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SUMMARY

This paper presents an efficient method to perform Structured Matrix Approximation by Separation and
Hierarchy (SMASH), when the original dense matrix is associated with a kernel function. Given points in a
domain, a tree structure is first constructed based on an adaptive partitioning of the computational domain
to facilitate subsequent approximation procedures. In contrast to existing schemes based on either analytic
or purely algebraic approximations, SMASH takes advantage of both approaches and greatly improves the
efficiency. The algorithm follows a bottom-up traversal of the tree and is able to perform the operations
associated with each node on the same level in parallel. A strong rank-revealing factorization is applied to
the initial analytic approximation in the separation regime so that a special structure is incorporated into the
final nested bases. As a consequence, the storage is significantly reduced on one hand and a hierarchy of
the original grid is constructed on the other hand. Due to this hierarchy, nested bases at upper levels can be
computed in a similar way as the leaf level operations but on coarser grids. The main advantages of SMASH
include its simplicity of implementation, its flexibility to construct various hierarchical rank structures and
a low storage cost. Rigorous error analysis and complexity analysis are conducted to show that this scheme
is fast and stable. The efficiency and robustness of SMASH are demonstrated through various test problems
arising from integral equations, structured matrices, etc. Copyright (© 2010 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The invention of the Fast Multipole Method (FMM) [1, 2] opened a new chapter in scientific
computing methodology by unraveling a set of effective techniques revolving around the powerful
principle of divide-and-conquer. When sets of points are far apart from each other, the physical
equations that couple them can be approximately expressed by means of a low rank matrix.
Among the many variations to this elegant idea, a few schemes have been developed to gain
further efficiency by building hierarchical bases in order to expand the various low-rank couplings.
The resulting hierarchical rank structured matrices [3, 4, 5, 6], culminated in 2 matrices[7, 6],
provide efficient solution techniques for structured linear systems (Toeplitz, Hankel, etc.)[8, 9, 10],
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integral equations [3, 4, 11, 12, 13, 14, 15, 16], partial differential equations [4, 17, 6, 18], matrix
equations [4, 19, 20] and eigenvalue problems [21, 22]. Though these methods come under various
representations, they all start with a block partitioning of the coefficient matrix and approximate
certain blocks with low-rank matrices. The refinements of these techniques embodied in the H?
[4, 6, 23] and HSS [5, 24, 25] matrix representations take advantage of the relationships between
different (numerically) low-rank blocks and use nested bases [6] to minimize computational costs
and storage requirements. What is often not emphasized in the literature, is that this additional
efficiency in the solution phase is achieved at a rather high cost in the construction phase.

Both HSS and H? matrices employ just two key ingredients: low-rank approximations and nested
bases. The low-rank approximation, or compression, methods exploited in these techniques can
be classified into three categories. The first category involves methods that rely on algebraic
compression, such as the SVD and the rank-revealing QR (RRQR) [26] which are among the
most common approaches. Utilizing these techniques to compress low-rank blocks [27, 23, 25]
will result in nested bases that have orthogonal columns and an optimal rank. However, these
methods will require the matrix entries to be explicitly available and usually lead to quadratic
construction cost [23, 25]. Other compression techniques, such as adaptive cross approximation
(ACA) [11, 28, 29], extract a low-rank factorization based only on part of the matrix entries and
this leads to a nearly linear construction cost. However, ACA may fail for general kernel functions
and complex geometries due to the heuristic nature of the method [30]. Other efficient low-rank
approximation techniques include but are not limited to Pseudo-skeleton approximations [31, 32],
Mosaic-skeleton approximations [33], Cross approximations [34] and their latest development
[35, 36]. To the best of our knowledge, no algebraic approach is able to achieve linear cost for
an H?2 or HSS construction with guaranteed accuracy. The methods in the second category rely on
information on the kernel to perform the compression. They include methods based on interpolation
[4, 37], Taylor expansion [7] or multipole expansion (as in FMM [2, 1]), etc. Although these
methods lead to a linear construction cost, they usually yield nested bases whose rank is much
larger than the optimal one [38]. Moreover, since bases are stored as dense matrices, these methods
suffer from high storage costs [3]. The methods in the third category either combine algebraic
compression with the analytic kernel information to take advantage of both, or use other techniques
like equivalent densities or randomized methods to obtain a low-rank factorization. For example,
hybrid cross approximation (HCA) [30] technique improves the robustness of ACA by applying it
only on a small matrix arising from the interpolation of the kernel function. The kernel independent
fast multipole methods [39, 40] use equivalent densities to avoid explicit kernel expansions but it
is only valid for certain kernels arising in potential theory. The randomized construction algorithms
[41, 42, 43, 22] compute the hierarchical rank structured matrices by applying SVD/RRQR to the
product of the original matrix and a random matrix and are effective when a fast matrix vector
multiplication routine is available.

1.1. Contributions

The aim of this paper is to introduce an efficient and unified framework to construct an n x n H?
or HSS matrix based on structured matrix approximation by separation and hierarchy (SMASH).
In terms of the three categories discussed above, SMASH belongs to the third category in that it
starts with an initial analytic approximation in the Separation regime, then algebraic techniques are
employed to postprocess the approximation in order to build up a Hierarchy. The main features of
SMASH are as follows.

1. Fast and stable O(n) construction SMASH starts with an adaptive partitioning of the
computational domain and then constructs a tree structure to facilitate subsequent operations as
in [44, 3, 4, 45]. The construction process follows a bottom-up traversal of the tree and is able to
compute the bases associated with each node on the same level in parallel. In fact, the construction
procedure is entirely local in the sense that the compression for a parent node only depends on
the information passed from its children. By combining the analytic compression technique with
strong RRQR [26], a special structure is incorporated into the final nested bases. In contrast to the
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methods used in [42, 40], SMASH is able to set the approximation accuracy to any tolerance. In
addition, the nested bases at each non-leaf level can be computed directly in a similar way as the
leaf-level operations but on a coarser grid extracted from previous level of compression. Therefore,
SMASH is also advantageous relative to one based on the HCA method [46] since it does not need
to construct an A matrix first and then use a recompression scheme to recover the nested bases.
SMASH can be easily adapted to construct either an n x n H? or HSS matrix depending on the
properties of the underlying applications with O(n) complexity. Equipped with a rigorous error
analysis, the guaranteed accuracy/robustness of SMASH is justified by various test examples with
complicated geometries (Section 6).

2. Low storage requirement Construction algorithms that use analytic approximations usually
lead to high storage costs. SMASH alleviates this issue in several ways. First, instead of storing
nested bases as dense matrices, only one vector and one smaller dense matrix need to be saved for
each basis. Second, each coupling matrix [3] is a submatrix of the original matrix in this scheme.
Therefore, it suffices to store row and column indices associated with the submatrix instead of the
whole submatrix explicitly. Finally, the use of strong RRQR [26] can automatically reduce the rank
of the nested bases if their columns obtained from the analytic approximation are not numerically
linearly independent.

3. Simplicity and flexibility for approximation of variable order Unlike analytic approaches
(e.g., FMM) in which farfield approximations and transfer matrices are obtained differently and
extra information is needed to compute transfer matrices (cf.[47]), SMASH only requires a farfield
approximation, which can be readily obtained for almost all kernels, for example, via interpolation
[37]. Moreover, the approximation rank in the compression on upper levels is independent of the
rank used in lower levels, which means that approximation rank can be chosen arbitrarily in the
compression at any level while still maintaining the H? or HSS structure. This is due to the fact that
in each level of compression, SMASH produces transfer matrices directly, which is an advantage of
algebraic approaches. For interpolation-based constructions, there are restrictions on the maximal
degree of basis polynomials in each level in order to maintain the #? structure. [23].

1.2. Outline and Notation

The paper is organized as follows. In Section 2 we review low-rank approximations ([48, 3, 6])
associated with some kernel functions. Section 3 introduces SMASH for the construction of
hierarchical rank structured matrices with nested bases. The approximation error and complexity
of SMASH are analyzed in Section 4 and Section 5, respectively. Numerical examples are provided
in Section 6 and final concluding remarks are drawn in Section 7.

Throughout the paper, the following notation is used:

e A: adense matrix associated with a kernel function x;
o A:H? or HSS approximation to A;

e 7 = 1 : n denotes an enumeration of index ¢ from 1 to n;

|-| denotes the cardinality of a finite set if the input is a set;

Il Il = denote the L? norm, Frobenius norm, respectively, and ||A|max denotes the
elementwise sup-norm of a matrix, i.e.,

| Allmax = H}%Xmm‘v A = [ai i
,

e diag(...) denotes a block diagonal matrix;

e Given a tree 7, children(i) and 1v(i) represent the children and level of node i, respectively,
where root node is at level 1. The location of a node i at level [ is denoted as I; when
enumerated from left to right;
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e Let X and Y be two nonempty finite sets of points and A be a matrix whose (7, j)th entry is
determined by the ith point in X and jth point in Y. If i denotes the index set corresponding
to a subset X; of X, then A|; denotes the submatrix of A with rows determined by X;.
Furthermore, if index set j corresponds to a subset Yj of Y, then A|;x; denotes a submatrix of
A whose rows and columns are determined by X; and Yj, respectively.

2. DEGENERATE AND LOW-RANK APPROXIMATIONS

Hierarchical rank structured matrices are often used to approximate matrices after a block
partitioning such that most blocks display certain (numerical) low-rank characteristics. For matrices
derived from kernel functions, a low-rank approximation can be determined when the kernel
function can be locally approximated by degenerate functions [48]. In this section, we first review
this property. For pedagogical reasons, we focus on the kernel function 1/(z — y) but more general
kernel functions can be handled in a similar way as demonstrated in the numerical experiments
section (Section 6).

2.1. Degenerate expansion

Consider the kernel function x(x,y) on C x C defined by

L ifr#y
k(z,y) =< =7V’ ’ 1
(2,9) {dm ooy, (D

where the number d, € C can be arbitrary. If z and y are far from each other (See Definition 2.1
below), then x(z,y) can be well approximated by a degenerate expansion

k
ch 10k (x)i (y),

0 1=0

|
—

T

>
Il

where ¢y, and 1); are univariate functions. In fact, interpolation in the z variable yields the simplest,
yet most general, way to obtain a degenerate approximation:

Zpk KTk, Y), )

where x;’s are the interpolation points and the pj’s are the associated Lagrange polynomials.

Several ways to quantify the distance between two sets of points that are away from each other
have been defined [3, 6, 47]. One of these ([47]), given below, is often referred to. For a bounded
nonempty set S of C, let § = min.cc sup,cg |s — c|. Then we refer to the minimizer c, as the center
of .S and to the corresponding minimum value ¢ as its radius.

Definition 2.1
Let X and Y be two nonempty bounded sets in C. Let « € C and §, > 0 be the center and radius
of X with |z — a| < §,, Vo € X. Analogously, let b € C and 0, > 0 denote the center and radius of
Y. Given a number 7 € (0, 1), we say that X and Y are well-separated with separation ratio T if
the following condition holds

0q + 0 < Tla —b). 3)

Fig. 1 illustrates two well-separated intervals (centered at a = 0.5, b = 2.5, respectively) with
separation ratio 7 = 0.5. Given two sets X and Y, if (3) only holds for 7 ~ 1, then this implies that
X and Y are close to each other and we cannot regard X and Y as being well-separated. Hence we
assume that 7 is a given small or moderate constant (for example, 7 < 0.7) in the rest of this paper.

Consider the kernel function 1/(z — y) again. When X and Y are well-separated so that (3) holds,
a degenerate expansion for the kernel function based on Taylor expansion takes the following form

Copyright © 2010 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. (2010)
Prepared using nlaauth.cls DOI: 10.1002/nla



STRUCTURED MATRIX APPROXIMATION BY SEPARATION AND HIERARCHY 5

X Y

0 a 1 2 b 3

Figure 1. Well-separated intervals X, Y (centered at a = 0.5, b = 2.5) with separation ratio 7 = 0.5.

[49]:
r—1 k
Ko, y) =D > crabai(®—a)gpii(y—b)+e, VoeX, yey, )
k=0 1=0
where
—Kl(b—a)~®+Dp ol (=1)FTLfL < E,
Ck,l = o
0 if 1>k,
5
7 1, ifl =0, ©)
v, I\T) = N i3y, v, = 1 l .
Po(Z) = Moty o (g(m)w%) ifl=1,...r—1,
and the approximation error ¢, satisfies
1 T
|6T§((1+_T7)_;|n(ac,y)|, Vee X, yevy. (©6)

The above expansion will be used to illustrate the construction of hierarchical rank structured
matrices and analyze the approximation error in the remaining sections.

2.2. Farfield and nearfield blocks

We now consider a dense matrix A defined by A :=[k(x,y)]lzex,ycy. The degenerate
approximation (4) immediately indicates that certain blocks of A admit a low-rank approximation.
In order to identify these low-rank blocks, it is necessary to exploit nearfield and farfield matrix
blocks as they are defined in [3].

Definition 2.2
Given two sets of points X; and Yj, a submatrix Al is called a farfield block if X; and Yj are
well-separated in the sense of Definition 2.1; otherwise, A|;x;j is called a nearfield block.

A major difference between farfield and nearfield blocks is that each farfield block can be
approximated by low-rank matrices, as a consequence of (4). The following theorem restates (4)
in matrix form.

Theorem 2.1
If X; and Yj; are well-separated sets in C in the sense of (3) with centers a; and a;, radii ¢; and ¢,
respectively, the farfield block A|;x; admits a low-rank approximation of the form

Alix; = UiBi,jVjT'f‘EF‘ixy (7
where
01’ = [¢ai,l($ - ai)]lfg-)-{hl ’Vj = [¢aj,l(y - aj)]]ilgijl VBi»j = [Ck»l]k,lzo:rfl ) (3

with ¢ 1, ¢01 (v = a;, a;) defined in (5), and

. 147)7"
B e e < el Al with e = 07 ©
(1—7)
Let n;, = |Xj| and n; = |Yj|. If the points « of X; are listed as columns and the various functions
Pa, 1 (x — a;) are listed row-wise withl = 0,-- -, — 1 and similarly for y, Yj, and ¢, 1 (y — a;) then

the matrices U;, B;; and f/j has dimensions n; x r, r x r, and n; x r, respectively. The theorem is
illustrated in Fig.2.
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Figure 2. [llustration of Theorem 2.1.

2.3. Strong rank-revealing QR

Notice that in the approximation (7), ﬁi only depends on the points in Xj, V] only depends the
points in ¥; and B, ; depends on both the centers of X; and Y; as well as their radii. This represents
a standard expansion structure used in FMM [2, 1, 47]. As will be seen in the next section the
construction of #2 and HSS matrices will be significantly simplified by further postprocessing
U; and ‘7] with a strong rank-revealing QR (SRRQR) factorization [26]. The following theorem
summarizes Algorithm 4 in [26].

Theorem 2.2

([26, Algorithm 4]) Let M be an m x n matrix and M # 0. Given a real number s > 1 and a positive
integer r (r < rank(A)), the strong rank-revealing QR algorithm computes a factorization of M in
the form:

MP=Q [R“ gg] , (10)

where P is a permutation matrix, € R™*™ is an orthogonal matrix, Rqq is a r X 7 upper
triangular matrix and R5 isar x (n — r) dense matrix that satisfies the condition:

IR} Ri2|lmax < s

The complexity is O(n?log, n) if m ~ n.

In all of our implementations, we set s = 2. SRRQR unravels a set of columns of A that nearly
span the range of A — thus the term rank-revealing. Assume C is an n x r matrix with rank r.
Applying SRRQR to C7 produces the following factorization:

CTP=Q[Rn R,

where () € R"*" is an orthogonal matrix. A modification of the above equation leads to

I ~
=" {(3111312)71} <
where I is an identity matrix of order r and C' = (QR11)”. Note that the above relation implies that
C € R is a submatrix of C' consisting of the first 7 rows of the row-permuted matrix P7C.
From this perspective, the whole aim of the procedure is to extract a set of r rows from C' that will
nearly span its row space.
When U; and V] in (7) both have more rows than columns, applying SRRQR to (A]iT and then to
I7jT yields:

. 77 X I+
Ui:Pi[Gi]Uih, v, = F {H]}ij. (11)
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STRUCTURED MATRIX APPROXIMATION BY SEPARATION AND HIERARCHY 7

Note that, as explained above for C, U; |; denotes a matrix made up of selected rows of U..
Substituting the above two equations into (7) leads to another form of the low-rank approximation
to A|i>< i

Alix; = P, [I] Ui Bi j(V;)T (F {I DT (12)
ixj ~ lGi 1|jH,) J1j JH,

J

I I\ I I
S 1 T 1 ) R T PO 4

where i andj represent subsets of i and j, respectively, and (13) results from (7).

A major advantage of this form of approximation over (7) is a reduction in storage. Now only
four index sets are needed to represent (F;, F}, i,j) and two smaller dense matrices (G;, H;) need
to be stored rather than three dense matrices (ﬁi, Ei7 i VJ) There are other advantages that will be
discussed in the next section.

The operations represented by (11) will be used extensively in the construction of hierarchical
matrices to be seen in the next section. These will be denoted as follows:

[Py, Gi,i] = compr(U;,i) and [F}, H;,j] = compr(V;, ). (14)

Each of the above operations is also called a structure-preserving rank-revealing (SPRR)
factorization [10] or an interpolative decomposition [50]. For recent developments on rank-revealing
algorithms, see [51]. Notice that the matrices Ui and f/j in (7) serve as the approximate column
and row bases for A|;xj, respectively. Taylor exapnsion (4) is used to illustrate the compression
of low-rank blocks due to its simplicity. More advanced compression schemes such as weighted
truncation techniques [52], the modified ACA method [29] and the fast algorithm combining Green’s
representation formula with quadrature [53], can also be exploited to compute these bases.

3. CONSTRUCTION OF HIERARCHICAL RANK STRUCTURED MATRICES WITH
NESTED BASES

This section presents SMASH, an algorithm to construct either an H? or an HSS matrix
approximation to an n x n matrix A := [k(x, y)]zex,yey. Where £ is a given kernel function and X
and Y are two finite sets of points. Although the discussion focuses on square matrices, SMASH
can be extended to rectangular ones [8] without any difficulty.

3.1. Adaptive partitioning

SMASH starts with a hierarchical partitioning of the computational domain 2 and then builds a tree
structure 7 to facilitate subsequent operations. In order to deal with the case when X and Y are
non-uniformly distributed, an adaptive partitioning scheme is necessary.

Without loss of generality, assume both X and Y are contained in a unit box Q = [0, 1]¢
in R? (d = 1,2,3). The basic idea of this partitioning algorithm is to recursively subdivide the
computational domain §2 into several subdomains until the number of points included in each
resulting subdomain is less than a prescribed constant v (usually much smaller than the number
of points in the domain). Specifically, at level 1, ) is not partitioned. Starting from level [ (I > 2),
each box obtained at level [ — 1 that contains more than v, points is bisected along each of the d
dimensions.

For convenience we assume that the number of points from X and Y in each partitioning is the
same. If a box is empty, it is discarded. Let L be the maximum level where the recursion stops.
Then the information about the partitioning can be represented by a tree 7 with L levels, where
the root node is at level 1 and corresponds to the domain 2 and each nonroot node ¢ corresponds
to a partitioned subdomain €2;. See Fig. 3 for a 1D example. The adaptive partitioning guarantees
that each subdomain corresponding to a leaf node contains a small number of points less than the
prescribed constant vg.
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8 D. CAL E. CHOW, Y. SAAD, Y. XI

Figure 3.Illustration of an adaptive partitioning for the case X =Y = {z1,z2,...,28}. Left: the

computational domain §2 is recursively bisected until the number of points in each sub-interval €2; centered

at a; is less than 4 (circled dots represent the points z;). Right: the corresponding postordered binary tree 7
with indices of points stored at each node.

€ T2 T3 T4T5Xe T7 T8
F i level 1
ar
b L ] 1 1 2
t a; g 1 1eve
b L L ] 1 1
F ” . i level 3
L L L L ] 1 1 4
F s a3 1 1eve

3.2. Review of H? and HSS matrices

The low-rank property of a block Al;.; associated with a node pair (4, j) is related to the strong (or
standard) admissibility condition employed to define H and H? matrices ([4],[38]):

for a fixed 7 € (0,1), the node pair (i,5) in 7 is admissible if X; and Yj are well-
separated in the sense of Definition 2.1.

Hierarchical matrices are often defined in terms of the above condition, which, in essence, spells
out when a given block in the matrix can be compressed. A matrix A (associated with a tree 7T) is
called an ‘H matrix ([37]) of rank r if there exists a positive integer r such that

rank(Alsx;) <7, whenver (i,) is admissible.

Furthermore, A is called a uniform H matrix ([37]) if there exist a column basis set {Ui}ieT and a
row basis set {V; },. associated with 7T, such that when (i, j) is admissible, Alix; admits a low-rank
factorization:

121|in = UZ-Bi,jVjT, for some matrix B; ;.

This factorization is referred to as an AKB representation in [6], where B; ; is called a coefficient
matrix. In [3], B; ; is termed a coupling matrix and we will follow this terminology here.

The class of 2 matrices [37] is a subset of uniform 7{ matrices with a more refined structure.
That is, A is an H2 matrix if it is a uniform A matrix with nested bases in the sense that one can
readily express a basis at one level from that of its children (see (16)). What is exploited here is that
admissible blocks are low-rank and in addition their factors (or generators) can be expressed from
lower levels.

A|Cl xQ ~ UCl

~: (ﬁz

A|C2><Q ~ U02 c2

~.

A|C3><Q ~ U1,

1

A|C4><Q ~ UC4 [

Figure 4. A parent node p with children cy,---,c4 and the corresponding partition of the matrix block
A|pxq-, Where Q is the collection of indices associated with all nodes ¢ such that (p, ¢) is admissible. In the

context of HSS matrices there are at most 2 children since the trees are binary. For #? matrices the trees are
more general.

Assume we have a situation illustrated in Fig. 4 where the parent node p has children cy, . .., c4.
According to the interpolation in (2), the column basis U; associated with the set i (for any nonroot

Copyright © 2010 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. (2010)
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STRUCTURED MATRIX APPROXIMATION BY SEPARATION AND HIERARCHY 9

node 7) can be chosen as

k=1
where p](:)(k =1,...,r) are Lagrange basis polynomials corresponding to interpolation points
Ziy,--.,2;.. If i is achild of node p, we can write (cf.[37])

P (@) = > i (i)p” (). (15)

1=1:r

The matrix version of (15) then leads to the so-called nested basis:

Ucchl ng)(xn) s (p)(xh)
U,=| : |. with Ri=]| : :
U Re, D) . P ()

The nested basis can also be obtained through algebraic compressions based on a bottom-up
procedure. Let A|pxq denote the entire (numerically) low rank block row associated with node
p, i.e., Q is the union of all indices q such that (p,q) is admissible. As illustrated in Fig. 4,
assuming that the column basis U,, has been obtained from a rank-r factorization of the submatrix
Aleyxq = U, T, we then derive

Ue, L.
Ue T,
A ‘ pxQ ~ 2 ch T:

Applying a rank-r factorization to the transpose of [TX  TZ TZT TT] leads to

:61 R(‘l UCl RCl
T(;2 RC2 UC RC
el S T,— A ~ U, T, with U, = 2
’1:% R., |P><Q P Ue,Re,
TC4 RC4 UC4 RC4

Thus, we can get the basis U, for the parent node from the children’s U.,’s and the matrices
R., from both analytic and algebraic compression schemes. The R;s are called transfer matrices.
Clearly, a similar process can be applied to obtain a row-basis V,, and so, more generally, we can
write

UC] R(Jl ‘/(11 WC]
vo=| [ V=] i | (16)
Ue, Re, Ve We,

Hence only the matrices U;, V; for all leaf nodes 7 need to be stored. Matrices U, V,, for a non-leaf
node p can be obtained via transfer matrices which require much less storage. This is at the origin
of the improvement from an O(n log n) cost for the early method in this class developed by Barnes
and Hut [44] (H structure) into an O(n) cost method obtained later by the FMM [2] (H? structure)
for computing matrix-vector multiplications for some kernel matrices ([47]).

Note that as they are described in the literature H and H? matrices are associated with more
general trees than those traditionally used for HSS matrices [54, 5] which are binary trees, according
to the partitioning algorithm described in Section 3.1. In fact HSS matrices can be viewed as a
special class of 72 matrices in which the strong admissibility condition is replaced by the weak
admissibility condition[38]:

the node pair (¢, j) in 7 is admissible if 7 # j.

Copyright © 2010 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. (2010)
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10 D. CAL E. CHOW, Y. SAAD, Y. XI

The above weak admissibility condition implies that, if A is an HSS matrix, and 4, j are two children
of the root node, then the matrix block 121|iX j should admit a low-rank factorization.

In the context of integral equations, this requirement means that the HSS structure will face
difficulties in situations when couplings between nearfield blocks require a relatively high rank
representation. Approximation by HSS matrices will work well for integral equations defined on a
curve where kernel functions are discretized. In other cases the numerical rank of Al;x; may not
necessarily be small even when a non-oscillatory kernel function is discretized on a surface or in a
volume [3, 9].

The construction of 4? and HSS matrices involves computing the basis matrices U, V' at the leaf
level, along with the transfer matrices R, W, and the coupling matrices B associated with a tree 7.
In particular, each leaf node 7 is assigned four matrices {U;, V;, R;, W} and each nonleaf node i at
level [ > 3 is assigned two matrices { R;, W;}.

There are two types of B; ; matrices, those corresponding to the nearfield blocks at the leaf
level, and those corresponding to the coupling matrix where the product U; B; ; VjT approximates
block Al;x; for certain admissible (i, j). In general, the computation of B; ; is more complicated
because one has to carefully specify the set of admissible node pairs (4, j) to be used for the efficient
approximation of A. If the distribution of points is uniform, the corresponding node pairs (i, j) are
related to what is called interaction list in FMM [2, 47]. In more general settings where points
can be arbitrarily distributed, they are called admissible leaves [3]. The set of admissible leaves
corresponding to the minimal admissible partitioning [6] can be defined as follows:

L ={(4,7) :4,j € T are nodes at the same level such that (i, j) is admissible
but (p;,p;) is not admissible , where p;, p; are parents of 7, j, respectively}

U{(%,7) : ¢ € T isaleaf node and j € T with 1v(j) > 1v(i) such that (17)
(4, 7) is admissible but (4, p;) is not admissible with p; the parent of j}
i

)
U{(i,j) : j € T isaleaf node and i € T with lv(¢) > 1v(j) such that
(4, 7) is admissible but (p;, j) is not admissible with p; the parent of i}.

The node pairs (¢, j) corresponding to blocks B; ; that can not be compressed or partitioned, can be
identified through inadmissible leaves as defined below (cf.[3]):

L7 :={(i,j) : 1,7 € T are leaf nodes and (i, §) is not admissible} . (18)
In particular, for HSS matrices, it can be seen that £ and £~ have the following simple expression:
L={(,7):4,5 €T andj=siblingofi}, L~ ={(,i):7€Tisaleafnode}. (19)

This special feature will be used later (Section 3.3.1) to simplify the notation associated with HSS
matrices. The U, V, R, W, B matrices are called 2, or HSS, generators in the remaining sections.

3.3. Levelwise construction

Although the HSS structure may appear to be simpler than the 2 structure, based on their algebraic
definitions the HSS construction procedure is actually more complex. This is because HSS matrices
require the compression of both nearfield and farfield blocks while 72 matrices only require the
compression on farfield blocks. For example, if two sets X; and Yj are almost adjacent to each other
(7 = 1in (3)), then the analytic approximation will not produce a low rank, i.e., to get an accurate
approximation, r has to be large in (6). In this case, the H? matrix will form this block explicitly as
a dense matrix while the HSS matrix still requires the block to be factorized. In what follows, we
will first discuss SMASH for the HSS construction in detail and then present the ? construction
with an emphasis on their differences.

3.3.1. HSS construction Due to the simple structure of £, £~ in (19), the notation denoting the
coupling matrices and nearfield blocks can be simplified in the HSS representation. Specifically, for

Copyright © 2010 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. (2010)
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STRUCTURED MATRIX APPROXIMATION BY SEPARATION AND HIERARCHY 11

(i,7) € L, B; ; can be represented as B; with the second index j dropped because j = sibling of 7 is
uniquely determined in a binary tree. An additional symbol D; is introduced to represent diagonal
blocks B; ; because (7, ) € £~ implies j = i.

The basic idea of SMASH for the HSS construction is to first apply a truncated SVD to obtain
a basis for nearfield blocks, use interpolation or expansion to obtain a basis for farfield blocks and
then apply SRRQR to the combination of these two bases to obtain the U, V, R and W matrices.
The D and B matrices are submatrices of the original kernel matrix and their indices are readily
available after the computation of U, V, R, W matrices. In order to distinguish between column and
row indices associated with a node i, we use superscript row to mark its row indices and col to mark
its column indices. For example, i"" and i°® denote the indices of points from X and Y contained
in €2;, respectively.

Assuming the HSS tree 7 has L levels, the HSS construction algorithm traverses 7 through level

l=L,L—1,...,2. Before the construction, two intermediate sets i"°” and i are initialized as
follows for each node :
row _ J1 ifiisaleal, <, il if i is a leaf, 20)
0 otherwise, () otherwise,

where the index sets i"°" and i° have been saved for each leaf node after the partitioning of 2.

Let N; be the set of blocks that are nearfield to node . This set is used for HSS matrices only
and is defined in the appendix. For each node i at level [, the construction algorithm first applies a
truncated SVD to compute an approximate column basis for the nearfield block rows in terms of
Xirow:

A7 = [Alrowsgen] jep, = 857 [S)], . + B 1)

frow XJT“”L]jeNi )

where the columns of S; and [S;] e, are the left/right singular vectors of A7 and X; is a diagonal
matrix composed of corresponding singular values of A such that the following estimate holds

IS firowsgeot [Lm < A/l [[j« esvpll A7 [l2, V5 € N (22)

Here, egyp is the relative tolerance used in the truncated SVD. This estimate will be used to analyze
the overall construction error in Section 4. The matrix S; is then taken as an approximate column
basis for the nearfield block rows A; .

For farfield blocks with respect to X5.0w, a column basis U; can be easily obtained through
interpolation (2) or Taylor expansion (8) that only rely on X3.... and ;. Next, we apply SRRQR to
the combined basis [Ui, S;] as shown below

[P;, G, 17" = compr([U;, S,],i7°%). (23)

From these outputs, we set

U, . =P {C‘” if 7 is a leaf node,

Re,|
R, |-

Similarly, in order to compute V, W generators, a truncated SVD is first applied to the nearfield
block columns (transposed) in terms of Yico::

(24)

P, [ é } if 7 is a parent with children ¢, cs.

| _ T P
A= {(Ajmwxgwl) LEM =T,%; [Tj]j€ n T [(E'Z|3mwxgwl)T]j€M, (25)

where the truncation error satisfies

IES [jrow oot |7 < \/ i [i7o% |esvp | ALll2, - V5 € NG (26)

Copyright © 2010 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. (2010)
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12 D. CAL E. CHOW, Y. SAAD, Y. XI

In the next step we compute a row basis V; for the farfield blocks with respect to ;... based on (2)
or (8) and apply SRRQR to [V;, T;]:

[Fy, H,, 1] = compr([V, T3], ).

Then we set
Vi.:=F; L{” if 7 is a leaf node,

27
{WCI 27)

We,

Once the compressions for children nodes (at level /) are complete, we update the intermediate index
set associated with the parent node (at level I — 1) as shown below :

] = F; {é} if 4 is a parent with children ¢y, ¢5.

prow — CAl'row U CAzrow’ I—)col _ cAlcol U CA2col’ (28)

where ¢y, ¢y are the children of p.
After the bottom-up traversal of 7 and hence the computation of U, V, R, W matrices, the B and
D matrices can be extracted as follows:

B; = Al;

frow s jeol s j =siblingof i, and D;:= Aljrowyjeot, @ = leaf node. (29)

3.3.2. H? construction As mentioned at the beginning of Section 3.3, the H? construction is
simpler because nearfield blocks will not be factorized, and the only complication is that an >
matrix may be associated with a more general tree structure where a parent can have more than two
children.

SMASH for the H? construction also follows a bottom-up levelwise traversal of 7 through
level | = L,L — ,2. For each node i at level [, a column/row basis U;/V; corresponding to a
farfield block row/column with index i"°*/i® can be obtained via either interpolation (2) or Taylor
expansion (8). The bases U; and V; are then passed into SRRQR

[P, Gi,i”’w] = compr(UA}-,?O“’) and [Fi,Hi,iCOl] = compr(f/ C"l) (30)

The H? generators U, R, V, W are then set as

U, :.=PF é if 7 is a leaf node,
R, | -
: =F (_;T A if ¢ is a parent with children ¢4, .. ., ¢,
Re, i
. 58 (31)
V,:=F; ;) if 7 is a leaf node,
We, | o
=F; é if ¢ is a parent with children ¢4, . . ., ¢.

Again, once the compressions for children nodes (at level [) are complete, the intermediate index
set associated with the parent node (at level [ — 1) can be updated as in (28). Namely,

P ="M U UG, Pl =G U UG, with children(p) = {c1, ..., e}
(32)
Finally, analogous to (29), the coupling matrices associated with admissible leaves are extracted
based on index sets i"°% and _]C"l

Bi,j = A‘imw chol7 V(’L,j) (S £, (33)

Copyright © 2010 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. (2010)
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and the nearfield blocks associated with inadmissible leaves are formed by
Bi j i= Aljrowyjeot, Y(i,7) € L. (34)

Compared with standard 72 constructions based on either expansion or interpolation, SMASH is
more efficient and easier to implement. First, in order to complete the 72 construction procedure, it
suffices to provide only the column/row basis for each farfield block, which can be easily obtained
based on interpolation (2), for example, and the coupling matrices B; ; can be simply extracted
from the original matrix without resorting to any other formulas. Second, no information is required
about the translation to compute transfer matrices because the computation of R/ is essentially
the same as that of U/V at leaf level. For all the children i of a node p, R; /W, are calculated jointly
based on a subset of points located inside €2, (i.e., Xprow /Ypzcor). Therefore, SMASH essentially
builds a hierarchy of grids and computes the bases at each level of the tree by repeating the same
operations (30) on each coarse grid (this can be more clearly seen in (41) in view of a perfect tree).
In addition, the use of SRRQR guarantees that each entry of the U, V, R, W matrices is bounded
by a user-specified constant, which ensures the numerical stability of the construction procedure.
Note that the special structures in the nested bases (31) result in not only a reduced storage but
also in faster matrix operations such as matrix-vector multiplications, linear system solutions, etc.
Finally, since the computation of the basis matrices only relies on the information local to each node,
as can be seen from (23) and (30), this construction algorithm is inherently suitable for a parallel
computing environment.

3.4. Matrix-vector multiplication

Among various hierarchical rank structured matrix operations, the matrix-vector multiplication is
the most widely used, as indicated by the popularity of tree code [44] (for H matrices) and fast
multipole method [2, 47] (for H? matrices).

The matrix-vector multiplication for an H? matrix A follows first a bottom-up and then a top-
down traversal of 7 [3, 6], which is a succinct algebraic generalization of the fast multipole method
(cf.[47]). Suppose T has L levels, the node-wise version of this algorithm to evaluate z = Aq can
be summarized as follows:

1. from level [ = L to level [ = 2, for each node i at level [, compute §; := ViTq|icoz ifl=1L1;
otherwise, compute ¢§; := Zcechﬂdren(i) WCT 4ec;

2. for each nonroot node i € T, compute 2; = Zj:(i fec B; ;453

3. fromlevel [ = 2tolevel | = L, foreach node i atlevel [, if | < L, for each child c of ¢, compute
2. = Zc + R.2;; otherwise, compute z|jrow = U;2; + Zj:(i.j)eﬁ— Bi jqljeor.

When X and Y are uniformly distributed in [0, 1]¢, the resulting tree 7 is a perfect 2¢-tree (each
parent has 2¢ children and all leaf nodes are at the same level). If, in addition we assume the ordering
of points to be consistent with the postordering of tree 7, i.e., for two siblings ¢, j € T, if i < j then
the index of any point in box i must be smaller than point in box j, then an H? matrix A has a
telescoping representation:

A=BW 4
T T T
o <U<L—1> ( <U<2)B<1> (V<2>) +B(z)) ) (V(L—1>) +B(L—l)) (V<L)) 7
(35)
where UM, V() are block diagonal matrices:
diag(Ui)lv(i):l ifl = L, diag(Vi)lv(i):l ifl = L,
0] Ry 0 We,
U= Vdiag | | : itl<r, VT \diag| | ifl<rn, (9
e, Iv(i)=l We, Iv(i)=l
Copyright © 2010 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. (2010)
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and B" has a block structure. BX) has #{i € T :1v(i) = L} x #{i € T : Iv(i) = L} blocks
where each nonzero block corresponds to a nearfield block, while for | < L, there are #{i € T :
(i) =141} x #{i € T :1v(i) = 1 + 1} blocks in B®) and each nonzero block corresponds to a
coupling matrix. That is, block (I;,1;) is equal to B, ; if Iv(:) = Iv(j) =  such that (¢, j) € £~ when
l=_Lor (i,j) € L when [ < L. Here [; denotes the location of node ¢ at level / enumerated from
left to right. If A is an HSS matrix associated with a perfect binary tree 7, the structures of U(") and
V() are identical to those in (36) with & = 2 but B) has a much simpler block diagonal structure:

diag(Di)iisaleafnode ifl = L,
o _ B
b diag ° ifl <L, @37
Be, 0 ,
Iv(i)=l

where ¢; and ¢, are the children of node .
Based on the explicit representation (35) of an H? matrix associated with a perfect 2%-tree, we
can write down a levelwise version of the matrix-vector multiplication:

1. atlevel [(2 <1 < L), compute

T T
i = (V(l)) (V(L>) a (38)
2. atlevel [(2 <1 < L), compute
3 = =140, (39)
3.
2= BWg 4@ ( N (U<3>(U<2>2<2> + 30 4 2<4>) ¥ 2@)) . (40)

Notice that when X, Y are not uniformly distributed, 7 is not necessarily a perfect tree. Under
this condition, the nodes 4, j corresponding to a coupling matrix 5; ; may not be at the same level
of 7 and the telescoping expansion (35) does not exist.

As for linear system solutions, 72 and HSS matrices take completely different approaches to
directly solve the resulting system. Linear complexity H? matrix solvers ([3, 6]) heavily depend
on recursion to reduce the number of floating point operations while HSS matrices could benefit
from highly parallelizable ULV-type algorithms (cf.[54], [5]) due to the special structure of HSS.
However, as mentioned before, since the requirement of an HSS structure is too strong, the
application of HSS matrices is limited as compared to 72 matrices.

4. ERROR ANALYSIS

In this section, we analyze the approximation error of SMASH. Since the HSS construction is more
complicated than #H? construction due to the factorization of nearfield blocks, the corresponding
error analysis is more involved. Here we first present error analysis for the HSS construction
associated with a perfect binary tree and then an error bound for the H? construction associated
with a perfect 2¢-tree can be easily derived.

For a perfect 2%-tree, it is natural and easy to interpret the levelwise construction in Section 3.3 in
the following recursive manner:

AW = g 401 (V<l>)T +BY 4+ EO v >3, (41)

where A) = A and AW (I < L) is a submatrix of A with the following block structure:

(1, 1;)—lock of AD) — ARy %f lv(z:) = lv(]:) =l and (z,]) %s admissik.)le? 42)
0 if lv(é) = 1Iv(j) = [ and (¢, j) is not admissible,
Copyright © 2010 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. (2010)
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U®, v® B follow the definition in Section 3.4 and E) denotes the factorization error at level
l. The superscripts row and col used in (20) are dropped in (42) in order to simplify the notation
used in the proof. Here, we assume that the items involving the index ¢ refer to rows and the items
involving the index j refer to columns. In addition, we introduce the notation

10 .= Ulv(z’):li and JU .= Ulv(j):lj-

Then the size of A is equal to [I?)| x |JD)].
We also assume there exists a constant () associated with each level such that

i <@, |jl<r®, i jatlevell, and r+1 < O, (43)

This constant () is actually an upper bound for the numerical ranks in the admissible blocks at
level .
Expanding the recursion (41) leads to

A=U® <U(L1) < N <U<2>B<1> (v<2>)T +B® 4 E<2>> . > (V(L*1)>T

(44)
LD JrE(Lq)) (V(L))T +BW 4 g1

Now we focus on the analysis of HSS approximation error. To estimate the norm of each diagonal
block in U® and V), the following lemma is needed, which is a simple consequence of SRRQR
in Theorem 2.2 and thus holds for both 2 and HSS construction.

Lemma 4.1
Let s > 1 be the prescribed elementwise bound in SRRQR in Theorem 2.2, then the norms of the
H? generators in (31) or of the HSS generators in (24) and (27) satisfy the following estimate

1 T I <
17| i < sfir® ana 1 | e < syl @)

for any nodes 14, j at level [.

Proof

Under the assumption (43), we know that the column size of { é } is |i| < v Since the row size

i

of {é} is equal to |i| and the entries of G; are bounded by s, we get

1 < 0 S\ v
P M e < sy/ i+ (8 = (DI < 5y/Jir0.
. I
The same argument applies to || F; [H} |- 0
J

In the following two lemmas, Lemma 4.2 and Lemma 4.3, we investigate the local error generated
in farfield approximation and nearfield approximation, respectively. Lemma 4.2 applies to both 2
and HSS construction, while Lemma 4.3 is only necessary for HSS construction because there
is no nearfield approximation in #? construction. Referring to Section 3.1, in the following we
will denote by Sep the set of all well-separated pairs of subdomains corresponding to a given
partitioning:

Sep := {(4,7) : ;, 2, are well-separated } . (46)

Lemma 4.2
Suppose 4 and j are two nodes at level [ and (i, j) € Sep. Denote the farfield approximation tolerance
by egyr as in (9). Then the H? generators computed in (31) or the HSS generators computed in (24)

Copyright © 2010 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. (2010)
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and (27) produce the following factorization

T
I I
Als5 =P [ ] Alss < [HJD + Eig)

where the approximation error E; ;) satisfies
1B plle < 28° /IO erul| Al -
Proof

According to (7) and (11), we know that for each (i, j) € Sep

T
. I~ I
Als,5 = UiB; Vi + Erlg =P |:Gi:| UiBm'VjT <Fj [HJD + Erlig

T
I I
P, [G} Aliys (Fj {HJD + By

I I
Eig) = —hi {G}Eﬂm( {HJ_D + Erlig- 47

Based on (9) and Lemma 4.1, we deduce that

where

I I
IBunle < 1P | & [I1BRug o | e + WEeligle

< 25\/ [ilrOer| Al s/ llr® = 25/ [l el Al 51 -

O

Lemma 4.3

Suppose ¢ and j are two nodes at level [ of the HSS tree and (i,j) ¢ Sep. Then in the HSS
construction, the application of the truncated SVD with relative tolerance egyp in (21) and (25)
produces the following factorization

A|IXJ Si%; S + Eg ),
where
HE(i,j)”F < 52|j|\/ mr(l)r(l)eSVDHAlj”F + 5|i| |j|7"(l)GSVDHAi_HF-

Proof
According to (23), we know that

I
Si =Pb |:G1:| Si‘i'

Therefore,

;%78 = P, {I] SikETS;

171

G] <A|1><J g'ix}) :

Il
Jas)
|l
~

Based on (25), we further have:

=TT (sHTTT + BL;

1><j'

Al

ixj

Copyright © 2010 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. (2010)
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Tl = (1])" (Fj MDT

7 T
Ay = (A\;xj - E|2|ixj> (Fj {HyD + Eglig-

Since

we obtain

Therefore, we get

_ I I T

where

r T
1 I

Introduce the notation

i:I\i and j:=3j\j,

we then have

1 0 I _
E|2|§><_] _El ‘IX‘] (Fj |:O:|> +E‘E|i><j (Fj |:I:|> and E |1><_] |:0] E |1><J+P [ :| E2|i><j~

Substituting the above identities into (48), we obtain

T T
I 0 I 0
Eijp=—h [G] Elz\axj (Fj [HJD + P [Gz] Elz\axj (Fj H>
0 (49)

Based on (22), (26) and Lemma 4.1, we have the estimate
1 _ _
nam>FsMG}FommﬂE%ﬁmﬁw@mﬁw)+wmwwgmmF+M&mjF

<M ]Fwa+wEhaw+wwm@+w%mﬁp
< s2jly/[ilrOrDesvpl| AL + sfily/ - Oesvp| A7 |-
O

Based on Lemmas 4.2—4.3, we can estimate the total approximation error at level [ in HSS
construction.

Lemma 4.4

Assume egyp and eg,, are the approximation tolerances used in the approximation of nearfield and
farfield blocks in the HSS construction. Then the approximation error E() in (41) satisfies the
following bound

3/2 3/2
”E(l)”F < 822l/2+2 (T(l+1)> (T(l)) GSVD”A(I)”F -l—4827‘(l)T(l+1)€far||A(l)||F7

where we have set 7(L+1) .= p(L),

Copyright © 2010 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. (2010)
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Proof
Based on Lemma 4.3, we know that the approximation error from the nearfield compression at level
[ can be estimated as follows:

o 3 o
> Mol <2 3 (SRR () Aol Al + #PE Ol A7 17

(4,5)¢Sep (4,5)¢Sep

o 3 _
<2 3 (SR () ol Al + R Ocduoll A ).

i,j at level |

Since [i| < 2r(H+1D | |j] < 2r-0+D for nodes i, j at level I and there are 2/~ nodes at this level, we
further have

dooIBaplE < D

(4,5)¢Sep i,7 at level

3 3
> 251 (2r040)" (+0) yp A

()=l \lv(y)=l

. ( 262 (20 1O A7 |3

3 3
200" (70 yp | A0

3 3
25t (2r00)” (1) ol + 25 (2r04) 1Oyl

7 N

IN
[\
Va)

N

3
I 942 <2T(l+1)) NO) 2VD||A l)”F
o ()=l

3 3 3
< 9l (84 (2r(z+1)) (rm) 182 (2r<z+1)) r(l)> upll A%

3 3
< 124 (r) 7 (50) 7 yp A0

Based on Lemma 4.2, we know that the approximation error for the farfield compression at level /
satisfies:

S EelE < S0 @Il Ang -

(#,5)€Sep (4,5)€Sep

Following the construction procedure (28) and the assumption (43), we have
[i| <2r@D 5] < 270FD, (50)

Thus, we obtain the following estimation:

S Beplh < S0 @t 02 145 5%

(i,5)E€Sep (i,5)ESep
= 1651 (rFVr0)22 Z ||AI><3||F
(i,5)€Sep
< 165 (rF D)2 A3
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To sum up both farfield and nearfield approximation errors, we obtain the estimate for the overall
approximation error introduced at level [:

IEOIe = S 1Baplht+ Y 1Byl

(4,7)&Sep (4,4)€Sep
3/2 3/2
< g2ol/2+2 (T(l+1)) (r(l)) CSVD”A(Z)”F + 4s2r(l)r(l+1)efar||A(l)||F.
O

The overall HSS approximation error in the Frobenius norm can then be derived in the following
theorem.

Theorem 4.1
Suppose the HSS tree has L levels. With the assumptions in Lemma 4.4, SMASH produces the
following factorization

A=U® <U<L1> < . <U<2>B<1> (V<2>)T + B<2>> ) (V“*U)T
+B0Y) (V<L>)T +B® 1 R,

where the approximation error E satisfies the estimate
|Ellr < Cresvp |l Allr + Coctal [ Al 7,

(G

with .
-1
Cy = Z oL+1/2+2 20—2142 (T(lJrl) . T(L))Q <T(l+1))3/2 (T(z))5/2
=2
L 2
Cy = Z oL+2 2L —21+2 (r(l)r(l-&-l) y .T(L)) F+1)
1=2
Proof

According to (44), we know that the overall HSS approximation error £ has the expression
E= (U<L> .. U<3>) E® (V<L>) .. V<3>)T +oo 4+ UDEED (V(L))T +ED. (52
Note that the column size of (UX) ... U*+1) is bounded by rV2'. Thus we have

|UE U p < VrO2 U WDy < 282 L /pOp D (D) (53)
and same upper bound holds for ||V (X) ... VU+D) || . Tt follows from (52) that

L-1

BN < Y IIUE 0D EOfp VS VD 4 | BW
=2
L-1

2 3/2 3/2
< Z oL 2L—21,.(1) (T(Hl) 3 ’T(L)) $291/2+2 (r(z+1)) (T(z)) esvl|AD |
=2

L—1
2
+ E oL 2L=2l () (r(l+1) e T’(L)> 452D W |AD | g + | ED)|| (54)
1=2

L-1 2 3/2 5/2

< Z oL+1/2+2 202142 (r(l+1) . “T(L)) (r(l+1)> (r(l)) esvol|All
1=2
L

2
n 22L+282L—21+2 (r(l)r(zﬂ) 3 .T(L)) r(l+1)€farHAHF-
1=2
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O

It is easy to see that the bound in (54) is quite pessimistic because we bound | A() || » from above
by ||A||r, where A (defined in (42)) is a submatrix of A of size |[I| x ||,

Corollary 4.1
Besides the assumptions in Theorem 4.1, if there also exists a constant > 2 such that r < r for
each [ > 1, then the approximation error £ in SMASH satisfies the estimate:

IE||lr < (2r2s*) X (16esyp + Segar) || Al -

Next we estimate the error in 42 approximation. Note that, by setting esyp = 0, the error estimate
in Theorem 4.1 also holds for the 2 construction with a possibly different constant C, depending
on dimension d. In fact, analogous to Lemma 4.4, we first have the following estimate for the H?
construction:

IO r < 45207 e | AV)

where E() denotes the approximation error introduced at level [, as defined in (41). Assume the
H? matrix is associated with a perfect 2¢-tree 7 (d € {1,2,3}), i.e., each nonleaf node of 7 has 2¢
children and all leaves are at the same level. For a node i at level [, since [i| < 2%r(+1D < 2470 it
follows from (36), (31) and Lemma 4.1 that

|UD, < 529270,

Notice that the column size of (UX) ... U(!+Y) is bounded by r()2%. Then the counterpart of (53)
can be obtained for the 742 construction as:

|JUE U p < VrW2du®) | gD, < 24260 /p0p U+ | (D)

and the same upper bound holds for ||V (%) ... V(41| .. The total approximation error can now be
obtained by means of (52):

L—-1
1Bl < 30D U | BO g [VE VD | p 4| ED
=2

L—1
2
< Z 9L g2L=21p.() (’I‘(l+1) .. T(L)) 452D Wep [|AD | 5 4 452 (1) e || A|
1=2

L-1
2
< Z 9dL+2 (2L —21+2 (r(l)r(l-&-l) o T(L)> T(l+1)€farHAHF + 452(T(L))2€far||A||F

1=2
L

< Z 9dL+2 2L—21+2 (T(z)r(l+1) o r(L))Q T(l+1)6fa_r||A||F-
1=2

The above error analysis yields the following theorem.

Theorem 4.2
Suppose 7T is a perfect 2%-tree with L levels, associated with the 2 approximation of A. Under the
assumptions in (43), SMASH produces the following factorization

A=UD <U<L—1) ( . (U<2>B<1> (V(2>)T + B<2>> ) (V<L—1>)T

. (55)
+B(L—1>) (V(L)> +BW 1+ E,
where the approximation error E satisfies the estimate
|E|lr < Cégar||All
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with
L

C— Z 9dL+2 202142 <T(l)r(l+1) N .T(L)>2 PO+
1=2
Corollary 4.2
Besides the assumptions in Theorem 4.2, if there also exists a constant r > 2 such that r® < r for
each [ > 1, then the approximation error £ in SMASH satisfies the estimate:

1ElF < (2%r%s*) " Serac|| All p-

Finally, we will show that the term (2972s2)% in Corollaries 4.1-4.2 can be bounded by functions
of n which are independent of eg,, and €54 under certain assumptions.

Proposition 4.1
Given , let T be a perfect 2%-tree of L levels such that r2%% < n. Assume without loss of generality
that s < 2. Then the constants in Corollary 4.1 and Corollary 4.2 satisfy the following estimation:

L
(29725?)" < p2alosant it (56)

Proof

Since r2%X < n, we have L < 1 log, 2. It follows that

+1

v

dL 2L dLo2L nyatl!
2% s < 207270 < (7) <n
T

Next it remains to bound r2= < r71°%: % To this end, we define g(z) = 2'°%2 & for 2 > 1. Then
2
r2L < (g(r)) 4. It can be verified that the global maximum of g is achieved at x = \/n. Therefore,

o

< (g(vm) * = niitose,

r?t < (g(r))
and we conclude that
(2dr282)L < pralogant i+l
O

Proposition 4.1 also indicates that C'y, C in Theorem 4.1 and C in Theorem 4.2 all can be
bounded by constants which are independent of eg,, and €4, under certain assumptions.

5. COMPLEXITY ANALYSIS

This section studies the complexity of SMASH for an n x n matrix. For simplicity, we only consider
the case when X = Y and the points are uniformly distributed. Under this assumption, a perfect tree
T will be used for both HSS and H? structures.

5.1. Complexity for the HSS construction

We start with the HSS construction case. Since the HSS matrix structure is only efficient for one
dimensional problems, we will focus on the one-dimensional problems in this section. Suppose T
has L levels such that n = O(r2%), where 7 is a positive integer such that the rank of HSS generators
is bounded above by r and

iow| < 2r, [i% < 2r, Vi# root. (57)

Notice that in the context of integral equations in potential theory, the assumption (57) in general
holds only for integral equations defined on a curve. Since the points are uniformly distributed, for
each nonroot node 7, the number of nodes in NV; (See Appendix) is very small, which we assume to
be bounded above by 3. Under these assumptions, we have the following complexity estimate.
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Theorem 5.1
Let 7 be a perfect binary tree with L levels and (57) hold. Then the complexity of SMASH for the
HSS construction in Section 3.3.1 is O(n).

Proof

Based on (57), it is easy to see that, for each nonroot node ¢, the compression cost for its nearfield
blocks in (21) is O(r?). This is because the size of the nearfield block row in (21) is no larger
than 2r-by-6r under the above assumption for A/;. Besides, the farfield basis matrix U; has column
size at most r, so the cost of an SRRQR procedure in (23) is O(r3). Therefore, the compression
cost associated with each nonroot node i is O(r3) and the complexity of the HSS construction is
O(2Lr3) = r20(n) = O(n). O

5.2. Complexity for the H? construction

For the H? construction case, we assume that when X C R4, T is a perfect 2%-tree with L levels
such that n = O(r2%%) and r is a positive integer such that the rank of #? generators is bounded by
r and

[irow| <2, [i < 2% Vi# root. (58)

The analysis here is simpler than that of the HSS construction in Section 5.1. Since each node i
only involves the compression of farfield basis Ui\;ww (as well as Vi\;coz ), whose size is no larger
than 72%-by-r under the assumption (58), we deduce that the compression cost associated with each
node is O(73). As a result, the complexity of the 2 construction is O(273) = r20(n). Thus we
conclude:

Theorem 5.2
Let 7 be a perfect 2¢-tree with L levels and (58) hold. Then the complexity of SMASH for the H?
construction in Section 3.3.2 is O(n).

6. NUMERICAL EXAMPLES

In this section, we present numerical examples to illustrate the performance of SMASH. All of the
numerical results were performed in MATLAB R2014b on a macbook air with a 1.6 GHz CPU and
8 GB of RAM. The following notation is used throughout the section:

o n: the size of A;
® t.onstr: Wall clock time for constructing A in seconds;

tmatvec: Wall clock time for multiplying A with a vector in seconds;

tso1: Wall clock time for solving Az = bin seconds;

€svq: relative tolerance used in the truncated SVD for the nearfield compression;

rand([0, 1]): a random number sampled from the uniform distribution in [0, 1].

6.1. Choice of parameters

Since the quality of a degenerate approximation depends on the underlying kernel function, there
is no rule of thumb in general on choosing the parameters to satisfy a prescribed tolerance. For
completeness, here we present a heuristic approach that we use in all numerical experiments on the
choice of parameters.

Given a matrix A and a tolerance ¢, suppose one wants to construct a hierarchical matrix A
(H, H2, or HSS) such that ||A — A||;ax &~ €. Then the following approach is adopted to determine
parameters 7, r.
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Table I. 2D test in Section 6.2.1: construction and matrix-vector product of an H? matrix.

n = m? HAU — AU”/”AUH teonstr tmatvec
1600 6.69 x 10—13 0.52 0.02
6400 2.00 x 10~ 12 1.97 0.07
25600 3.65 x 10712 9.53 0.30

102400 487 x 10712 39.47 1.18

The choice of separation ratio 7 € (0, 1) only depends on the dimension of the problem, so it is
chosen first. We choose 7 such that 7 < 0.7 and, in general, a slightly larger 7 is preferred for higher
dimensional problems. For example, we choose 7 = 0.6 for essentially one-dimensional problems,
such as those in Section 6.3 and Section 6.4; we choose 7 = 0.65 for problems in two or three
dimensions in Section 6.2.

Having chosen a separation ratio 7, we use the following function to determine the farfield
approximation rank 7 used in constructing Us, V; (before the SRRQR postprocessing):

|loge/logT —20], ife <1078,
r =4 |loge/logT —15], if 1078 <e < 1076,
max{|loge/logT — 10,5} otherwise,

where | x| yields the largest integer less than or equal to «. For example, in Section 6.2.1, ¢ = 1077,
T =0.65, r = 22; in Section 6.3, e = 108, 7 = 0.6, = 21; in Section 6.4, e = 10710, 7 = 0.6,
r = 25.

6.2. Construction and matrix-vector multiplication of H? matrices

In this section, we perform numerical experiments to test the construction and matrix-vector
multiplication of an #? approximation associated with kernels in both two and three dimensions. A
complicated three-dimensional geometry (see Figure 5) is presented to illustrate the robustness of
the algorithm.

6.2.1. Two dimensions We first consider the kernel in (1) with d, = 1. We chose X as a uniform
m x m grid in [0,1] and A = [k(x,y)]+yex. The computational domain [0, 1]* was recursively
divided into 4 subdomains until the number of the points inside each domain was less than or equal
to 50. We embedded [0, 1] in the complex plane and used the truncated Taylor expansion (4) with
r = 22 terms and the separation ratio 7 = 0.65 to compress farfield blocks. The approximation error
of this construction is measured by the relative error || Au — Au)| /|| Au||, where w is a random vector
of length n = m? with entries generated by rand([0, 1]). The numerical results are reported in Table
L

As can be seen from Table I, SMASH for the 2 construction and the matrix-vector multiplication
described in Section 3.4 scale linearly, which is consistent with the complexity analysis in Section
5.

6.2.2. Three dimensions In three dimensions, we consider the kernel

log|lz—y|
W)= a0 TEEY
1, ifx =y,

which has a stronger singularity than 1/|z — y| near = = y. The geometry here is a triceratops

embedded in the cube [—100, 100]? as illustrated in Figure 5 . The points in X are drawn randomly

TThe datasets are from the point cloud tools http://www.geo.tuwien.ac.at/downloads/pg/pctools/pctools.html
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Table II. 3D test in Section 6.2.2: construction and matrix-vector product of an 2 matrix.

n HALL - AU”/HAUH teonstr tmatvec
10000 1.98 x 1076 9.12 0.14
20000 3.83 x 1076 23.20 0.38
40000 5.83 x 1076 50.39 0.74
80000 7.20 x 1076 115.03 1.57

from the triceratops and A = [r(z, )]s 4ex. The H? approximation A is constructed based on
interpolation in three dimensions, where 5 Chebyshev points are used in each direction.

It is easily seen from Table II that the time for construction or matrix-vector multiplication scales
linearly in terms of the matrix size. Moreover, despite the complicated geometry, the approximation
accuracy remains relatively high as problem sizes increase.

Figure 5. The 3D triceratops geometry used for the numerical experiments in Table II.

6.3. Cauchy-like matrices

We consider in this section the numerical solution of Cauchy-like matrices. It is known that
Cauchy-like matrices are related to other types of structured matrices including Toeplitz matrices,
Vandermonde matrices, Hankel matrices and their variants [55, 56, 57, 58, 59, 60]. Consider the
kernel k(z,y) =1/(z —y), v #y € C. Let x;,y;(i,j =1 : n) be 2n pairwise distinct points in
C. The Cauchy matrix is then given by C = [k(z;,¥;)]i,j=1:n, Which is known to be invertible
[61]. Given two matrices w,v € C"*P, the (i, j)-entry of a Cauchy-like matrix A associated with
generators w, v is defined by [62]

1 p
am‘ = Z wuvj,l. (59)

T —
i~ Y53

For simplicity, we consider the case p = 2, i.e., w (as well as v) is composed of two column vectors.

Denote by 1, e, 91, 02 the column vectors in w, v, i.e., w = [y, Wa],v = [01, Da]. It can be seen

that A can be written as

A = diag(w )Cdiag () + diag(ws)Cdiag(ds). (60)

Existing approaches for solving Cauchy or Cauchy-like linear systems associated with points in
R mainly rely on some variants of Gaussian elimination with pivoting techniques. For example,
fast O(n2) algorithms for solving Cauchy linear systems can be found in [63, 64, 65, 66], etc.;
a superfast O(nlog®n) algorithm based on a sequential block Gaussian elimination process was
proposed in [67]. The performance of most existing methods depends on the the distribution of
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point sets z, y. As pointed out in [64], if two sets of points x,y can not be separated, for example,
when they are interlaced, existing algorithms (for example, BP-type algorithm of [63]) suffer from
backward stability issues. Moreover, due to the use of pivoting techniques, the accuracy of existing
algorithms heavily depend on the ordering of points [63, 64] and the analysis is limited to the case
when the points are in R.

Therefore, in view of the issues mentioned above, we assume x;, y; are mixed together such that
in adaptive partitioning (see Section 3.1), each box contains the same number of points from z; and
y;. We also consider that z;, y; are distributed on a curve in R? as illustrated in Fig. 7 to demonstrate
that the algorithm is independent of the ordering of points and is applicable for points in C.

We construct the HSS approximation Ato A using SMASH discussed in Section 3.3.1 and then
solve the linear system associated with A using a fast ULV factorization solver [5]. Due to the
choice of stable expansion in (4), arbitrarily high approximation accuracy can be achieved without
stability issues [49].

Note that the HSS approximation to C can be readily obtained as in Section 3. Consequently,
the HSS approximations to diag(w- )Cdiag(v;) and diag(ws)Cdiag(v2) can be derived by modifying
U, V, D generators, respectively. The sum of these two HSS representations is also an HSS matrix
whose generators can be easily obtained using the technique presented in [68] by merging the two
sets of HSS generators. Hence the HSS approximation to A is derived.

In the first experiment, the point sets {4 }7_,, {yx }1_, are chosen as follows:

rp=k/(n+1), yp=uaxr+10" " xrand([0,1]), k=1,...,n. 61)

In the second experiment, the point sets are distributed on the curve illustrated in Fig. 6 that is
parametrized by

v(t) = e”™/% % [(0.5 + sin(4nt)) cos(2mt) + (0.5 + sin(4xt)) sin(2nt)], ¢ € [0,1],
and {z}}_,, {yr}}_, are given by
pk =/ 1), g = (x4 10T erand(0,1])), E=1,...,n. ()

In the third experiment, the point set {x}}_, is on the snail geometry in C as illustrated in Fig. 7
and the point set {y; }}_, is given by

yr = o + 107" xrand([0,1]), k=1,...,n. (63)

For generators of this Cauchy-like matrix, i.e., w = [, Ws],v = [01, 2], we chose @y, O;(1 =
1,2) such that each entry in those vectors was given by rand([0, 1]). In order to solve the linear
system Au = b, we constructed an HSS approximation Ato A in (60) by SMASH. 1D boxes (i.e.,
intervals) and 2D boxes (i.e., rectangles) are used in adaptive partitioning for point sets in (61) and
(63), respectively. The right subfigures in Fig. 7 illustrate the adaptive partitioning using 2D boxes
as described in Remark .1. We chose separation ratio as 7 = 0.6 and adaptive partitioning stopped
when the number of points inside each box was less than or equal 50. The nearfield blocks were
compressed through SVD with truncation tolerance 10~9. The exact solution was set to be a column
vector u of length n with entries generated by rand([0, 1]), and the right-hand side b was formed by
b= Au.

The numerical results for three Cauchy-like matrix problems are reported in Table III. From
Table III, we see that the computational time for both construction and the solution scale linearly,
and SMASH in Section 3.3.1 is quite robust with respect to complex geometries. Moreover, it can
be seen that SMASH is independent of the ordering of points.

6.4. Integral equations
In this section, we solve Laplace boundary value problems via the integral equation method. Assume
Q) is a smooth simply-connected domain in R? and let T’ = 9 be the boundary of § of class C2.
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Figure 6. Honeybee geometry used for the numerical experiments in Table III. Left: Original curve; Right:
Adaptive partitioning of the curve for the case when n = 12800 in Table III.

A

Figure 7. Snail geometry used for the numerical experiments in Table III. Left: Original curve; Right:
Adaptive partitioning of the curve for the case when n = 12800 in Table III.

Table III. Numerical results for solving the Cauchy-like matrix when {x}}}_, are distributed on three
different curves.

curve n v —all/llull | [|Au—Ad[|/[|Aull | tconst tsol
1600 7.60 x 1012 5.56 x 10~ 15 0.33 0.11

0,1] 3200 1.01 x 10799 3.87Tx 10 * 0.63 0.19
’ 6400 5.58 x 10~ 17 5.58 x 10~ 4 1.29 0.35
12800 1.47 x 1078 5.87 x 10~ 1% 2.58 0.69

1600 9.37 x 10~ 11 8.09 x 1014 1.14 0.28

honeybee 3200 9.78 x 1010 5.60 x 1013 222 0.51
6400 1.55 x 10799 9.16 x 10 13 4.42 0.96

12800 | 2.76 x 10799 1.54 x 10~ 12 8.49 1.87

1600 1.34 x 10~ 11 1.02 x 107 1° 1.75 0.39

<nail 3200 2.98 x 10~ 11 6.61 x 1016 293 0.69
6400 3.65 x 10~ 10 5.88 x 10~ 19 5.81 1.30

12800 | 278 x 10~ 6.27 x 10 1° 10.57 2.39

Consider the interior Dirichlet problem: find u € C?(2) N C(Q) such that

Au=0 1inQ,

64
u=up onl, ©4)

where up € C(I') is given. With smooth boundary curves and Dirichlet data, the wellposedness of
this problem is well studied in potential theory [69, 70].

The fundamental solution and its gradient (in terms of y) for the Laplace equation in R? are given
by:
1 y—x

1
(I)(X,y) = —% log |X — y|, and qu)(x, y) = —%m
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Let v, denote the unit outer normal at point y € I'. The double layer potential with continuous
density o is given by
0d(x,y) L od(x,r(t))

Ko(x):= | ——o(y)dsy =

% v'(®)|o(x(t))dt, x €, (65)
r Y

where we assume T is parametrized by r(¢) : [0,1] — RZ.
Given Dirichlet data up € C(T') in (64), we solve the following integral equation for o € C(I'):

(K — %I)J —up, onl. (66)

It is well-known ([70]) that the problem above for o € C(T") is well-posed, and the corresponding
double layer potential u := Ko solves the interior Dirichlet problem (64).
Denote the kernel in the second integral in (65) by

9®(r(s),r(t))

K(s,t) := 5
y

[’ (t)]. (67)
It is easily seen that the smoothness of the above kernel function depends on the underlying
boundary curve and it is known that ([71]) if r € C*°(]0, 1]), then x € C*°([0, 1] x [0, 1]).

Several Laplace problems (64) with the same exact solution but different domains are considered

here. The first domain €2 is a ram head whose boundary curve T' is parametrized by r(¢) =
(r1(t), r2(t)) for ¢t € [0,1]:

r1(t) = 2 cos(27t),

\ (68)
ro(t) = 1 + sin(27t) — 1.4 cos™(4nt).
The second domain is a sunflower whose boundary curve I is parametrized by:
r1(t) = (1.3 + 1.25 cos(40mt)) cos(2mt), 69)

ro(t) = (1.3 + 1.25 cos(407t) ) sin(27t).
We chose the Dirichlet data u such that the exact solution of (64) is
u(x) = log [x — xq,

where the source point xo = (2,1.5) is in the exterior of 2. Illustrations for the curves parametrized
in (68) and (69) are shown in Fig. 8 and Fig. 9, respectively. We used Nystrom method with
trapezoidal rule to discretize (66). Since the curve I" and the kernel are both smooth, Nystrom
discretization converges with a convergence rate proportional to that of the quadrature rule.

As in Section 6.3, we applied the HSS matrix techniques to approximate and solve the resulting
matrix from the Nystrom discretization of the integral equation in (66). The adaptive partitioning
based on bisection (cf. Remark .1) was applied to a box covering the domain €2 in R? and each box
in leaf level contained no more than 50 quadrature points on I'. Empty boxes were discarded during
the partitioning. Illustrations of adaptive partitioning are shown in the right subfigures of Fig. 8 and
Fig. 9, when 10240 quadrature points are in use. A binary tree 7 was then generated corresponding
to each adaptive partitioning. In the construction of the HSS matrix, the bases for the farfield blocks
were approximated by polynomial interpolation (with 25 interpolating points) with respective to
the separation ratio 0.6 and the bases for the nearfield blocks are computed by the truncated SVD
with the tolerance e5q = 10711, In order to test the convergence of the discretization, for curves in
Fig. 8, we compared the numerical solution @ with the exact solution u by evaluating them at point
x* = (0.1,0.1) inside €. For the curve in Fig. 9, the evaluation point is chosen as x* = (1.5,0)
inside 2. The numerical results for the ram head and sunflower problems are shown in Table [V and
Table V, respectively.

From Table IV and Table V, it can be seen that the HSS matrix methods achieve linear
complexity at both the construction and solution stages. In addition, it is worth noting that the
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Figure 8. Ram head domain for the Dirichlet problem (64) with source point and evaluation point marked
as green ‘+’ and red ‘*’, respectively. Left: Original curve; Right: Adaptive partitioning of the ram head

boundary curve for the case when 10240 quadrature points are used in Table IV.
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Figure 9. Sunflower domain for the Dirichlet problem (64) with source point and evaluation point marked
as green ‘+  and red ‘*’, respectively. Left: Original curve; Right: Adaptive partitioning of the sunflower
boundary curve for the case when 10240 quadrature points are used in Table V.

Table IV. Numerical results for solving a 2D Laplace Dirichlet problem in a ram head domain as shown in

Fig. 8.

n ‘U(X*) - ﬁ(x*” ||A - Allmax cond(A) Leonstr tsol
160 5.03 x 10798 1.06 x 10~10 6.15 x 10°7 0.42 0.107
320 9.54 x 10~ 11 6.81 x 1010 6.92 x 107 1.54 0.042
640 1.91 x 1012 7.98 x 1010 6.00 x 107 2.93 0.127
1280 8.22 x 10~13 2.26 x 10799 6.02 x 10! 5.41 0.103
2560 778 x 10713 3.90 x 10799 6.02 x 107 9.76 0.177
5120 1.50 x 10~ 13 0.63 x 10799 6.02 x 10! 18.74 0.282
10240 1.96 x 10~ 12 1.01 x 10708 6.02 x 1001 34.78 0.591

Table V. Numerical results for solving a 2D Laplace Dirichlet problem in a sunflower domain as shown in

Fig. 9.

n |u(x*) — 4(x*)] |A — Allmax cond(A) tconstr teol
640 2.96 x 10792 1.20 x 10708 5.65 x 103 5.42 0.105
1280 1.25 x 10793 2.65 x 10798 2.23 x 10° 16.80 0.256
2560 1.88 x 10706 3.56 x 10798 1.85 x 103 41.76 0.624
5120 1.02 x 1010 4.27 x 10797 1.72 x 10% 102.65 1.429
10240 1.66 x 10~ 1 3.80 x 10797 1.12 x 10% 192.78 2.165

20480 8.03 x 1010 9.55 x 10797 6.86 x 10° 316.68 3.219
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Table VI. Comparison of exact e-rank and approximation rank of M = Ajrow y jeor for the ram head geometry
in Fig.8, the sunflower geometry in Fig.9 with ¢ = 1072,1076,1071°

. e=10"3 e=100 e=10"10
geometry no | sizeWM) S T e By [ M) | size(By) | w0 | size(B)

1280 | 640 I3 19 25 45 43 70

ram 2560 | 1280 3 i3 75 75 i3 71
head 5120 | 2560 3 i3 25 45 43 72
10240 | 5120 3 9 25 45 43 72

1280 | 640 67 84 111 141 151 185

sun- 7560 | 1280 83 17 159 187 213 251
flower 5120 | 2560 83 125 182 | 226 | 298 347
10240 | 5120 83 123 187 237 328 380

20480 | 10240 | 83 120 187 738 327 382

numerical solutions for these Laplace Dirichlet problems converge exponentially fast regardless of
the complicated geometries and the solver is quite robust. For example, in view of Table V which
corresponds to the seemingly complicated geometry in Fig. 9, 10 digits of accuracy can be achieved
using only 5120 quadrature points.

6.5. Nearly optimal compression

In this section, we compare the exact numerical rank of the largest off-diagonal block of A with
the approximation rank obtained from SMASH. The numerical results show that the approximation
rank is nearly optimal in the sense that it differs from the exact numerical rank by a small constant
that is roughly independent of the kernel and the matrix size.

Definition 6.1 (e-rank)
Let oy > 09 > - -+ > 0, be singular values of a nonzero matrix A. Given a tolerance ¢ € (0, 1), the
relative e-rank of a matrix A, denoted by r.(A), is the largest number ¢ such that o; > €.

Consider the numerical examples in Section 6.4, where different curves give rise to different
kernels according to (67). Let i, 5 be two children of the root node. We focus on the (largest) off-
diagonal block Ajrow y jeor .

We consider three tolerances: € = 1072,107%,1071%. We list the size of Ajrouwyjeor, the exact
e-rank, and the approximation rank characterized by the size of B; generator with size(B;) :=
maximum between row size and column size. The results are reported in Table VI .

Note that no a priori information is needed to determine the approximation rank as it is solely
derived from the prescribed tolerance and the construction algorithm. Thus the numerical results
also imply that the proposed method in Section 6.1 for choosing parameters is satisfactory.

6.6. Storage cost

In this section, we demonstrate the benefit of the special structure in the generators produced by
SMASH. We store the HSS generators using the strategy mentioned at the end of Section 2.3. For
comparison, we also compute the cost by storing the generators as dense matrices, denoted by HSSy,
as well as the storage cost for the original dense matrix. The test matrix A of order 10240 is derived
from kernels in Section 6.4 and all entries are stored in double precision. The results are collected
in Table VII for different geometries and different approximation accuracy. The reduction in storage
justifies the use of strong rank-revealing QR algorithm in the construction and we see that SMASH
is quite cheap even when a high approximation accuracy is in use.
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Table VII. A comparison of storage costs (MB) of HSS generators the storage strategy in Section 2.3
(SMASH) and the standard approach by storing dense generators (HSSg) for a square matrix A of order
10240.

€far esvp | geometry | storage(A) | HSSy | SMASH

107% | 107° | ram head 800 5.9 44
10=* | 10~° | sunflower 800 35.2 11.0
10~19 1 10~ | ram head 800 232 8.8

10~19 1 10~ 11 | sunflower 800 145.7 31.3

7. CONCLUSION

We presented a unified framework, called SMASH, to construct either an n x n HSS or H? matrix
with an O(n) cost. One appealing feature of this scheme is its simple implementation which only
requires a routine to compress far field blocks. In addition, SMASH can greatly reduce the memory
cost relative to existing analytic construction schemes. The numerical experiments illustrated the
efficiency and robustness of SMASH through a few examples with various point distributions and
kernel matrices.

We plan to extend this scheme to highly oscillatory kernels and to develop approximate inverse-
type preconditioners for solving the resulting linear systems with 72 matrix representations.
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Figure 10. Illustration of the sets A; used in HSS constructions.
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APPENDIX: DETERMINATION OF NEARFIELD BLOCKS

In building HSS structures, we need to collect nodes corresponding to blocks that are nearfield with
respect to node 7. The set of such nodes is denoted by A; for node i. We set N; = () when ¢ = root.
For the other cases, N; is defined below where p; denotes the parent of i:

N; ={k € T suchthat : either F isasibling of ¢
or pr € N, and (i, k) ¢ Sep (70)
or k is a leaf such that k € NV, and (i, k) ¢ Sep}

Note that when 7 is a child of root then ,,, is empty and so only the first case can take place (k is
a sibling of 7). We also remark that the third case (k is a leaf such that k£ € N, and (i, k) ¢ Sep) is
required for non-uniform distributions and that it is empty if the distribution is uniform. It is easy to
see that if Q = [0,1] and X =Y is uniformly distributed, 7 is a perfect binary tree. In addition, if
the separation ratio is set to 7 = 0.5, then for any nonroot node ¢, ; contains at most two nodes.

For each node ¢, let i denote the index set of the points in X N €2;. Similarly, j represents the index
set of the points in ¥ N ;. Namely, X; = X NQ; and Y; =Y N Q;.

Remark .1

Since the HSS structure [54, 5] is associated with a binary tree regardless of the dimension of the
problem (see Section 3.2), to construct HSS matrices, bisection is used throughout the adaptive
partitioning procedure. For example, given a domain or a curve enclosed in a square in R?, we use
bisection in the horizontal direction and the vertical direction alternatively in consecutive stages
of the adaptive partitioning, i.e., if horizontal bisection is used at partitioning level [, then vertical
bisection will be employed at level [ + 1. The numerical experiments in Section 6.3 and Section 6.4
provide illustrations. This partitioning strategy corresponds to the geometrically regular clustering
(cf.[3]), and can be generalized into the geometrically balanced clustering (cf.[3]).
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