t) <201f]9 + Csnp> o + ( ) 5&
=1

that the computation of the singular value decomposition of )?t takes not more than

Cova(# K1) (#N,)? < <Csvd01fp2 + 3 3

2 1
C’svdcfsan) Qg + < Svdp > ﬂt

operations, that the transformation matrices R;; can be constructed in not more than

zzp:(#f?t)(#f?t)(#f(m) <2qu + 3CSnp2> a; + ( )Bt

i=1

operations, that we can compute the “uncondensed” weight matrix 1715 in not more than
~ ~ ~ 2
2(H L) (FK ) (#Nr) < <2C§p2 + 3Osnp2> a; + < ) Bi

operations and that the orthogonal factorization used to find the final weight matrix Zt
takes not more than

~ ~ 2
qu(#Nt)<#Kt)2 S <qu01fp + 3C’qu’snp2> O + <3 qrp ) Bt
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arithmetic operations. Adding up these estimates yields a bound of

p p
Cip’on + Cop® B = C1p® > kS, +Cop® > > ks
i=1

1=1 t'E€sons(t)

for constants C1,C2 € R> depending only on Cq, Csvq, Cir and Cqp.

Since Algorithm 3 uses recursive calls to compute the matrices also for all descendants
r of t, a bound for the total number of operations can be derived by summing this result
over all descendants. Due to the fact that each of these descendants cannot have more
than one father, we get the bound

p p
Y O+ Cop’ B =Crip* Y D KL A+ Cp Y D Yk

reT} i=1 reT} i=1 reT} r'€sons(r)
P P
< C1p? Z Z k‘gT + Cyp? Z Z kir/
i=1 reT} i=1 /Tt
P
<(Cr+Co)p* )Y Y K,
i=1 reT}
and using Cy; := Cq + Co, this is the estimate we need. [ |

We can again consider special cases: if k;; < k holds for all i € {1,...,p} and
all t € 77, Algorithm 3 requires O((#77)k®p?®) operations, and for #77 < n/k, we
get O(nk2p3~). Lemma 3.2 provides us with a worst-case bound: our estimates allow
the case #K; = #Nt, corresponding to completely unrelated submatrices, while in
practice we expect that the submatrices correspond to subblocks of a matrix that can
be approximated globally by an H2-matrix, therefore the resulting rank #K; can be

expected to be similar to #K ;.

4 Hierarchical compression

Based on the unification technique presented in the previous section, we can now intro-
duce the hierarchical compression algorithm.

A simple approach is to use the block cluster tree: for each admissible leaf, we construct
a low-rank approximation of the corresponding submatrix using a standard technique
(like interpolation or adaptive or hybrid cross approximation [2, 7]). Then we work
towards the root of the block cluster tree and construct unified row and column cluster
bases for each submatrix.

4.1 Leaf matrices

Let b= (t,s) € LT, 7 be an admissible leaf of the block cluster tree 7zx 7. We assume
that we can find a low-rank approximation of G|, ; in the form

Glivs ~ ApBy Ay € R>Fe By, € R¥*k»
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for ky € N, e.g., by the simple and flexible cross approximation techniques [1, 2, 7]. In
order to turn it into an H2-matrix representation of the submatrix, we have to construct
row and column cluster bases and a coupling matrix.

For the purposes of error control and overall efficiency, we would like to ensure that the
row and column cluster bases are orthogonal. We apply Householder factorizations in
such a way that all intermediate results have minimal rank: let us first assume #t < #3.
We compute the Householder factorization

V}J,tA\ = Ay

Yvith an orthogonal matrix V}; and observe that A cannot have more than min{#f, ky} <
k := min{#t, #3, k} rows. Now we compute the Householder factorization

WysB = ByA'

with an orthogonal matrix Wj ;. Due to our construction of A\, the matrix B cannot
have more than k columns, and due to the nature of the Householder factorization, it
therefore cannot have more than k£ rows. We let S := BT and observe

Vit SpsWys = Vit (Wi B) T = Viu(ByA")T = Vi AB) = A,By .

This is the three-term factorization used by H2-matrices. If #¢ > #3, we can use a
similar approach, starting with By instead of A, (cf. Algorithm 5). The matrices Vj¢
and W}, can be subdivided in order to construct orthogonal cluster bases for the entire
subtrees 7} and 7 without additional arithmetic operations.

We may encounter a situation where the rank of the initial approximation AI,BbT of
the submatrix G|;,; is too high. Under these circumstances, we can reduce the rank of
the approximation by computing the singular value decomposition

QvXp Py = Spp

of the matrix Sy}, dropping the sufficiently small singular values in the matrix ¥; and
multiplying V;; and W}, ¢ by Q and P, respectively.

4.2 Subdivided matrices

Let now b = (t,s) € T7x7 \ Lzx7. According to Definition 2.2, we have

sons(t) x sons(s) if sons(t) # ), sons(s) # 0,
sons(b) = < {t} x sons(s) if sons(t) = 0, sons(s) # 0,
sons(t) x {s} if sons(t) # 0, sons(s) = 0.

The handling of the second and third case is straightforward once the more general first
case is treated, therefore we can assume sons(t) # () and sons(s) # ().
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Algorithm 4 Compute the coupling matrices §b — RSP, for all admissible leaves

procedure Convert(b, S, R, P, var §),
if sons(b) = () then
if b admissible then begin
(t,s) < b;
X — RSy; Sy — XPJ
end else Nothing to do for inadmissible leaves
else
for b’ € sons(b) do Convert(¥, S, R, P, S)

In order to keep the presentation simple, we again consider only the case # sons(t) =
2 = #sons(s) and let {t1,t2} := sons(t), {s1, s2} := sons(s). We let

bi1 == (t1, $1), bi2 == (11, $2), ba1 = (t2,51), ba2 = (t2, $2).

and find
sons(b) = {b11, b12, ba1, baz }.

Due to Definition 2.1, we have

t =t Uts, 5= 5105,

G|B - (G‘Eu G|512> .
Cli, Gliy
We construct the H?-matrix construction of G|;, ; by recursion: first we find H?-matrix

approximations of the submatrices

Gl;

and find

= Glj, s, = Gij € HA(T7Y 7, Vi, Wiy) for all i € {1,2},7 € {1,2},

ij
where V;; is a nested row cluster basis for the subtree thl and W;; is a nested column
cluster basis for the subtree 7, ;j. Now

G Gr

Ga1 G2z
is an approximation of G|;, ; consisting of independent H?-submatrices, and we are in
the situation of subsection 3.5: we have to find row cluster bases V; for ¢ € {1,2} that
approximate V;; and Vj2 simultaneously, and we have to find column cluster bases W;
for j € {1,2} that approximate Wj; and Wy; simultaneously. This problem can be

solved by Algorithm 3. Using the resulting bases we can then define the row cluster
basis V, = (Vo) ey and its index sets (Kb;) ezt by

Vi, K1) ifr € T},
Vo, Kpr) := % (Va,, Ka,)  if r € T2, for all r € T#.
(0,0) otherwise
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The column cluster basis W, = (Wb’r>re’]'; and its index sets (me)reT; are defined
similarly by

(Wl,m Ll,r) if r e 7—;1,
(Wb,ra Lb,r) = (W2,r7 LQ,T) if r e 7—1827 for all r € T;
(0,0) otherwise

Since Vi, Vo, Wi and Wy are nested and orthogonal, so are V3, and W,
Let b* = (t*,s*) € T2, 7 be an admissible block. Since b itself is not admissible, there

exist 4,7 € {1,2} such that b* € TIb’XJ 7+ and due to our assumption, we have

AL T
Gl = Gijlye = Vijo-Sijpr W,

Zj,S* .

We switch to the new unified bases V;, and W}, by applying the orthogonal projections
Vo, Vb—;* and Wbﬁ*WbT & to this approximation and get

Gl = V;),t*(v;;;* V%j,t*)sij,b*(W‘T W g YW e = Vi y= Sp pe W o+

i,
for the new coupling matrix

Sppr 1= (%E*%j,t*)sij,b*(w‘—'r Wi s+ ).

17,8*

Using the matrices
— 1T — T
Rijpe 1= Vg Vi Pijse = Wy g« Wij s

provided by Algorithm 3, the computation of the new coupling matrix can be expressed
in the form

Sppe = RijeeSijpe Pij o
and since all three factors of this product can be expected to be small, the change of
basis is efficient. Applying this procedure to all submatrices of G|; yields the desired
H2-matrix approximation in the space H2(7}2, 7+ Vo, Wh) (cf. Algorithm 4).

In order to apply Algorithm 3, we require weight matrices Z;, and Y; for V, and W,
respectively, but these are easily constructed for leaf blocks and provided by Algorithm 3
for all subdivided blocks.

Applying Algorithm 3 to find the new cluster bases and using Algorithm 4 to convert
the submatrices into the new H?-matrix representation yields the recursive Algorithm 5.

4.3 Complexity of the hierarchical compression

At first glance, the analysis of the hierarchical compression Algorithm 5 seems to be a
complicated task, since a large number of cluster bases (one row and one column cluster
basis for each block in the block cluster tree) has to be taken into account. Fortunately we
can simplify the analysis by an optimality argument: cluster bases constructed for a block
b € T1x 7 have to be able to approximate the entire matrix G;|;. This means that they also
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Algorithm 5 Find an approximation of G|; in an H?-matrix space corresponding to
the block cluster tree ’TIbX 7 and the adaptively constructed cluster bases V; and W,

procedure HierarchicalCompression(b, var Vi, Wy, Sy, Zp, V3);
(t,s) « b;
if sons(b) = () then
if b admissible then begin
Find low-rank approximation G|; ~ AbBbT ;
if #t > #5 then begin
Householder(By,, Wy s, E, Ly s); Householder(AbET, Vit E, Ky1); Spp — A
end else begin
Householder(Ay, Vys, A, Kp,); Householder(ByAT, Wiy, B, Lys); Spp — B
end;
Zyi — Shp; Yo — Sy,
end else begin
Store G|; in standard representation;
Zyy 0, Yy 0
end
else begin
if sons(t) = () then begin 7 — 1; t; — t end
else begin 7 «— #sons(t); {t1,...,t;} < sons(t) end,;
if sons(s) = () then begin o « 1; s < s end
else begin o « #sons(s); {s1,...,8+} < sons(s) end;
forie{l,...,7},7€{l,...,0} do
HierarchicalCompression((t;, s;), Vij, Wij, Sij, Zij, Yij);
for i € {1, . ,’7’} do Unify(ti, Vity ooy Viey Zity ooy Zigy Vo, Zp, Ri1, - ., Rio’);
for j € {1, .. ,U} do Unify(sj, le, ceey WTj7 Ylj; ceey YTj7 Wy, Yy, P1j7 cee PT]‘);
foriec{l,...,7},j€{l,...,0} do Convert((t;, s;), Sij, Rij, Pij, Sb);
end

have to be able to approximate each submatrix G/;. for b* € TIbX 7+ Since Algorithm 1
uses the singular value decomposition to find optimal low-rank approximations, this
implies that the ranks of the cluster bases for b* are bounded by the ranks for b.
Therefore we can restrict our attention to the ranks used in the largest block when
analyzing the complexity of Algorithm 5.
Let b= (t,5) € Trx 7, and let (Kb, )7t and (Lp,s+)s+e7 be the index families for the
cluster bases V}, = (V},,t*)t*eq and Wy = (Wb’s*)s*eT;. We introduce the abbreviations

ki i= #Kp g, I for all t* € T7,s* € T3
and again assume that

1 < Cigkye, #5* < Ciglye hold for all t* € T2, s* € T5.
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Lemma 4.1 (Leaf blocks) Let b € Trxy. Let k,Cg, Cypr € R>q be such that

o for all admissible leaves b* = (t*,s*) € TIbXJ ﬂﬁ%xj an approximation AbBbT with
Ay € R#¥Xko gnd By € R#5 %k can be computed in not more than

Cr(#t* + #5%)kE  operations with ky, < k,

e and for all inadmissible leaves b* = (t*,s*) € TIbXJ N L7,z the block G;. can be
computed in not more than

Cop(#t°)(#5%)  operations.

Then Algorithm 5 treats all leaf blocks in TIbXJ with not more than
R 1 R
Cerk? depth(’fszj)(#t + #35) + §Cnf01fk(#t + #38) arithmetic operations.

Proof. If b is an admissible leaf, an initial rank &, approximation G|; ~ fll,B,;r is com-
puted by a suitable algorithm (e.g., cross approximation). If #f > #5 holds, an orthog-
onal decomposition of By is computed, which takes not more than

Cor(#8)ki  operations.
Then the product AbéT is computed in
2(#1)ky min{ky, #5} < 2(#1)k? operations,
and finally its orthogonal decomposition is constructed in not more than
Cor(#1) (min{ky, #3})? < Cqr(#£)k  operations.

We can apply the same reasoning to the case #t < #35 and conclude that an admissible
leaf block is treated in not more than

(Cg + Cqr + 2)k2(#% + #3) operations

by Algorithm 5.
If b is an inadmissible leaf, our assumption yields that not more than

Crp(#1)(#3) < %Cnfclf((#f)ls + Kt (#5)) < %Cnfclfk(#f-F #3) operations

are required for building G|;.
A simple recursion and standard arguments (cf. [15, Lemma 2.4]) yield a bound of

N 1 A
(Cht + Cap + 2)13 depth (TR, ) (4 + #3) + 5 CurCiek(#1 + #:3)

for the total number of operations required by Algorithm 5 to treat all leaf blocks. =

In the context of matrices resulting from the discretization of integral operators, the
conditions of Lemma 4.1 are satisfied by methods like adaptive [1, 2] and hybrid cross ap-
proximation [7], where the constants Cg and Cyr may depend on the order of quadrature
used to compute the singular and regular integrals.
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Lemma 4.2 (Conversion) The conversion Algorithm 4 requires not more than

2 Z (k3. +13.)  arithmetic operations.

be=(t*,s*)eTL, 7

Proof. For an admissible block, the computation of the matrix X in Algorithm 4 requires
not more than 2k?2l, operations, the subsequent computation of the matrix Sj requires
2k;12 operations, leading to a bound of

2
2(k21, + kid?) < §(2k§ + B =20k +1B).

A simple induction yields the desired result for subdivided blocks. ]

Lemma 4.3 (Non-leaf blocks) Let b € Tz.y. Algorithm 5 treats all non-leaf blocks
n ’szxj with not more than

Csp(C3 Cuumi + 2) depth (T2, 1) Z k. + Z 12, arithmetic operations,
t* €T}t s*€T3

where Cgp, is the sparsity constant introduced in Definition 2.7 and Cyyi is the complexity
constant of Lemma 3.2.

Proof. Except for the recursive call, Algorithm 5 handles the block b by applying the uni-
fication Algorithm 3 to the row and column cluster bases and then using the conversion
Algorithm 4 to switch to the new bases.

Using p < Cys, and Lemma 3.2 yields a bound of

ConiCay | D K+ ) 12

t
t* €T} s*ET}

for the number of operations used for the two unification steps, and due to Lemma 4.2,
the conversion requires not more than

> Y e
b*:(t*,s*)e'fl’?xj

operations. The recursive structure of Algorithm 5 ensures that these computations are
carried out at most once for each subblock of b, therefore we can bound the total number
of operations by

> 2 S B+ CwmCEL | DD K+ DD B ] (20)

bt=(tt,st)eT?, , b*:(t*,s*)eTijj - 67-11§+ o ET§+
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For the first term, we introduce the set
+ b * bt * b
Py :={b" €177 : V" €17 7} for all b* € 77, 7

and observe that b™,b* € T, ; implies

#Pye < depth(72, ;) for all b* € T2, 7,
SO we get
> 2 (k3. +13)=2 > (k3. + B # Py
br=(tT,sT)ETR, 7 br=(t*,s*)eTL) , br=(t*,s*)ETL, ;

br=(t*,s*)ETL, ,

= 2depth(72 ;) Z k. # row(t*) + Z 13,4 col(s*)

t* eTIt s*ET}

<20 depth(Te ) | > K+ Y 1%

t*eTIt s*ET}
For the second term in (20), we use
Pp= {0 =", s") e Tl : tF E'Tzﬁ} for all t* € T#,
P = {bT = (t",sT) e T s @ s° € Tj+} for all s* € 77.

We have

#Pp < Cop#f{tT €17 : t* € TIt+ and there exists sT € 77 with (t7,s") € szxj}
< C’sp depth(,]-IbXJ)

due to (t¥,sT),b € TP, ;. Applying the same argument to Ps- yields
#Pp < Cspdepth(T7, 1),  #Ps < Cspdepth(72, ;) for all t* € T, s* € T5.

This means

CuniC3, > ook Y B

br=(tts)eTP, ; \treTtt S*€T§+

= CuniC3 | D k2 #Pe+ > B#4P.

treT} s*eTs
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SLP matrix DLP matrix L? error
n | Build | Mem | M/n | Build | Mem | M/n €1 €2
2048 6.3 10.7 1 5.3 10.2 721 36127239
8192 33.1 37.1 7.1 54.3 43.0| 541629 | 1.1
32768 | 167.7 | 281.8 | 88| 271.2| 233.6| 7.3|3.1_9|6.7_3
131072 | 1146.2 | 1331.9 | 10.4 | 1534.4 | 1032.3 | 8.1 | 1.5_9 | 2.8_3
524288 | 6081.9 | 6014.1 | 11.7 | 7867.0 | 4938.2 | 9.6 | 7.7_3 | 1.4_3

Table 1: Boundary integral operators on the unit sphere

< CopCuniCy depth(T2, 7) | D k2 + D 12

treT s*€T3
and adding our estimates yields the bound we have to prove. [
In standard situations, we have
ke <k, ls <k forallt € Tz,s € 17

and typical cluster trees and block partitions (cf. [15]) satisfy
4T7 < n/k, 4T7 <nfk, depth(Tr.z) ~ log(n),

so the estimates of Lemma 4.1 and Lemma 4.3 imply that Algorithm 5 constructs an
H2-matrix approximation of G in O(nk?logn) operations.

5 Numerical experiments

We apply the hierarchical compression scheme to a boundary integral problem: consider
a Lipschitz domain © C R3 and a harmonic function w in this domain. The Dirichlet
values u|r on the boundary I' := 02 of 2 are connected to the Neumann values 9, u|r
by Green’s formula

1
/Fg(x,y)f)nu(y) dy = 5u(:ﬁ) + /F On(y9(T, y)u(y) dy forall x € T, (21)

which allows us to compute the Neumann values corresponding to given Dirichlet values,
where the kernel function is given by

1 1 3

g(z,y) i= ——— for all z,y e R,z # y.

Ar [lz — yll2
The integral operator on the left-hand side of (21) is called the single layer potential
operator, the integral operator on the right-hand side is called the double layer poten-
tial operator. We discretize (21) by a Galerkin scheme with piecewise constant basis
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‘H-matrix H2-matrix

n| Build| Mem |||V —V|s| Build| Mem ||V —V]|s
25744 | 141.2| 184.0 1.8_g | 130.5| 215.4 1.1 g
102976 | 791.2 | 1327.9 5.7_10| 798.2| 869.0 3.0_10
411904 | 4520.9 | 7572.2 2.7_11 | 4541.3 | 3695.0 1.3_11
25088 | 160.8 | 219.7 1.7_s | 156.6 | 1925 1.2_g
100352 | 942.7 | 1312.5 6.1 10| 993.2| 941.8 5.1 10
401408 | 5860.8 | 7889.3 3.3_11 | 5874.6 | 4304.6 111,
28952 | 313.1| 347.1 3.2_g | 2742| 522.7 2.1_g
115808 | 1470.9 | 2338.6 1.2_9 | 1593.6 | 1981.9 3.7_10
463232 | 8935.3 | 14171.0 7.9_11 | 9710.6 | 9006.4 1.4_1,

Table 2: Comparison of H- and H?-matrix compression

functions for the Neumann values 0, u|r and continuous piecewise linear basis functions
for the Dirichlet values u|r, thus approximating the single and double layer potential
operators by matrices V and K.

These matrices are dense and can only be handled efficiently if a compression scheme
and a cubature quadrature rule is applied. We use Algorithm 5 in combination with an
initial low-rank approximation provided by the HCA method [7] and a grey-box quadra-
ture rule [26]. Strang’s lemma (e.g., [10, Theorem 4.1.1]) implies that error estimates
of the form ||V — V|2 < h* and ||K — K||2 < h* would ensure that the optimal order
of convergence of the overall scheme is preserved. We achieve this goal by using the
advanced error control technique presented in [4].

Table 1 contains the results for a simple situation: we approximate the unit sphere by

n plane triangles and apply our scheme to the harmonic functions
w1 (z) = @1 + x2 + 3, ug(r) = x3 — 3 for all z € R?

to test the approximation properties of the approximation scheme. The columns “Build”
contain the time for the construction of the matrices (including quadrature of the singular
nearfield integrals) in seconds, measured on one processor of a SunFire X4600 computer,
the columns “Mem” give the storage requirements for near- and farfield in megabytes,
the columns “M/n” give the storage requirements per degree of freedom in kilobytes,
while €; and ey are the L?-norm errors of the Neumann values Opulr.

We can see that the errors converge like 1/n, which is the optimal rate for a piecewise
constant approximation. We can also see that the storage requirements per degree
of freedom increase roughly by a factor of 1.6 if the number of degrees of freedom is
quadrupled, this hints at a storage complexity of O(nlogn).

In a second experiment, we compare the H2-matrix approximation provided by the
hierarchical compression algorithm with an approximation in the H-matrix format: the
adaptive coarsening algorithm [14] not only uses near-optimal low-rank approximations
in each admissible block, it also optimizes the block cluster tree in order to reduce the
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storage requirements to the minimum. The resulting H-matrix is very close to the best
possible approximation in this representation.

We compare both techniques using three different geometries: the first two are ex-
amples from the NetGen package by Joachim Schoéberl, namely an approximation of a
crank shaft with 25744 plane triangles and an approximation of a pierced sphere with
25088 plane triangles, the third one is an approximation of a three-dimensional foam
with 28952 plane triangles courtesy of Giinther Of and Heiko Andra. Each of the ge-
ometries is refined twice by splitting each triangle into four congruent subtriangles, thus
providing us with a range of problem dimensions.

We approximate the single layer potential matrix V' on each of the resulting nine
surface meshes and compare the time for the construction and the storage requirements.
The results are given in Table 2, and we can see that H- and H?-matrices require
approximately the same time to build, but that the storage requirements of the H2-
matrices are clearly preferable for large problem dimensions: in the NetGen examples
with roughly 400000 degrees of freedom, they require only half of the storage needed by
their H-matrix counterparts and reach a better accuracy. For higher resolutions of the
foam example, the H?-matrix is also preferable: if offers an error of 1.4 x 10~!!' using 9
gigabytes, while the H-matrix only reaches an error of 7.9 x 10~!! using 14 gigabytes.

The experiments demonstrate that with the hierarchical compression Algorithm 5, the
H2-matrix method is significantly better than the best known H-matrix approach: it
requires approximately the same amount of time (which is no surprise, since it is based on
the same initial low-rank approximation), and its improved storage complexity is clearly
visible for large problem dimensions n. The estimates of Lemma 2.8 and Lemma 2.9
indicate that the advantage of the H?-matrix format will become even more pronounced
if the problem dimension n grows larger.
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