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Abstract. 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.
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1. Introduction. The invention of the Fast Multipole Method (FMM) [55] B0] 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 [13| 16, 24} [34], culminated in 2
matrices[37, [34], provide efficient solution techniques for structured linear systems (Toeplitz, Hankel,
ete.)[61L [63], [67], integral equations [13] [16] B [43] 44], partial differential equations [16] 17, [34] [65],
matrix equations [16] 28] 29] and eigenvalue problems [7, [62]. Though these methods come under
various representations, they all start with a block partition of the coefficient matrix and approximate
certain blocks with low-rank matrices. The refinements of these techniques embodied in the 2
[16] 34] [35] and HSS [24. [60, [66] matrix representations take advantage of the relationships between
different (numerically) low-rank blocks and use nested bases [34] 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 compres-
sion, such as the SVD and the rank-revealing QR (RRQR) [33] which are among the most common
approaches. Utilizing these techniques to compress low-rank blocks [IT], 35] [66] 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 [35] [66].
Other compression techniques, such as adaptive cross approximation (ACA) [3| [B, 6], extract a
low-rank factorization based only on part of the matrix entries and this leads to a nearly linear con-
struction cost. However, ACA may fail for general kernel functions and complex geometries due to
the heuristic nature of the method [I5]. Other efficient low-rank approximation techniques include
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but are not limited to Pseudo-skeleton approximations [58| 27], Mosaic-skeleton approximations [26],
Cross approximations [59] and their latest development [53] [5I]. To the best of our knowledge, no
algebraic approach is able to achieve linear cost for an H? 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 [16] [36], Taylor expansion [37] or multi-
pole expansion (as in FMM [30, 55]), 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 [13]. 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) [I5] 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 [I], [68] use equivalent densities
to avoid explicit kernel expansions but it is only valid for certain kernels arising in potential theory.
The randomized construction algorithms [42] 45] 56, [62] 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 partition of the com-
putational domain and then constructs a tree structure to facilitate subsequent operations as in
[2, 13} 16, 22]. 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 [33], a special structure is incorporated into the final nested bases. In contrast to the methods
used in [45] [68], 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 [I2] since it does not need to construct
an H 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. The guaranteed accuracy/robustness of SMASH is
justified by various test examples with complicated geometries (Section [G]).

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 [I3] 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 [33] 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 approzimation 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.[57]), SMASH only requires a farfield
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approximation, which can be readily obtained for almost all kernels, for example, via interpolation
[36]. 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 #? 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 H? structure. [35].

1.2. Outline and Notation. The paper is organized as follows. In Section 2] we review low-
rank approximations ([4} 13} [34]) associated with some kernel functions. SectionBlintroduces SMASH
for the construction of hierarchical rank structured matrices with nested bases. The approximation
error and complexity of SMASH are analyzed in Section [ and Section [l respectively. Numerical
examples are provided in Section [] and final concluding remarks are drawn in Section [7l

Throughout the paper, the following notation is used:

e A: a dense matrix associated with a kernel function &;
A: H? or HSS approximation to A;
i =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 II]l » denote the L? norm, Frobenius norm, respectively, and || Almax denotes the ele-
mentwise sup-norm of a matrix, i.e.,

| All max := Hz!‘c}x|az',j|v A = a; i

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

e Given a tree T, children(i) and 1v(i) represent the children and level of node 4, 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;

e Let X and Y be two nonempty finite sets of points and A be a matrix whose (4, 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 Xj.
Furthermore, if index set j corresponds to a subset Yj of Y, then Al;x;j denotes a submatrix
of A whose rows and columns are determined by Xj; and i, respectively.

2. Degenerate and low-rank approximations. Hierarchical rank structured matrices are
often used to approximate matrices after a block partition such that most blocks display certain
(numerical) low-rank characteristics. For matrices derived from kernel functions, a low-rank ap-
proximation can be determined when the kernel function can be locally approximated by degenerate
functions []. 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 [G]).

2.1. Degenerate expansion. Consider the kernel function x(x,y) on C x C defined by

_1 if
(2.1) w(ey) = 7 LEFY
dwa lf$:y7

where the number d, € C can be arbitrary. If 2 and y are far from each other (See Definition 2]
below), then k(z,y) can be well approximated by a degenerate expansion
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where ¢y, and v; are univariate functions. In fact, interpolation in the z variable yields the simplest,
yet most general, way to obtain a degenerate approximation:

(2.2) r(z,y) = Y pil(@)r(er, y),
k=1

where z’s are the interpolation points and the pi’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 [13} 84], [57]. One of these ([57]), given below, is often referred to. For a bounded
nonempty set S of C, let § = min.ccsup,cg |s — ¢[. Then we refer to the minimizer ¢, 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 a € C and 6, > 0 be
the center and radius of X with |x —a| < d,, Vo € X. Analogously, let b € C and &, > 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 7 if the following condition holds

(2.3) Sa + 0y < 7la — 1.

Fig. 2Tl 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 (23) 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.

X Y

0 a 1 2 b 3

Fig. 2.1: Well-separated intervals X,Y (centered at a = 0.5,b = 2.5) with separation ratio 7 = 0.5.

Consider the kernel function 1/(z — y) again. When X and Y are well-separated so that (23]
holds, a degenerate expansion for the kernel function based on Taylor expansion takes the following
form [20]:

r—1 k
(2.4) Ka,y) =D Y ckidai( —a)ppri(y—b) +e, VzeEX, yev,
k=0 1=0
where
=R =) g (DR i<k,
® 0 if1>
(2.5)

2 1, if l =0,
v, I\T) = Nv,l737, v, = ! .
Gui(@) =1 TR (2(27#)2%%) ifil=1,...,r—1,

and the approximation error €, satisfies

(14+7)r"
(1-7)

The above expansion will be used to illustrate the construction of hierarchical rank structured

matrices and analyze the approximation error in the remaining sections. The scaling factor 7, ; is
used to improve the numerical stability of the expansion (24]). See [20] for more details.
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2.2. Farfield and nearfield blocks. We now consider a dense matrix A defined by A :=
[k(x,y)]zex,yey. The degenerate approximation (2.4]) 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 [13].

DEFINITION 2.2. Given two sets of points X; and Yj, a submatriz Alix; is called a farfield block
if Xi and Y; are well-separated in the sense of Definition [2; otherwise, Alixj is called a nearfield
block.

A major difference between farfield and nearfield blocks is that each farfield block can be ap-
proximated by low-rank matrices, as a consequence of (Z4]). The following theorem restates (Z4)) in
matrix form for the two-dimensional case.

THEOREM 2.3. If X; and Y; are well-separated sets in C in the sense of (23) with centers a;
and aj, radii 6; and 0;, respectively, the farfield block Alix; admits a low-rank approzimation of the
form

(2.7) Alixj = UZBUVJT + Erlixj,

where

(28) UZ = [¢ai7l(x - ai)]lnghl 7Vj = [¢aj,l(y - aj)}lyeyj, aBi,j = [Ck,l]kyl:();rfl )
=0:r— =0:r—1

with cx1, ¢u,1(v = ai,a;) defined in (Z5), and

. 14+7)7"
(2.9) [Erlixjlimax < €farllAlixjllmax ~ with  €far = ((lfi)

Let n;, = |X;| and n; = |¥j|. If the points z of X; are listed as columns and the various functions
¢a;,1(x — a;) are listed row-wise with [ = 0,--- ,r — 1 and similarly for y, Yj, and ¢q;,i(y — a;) then
the matrices Ui, Bij and V] have dimensions n; x r, r X r, and n; x r, respectively. The theorem is
illustrated in Fig2.2]

Y | |
- _DA
:,X 7777777 | :’_’4,—"/’ BI,J
i Alixj A
X1¢\\\ : Ui

Fig. 2.2: Illustration of Theorem 2.3

2.3. Strong rank-revealing QR. Notice that in the approximation @D, U, only depends on
the points in Xj, V; only depends the points in Y; and B; ; depends on both the centers of X; and Yj as
well as their radii. This represents a standard expansion structure used in FMM [30} 55, [57]. As will
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be seen in the next section the construction of H? and HSS matrices will be significantly simplified
by further postprocessing U; and V with a strong rank-revealing QR (SRRQR) factorization [33].
The following theorem summarizes Algorlthm 4 in [33].

THEOREM 2.4. ([33, Algorithm 4]) Let M be an m xn matriz and M # 0. Given a real number
s > 1 and a positive integer v (r < rank(A)), the strong rank-revealing QR algorithm computes a
factorization of M in the form:

(2.10) MP=Q [R” R”} :
Roo

where P is a permutation matriz, Q € R™*™ 4s an orthogonal matriz, Ri1 is a r X r upper
triangular matriz and Ri2 is a r X (n —r) dense matriz that satisfies the condition:

||R;11R12||max <s.

The complezity is O(n3log,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 CT produces the following factorization:

CT"P=Q[Ri1 R,

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

I -
c=P _ C,
{(RulRlz)T]
where I is an identity matrix of order r and C = (QR11)T. 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 (27) both have more rows than columns, applying SRRQR. to U T and then
to VjT yields:

- 174 - I
(2.11) UZ-—R-[GJ Uily, Vi =1Fj {HJlej-

Note that, as explained above for C, [71|1 denotes a matrix made up of selected rows of Us.
Substituting the above two equations into ([27) leads to another form of the low-rank approxi-
mation to Alixj:

T
Il ~ N I
(2.12) Alixy ~ P {Gi] UilsBig (Vil;)" (FJ’ {HJD

(2.13) =P {GI] (Ali; — Erlic) <FJ‘ [fiDT = { ] Al < [éJDT

where i andj represent subsets of i and j, respectively, and ([ZI3]) results from (2.7]).

A major advantage of this form of approximation over ([2.7) is a reduction in storage. Now only
four index sets are needed to represent (P;, F; i _]) and two smaller dense matrices (G;, H;) need to
be stored rather than three dense matrices (U;, B; j, VJ) This form is very memory efficient since
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Alixj can be quickly reconstructed on the fly based on the index set i,j There are other advantages
that will be discussed in the next section.

The operations represented by (2.I1]) will be used extensively in the construction of hierarchical
matrices to be seen in the next section. These will be denoted as follows:

(214) [P’L; G’iv i] = Compr(U’iv i) and [Fja va.ﬂ = COHlpI‘(‘A/jhj).

Each of the above operations is also called a structure-preserving rank-revealing (SPRR) factorization
[67] or an interpolative decomposition [39]. For recent developments on rank-revealing algorithms,
see [31]. Notice that the matrices U; and V; in (Z7) serve as the approximate column and row bases
for Al;w;, respectively. Taylor expansion (Z.4)) is used to illustrate the compression of low-rank blocks
due to its simplicity. More advanced compression schemes such as weighted truncation techniques
[10], the modified ACA method [6] and the fast algorithm combining Green’s representation formula
with quadrature [T4], 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 k 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 [61] without any difficulty.

3.1. Adaptive partition. SMASH starts with a hierarchical partition 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 partition scheme is necessary.

Without loss of generality, assume both X and Y are contained in a unit box = [0, 1]¢ in R?
(d = 1,2,3). The basic idea of this partition algorithm (similar to [2]) 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 vy (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 1 points is bisected along each of the d
dimensions.

For convenience we assume that the number of points from X and Y in each partition 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 partition 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 ;. See Fig. Bl for a 1D example. The adaptive partition guarantees
that each subdomain corresponding to a leaf node contains a small number of points less than the
prescribed constant vjg.

3.2. Review of H? and HSS matrices. The low-rank property of a block Al;«;j associated
with a node pair (i,7) is related to the strong (or standard) admissibility condition employed to
define H and H? matrices ([16],[38]):

for a fixed 7 € (0,1), the node pair (4,) in T is admissible if X; and Yj are well-
separated in the sense of Definition 211
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 T') is called
an H matrix ([36]) of rank r if there exists a positive integer r such that

rank(Alixj) <7, whenver (i,7) is admissible.

Furthermore, A is called a uniform H matrix ([36]) if there exist a column basis set {U;} ;e and a
row basis set {V;},., associated with 7", such that when (i, j) is admissible, Alix; admits a low-rank
7



Fig. 3.1: Tllustration of an adaptive partition for the case X =Y = {x1,x9,...,xs}. Left: the
computational domain 2 is recursively bisected until the number of points in each sub-interval
Q; centered at a; is less than 4 (circled dots represent the points ;). Right: the corresponding
postordered binary tree 7 with indices of points stored at each node.

z1 T2 T3 T4T5Te T7  Tg
F i level 1
ar

F o o i level 2
F a . i level 3
[l 1 1 1 |

I o " a I level 4
factorization:

Alix; = U;B; ;V;",  for some matrix B, ;.

This factorization is referred to as an AKB representation in [34], where B; ; is called a coefficient
matriz. In [I3], B; ; is termed a coupling matriz and we will follow this terminology here.

The class of H? matrices [36] is a subset of uniform H matrices with a more refined structure.
That is, A is an H2 matrix if it is a uniform # matrix with nested bases in the sense that one can
readily express a basis at one level from that of its children (see (32)). What is exploited here is
that admissible blocks are low-rank and in addition their factors (or generators) can be expressed
from lower levels.

Ale,xq =~ Ue T,
Aleyxq = Ue, T,
Alegxq ~ Uey Te,
Aleaxq =~ Ue, T,
C1 Co Cs Cy
Fig. 3.2: A parent node p with children ci,--- ,¢4 and the corresponding partition of the matrix

block Alpxq, where Q is the collection of indices associated with all nodes ¢ such that (p,q) is
admissible. In the context of HSS matrices there are at most 2 children since the trees are binary.
For H? matrices the trees are more general.

Assume we have a situation illustrated in Fig. 3.2 where the parent node p has children ¢y, .. ., ¢4.
According to the interpolation in ([2:2]), the column basis U; associated with the set i (for any nonroot
node ¢) can be chosen as

k=1
where p,(f)(k = 1,...,r) are Lagrange basis polynomials corresponding to interpolation points
Ziyy .-, x4.. If 1 is a child of node p, we can write (cf. [36])
(3.1) = > @i @)

l=1:r
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The matrix version of (3] then leads to the so-called nested basis:

UCl Rcl pgp) (‘Til) s pgp) (‘Til)
Uy = : . with R; = : : :
Uc4 RC4 pgp) (.IZT) BN pgp) (.IZT)

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. 2]
assuming that the column basis U., has been obtained from a rank-r factorization of the submatrix
Algixq ~ UCITC“ we then derive

O

UCQ T 2
Ue, 7.,
Ue,

U01 1:1
Alpxq -
~C

~

Caq

Applying a rank-r factorization to the transpose of [Tch TCT2 TCT3 TCT4 | leads to

:01 Rq UCl Rcl
T, R., . U. R,
- ~ T A ~ U,T h = 27 c2
1}3 R, | T — Alpxq = U,T, with U, Ue. R,

" R, Ue,Re,

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

Ucl Rcl ‘/Cl Wcl
(3.2) Up=1 + |, W= :
UCk Rck ‘/Ck ch

Hence only the matrices U;, V; for all leaf nodes i need to be stored. Matrices Up, 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(nlogn) cost for the early method in this class developed
by Barnes and Hut [2] (# structure) into an O(n) cost method obtained later by the FMM [30] (>
structure) for computing matrix-vector multiplications for some kernel matrices ([57]).

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 [23],[24] which are binary trees, according
to the partition algorithm described in Section Bl In fact HSS matrices can be viewed as a special
class of H2 matrices in which the strong admissibility condition is replaced by the weak admissibility
condition[38]:

the node pair (4,7) in T is admissible if ¢ # j.
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 /A1|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 rep-
resentation. Approximation by HSS matrices will work well for integral equations defined on a curve
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where kernel functions are discretized. In other cases the numerical rank of A|;»; may not necessar-
ily be small even when a non-oscillatory kernel function is discretized on a surface or in a volume
[13, 63].

The construction of %2 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 UZ-Bl-_’jVjT approximates
block Alix; for certain admissible (4,7). 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 [30] [57]. In more general settings where points
can be arbitrarily distributed, they are called admissible leaves [13]. The set of admissible leaves
corresponding to the minimal admissible partition [34] can be defined as follows:

L ={(i,5) 1,7 € T are nodes at the same level such that (7, j) is admissible
but (p;, p;) is not admissible , where p;, p; are parents of i, j, respectively}
U{(i,j) : ¢ € T is a leaf node and j € T with lv(j) > lv(¢) such that
(i,7) is admissible but (7,p;) is not admissible with p; the parent of j}
u{(@

(4,7) is admissible but (p;, j) is not admissible with p; the parent of i}.

i,7) 2§ € T is a leaf node and i € T with lv(¢) > 1v(j) such that

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.[13]):

(3.4) L7 :={(3,§) :4,j € T are leaf nodes and (4, j) is not admissible} .
In particular, for HSS matrices, it can be seen that £ and £~ have the following simple expression:
(3.5) L={(i,7):4,7 €T and j =sibling of i}, L~ ={(:,i):¢ € T is a leaf node}.

This special feature will be used later (Section B3] 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 H? 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 ~ 1 in (2.3])), then the analytic approximation will not
produce a low rank, i.e., to get an accurate approximation, r has to be large in (Z.0). 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 H? construction with an emphasis on their differences.

3.3.1. HSS construction. Due to the simple structure of £, £~ in ([33]), the notation denoting
the coupling matrices and nearfield blocks can be simplified in the HSS representation. Specifically,
for (i,7) € L, B, ; can be represented as B; with the second index j dropped because j = sibling of ¢
is uniquely determined in a binary tree. An additional symbol D; is introduced to represent diagonal
blocks B; ; because (i,j) € L~ implies j = 1.

10



Fig. 3.3: Tllustration of the sets A; used in HSS constructions.

N\

Casel Case 2

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 ¢, 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 Q;, respectively.

Assuming the HSS tree T 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 i:

srow o . scol P
(3.6) frow _ {1 if 4 is a leaf, seol _ {1 if 7 is a leaf,

0 otherwise, 0 otherwise,
where the index sets i"° and i° have been saved for each leaf node after the partition of €.

Let N; be the set of blocks that are nearfield to node i. .We set N; = () when 7 = root. For the
other cases, N; is defined below where p; denotes the parent of i:

N, ={k € T such that : either £k is a sibling of ¢
(3.7) or pr € Ny, and (i, k) ¢ Sep :
or k is a leaf such that k € N, and (i, k) ¢ Sep}

where Sep denotes the set of all well-separated pairs of subdomains corresponding to a given partition:
(3.8) Sep := {(4,7) : ;,; are well-separated } .

See Figure for a pictorial illustration.

Note that when ¢ is a child of root then N, is empty and so only the first case can take place (k
is a sibling of ¢). 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 of the points 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 i, N; contains
at most two nodes.

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

REMARK 3.1. Since the HSS structure [23, [2])] is associated with a binary tree regardless of the
dimension of the problem (see Section[32), to construct HSS matrices, bisection is used throughout
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the adaptive partitions. 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 partitions, i.e., if horizontal bisection is used at partition level [, then vertical bisection
will be employed at level | + 1. The numerical experiments in Section [6.3 and Section provide
illustrations. This partition strategy corresponds to the geometrically regular clustering (cf.[13]),
and can be generalized into the geometrically balanced clustering (cf.[13]).

For each node ¢ at level [, the construction algorithm first applies a truncated SVD to compute
an approximate column basis for the nearfield block rows in terms of Xjrow:

(3.9) A7 = [Alpougen] oy, = 557 [@-L% + (B frow sgent] e -

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

(3.10) 1B irow oot [l < A/ lirew et esvpl| A7 [l2, V35 € NG

Here, esyp is the relative tolerance used in the truncated SVD. The matrix S; is then taken as an
approximate column basis for the nearfield block rows A; .

For farfield blocks with respect to Xjrow, a column basis U; can be easily obtained through
interpolation ([2.2) or Taylor expansion ([2.8) that only rely on Xj-o. and ;. Next, we apply SRRQR
to the combined basis [U;, S;] as shown below

(8-11) [Py, Gi, i) = compr([U3, Si], 7).

From these outputs, we set

U;:=F [é] if ¢ is a leaf node,
(3.12) ’

Re| |1 e . .
{RCQ] =P |:G7,:| if ¢ is a parent with children ¢y, co.

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

I — 1yl |7 | T
(3.13) AL = [ (Agrow o) LGNI_ — 15 [TJLGM_JF [Er— LGNI_,

where the truncation error satisfies

(3.14) 1B [row et |7 < \/ 1070 [esvp || ALll2, ¥ € NG

In the next step we compute a row basis V; for the farfield blocks with respect to Yieo: based on (2:2)
or (Z8) and apply SRRQR to [V;, T;]:

[E; H,L', iCOI] — (3OIan‘([‘A/,L-7 Ti],iCOl),
Then we set

Vi:=F [Ig] if 7 is a leaf node,
(3.15) Il
=F; [ ] if ¢ is a parent with children ¢y, cs.
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Once the compressions for children nodes (at level [) are complete, we update the intermediate index
set associated with the parent node (at level [ — 1) as shown below :

— ~ row ~ TOw —col s col ~ col
(3.16) PV =c1""MUc™, P =1 U™,

where ¢, co 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:

(3.17) B; == Alrou ool j=sibling of i, and D;:= Aljrowxjeot, &= leaf node.

3.3.2. H? construction. As mentioned at the beginning of Section B3, the H? construction
is simpler because nearfield blocks will not be factorized, and the only complication is that an 2
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,L—1,...,2. For each node i at level [, a column/row basis UZ/‘A/Z corresponding to a farfield
block row/column with index i"°% /i can be obtained via either interpolation (22) or Taylor
expansion (2.8)). The bases U; and V; are then passed into SRRQR

(3.18) [P;, Gi,17°"] = compr(U;,17°%) and [F}, H;,i°!] = compr(V;,i°).

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

U;,:=PF é if ¢ is a leaf node,
Rcl_ - -
=P é if ¢ is a parent with children ¢4, ..., ¢,
R, -
(3.19) - 58
Vi:=F; _Hi_ if ¢ is a leaf node,
Wcl_ - -
= F; LI[ if ¢ is a parent with children ¢4, ..., cg.
W, | -

Again, once the compressions for children nodes (at level ) are complete, the intermediate index set
associated with the parent node (at level I — 1) can be updated as in (3I6). Namely,

(3.20) P =cE""U---U&™", P = U UGS,  with children(p) = {c1,...,ck}.

Finally, analogous to (817, the coupling matrices associated with admissible leaves are extracted

jrow

based on index sets i and jc"l as

(3.21) Bij = Aljrow yjeors  V(is]) € L,

and the nearfield blocks associated with inadmissible leaves are formed by
(3.22) Bij = Aljrowyjeot, V(i,7) € L.

Compared with standard H? constructions based on either expansion or interpolation, SMASH
is more efficient and easier to implement. First, in order to complete the #? construction procedure,
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it suffices to provide only the column/row basis for each farfield block, which can be easily obtained
based on interpolation (2.2)), 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/W is essentially
the same as that of U/V at leaf level. For all the children ¢ of a node p, R;/W; are calculated jointly
based on a subset of points located inside Q, (i.e., Xprow/Ypeor). Therefore, SMASH essentially
builds a hierarchy of grids and computes the bases at each level of the tree by repeating the same
operations ([B.I8) on each coarse grid. 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 (BI9) 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 B.I1I)) and [BIF]), this construction algorithm
is inherently suitable for a parallel computing environment.

3.4. Matrix-vector multiplication. Among various hierarchical rank structured matrix op-
erations, the matrix-vector multiplication is the most widely used, as indicated by the popularity of
tree code 2] (for H matrices) and fast multipole method [30} [57] (for H? matrices).

The matrix-vector multiplication for an H? matrix A follows first a bottom-up and then a top-
down traversal of T [13}[34], which is a succinct algebraic generalization of the fast multipole method
(cf.[57]). 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 I, compute §; := VL qljcr if | = L;
otherwise, compute ¢; := Zcechﬂdmn(i) Wl

2. for each nonroot node i € T, compute z; = Zj:(i,j)eﬁ B; dj;

3. from level [ = 2 to level | = L, for each node i at level [, if [ < L, for each child ¢ of i,
compute 2. = 2. + R.Z;; otherwise, compute z|jrow = U;2; + Zj:(m—)eﬂ, B; jqjeor.

When X and Y are uniformly distributed in [0,1]%, the resulting tree T 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 T, i.e., for two siblings i,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=BW4
(3.23) 1) (U(L_l) < <U(2)B(1) (V(z))T +B(2)) > (V(L—l))T +B(L—l)) (V(L))T,

where UM, V(1 are block diagonal matrices:

diag(Us)1v(i)=i ifl=1, diag(Vi)1v(iy= ifl =1,
() He, ) We
(3.24) U= diag | | it1<L, VT ) diag : ifl < L,
R., W,

lv(i)=l Ck lv(i)=l

and B® has a block structure. B has #{i € T : Iv(i) = L} x #{i € T : v(i) = L} blocks where

each nonzero block corresponds to a nearfield block, while for I < L, there are #{i € T : lv(i) =

14+1} x #{i € T : Iv(i) = 1 4+ 1} blocks in BY) and each nonzero block corresponds to a coupling

matrix. That is, in B, for Iv(i) = Iv(j) = L, block (I;,1;) is equal to B, ; if (i,5) € £L~; in BY

with | < L, for Iv(i) = Iv(j) = 1 + 1, block (I;,1;) is equal to B, ; if (i,j) € L. Here I; denotes the
14



location of node 7 at level [ enumerated from left to right. If A is an HSS matrix associated with a
perfect binary tree T, the structures of U®") and V() are identical to those in (3.24) with k = 2 but
BW® has a much simpler block diagonal structure:

dlag(Dl)z is a leaf node ifl = L7
0 _ B,
(3:25) b diag ' it <L,
Be; 0 Iv(i)=l

where ¢; and co are the children of node 3.
Based on the explicit representation (3.23) of an H? matrix associated with a perfect 2%-tree,
we can write down a levelwise version of the matrix-vector multiplication:
1. at level [(2 <1 < L), compute

(3.26) §O = (Vm)T o (V<L>)T o

2. at level (2 <1 < L), compute

(3.27) 50 = pU=1)40)

)

(3.28) 2=BWg+U® ( . (U(3)(U(2)2(2) + 200 4 ,2(4)) ¥ .2<L>) :

Notice that when X, Y are not uniformly distributed, 7 is not necessarily a perfect tree. Under
this condition, the nodes ¢, j corresponding to a coupling matrix B; ; may not be at the same level
of T and the telescoping expansion [B:23) 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 ([I3,[34]) heavily depend on
recursion to reduce the number of floating point operations while HSS matrices could benefit from
highly parallelizable ULV-type algorithms (cf.[23], [24]) 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 H? 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 2
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:

(4.1) AD = y® A= (v<l>)T +BD 4+ EO v >3,
where A = A and A® (I < L) is a submatrix of A with the following block structure:

Alzy; ifIv(i) = Iv(j) =l and (4, ) is admissible,

4.2 l;,1:)—block of AW =
(42 (1) =blocko 0 iflv(i) = v(j) = [ and (4, ) is not admissible,

Ub v BW follow the definition in Section B4l and E® denotes the factorization error at level
I. The superscripts row and col used in (3.6]) are dropped in ([@2]) in order to simplify the notation
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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

I(l) = Ulv(i):li and J(l) = Ulv(j):lj'

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

(4.3) [ <r®, |5l <r®, i jatlevel I, and rTD <70,

This constant r?) is actually an upper bound for the numerical ranks in the admissible blocks at
level .

Expanding the recursion (£.1]) leads to
A=U® (U<L—1> ( .. (U<2>B<1> (V<2>)T + B 4 E<2>) . ) (V<L—1>)T

(4.4)
_'_B(Lfl) _|_ E(Lil)) (V(L))T + B(L) + E(L)

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 2.4] and thus holds for both #? and HSS construction.

LEMMA 4.1. Let s > 1 be the prescribed elementwise bound in SRRQR in Theorem then
the norms of the H? generators in BI9) or of the HSS generators in B12) and B.I5) satisfy the
following estimate

1 /= I /=

for any nodes i,j at level [.
I

Proof. Under the assumption ([£3]), we know that the column size of [ G
K3

] is |i| < r®. Since

. I1]. T .
the row size of [G} is equal to |i| and the entries of G; are bounded by s, we get
3

I . - IV v
1% g 1 < s+ = D < s/

The same argument applies to || F Lé] |lp. O
J

In the following two lemmas, Lemma[£.2]and Lemma[£.3] we investigate the local error generated
in farfield approximation and nearfield approximation, respectively. Lemma applies to both #H?
and HSS construction, while Lemma is only necessary for HSS construction because there is no
nearfield approximation in H? construction.

LEMMA 4.2. Suppose i and j are two nodes at level | and (i,7) € Sep. Denote the farfield
approzimation tolerance by €fqr as in 29). Then the H? generators computed in 3I9) or the HSS
generators computed in (312) and (FI18) produce the following factorization

I "
Alixj = b [G} Ali (Fj [HJD + EG),
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where the approximation error E; ;) satisfies
1B lle < 25\ [l151r®egarl| Al -
Proof. According to (27) and ([2I1), we know that for each (i,7) € Sep
s o P N

G H;

T
I I
) (5 4]) 5

where

I r1\"
(4.6) Eqj =—PF [GJ Erliy; (Fj {HJD + Erlix-

Based on (2.9) and Lemma [4.1] we deduce that

1 I
IBealle <17 |k |11 Eeliglel s | e+ 1Bebglle

< 28/ [{]rO era| Alg 51| s/ [ilr® = 25/ [1][3]r Y egarl| Al 51| -

LEMMA 4.3. Suppose i 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 (39)
and BI3) produces the following factorization

|

Algg = 857 S) + Ei ),

where

1By e < sy [rOrOesypl AL + sfily/§lrOesvpll A7 || -

Proof. According to ([BI1)), we know that

Therefore,

1 GZ

b [éj (A|ixj - Eihg) :

S%7S; = P, [I} Sili%r S5

Based on ([I3]), we further have:

Al = TTREHTTT + EL;

ixj ixj
17



Since

T/ = (Ty);)" <Fj |:I—‘I[]:|>T

we obtain

Therefore, we get

I I
Al =h [GJ Als 3 (Fj {HJD + Eij)»

where

T
I I
(4.7) Eij=—F [GJ Elzhxj (Fj [H]D + P; {G] (E‘zhm |1XJ) + B [ix3-

Introduce the notation

i:I\i and j:j\j,

we then have

I 0 . I 0],
Eylis = Bslig (Fj {OD + By (Fj H) and  Eg g =P M Byl + b [ } Es lixj:

Substituting the above identities into (£7]), we obtain

(4.8) EUJ)_<_})[5}<EEhXJ< [22])T_%F2{5]Egth< {?])T
s [(ﬂ Byl + m sl

Based on (310), (3I4) and Lemma 1] we have the estimate
I _ _
Bl <1|&|le (HEIEIBsglle + 1Ebligl) + 163 eBz gl + 1Bl
I _
< 1| g eI T+ ULl + /IGHE + 0B gl

< (3l lirOrOesvo | Al # + sfil/[ilrOesvo | A7 || -

O

Based on Lemmas [£2HZ3] we can estimate the total approximation error at level [ in HSS
construction.

LEMMA 4.4. Assume egyp and €gqy are the approzimation tolerances used in the approzimation
of nearfield and farfield blocks in the HSS construction. Then the approzimation error EW in #-1)
satisfies the following bound

3/2 3/2
|ED| p < s22V/2+2 (r(l+1)) (T(l)) esvpl|AD || + 452rOrHD e | AD | 1,
18



where we have set rET1) .= p(L),
Proof. Based on Lemma [£.3] we know that the approximation error from the nearfield compres-
sion at level [ can be estimated as follows:

o 3 o
Yoo lEplE <2 Y (s4|j|2|i| () eévnnAjn%+s2|i|2|j|r<“e§VD||Az-||%)

(i,7)¢Sep (i,7)¢Sep

o 3 e
<2 % (P () BuolAl I + Gyl AT ).

1,7 at level [

Since [i| < 2r0D 3| < 2rt+D for nodes 4,5 at level I and there are 2/~ nodes at this level, we
further have

3 3 3
P E (2s4 (2r0)" (rO) ByplAf 13 + 287 (2r040) 1 Oedypll AT ||F)

(i,5)¢Sep i,j at level [

= Z Z 25 (2r(l+1))3 (T(l))segvD”A‘jH%

()=l \lv(j)=l

3
30| 2 (20) Oy llAT IR

w(g)=l \lv(y)=l

< Z 2s* (27" l+1))3 (T(l))sfé\/D”A(l)H%

(i)=l

3
+ 3 25 (2D Oy A0
l(5)=l

< 2! (s4 (27“(”1))3 (r(l)>3 + 52 (27“(”1))3 T(l)) evpll AV %
3 3
< gloite (T(H—l)) (T(z)) €§VD||A(Z)H2F-

Based on Lemma [£.2] we know that the approximation error for the farfield compression at level [
satisfies:

Y MEaplz< Do @y/hlllrY) el AnglE-
(4,5)€Sep (4,5)€Sep
Following the construction procedure (3I0) and the assumption (3], we have

(4.9) [i| <2r@Y 5 < 200D,

Thus, we obtain the following estimation:

Yo IEBaplE < Y @t rO2e | sl

(i,5)€Sep (¢,5)€Sep
=165 (VD22 ST A%
(i,5)€Sep
< 1684(r(l+1)7°(l))Qe?arHA(l) ||§7
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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 [:

M

IEOIe =1 > IEaplE+ D IEaplz

(4,9)¢Sep (4,4)€Sep

3/2 3/2
< §201/2+2 (r(z+1)) (T(z)) GSVDIIA”)IIF +4827“(”7“(l+1)6far||z4(”IIF.

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

THEOREM 4.5. Suppose the HSS tree has L levels. With the assumptions in Lemmal[{.], SMASH

produces the following factorization

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

(4.10)
+BD) (V<L>)T +BW + B,

where the approrimation error E satisfies the estimate

|E||r < Cresvp||AllF + Caegar| Al F,

with
L1 2 3/2 5/2
Cy = Z QL+1/2+2 (2L —2142 (T(l—i-l) ' _'T(L)> (T(H—l)) (T(z)>
1=2
L 2
Cy = Z 9L+2 2L—21+2 (r(”r(l“) o T(L)) PO+
=2

Proof. According to ([@4]), we know that the overall HSS approximation error E has the expres-
sion

(4.11) E=(U". @) E® (V). .V<3>)T 4o+ UW I (V<L>)T +ED,
Note that the column size of (U(L) e U(H‘l)) is bounded by 7(W2!. Thus we have

(4.12) JUD . U p < V/rO2UD | gD, < 287260~ /p0p ) | pL)]
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and same upper bound holds for ||[VE) .. . VUHD || n. Tt follows from (@II) that
IE|r < ZHU(L) UV EOYplVE VD p 4 | ED |5

< Z oL 2L-21, ( (1+1) __T(L))25221/2+2 (T(l+1))3/2 (T(l))3/2 EsVD||A(l)||F

L-1
(4.13) + Z ok 2L=21y(1) (r(“rl) o .r(L)) 42O 1AD] g + | ED) | 2

=2
L-1

< Z QLA1/242 2L —2142 (T(HD .. .T(L))2 (T(l+1))3/2 (r(l))5/2 esvpl| Al r
1=2

L
n Z oL+2 202142 (T(l)T(H-l) - _T(L))2 0D e 1AL
=2

O

It is easy to see that the bound in ([@I3) is quite pessimistic because we bound ||A®| z from
above by ||A||r, where A® (defined in [@Z)) is a submatrix of A of size [I?] x [J1)|.

COROLLARY 4.6. Besides the assumptions in Theorem[{.0], if there also exists a constant r > 2
such that r® < r for each | > 1, then the approzimation error E in SMASH satisfies the estimate:

1E|r < (2r2s*) X (16esvp + 8r€sur) || Al £

Next we estimate the error in H? approximation. Note that, by setting esyp = 0, the error
estimate in Theorem also holds for the H? construction with a possibly different constant Cs
depending on dimension d. In fact, analogous to Lemma [£4] we first have the following estimate
for the H? construction:

|EO|r < 452 Or e | AO|

where E®) denotes the approximation error introduced at level I, as defined in (@1I). Assume the
H? matrix is associated with a perfect 2%-tree T (d € {1,2,3}), i.c., each nonleaf node of T has 2¢
children and all leaves are at the same level. For a node ¢ at level [, since |i| < 2dp(+1) < 2‘17“([), it

follows from (B24), B19) and Lemma ET] that
[TD), < 524270,

Notice that the column size of (UX) ... UU+1)) is bounded by r(24. Then the counterpart of (ZI12)
can be obtained for the H? construction as:

HU(L) o l+1)||F R /r(l 2dl||U l+1)|| 2dL/2SL—l ’r(l)T(H_l) o T(L),

and the same upper bound holds for [|[V() .. V41| n. The total approximation error can now be
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obtained by means of (Z11]):

L-1
I1Ellr <Y NIUE UV p| EQYp[VE . VED | p 4 | ED
=2

L—1
2
< Z 9L g2L=20p.(D) (T(l+1) . T(L)) 452D W AD || g + 452 (1)) ey, || Al
1=2

L-1
2
< Z 9dL+2 2L—21+2 (T(l)r(l—i-l) _ ”T(L)> rD e 1Al e + 452 (D) 2egar| Al

=2
L

< 30 gt (0 D) e A
=2

The above error analysis yields the following theorem.
THEOREM 4.7. Suppose T is a perfect 2%-tree with L levels, associated with the H? approxima-
tion of A. Under the assumptions in [@3), SMASH produces the following factorization

A=U®) <U<L1> ( . <U<2>B<1> (V<2>)T + B<2>) . ) (V@*U)T

(4.14)
+B<L—1>) (V<L>)T +B® 4+ E,

where the approrimation error E satisfies the estimate
IElr < Cefarl|All

with

L
o Z 9dL+2 2L —21+2 (T(Z)T(lJrl) o T(L))2 PO+
1=2

COROLLARY 4.8. Besides the assumptions in Theorem[{.7, if there also exists a constant r > 2
such that r® < r for each | > 1, then the approzimation error E in SMASH satisfies the estimate:

IElF < (225%) " 8regar| Al F-

Finally, we will show that the term (2%r2s?) in Corollaries LGS can be bounded by functions
of n which are independent of €g,, and €g,q under certain assumptions.

PROPOSITION 4.9. Given r, 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 [{.6] and Corollary [J.8 satisfy
the following estimation:

(4.15) (2dT282)L < pitltaglogsn,

Proof. Since 2% < n, we have L < %1og2 =. It follows that

2
241
9dL 2L < 9dLo2l < (ﬂ) at < pitl,
r
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Next it remains to bound 72X < ra'°82 %, To this end, we define g(z) = 2'°%2 % for > 1. Then

r?k < (g(r))%. It can be verified that the global maximum of g is achieved at = \/n. Therefore,

.

r?h < (g(r))% < (g(\/ﬁ))% — piilogan

and ([@TH) is proved. O Proposition also indicates that C7, Cy in Theorem and C in The-
orem [£7] all can be bounded by constants which are independent of eg,, and €s,q 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 7 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 7 has L levels such that n = O(r2%), where r is
a positive integer such that the rank of HSS generators is bounded above by r and

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

Notice that in the context of integral equations in potential theory, the assumption (5.II) in general
holds only for integral equations defined on a curve. Since the points are uniformly distributed, for
each nonroot node i, the number of nodes in N; is very small, which we assume to be bounded above
by 3. Under these assumptions, we have the following complexity estimate.

THEOREM 5.1. Let T be a perfect binary tree with L levels and (B1I) hold. Then the complexity
of SMASH for the HSS construction in Section[F31] is O(n).

Proof. Based on (5.1)), it is easy to see that, for each nonroot node i, the compression cost for
its nearfield blocks in (3.9) is O(r?). This is because the size of the nearfield block row in (3.9) is no
larger than 27-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 @3.I1) is O(r3 log, r). Therefore, the
compression cost associated with each nonroot node i is O(r® log, 7) and the complexity of the HSS
construction is O(2Er3 log, ) = r20(n) = O(n). O

5.2. Complexity for the #? construction. For the H? construction case, we assume that
when X C RY, T is a perfect 29-tree with L levels such that n = O(r2¢%) and 7 is a positive integer
such that the rank of H#? generators is bounded by r and

(5.2) [irow| <24, i) <r2?  Vi# root.

The analysis here is simpler than that of the HSS construction in Section Bl Since each node
¢ only involves the compression of farfield basis Uihmw (as well as ‘7i|§coz ), whose size is no larger
than r2%-by-r under the assumption (5.2), we deduce that the compression cost associated with each
node is O(r3). As a result, the complexity of the H? construction is O(24£7r?) = r20(n). Thus we
conclude:

THEOREM 5.2. Let T be a perfect 2¢-tree with L levels and (5.2) hold. Then the complexity of
SMASH for the H? construction in Section[F.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:

e n: the size of A;
® tconstr: wall clock time for constructing Ain seconds;
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tmatvec: wall clock time for multiplying A with a vector in seconds;

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

€svd: 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 — Almax ~ €. Then the following approach is adopted to determine
parameters 7, .

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 and Section [6.4} we choose 7 = 0.65 for problems in two or
three dimensions in Section

Having chosen a separation ratio 7, we use the following function to determine the farfield

approximation rank r used in constructing U;, V; (before the SRRQR postprocessing):

|loge/logT — 20, if e <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 z. For example, in Section B.2.1] € = 1077,
7 = 0.65, r = 22; in Section 3] € = 1078, 7 = 0.6, = 21; in Section 4] ¢ = 1071°, 7 = 0.6,
r = 25.

6.2. Construction and matrix-vector multiplication of #? matrices. In this section,
we perform numerical experiments to test the construction and matrix-vector multiplication of an
H? approximation associated with kernels in both two and three dimensions. A complicated three-
dimensional geometry (see Figure [6.2) is presented to illustrate the robustness of the algorithm.

6.2.1. Two dimensions. We first consider the kernel in (21 with d, = 1. We chose X as
a uniform m x m grid in [0,1]> and A = [k(x,y)]zyex. 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 (Z4)) with » = 22 terms and the separation ratio 7 = 0.65 to compress farfield blocks.
The error is measured by the relative error ||Au — Aul|/||Aul|, where u is a random vector of length
n = m? with entries generated by rand([0,1]). This is because one of the main applications of
hierarchical matrices is used as an alternative of FMM to perform matrix-vector multiplications.
The numerical results are reported in Table

As can be seen from Table 6.1, SMASH for the H? construction and the matrix-vector multi-
plication described in Section [3.4] scale linearly, which is consistent with the complexity analysis in
Section

6.2.2. Three dimensions. We consider the following point distributions in three dimensions:
e uniform distribution inside the unit cube;
e uniform distribution on the unit sphere;
e random distribution on a complicated triceratops geometry embedded in the cube [—100, 100]*]]
as shown in Figure B2,

1The datasets are from the point cloud tools http://www.geo.tuwien.ac.at/downloads/pg/pctools/pctools.html
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Table 6.1: Numerical results for 2D test in Section

n =m? ”Au - AUH/HAUH Leonstr tmatvec
1600 6.69 x 10713 0.52 0.02
6400 2.00 x 1012 1.97 0.07
25600 3.65 x 10712 9.53 0.30
102400 4.87 x 10712 39.47 1.18

Table 6.2: Numerical results for 3D triceratops example in Section [6.2.2]

n ||Au - AUH/HAUH tconstr tmatvcc
10000 1.98 x 1076 9.12 0.14
20000 3.83x 1076 23.20 0.38
40000 5.83 x 107° 50.39 0.74
80000 7.20 x 1076 115.03 1.57
where the kernel function for the first two cases is k(z,y) = ‘z—iy‘ (x # y) with k(z,2) = 1 and the
kernel for the third case is taken as x(z,y) = % (x # y) with (z, z) = 1. Note that the second

kernel function has a stronger singularity than the first one near = y. The H? approximation Ais
constructed based on interpolation in three dimensions, where 5 Chebyshev points are used in each
direction.

o 10 time per degree of freedom v.s. matrix size 510 time per degree of freedom v.s. matrix size

i
+
|

o o
05 1 15 2 25 3 35 4 45 5 55 1 2 3 4 5 6 7 8

n 10° n «10*

Fig. 6.1: Time per degree of freedom plot for 3D test: cube (left) and sphere (right)

The numerical results are presented in Figure[6.1]and Table It is easily seen from Figure
that, for each case, the time per degree of freedom roughly remains constant as matrix size increases,
which implies O(n) construction cost. For the highly non-uniform triceratops geometry, Table
demonstrates nearly linear cost in terms of the matrix size, since the corresponding tree 7 is no
longer perfect in this case.

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 [46], [48], [47]
52, 49, [50]. Consider the kernel s(z,y) = 1/(x —y), * # y € C. Let z;,y;(i,7 = 1 : n) be 2n
pairwise distinct points in C. The Cauchy matrix is then given by C = [k(x;, y;)]i j=1:n, Which is
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Fig. 6.2: The 3D triceratops geometry used for the numerical experiments in Table

known to be invertible [21I]. 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 [g]

1 P

(6.1) a; ;=
Y miy =1

wi,lvj_,l.

For simplicity, we consider the case p = 2, i.e., w (as well as v) is composed of two column vectors.
Denote by w1, W, 1,02 the column vectors in w,v, i.e., w = [, Ws],v = [01,02]. It can be seen
that A can be written as

(6.2) A = diag(w; )Cdiag(d1) + diag(wz)Cdiag(dsz).

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(n?) algorithms for solving Cauchy linear systems can be found in [I8, 19, 25| [32], etc.; a superfast
O(n log® n) algorithm based on a sequential block Gaussian elimination process was proposed in
[54]. The performance of most existing methods depends on the the distribution of point sets x, y.
As pointed out in [19], if two sets of points z,y can not be separated, for example, when they
are interlaced, existing algorithms (for example, BP-type algorithm of [18]) 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 [I8, [19] 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 partition (see Section B.1l), each box contains the same number of points from z; and y;.
We also consider that x;,y; are distributed on a curve in R? as illustrated in Fig. [f.4to demonstrate
that the algorithm is independent of the ordering of points and is applicable for points in C.

We construct the HSS approximation A to A using SMASH discussed in Section [3.3.1] and then
solve the linear system associated with A using a fast ULV factorization solver [24]. Due to the
choice of stable expansion in (2.4)), arbitrarily high approximation accuracy can be achieved without
stability issues [20].

Note that the HSS approximation to C can be readily obtained as in Section 8l Consequently,
the HSS approximations to diag(w;)Cdiag(?1) and diag(ws)Cdiag(d2) 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 [64] by merging the two
sets of HSS generators. Hence the HSS approximation to A is derived.
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In the first experiment, the point sets {x}7_;, {yx}7_, are chosen as follows:
(6.3) zr=k/(n+1), yr=u1xp+10"" xrand([0,1]), k=1,...,n.

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

() = e ™0 % [(0.5 + sin(4xt)) cos(2nt) + (0.5 + sin(4nt)) sin(27t)], ¢ € [0, 1],
and {zx}7_,, {yx}r_, are given by
(6.4) v =y(k/(n+1)), yr="v(@r+10"" xrand([0,1])), k=1,...,n.

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

(6.5) yr = 2 + 107 xrand([0,1]), k=1,...,n.

For generators of this Cauchy-like matrix, i.e., w = [, o], v = [01, 02], we chose @y, 0;(l = 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 A to A in [6.2) by SMASH. 1D boxes (i.e., intervals)
and 2D boxes (i.e., rectangles) are used in adaptive partition for point sets in (63) and (6.5,
respectively. The right subfigures in Fig. illustrate the adaptive partition using 2D boxes as
described in Remark [3.Il We chose separation ratio as 7 = 0.6 and adaptive partition 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~Y. 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.

Fig. 6.3: Honeybee geometry used for the numerical experiments in Table Left: Original curve;
Right: Adaptive partition of the curve for the case when n = 12800 in Table

The numerical results for three Cauchy-like matrix problems are reported in Table From
Table [6.3] we see that the computational time for both construction and the solution scale linearly,
and SMASH in Section .31l 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  is a smooth simply-connected domain in R? and let I' = o0
be the boundary of Q of class C2. Consider the interior Dirichlet problem: find u € C?(2) N C(9)
such that

Au=0 in Q,

u=up onl,
27
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Fig. 6.4: Snail geometry used for the numerical experiments in Table Left: Original curve;
Right: Adaptive partition of the curve for the case when n = 12800 in Table

Table 6.3: Numerical results for solving the Cauchy-like matrix when {zx}7_, are distributed on
three different curves.

curve n llw —afl/]lu]l [Au — Adfl/[| Aul teonstr tsol
1600 7.69 x 10712 5.56 x 10~ 1° 0.33 0.11

0,1] 3200 1.01 x 107" 3.87Tx 1071 0.63 0.19
’ 6400 5.58 x 10~ 5.58 x 10~ 1% 1.29 0.35
12800 1.47 x 107%® 5.87 x 10~ 1% 2.58 0.69

1600 9.37 x 1071 8.09 x 10~ 1.14 0.28

honeybee 3200 9.78 x 10710 5.60 x 10~ 13 2.22 0.51
6400 1.55 x 107" 9.16 x 10713 4.42 0.96

12800 2.76 x 1079 1.54 x 1072 8.49 1.87

1600 2.65 x 10711 1.51 x 1071° 1.58 0.36

snail 3200 748 x 10711 1.82x 107 3.28 0.73
6400 8.38 x 10711 3.49 x 1071 6.46 1.42

12800 3.86 x 10~ 10 2.59 x 10719 11.82 2.64

where up € C(I') is given. With smooth boundary curves and Dirichlet data, the wellposedness of
this problem is well studied in potential theory [40] 41].

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

1 1 y—x
¢(x,y) = —5-loglx—y|, and V,®(x,y)= Tk —yP

Let v, denote the unit outer normal at point y € I'. The double layer potential with continuous
density o is given by

Ko = [ 25 oty)as, = [ 2w wjotetar

(6.7) vy vy

x € Q,

where we assume I is parametrized by r(t) : [0,1] — R2.
Given Dirichlet data up € C(T") in (@8], we solve the following integral equation for o € C(T"):

(6.8) (K—%I)U:uD, onT.
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It is well-known ([41]) that the problem above for o € C(T') is well-posed, and the corresponding
double layer potential u := Ko solves the interior Dirichlet problem (6.6]).
Denote the kernel in the second integral in (67) by

(6.9) K(s,t) == %ﬁy’rmh'(fﬂ.

Several Laplace problems (6.6]) with the same exact solution but different domains are con-
sidered here. The first domain 2 is a ram head whose boundary curve I' is parametrized by
r(t) = (r1(t), r2(t)) for ¢ € [0,1]:

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

(6.10) ro(t) = 1 + sin(2nt) — 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(2t),

(6.11) ro(t) = (1.3 + 1.25 cos(40xt) ) sin(27t).

We chose the Dirichlet data up such that the exact solution of (6.8)) is
u(x) = log x - x|,

where the source point xg = (2,1.5) is in the exterior of Q. Illustrations for the curves parametrized
in (6I0) and (GII) are shown in Fig. and Fig. [6.6] respectively. We used Nystrom method
with trapezoidal rule to discretize (6.8]). 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 (6.8]). The adaptive partition
based on bisection (cf. Remark [3.1]) 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 partition. Illustrations of adaptive partition are shown in the right subfigures of Fig. [6.5and Fig.
[6.6] when 10240 quadrature points are in use. A binary tree 7 was then generated corresponding
to each adaptive partition. 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 eg,q = 1071, In order to test the convergence of the discretization, for curves in Fig.
[6.5] we compared the numerical solution # with the exact solution u by evaluating them at point
x* = (0.1,0.1) inside §2. For the curve in Fig. [6:6 the evaluation point is chosen as x* = (1.5,0)
inside Q. The numerical results for the ram head and sunflower problems are shown in Table [6.4]
and Table [6.5] respectively.

From Table and Table [G.5] 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
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 which
corresponds to the seemingly complicated geometry in Fig. [6.6] 10 digits of accuracy can be achieved
using only 5120 quadrature points. The e-rank in ram-head geometry is much smaller than the sun-
flower geometry since the former geometry is essentially a 1D geometry while the later one is closer
to a 2D geometry.

29



e
.
(T
ESal

RN ‘ // BRI u £

Fig. 6.5: Ram head domain for the Dirichlet problem (@.6]) with source point and evaluation point
marked as green ‘+’ and red “*’, respectively. Left: Original curve; Right: Adaptive partition of the
ram head boundary curve for the case when 10240 quadrature points are used in Table

Fig. 6.6: Sunflower domain for the Dirichlet problem (6.6]) with source point and evaluation point
marked as green ‘+’ and red ‘*’, respectively. Left: Original curve; Right: Adaptive partition of the
sunflower boundary curve for the case when 10240 quadrature points are used in Table

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 o1 > 09 > --- > o, be singular values of a nonzero matriz A.
Given a tolerance € € (0,1), the relative e-rank of a matriz A, denoted by r.(A), is the largest number
i such that o; > eoy.

Consider the numerical examples in Section [6.4] where different curves give rise to different
kernels according to (69). Let ¢,j be two children of the root node. We focus on the (largest)
off-diagonal block Ajrow yjeor.

We consider three tolerances: € = 1073,1075,1071°. We list the size of A;row xjeot, 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 .

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 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
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Table 6.4: Numerical results for solving a 2D Laplace Dirichlet problem in a ram head domain as
shown in Fig.

n lu(x*) — a(x*)] |A — Allmax cond(A) teonstr tsol
160 5.03 x 10798 1.06 x 10~ 10 6.15 x 1001 0.42 0.107
320 9.54 x 10~ 1L 6.81 x 10~19 6.92 x 10! 1.54 0.042
640 1.91 x 10712 7.98 x 10710 6.00 x 10T 2.93 0.127
1280 8.22 x 10713 2.26 x 10799 6.02 x 10! 5.41 0.103
2560 7.78 x 10713 3.90 x 10799 6.02 x 10T 9.76 0.177
5120 1.50 x 10~ 9.63 x 10799 6.02 x 10! 18.74 0.282

10240 1.96 x 10~ 12 1.01 x 10798 6.02 x 101 34.78 0.591

Table 6.5: Numerical results for solving a 2D Laplace Dirichlet problem in a sunflower domain as
shown in Fig.

n lu(x*) — a(x*)] [|A — Allmax cond(A) Lconstr tsol
640 2.96 x 1072 1.20 x 10798 5.65 x 103 5.42 0.105
1280 1.25 x 10793 2.65 x 10798 2.23 x 103 16.80 0.256
2560 1.88 x 10796 3.56 x 1078 1.85 x 103 41.76 0.624
5120 1.02 x 10719 4.27 x 10797 1.72 x 10% 102.65 1.429
10240 1.66 x 1011 3.80 x 10777 1.12 x 107 192.78 2.165

20480 8.03 x 10710 9.55 x 10797 6.86 x 103 316.68 3.219

end of Section 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 and all entries are stored in double precision.
The results are collected in Table 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.

6.7. Storage comparison with H? recompression algorithm. In this section, we provide
some memory comparison between the SMASH H? algorithm and the H? recompression algorithm
implemented in H2Lib [9]. In order to do a fair comparison, we tested both algorithms on the same
machine, the same kernels (Newton, exponential and logarithmic kernels) and the same points. Both
algorithms used the same interpolation method (5 interpolation points per direction) to obtain the
bases for far field blocks. The recompression tolerance was set to be 10~# in both algorithms, which
resulted in O(10%) relative error (measured as ||Au — Aul|/||Aul|) for matrix-vector products, using
double precision data types.

It can be seen from Tables that the SMASH #? algorithm results in less memory in
most experiments except the exponential kernel test with 5 x 10° points and the logarithmic kernel
tests with 5 x 105 and 2 x 10% points. The other main difference between these two algorithms is that
the SMASH algorithm in general has much smaller peak memory usage. For example, the SMASH
algorithm has the peak memory of 14.75GB for the logarithmic kernel with 4 x 10 points while the
H2Lib uses 47.92GB peak memory.

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

31



Table 6.6: Comparison of exact e-rank and approximation rank of M = Ajrow jecor for the ram head
geometry in Figle.H, the sunflower geometry in Figlf.6l with e = 1073,107%,10710

. e=10"3 e=10"° e=10"1
geometry " size(M) rc(M) | size(B;) | re(M) | size(B;) | re(M) | size(B;)

1280 640 13 19 25 45 43 70

ram 2560 1280 13 18 25 45 43 71
head 5120 2560 13 18 25 45 43 72
10240 5120 13 19 25 45 43 72
1280 640 67 84 111 141 151 185
sun- 2560 1280 83 117 159 187 213 251
flower 5120 2560 83 125 182 226 298 347
10240 5120 83 123 187 237 328 380
20480 | 10240 83 120 187 238 327 382

Table 6.7: A comparison of storage costs (MB) of HSS generators the storage strategy in Section
23] (SMASH) and the standard approach by storing dense generators (HSSy) for a square matrix A

of order 10240.

Table 6.8: Memory comparison between H2Lib and SMASH on the Newton potential kernel

€far esyp | geometry | storage(A) | HSSy | SMASH
10~4 10~% | ram head 800 5.9 4.4
10* | 107" | sunflower 800 35.2 11.0
1010 | 10~ | ram head 800 23.2 8.8
10719 | 10~ | sunflower 800 145.7 31.3

where n is the number of 2D points used.

n 2.5 x 10° 5 x 10° 1 x 106 2 x 10 4 x 108
H2Lib 919.0MB | 1705.8MB | 3688.0MB | 6841.7MB | 14832.4MB
SMASH | 802.6MB | 1564.8MB | 3259.7MB | 6332.5MB | 13139.2MB

1

lz—y|’

Table 6.9: Memory comparison between H2Lib and SMASH on the exponential kernel e~ !(#=9)1,
where n is the number of the 2D points used.

n 2.5 x 10° 5 x 10° 1 x 106 2 x 10 4 x 108
H2Lib 767.8MB | 1321.6MB | 3050.5MB | 5305.8MB | 12290.9MB
SMASH | 726.1MB | 1332.4MB | 2868.0MB | 5116.0MB | 11086.5MB

Table 6.10: Memory comparison between H2Lib and SMASH on the logarithmic kernel —0.5%log(|z—
y|?), where n is the number of 2D points used.

n 2.5 x 10° 5 x 10° 1 x 10° 2 x 10° 4 x 10°
H2Lib | 806.7MB | 1393.2MB | 3149.1MB | 5534.6MB | 12634.6MB
SMASH | 766.3MB | 1454.2MB | 3095.1MB | 5843.49MB | 12400MB
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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 H? matrix representations.
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