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ROBUST APPROXIMATE CHOLESKY FACTORIZATION
OF RANK-STRUCTURED SYMMETRIC POSITIVE
DEFINITE MATRICES*

JIANLIN XIAT AND MING GU?

Abstract. Given a symmetric positive definite matrix A, we compute a structured approxi-
mate Cholesky factorization A ~ RTR up to any desired accuracy, where R is an upper triangular
hierarchically semiseparable (HSS) matrix. The factorization is stable, robust, and efficient. The
method compresses off-diagonal blocks with rank-revealing orthogonal decompositions. In the mean-
time, positive semidefinite terms are automatically and implicitly added to Schur complements in
the factorization so that the approximation RTR is guaranteed to exist and be positive definite.
The approximate factorization can be used as a structured preconditioner which does not break
down. No extra stabilization step is needed. When A has an off-diagonal low-rank property, or
when the off-diagonal blocks of A have small numerical ranks, the preconditioner is data sparse and
is especially efficient. Furthermore, the method has a good potential to give satisfactory precondi-
tioning bounds even if this low-rank property is not obvious. Numerical experiments are used to
demonstrate the performance of the method. The method can be used to provide effective struc-
tured preconditioners for large sparse problems when combined with some sparse matrix techniques.
The hierarchical compression scheme in this work is also useful in the development of more HSS
algorithms.
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1. Introduction. This paper is concerned with robust and efficient structured
factorization and preconditioning for symmetric positive definite (SPD) matrices. In
iterative solutions of linear systems, it is often critical to find effective preconditioners.
Approximate factorizations such as incomplete LU and incomplete orthogonalization
are often used to provide preconditioners. For SPD matrices, incomplete Cholesky
factorizations have been shown to exist for some particular matrices such as M-
matrices and H-matrices [41, 42]. Some robust or stabilized methods have been
proposed for general SPD matrices (see, e.g., [1, 7, 8, 37]).

Given a dense SPD matrix A, we propose a method to compute a structured
approximate Cholesky factorization up to a user-specified accuracy. The factoriza-
tion can be used as an efficient approximate direct solver with reasonable accuracy
or as a robust and effective preconditioner. The factorization uses off-diagonal block
compression or rank-revealing orthogonal decompositions. In the meantime, the off-
diagonal compression causes certain positive semidefinite matrices to be automatically
and implicitly added to Schur complements. That is, the approximate Schur comple-
ments differ from the exact ones by positive semidefinite terms which are related to
the information dropped in the compression (see, e.g., (2.7)). We call such a robust-
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2900 JIANLIN XIA AND MING GU

ness technique Schur compensation, and the factorization method Schur-compensated
factorization, named in a similar way to the techniques of diagonal compensation and
diagonally compensated factorization [2, 8], where some positive off-diagonal entries
are replaced by zeros and their original values are added to the diagonal.

Our preconditioner uses semiseparable structured matrices. Semiseparable matri-
ces have attracted a lot of interests in the recent years, and are very useful in solving
some linear systems, eigenvalue problems, PDEs, integral equations, and many more
[4, 9, 14, 21, 25, 26, 30, 34, 40, 45]. See [46] for a bibliography. Methods based on
semiseparable matrices exploit a low-rank property; that is, appropriate off-diagonal
blocks have small (numerical) ranks (based on a reasonable tolerance) and can be
compressed. Here, we introduce robustness techniques into semiseparable matrix fac-
torization or preconditioning. That is, we compute a structured approximate factor-
ization A ~ RTR with Schur compensation, where R is an upper triangular matrix in
hierarchically semiseparable (HSS) form [20, 48]. The HSS representation has a nice
hierarchical tree structure called an HSS tree. Our factorization is conducted along
the traversal of a given HSS tree. The Schur compensation guarantees that RTR is
positive definite independent of the compression tolerance. No extra stabilization step
is needed to avoid breakdown. The structured approximate factorization can then be
used as a robust preconditioner. Similar robustness techniques have been proposed in
[6] in terms of hierarchical matrices. An algorithm using sequentially semiseparable
(SSS) matrices [21] is also developed in [32] without related analysis.

Our HSS preconditioner is very efficient and effective for rank-structured prob-
lems where dense off-diagonal blocks have relatively small numerical ranks or have
decaying singular values. It only costs O(n?) flops to compute the approximate HSS
factorization and O(n) to apply the preconditioner to a vector, where n is the order of
the matrix. The HSS preconditioner needs only O(n) storage or is data sparse even if
A is dense. By dropping information in the off-diagonal compression, the method both
improves the reliability and reduces the cost of the factorization. The factorization
can also be used as an approximate direct solver with a reasonable accuracy.

Furthermore, the preconditioning technique has a good potential to still perform
well even if the low-rank property is not obvious. The preconditioned matrix has
significantly better condition than the original one, in general, even if we use a rela-
tively large tolerance or manually specify a small numerical rank when building the
preconditioner. See, e.g., Figure 2.1.

In addition, with this HSS algorithm, it is possible to develop structured sparse
factorization methods which fully take advantage of sparse matrix techniques. For
example, we can use the HSS factorization as a kernel routine for the dense fill-
in in the multifrontal method [24] together with nested dissection [27]. Structured
sparse solvers based on this idea are useful for solving some discretized PDEs [4, 5,
16, 30, 39, 47], where the fill-in in the factorization of the discretized matrix has
the low-rank property. (Such HSS-based sparse solvers are generally restricted to
some two-dimensional (2D) problems, since the special low-rank block structure in
HSS representations limits the effective application of HSS matrices to only one-
dimensional (1D) problems in general.)

The remaining sections are organized as follows. In section 2, the ideas of Schur-
compensated factorization and preconditioning based on off-diagonal compression are
discussed and analyzed. In section 3, we briefly review HSS structures. Section 4
presents the algorithm for general multiple block HSS factorization with Schur com-
pensation. Numerical experiments are provided in section 5. We test dense interme-
diate matrices in the factorizations of some ill-conditioned discretized PDEs. Section
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6 gives some concluding remarks.

2. Schur-compensated factorization and preconditioning based on off-
diagonal compression. Compression of off-diagonal blocks is essential for the effec-
tiveness of semiseparable structures and their operations. In this section, we provide
the fundamental ideas of our preconditioning which uses structured approximate fac-
torization with Schur compensation. For convenience, our discussions concentrate on
real matrices, but they can be easily extended to complex ones.

2.1. Block compression. Here, by the compression of an ny x ng block 2, we
mean an approximate factorization of €2 which reveals its numerical rank r. Such an
approximate factorization can be a skeleton approximation [29, 44], a T-accurate SVD
(SVD with an absolute or relative tolerance 7 for the singular values), a rank-revealing
QR (RRQR) factorization, etc. In this paper, we mainly employ RRQR, although we
use T-accurate SVD in presenting the basic idea. Many RRQR algorithms have been
developed [17, 18, 19, 31, 38]. As an example, the QR with column pivoting method
[17, 28] computes the following factorization after k steps:

)  p)
QWaI® — ( R R )
k )

0 RS

where Q) is a product of k Householder transformations, II*) consists of k permu-
tations, and Rﬁ) is nonsingular and upper triangular. In the next step, the column
of Ré’;) with the largest norm and the smallest index is the pivot column. The fac-
torization stops when the norm of Ré’;) or the norm of the pivot column drops below
a given tolerance. Then k is the numerical rank r. (Sometimes, we may also set a
bound for k instead of using a tolerance.)  is now approximated by a compressed
form

Q= (Q(T)(l i, :))T( Rgrl) RYQ) )(H(T))T’
—

niyxr rXna

where Q) (1 : r,:) denotes the first  rows of Q). This procedure costs O(rninz)
flops. Similarly, a modified Gram—Schmidt process with column pivoting or other
more complicated procedures can also be used.

2.2. Schur-compensated factorization and preconditioning. We introduce
the preconditioner using block 2 x 2 cases. Generalizations to more blocks are shown
in the remaining sections. Assume an n xn SPD matrix A has the following partition:

o A A m
2 am(dp dn) m

Without loss of generality, we assume m < n/2. First, compute a Cholesky factoriza-
tion Aj; = RT,Ry1, where Ry is the (upper triangular) Cholesky factor of Aj;. The
traditional block Cholesky factorization of A proceeds as

_(R{, O Ry @ _nT
o ()% 2 )

where Q = Rl_lTAlg, and Roy is the Cholesky factor of the Schur complement
S = Ay — QTQ. In our approximate factorization, before Ry is computed, we

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



2902 JIANLIN XIA AND MING GU

first compute an SVD of the off-diagonal block Q:

(23) Q=(U U)(E 2)(VT)=UEVT+02VT=UEVT+0<T>7

VT
where ¥ = diag(oy,...,0,), & = diag(oy41, . ..,0m), and 7 is a tolerance so that
(2.4) 01220, 2T 2041 > "2 Oy

(We can also use a relative tolerance 7, or can manually specify the numerical rank
r instead of 7.) The decomposition 2 = ULV is the T-accurate SVD of Q, or the
compressed form of (2. The Schur complement is now

(2.5) S = Ay —VE2VT — VYT,

To obtain a preconditioner, we approximate ) by Q) and then the Schur complement
is approximated by

(2.6) S =Agp —Vy2VT,
Clearly,
(2.7) S=8+V22VT =S+ 0(r?) (Schur compensation).

That is, the Schur complement is automatically compensated with a positive semidef-
inite term V2V7. The matrix U has orthonormal columns and does not par-
ticipate in the computation of S. That is, S is computed by a low-rank update
Ago — (ZVIT(BVT) when r is small.

We then compute the Cholesky factorization S = I~{2TZI~{22 and obtain an approx-
imate factorization of A,

~ 1= = R uxvT
~ T = 11 ~
(2.8) A~R'R, R ( 0 R )

R is thus guaranteed to exist so that RTR is positive definite. The matrix R can be
used as a preconditioner. The following proposition provides some results related to
the preconditioned matrix A=R TAR .

ProrosiTION 2.1. If R in (2.8) is used as a preconditioner, then the precondi-
tioned matrix is given by

5-T A —1 _ I C
(2.9) R AR _(CT I)’

where C' = (USVT)Ry, satisfies ||C||a < 1. This yields

(2.10) IR"TAR™ — 1|} = |C|2,
_ 1+

2.11 KR TAR )= ———"12
2.11) ( =1l

where K(R™TAR™1) is the 2-norm condition number of R-TAR™1,
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Proof. Let R be the exact Cholesky factor of A. The preconditioned matrix is
R 7TAR ' = (RR )T(RR ') and

RR ' — < R Ry A ) ( R —R; (USVIR,, )

0 Ra2 0 R
_ < I [—(UsVT) + Ry AR;, ) _ ( I (USVT)R,, )
0 RaoR55 0 RpRy) '
Thus,
S - I C
=T -1 _ ~ R AR
ROART = < CT R (USVTT(USVT) + RLRx|Ro, ) ’

where C' = (USVT)R,;'. According to (2.5) and (2.6)

(USVHTOSVT) + RERp = VE2VT 4+ 5= 8.

Equation (2.9) then follows since S = RL,Rqs.

According to (2.9), ( CIT ? ) is equal to R"TAR !, which is SPD. Thus,

I —CT(C is SPD, since it is the Schur complement of the (1, 1) block in the Cholesky

? ). Therefore, ||C||2 < 1. Next, from (2.9),

(2.10) is obvious. Equation (2.11) follows from a simple result that the 2-norm con-

dition number of any matrix ( CIT (I) ), with [|Cll2 < 1, is }f”g”i This result can

be found in, say, [23]. a

This proposition relates the error and the condition number in the preconditioning
to the off-diagonal singular values. In particular, this is clear in a special case where
Ags = I in the original matrix A. In such a situation, we can actually show that
[|C|l2 = 0,41 using standard algebra (the details are omitted since this is only a
special example). This means that the error ||[R™TAR™! — I||5 is controlled by the
largest dropped singular value o,41 in the off-diagonal compression, according to
(2.10). Furthermore, we then also have x(R-TAR™!) = % To illustrate the
effectiveness of this preconditioning technique in such a situation, we use an example
where the singular values o; decay linearly in (0,1). See Figure 2.1. The decay
of k; = }J_rgb is also shown. We see that the values of k; decay much faster than
those of 0;. For a o; value which is not so small, x; is already reasonably close to
1. This means, by keeping only a small amount of the largest singular values in the
off-diagonal compression, we can still get satisfactory preconditioning results. Thus,
this preconditioning technique does not need the off-diagonal blocks to have strong
low-rank structure, and we can still manually set a small r. In the meantime, dropping
more singular values leads to better efficiency and storage.

In order for the results in this special case to apply to a general SPD matrix A

with Ago # I, we can first block precondition A as

(" ra ) 2w )= (e ™)

D—1 D—1 = D — )

Ry, Ry, Ry, AT, I
where Ry is the Cholesky factor of Ass. The previous compression process then
applies to this matrix.

factorization of the SPD matrix ( C{T
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Fic. 2.1. Ezample: The preconditoned condition numbers k; = }"_'g‘ decay faster than the off-
K

diagonal singular values o;, where in the left graph the condition numbers k; are scaled to be within
(0, 1] with k;/ max;(k;), and the right graph shows the actual K;.

Remark 2.2. The discussion here in terms of the block 2 x 2 situation does not
give a final analysis of the error and the condition number in the preconditioning.
However, Proposition 2.1 (especially in the special case where Ay = I) serves as a
motivational example showing the potential of structured preconditioning. This block
2 x 2 procedure uses factorizations of the diagonal blocks. It is possible to recursively
apply the procedure to the diagonal blocks so as to reduce the cost. In practice, the
procedure without the initial block diagonal preconditioning works very well, and the
initial preconditioning may be skipped. This significantly simplifies the generalization
of the block 2 x 2 procedure to multiple blocks. Although a similar analysis of the
condition number for the multiblock procedure (section 4) is not yet available, we can
demonstrate the effectiveness of preconditioning with numerical examples (section 5).

Remark 2.3. If RRQR (as in section 2.1), say, Q= ( U U )( g ) ~ UR instead

of T-accurate SVD is used, then the Schur compensation step (2.7) becomes S =
S+ RTR. Or we can replace V7T and SVT above by R and R, respectively. The
analysis above can be conducted similarly, with o, being the largest singular value
of R. However, the numerical rank r may be different. This depends on the difference
between RRQR and 7-accurate SVD in how they decide the numerical rank. Since
generally RRQR is cheaper (in our actual algorithm in section 4), we use RRQR.

To generalize the block 2 x 2 procedure to multiple blocks, we use HSS matrices
whose hierarchical structure is suitable for multilevel compression. First we briefly
review HSS structures.

3. Review of HSS structures. HSS representations [20, 48] are closely related
to SSS matrices and H-matrices [13, 33, 34, 35], and can be viewed as special cases
of H%-matrices [14, 36]. Existing HSS algorithms usually satisfy certain properties to
enable stability. For example, in the representation, the basis matrices of off-diagonal
blocks are generally made to have orthonormal columns.

A formal definition of HSS structures can be found in [48]. Here, we introduce
HSS matrices in terms of a special case of cluster trees [12, 14]. Let Z be the index set
{1,2,...,n}, and let T be a binary tree. The nodes of 7 are denoted by integers. Each
node ¢ of T is associated with a subset of indices t; C Z. We say T is a postordered
(binary) cluster tree if it satisfies the following:

1. 7T is a full binary tree. That is, each node i either has no child (called a leaf)
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or has two children (called a nonleaf node, and its children are denoted c¢;;1
and ¢;;2 (or sometimes ¢; and cz) when no confusion is caused).
2. T is in its postordering. That is, the nodes are ordered in the way that a
nonleaf node ¢ is ordered after its children, and c;;» is ordered after c;;;.
3. t; # ) for each node i. The leaves satisfy Ua)l 1caves i i = Z, and each nonleaf
node i satisfies t., , Ut.,, = t; and t.,, Nt.,, = 0. If i is the root node, t; = Z.
Then an order n matrix H is said to be in an HSS form if there exist matrices
D;, U;, Vi, R;, W;, and B; (called HSS generators) associated with each node i of a
postordered cluster tree T satisfying

— Dci;l UCi;lBCi;l ‘/07;2 _ UCi:lRCi:l _ VCi:1WCi:1
Dl‘(UcmBCile D, )Y\ vk, )T v, )

so that D; = Aly, x¢, (the submatrix of A corresponding to row index set ¢; and column
index set ;). Note that if ¢ is the root, then R;, W;, and B; are empty matrices and
D; = A. The matrices U; and V; are defined recursively similarly to the nested cluster
basis in [12, 14]. The R;, W;, B; generators for all nodes i and the D;, U;, V; generators
for all leaves are explicitly stored. T is then also called an HSS tree.

The following is a block 4 x 4 HSS matrix example:

D1 UlBlng UlRl Ty, T Ty, T
(3.1) (UszvlT Dy vor, ) B WEVE WV
' UsRy TVT  wTyT Dy UsB4Vi"
< UsRs ) Be (WiVIT WEVS") UsBsV{{  Ds

Figure 3.1(i) shows the corresponding HSS tree.

B, N6 3 =~ 6
Wy R Ws
447 Bs b 167 Tv2 487 Tvs
Uy 1, Uy, 1V, Uy Vy Us, V5 Uy, Dy U, D, Uy Dy Us, Ds
D, D, Dy D;
(i) HSS tree for (3.1) (i) Symmetric case satisfying (3.2)

Fi1c. 3.1. HSS tree for (3.1) with postordering of the nodes.

Remark 3.1. It is straightforward to verify that if an HSS matrix satisfies the
following conditions, then it is symmetric:

(3.2) D; =D, Ui=Vi; R;=W,, B; =B] (for sibling nodes i and j).

On the other hand, for a symmetric matrix A, an HSS form satisfying (3.2) can be
constructed [48]. Figure 3.1(ii) shows an HSS tree for a symmetric matrix example.
HSS representations are very useful in reflecting the rank structure of certain off-
diagonal blocks of a matrix. These off-diagonal blocks are Al (7\+,) (and A|(z\¢;)x¢, ),
called HSS blocks. They are block rows or columns without diagonal blocks and are
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defined hierarchically at different levels of splitting of the matrix following 7. Figure
3.2 shows two levels of HSS blocks corresponding to the two levels of partitions in
(3.1). If all of these HSS blocks have small ranks (or numerical ranks), the matrix is
said to have a low-rank property. The maximum (numerical) rank of all the HSS blocks
is called the HSS rank of the matrix. Clearly, U; and VI matrices are column and
row bases, respectively, of appropriate HSS blocks. This can be clarified as follows.
Without loss of generality, consider node i = 2 whose corresponding HSS block row
and column in (3.1) and Figure 3.2 are

(U2B2ViE UsReBs (WEVE WIVEE)) =Us (B2ViE ReBs (WIVE WIVE)),

U1 B Vgt U By
UsRy Ty;T = UsR4 T VvQT'
< UsRs ) B> Vs UsRs B>

We can see that U and VI are the column and row bases of these two blocks,
respectively. More general and detailed discussions of similar block structures can
be found in [11] in terms of total cluster basis, together with detailed approximation
error analysis.

Fic. 3.2. Two levels of HSS block rows of a matriz, where the blocks are numbered following the
postordering of the nodes in Figure 3.1, and the row index sets t1,...,ts satisfy t1 Uta = t3, t4Uts =
te, and t3 Ubs =Z = {1,...,n}.

A compact HSS form has R;, W;, B; generators with small sizes which are close to
the HSS rank. Generally, only linear storage is needed for a compact HSS form. Thus,
even if the original matrix is dense, the compact HSS form is data sparse. Matrix
operations with compact HSS forms are generally very efficient. For example, it only
needs linear complexity to multiply two compact HSS matrices and to solve compact
HSS systems. For a dense matrix with the low-rank property, fast algorithms exist to
convert the matrix into an HSS form [20, 48], or more generally, an H? form [14].

4. Multiblock HSS factorization with Schur compensation. In this sec-
tion, we use the idea of Schur compensation in section 2 and extend the procedure to
an approximate Cholesky factorization of a general dense SPD matrix A, where the
Cholesky factor is in HSS form and can be used as a structured preconditioner.

In addition to all the previous HSS notation, the following is also used:

e First, for simplicity, we use RRQR in the compression. We also simply use
R instead of R to denote the approximate Cholesky factor of A so that
A~RTR.

e For an index set t; C Z, let t§ Ut; Ut] = 7, where all indices in ¢{ are smaller
than those in ¢;, and all indices in ¢ are larger than those in ¢;.

o Al xt ; is the submatrix of A with row index set ¢; and column index set ;.
Thus in R, blocks R|t§><ti and R, «¢r are the (upper) HSS off-diagonal block

column and row, respectively, associated with node i (see Figure 4.2).
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e The place of Al x¢r is used to store R|tixt3. After the RRQR factorization
of RJ, ., the R-factor is still stored in A, x¢r with row index set t;. Also,
Algrxtr is used to store the (approximate) Schur complement. With these
storage arrangements, after each factorization step i (traversal of node i), the
matrix A is updated to A® from A~  where A®) = A. For example, with
R/, . stored in AC=D], . its RRQR looks like R, . = Ui AD|; 0.

o diag(. .) represents a block diagonal matrix formed by the blocks in (. ).

4.1. Algorithm overview. For a given HSS tree T, the factorization of A is
done along the postordering traversal of 7. The block rows of R are computed and
the off-diagonal blocks are compressed. The major steps are outlined in Table 4.1,
and are briefly explained as follows.

TABLE 4.1
Outline of the factorization, where c1 and c2 denote the children of a monleaf node i. (ch
denotes an HSS generator associated with c; and is not directly related to the notation R for the
approzimate Cholesky factor of A.)

Stage Leaf node ¢ Nonleaf node ¢
Elimination compute a block row: D;, R|t7;><t{ R|t61xt£1 , R|tC2><t7C‘2 = R|tqzxt{
from previous nodes from elimination stage
O=( (Rl Rl ey )

| ignore orthonormal bases

Compression
P
4 QR

o~ T A o~ RCl A.
(i)

Schur complement if 7 is a left node, then form A® |ti+1 X7 for the next leaf 141

There is an elimination step associated with each leaf i to compute a block row
of R. The block row of R corresponding to a nonleaf node i is available from the
child blocks. In the compression stage, the HSS block column Rsex, and HSS block
row R|t,i><t: are put together and compressed. Since the off-diagonal blocks involve
existing compressed blocks, any previously computed orthonormal bases are ignored
in further compression. We also maintain a compressed form of the contribution of
existing off-diagonal blocks of R to Schur complements. A Schur complement is only
partially formed with the portion corresponding to the next leaf explicitly computed.

4.2. A block 4 X 4 example. Before presenting the general algorithm, we
first show an example. We demonstrate the procedure of factorizing A so that the
(approximate) Cholesky factor R is a block 4 x 4 HSS matrix. According to Remark
3.1, we can assume the HSS form of R to be

Dy U;BUY URBsRTUT URyBsRTUT
Dy UyRoBsRTUT UyR,BsRTUT
Dy U,BsUT ’
0 Ds

(4.1) R =
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2908 JIANLIN XIA AND MING GU

whose HSS tree is in Figure 3.1(ii), except that the tree is only used for the block
upper triangular part of R. Based on the tree traversal we have the following steps.
(a) Node 1. First, we compute a Cholesky factorization Al x:, = DT Dy, and
let Q1 = R,xep = DfTA|tlxt;. Compress it by a RRQR factorization Q; =
UlA(l)|t}xt;a where Uy has orthonormal columns. Then A is approximated by

A~ < DY ) < D, UlA(1)|£1xt; )
(A(1)|£1xt;)TU1T I A(l)|t;xt{ ’

where AW|yryir = Alyrir — (A(1)|£1xt;)TA(l)|£1xt; is the (approximate) Schur com-
plement. A(l)|t71‘><t71“ is not fully formed. Instead, since node 1 is immediately followed
by a leaf (node 2), only A(l)|t2xt;‘, the block corresponding to node 2, is explicitly
formed with a low-rank update. That is, let Y7 = A(1)|£1Xq, and partition it as
( Yii Yip )E( A(1)|£1><t2 A(l)|£1><tg )a so that

(4.2) AW = Alpysay — YL Y1

(b) Node 2. Note AN |, wr = ( AW|y,r, AWy, xr ). Compute a Cholesky
factorization A(l) |t2><t2 = D;FDQ, and let R|t2><t: = DQ_TA(l) |t2><t§- Then

D{ S T Dl UlA(1)|£1><t2 UlA(1)|£1 Xty
A= (A(l)|f1 ><t2) Ui D; Doy R|t2><t:
(A(1)|£1xtg)TU1T (R|t2xt:I)T ‘ I | A(1)|tgxtg

where A(l)ltgxtg = A|tg><t£ — (A(1)|£1><t£)TA(1) |£1><t§ — (R|t2><t:)TR|t2><t:: is not explic—
itly formed. At this point, the block to be compressed is

(4.3) 2= ( Rltyxt)" Rlooxer ) = ( (AD[;0,) UL Rleyuer )
:( (A(l)|fl><t2)T R|t2><tI )diag(Ulvj)'

Since diag(Uy, I) has orthonormal columns, it can be ignored in the compression of
©,. That is, we need only compute the following compression:

(4.4) Q= ( (AW} )T Rlgyuer )%Uz( (AP )" AP )

Set By = A®)|; ;. Now, A becomes

DT Dy UiBUY | Ui AP
A= U, BT U DT Dy UQA(2)|52><,55 5
(A(2)|£1xtg)TU1T (A(2)|£2xtg)TU2T ‘ I | A(2)|tgxtg

where APz o = AW, . and APy is a compact approximation to AM [y

AW
AP |y sir = Alsyxas _( (AP )T (AP )T ) < A(2)|?:z :
220y

Since the next node (node 3) is not a leaf, A(2)|t72~xt72~ is not explicitly formed.
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(c) Node 3. Node 3 has child nodes 1 and 2. We need to compress R|¢;x;, which
is available from appropriate subblocks of R¢, x¢r and Rls,xs; (Figure 3.2) as

UL AP, o ) AP .
o =Rl = ol ) =amsnt ol )
2 2

Further compression is then done with previous U bases ignored by a QR factorization

@),
o () (8 e

to Xty
Let Y3 = A®) Iz, Xtz Then A®) |t3xt5 is approximated by a more compact AB) lirxiy =
Alerwiy — Y5'Ys. (Note that t5 = 5, since they are both equal to tg = t4 Uts. More
generally, ¢, = t7 for the right child ¢, of i.) Clearly, Y3'Y3 represents the accumulated
contribution from previous eliminations to the Schur complement A®) |t§xt§. Partition

Ysas ( Ya1 Yso )= ( A®| . A®|; ., ). Since the next node (node 4) is a
leaf and t3 = t4 Ut}, we explicitly form

(4.5) A(3)|t4xtg = Altyxty — Y?,T1Y3
Note that after this step,

= (0B )= ( (%)
ST\ UsRy ) — Us Ry
is implicitly available and has orthonormal columns, since both factors have orthonor-
mal columns.
(d) Node 4. We proceed similarly. One thing we point out is the Schur comple-
ment computation. After the elimination of node 4, the approximate Schur comple-
ment is Al xes — YioYso — (AW];, o )TAW|; .. We compute a QR factorization

( A(Kf’tjz ) ) & Q4Y4, so that this Schur complement is approximated by
4Xt5

(4.6) AW = AWy iy = Aliyxr, — Yi Y

Again, YTV, represents the accumulated update from previous elimination steps.

(e) Other nodes. The factorization and compression proceed along the HSS tree.
After the compression associated with node 6 is done, we have a factorization A =
RTR, where R has the form (4.1). The approximation to each Schur complement
differs from the exact one by a positive semidefinite term so that R is guaranteed to
exist and RTR is always positive definite.

4.3. General factorization algorithm. An important idea of the algorithm is
that the compressed forms of previously computed off-diagonal blocks of R also par-
ticipate in later compression steps. For example, in (4.3), R, ¢, is previously com-
pressed as Uy AW|; . so that the current compression step (4.4) uses (AM[; )T
instead of (Rls, xt,)7. To clearly keep track of previously compressed blocks and to
help later steps use earlier compression information as much as possible, we introduce
a definition, in a way similar to the consideration of the total cluster basis in [11].

DEFINITION 4.1. For a node i of a postordered binary tree T, let par(i) be its
parent and sib(i) be its sibling. The set of predecessors of i is defined to be

) if i is the root of T,
pred(i) = { {i} Upred(par(i)) otherwise.
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A visited set V; (of visited nodes whose siblings have not been visited) is defined to be

V; ={j:Jj is aleft node and sib(j) € pred(i)}.

Fia. 4.1. Visited set V; (formed by the solid nodes).

See Figure 4.1. For a node ¢ of the HSS tree 7, the visited set V; is used to
form t{ and then the compressed form of (R|thxti)T in ©; in Table 4.1. That is, the
compressed form of R|tjxti for each j € V; contributes to R|t§xti. See, e.g., Figure
4.2.

Remark 4.2. We can conveniently obtain the elements of V; with the aid of a stack.
For step j = 1,2,... along the factorization/tree traversal, if j is a left node, push
j onto the stack. Otherwise, pop an element from the stack. Then right after step
j =i —1, the elements of the stack form V;. Thus, the actual implementation (see
the link in section 5) of Algorithm 1 stores ; (with orthonormal basis ignored in ©;)
with a stack. However, for the convenience of presenting the algorithm, we assume
the actual elements of V; to be

(47) Vi:{jl,jg,...,jsijl<---<j3},
where s is the cardinality of V; and depends on 1.

4.3.1. Elimination—computation of a block row of R. First, for a leaf
node i, the Schur complement AG—1) i x¢r_ | is partially available after the previous

i — 1 elimination steps. That is, AG—1) |t;xt7_,, the first block row of Ali=1) ler i

is explicitly formed. (This is an induction process. See (4.22).) Notice ¢]_; =t; Ut].
Compute a Cholesky factorization, and get an HSS off-diagonal block row as

(4.8) AUD

tixXt; — D?,T‘D'L) R|ti><t:; = D;TA(Z_l)

ti Xt:; .

If 7 is a nonleaf node, R

t:xtr 18 available from the children of 1.

4.3.2. Compression. Next, we need to form 6; = ( (R|t§xti)T Rt xtr ) and
to compress it. For node 4, the HSS block column Rsex, can be (implicitly) formed
by stacking all the blocks R, x¢, for j € V;. See Figure 4.2. Since all j € V; have
been visited in previous compression steps, R|tjxt; ~ UjA(j)|£jxt; due to induction
(see (4.14) and (4.18)). Thus, each R, ¢, is in a compressed form

(4.9) Rl xt;, ~ U, AW |, xt:0
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{ ! [
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7 . M 1
/N Lhev |[|TENTT
/ i iy . N I —
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©; £x "N R s i |0 i oW Q.
1 C 7 154 717 ) i
A(i)

F1G. 4.2. Forming ©; and Q; for a leaf i.

where U; has orthonormal columns. Thus, after step ¢ — 1,

(4.10) Rleexe)” = (Rl xe)™ o Rl xe)” )
~ ((Ule(ifl)hjl we) T (U AT )T )
=((ACDf )T e (A )T T

where U; = diag(Uj,, ..., Uj,) has orthonormal columns. We can then write a repre-

sentation for ©;, depending on whether or not ¢ is a leaf.
(a) U generators. If i is a leaf, (4.10) yields

(4.11) O, E( (R|tf5><t,i)T R|ti><t§ )
~ (A )T - (A )T) DT ACD |y ) diag(OF ).

Since U; has orthonormal columns, the compression can be effectively done on
(4.12) Q= (((A(Fl”{h we)T (A(i71)|£js Xti)T) D;TA(i_l)hiXt:) .

See Figure 4.2. Compute an RRQR factorization

O~ UA =U; ( ( (A(i)|£j1x£i)T - (AW Ejsxt})T ) A® faxtr ) )

where A; is partitioned following the column partition in (4.12).
Notice that, at this point,

(4.13) (Rlexe,)” m Ui ((ADg, i)™ - (AD
(4.14) Rltxir = Uz‘A(i)h}xt;-

tAJ's Xfl)T )UIT‘7

Equation (4.14) confirms the induction as in (4.9). Equations (4.13)—(4.14) will par-
ticipate in later compression. (Equations (4.13)—(4.14) also hold for a nonleaf node i,
as verified below.)

(b) R generators. If i is a nonleaf node, let ¢; and ¢z be the two children of
i with ¢; < ¢o. Clearly, co = ¢ — 1. To form ©;, we merge appropriate subblocks
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R

’ tey Xty
i R o 7 R , | G [ N
© i ( |ti th)l |t€1Xti i U : Qi
| | i ! L/
! i (R|t,~cx th) R|thXt,~r : 0

F1G. 4.3. Forming ©; and Q; for a nonleaf node i, where c1 and c2 are the children of i.

of O, = ( (];{|tg1 Xtoy )T R|tc1 xtr, ) and O, = ( (R|t22><t62 )T R|t62><t22 )’ which,
again by induction, are in compressed forms. For example, afterstep co =17 — 1,
(4.15) Rls, xty, = Uy AUV

~ (i=1),
Rli, xtr, = Uc, A |t62><t22'

thl ’ cg X
Including previous compression results (4.13)-(4.14) from induction (with appro-

priate indices such as in (4.15), and with existing U and U bases ignored), we have

(4.16) Q; = ((A(%71)|511X561)T (A(liil)“jsxfcl)T ) A(Zi_l)|£clxt;
((A(l71)|£j1 Xtey )T o (A(lil)lfjs Xty )T ) A(lil)lfm XtT ’

where V., = Vi, Ve, = Vi U {c1} are used. See Figure 4.3. The compression is done
with an RRQR factorization
Emt{) )

where the row and column partitions of the factors follow those in (4.16). We point
out that (4.15)—(4.17) indicate

Rcl 1 — Rcl i % 7
(4.17) Qi%(R >A¢:(R ><((A()|£jlxgi)T e (AD] g)T) AD

R,

(4.18) R|ti><t;“ ~ diag(Ue,, Uc,) <R
)

) A(“|£ixt;‘ = UiA(“Ig,ixt;‘v
where A®) |z, ¢~ Will appear in later compression (see (4.9) for the induction). Simi-

larly, we can verify that (R|icxs,)” also has a form as in (4.13).
(¢c) B generators. In addition, notice that in the compression step for node ¢y, the
block R|t61 Xtey R UCIA(61)|561 Xtey® In the compression step for node co, this block is

further compressed (with U, basis ignored) as (A(Cl)|£c1 Xtcz)T ~ U, (A(Q)L;C1 X£C2)T.
(This is part of the compression of §2,.) Thus,

(4.19) Rl xt., ~ Ue, Bo,UL with B, = Al®)|;

cq Xtey?

where B, is the B generator associated with node ¢; in the HSS form (Figure 4.3).
See (4.4) for an example.
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4.3.3. Schur complement computation. According to the postordering of
the HSS tree, if ¢ is a left node, i + 1 must be a leaf. Then an elimination step (4.8) is
needed for i + 1. Thus, we partially form the new Schur complement A ltrxt7. That
is, we compute A(i)|ti 41 xtr, the block row of the Schur complement corresponding to
node i + 1. Clearly,

(420) A(i)|ti+1 xXtr = A

T
tir1 Xt;‘ - (R|tf+1 Xti+1) R|t$+1 Xt: .
Such a direct computation is generally costly. Thus, we maintain a compressed form

(4.21) R|t9+1><t{ ~ QiY;

i

for each left node 1, where Q; has orthonormal columns and is not stored, and Y; is
either set to be Y; = A(l)|fi><tf when ¢ € pred(1) or is obtained approximately with
the compression (4.23) below. In this way, (4.20) is replaced by a low-rank update

(422) A(i)|ti+1 XtT ~ A|ti+1 XtT Y;TlY;’

where V; = (Y;1 Yi2) so that Q;Yi1 = R|t§+1><ti+1-
examples.

Here, Y; is quickly computed along the traversal of the tree. This is an induction
process. When i =1,let Q; = Uy, Y1 = A(1)|t”1xt{ (see the first step in section 4.2).
For a general left node 4, assume j + 1 is the largest leaf before ¢ + 1 (thus, j is the
left node right before j + 1), and R|t§+1xt]r_ =Q;Y;. Then tj =17, and

P Rlee, i, ) _ %211})/]2 _(Q; (_+1)Yj,2 '
B R|tj+1xt;H Ujr AV |£j+1xt;.+1 Ui AY |£j+1xt;.+1

Since @; and Uj4q have orthonormal columns, we need only compress the following
matrix with a QR factorization:

Y, -
(423) (A( 1 2 )xQ'L}/’H

G+
|t]~+1 ><15]T.Jrl

See (4.2), (4.5), and (4.6) for

R

so that (4.21) holds with Q; = diag(Q;, U;j4+1)Qi. The induction then continues. Then
the Schur complement is partially formed with the low-rank update (4.22). YZTlYl
represents the accumulated update from the previous elimination steps to the portion
A, 1ixtr of the current Schur complement. Yj is not needed after Y; is computed.
In addition, it is easy to verify that if i € pred(1), we can simply set Y; = A®) |, e
without using (4.23). '

Also, with the compression (4.21), the entire Schur complement A(i)|t;xt; =
A|t:><t;‘ — (R tf+1XtI)TR|tf+1><t: is approximated by A|t:><t;‘ — KT}/Z This means a
positive semidefinite term 1s implicitly added to the Schur complement, just like the
Schur compensation in section 2. The submatrix A|t§xt; is never touched before step
i+ 1. Thus, this factorization can be viewed as a structured left-looking method [3].

4.4. Algorithm and complexity.

4.4.1. Algorithm. We summarize the procedure in Algorithm 1. Two points
are essential for the efficiency of the algorithm. First, in both the off-diagonal com-
pression and the Schur complement computations, compressed forms are used as much
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as possible, with appropriate orthonormal basis matrices ignored. Next, A is accessed
locally or block rowwise, and Schur complements are formed partially with the accu-
mulated update from previous elimination steps in a compressed form.

The algorithm returns an approximate Cholesky factor R in HSS form. When R
is used as a preconditioner, upper and lower triangular HSS systems are solved. The
forward (backward) substitution can be done by the forward (backward) traversal of
the HSS tree. These solutions cost O(rn) flops when A has HSS rank r. The details
are similar to the solvers in [43].

ALGORITHM 1. (HSS Cholesky factorization)
procedure hss_chol
fori:=1,2,... do
1. if i is a leaf then
(a) Compute the Cholesky factorization AC~V|, ., = DI D;
(b) Use V; in Remark 4.2 and form
Q= (Al )™ o (ACDl )T ) DA ey )

J
(c) QR factorize Qi ~ U; ((A“];, i)™ - (A% i)") A9 )
2. else

if i # root node then
(a) Let ¢; and c2 be the children of ¢. Use V; in Remark 4.2 and form

Q, = ((A(Z:_l)“nXEH)T (A(Z:_l)bjstq)T ) A(Zfl)“qwf
’ ((A(l_1)|£j1 Xteq )T e (A(Z_1)|£j5 Xteq )T ) A(271)|icz XtT
(b) QR factorize Q; ~ (gzl)(((A(i)lfjlxt})T (A(i)|t‘j5xai)T) A(z‘)|gixt;‘)
end if ’
Be, = AC;
end if

3. if i+ 1 is a leaf then
(a) if 7 is in the path from node 1 to the root then

Set V; = A(i)|fixtr

else '
Compute Y; as in (4.23)

end if

(b) Form a part the Schur complement A(i)|ti+1><t{ as in (4.22)
end if

end for

end procedure

4.4.2. Complexity. The complexity of the HSS factorization is O(rn?) flops if
the HSS rank of A is r. For simplicity, we assume the HSS tree 7 is a perfect binary
tree with 2k — 1 nodes, and any bottom level HSS block row dimension is a constant
m = O(r). Since there are k leaves, km = n.

Clearly, the operations (compression, possible diagonal factorization, and pos-
sible Schur complement calculation) associated with each node cost O(r?n) flops.
Thus, similarly to [11], the O(rn?) complexity can be basically understood follow-
ing the idea that the HSS tree has O(k) = O(%) nodes, each corresponding to
O(r2n) flops. This holds even if, for each leaf i, we directly compress the dense block
0, = ( (R|t§xti)T R|tixt; ) so as to make the procedure simpler. (We can similarly
simplify the compression for nonleaf nodes.) However, in our algorithm, (Rlsxs,)”
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appears as a compressed form due to early compression steps. With orthonormal
bases ignored, only 2; needs to be compressed. This enables further savings. See the
beginning of section 4.3 and Figures 4.2—4.3. To illustrate the savings, we look at a
block 4 x 4 example as in section 4.2. Assume all HSS blocks have ranks r = 7. Then
the compression costs about 43m3 flops in total if dense ©; is used for all leaves 4,
while about 27m? if Q; is used as in our algorithm. Interested readers can derive how
much is saved by using {2; instead of dense ©;.

Similarly, the storage for the U, R, and B generators associated with each node
is O(r?), so that the total storage for all O(k) = O(2) nodes is O(rn). The original

matrix A is used to store the intermediate matrices.

4.5. Connection to some existing methods and application to sparse
problems. The HSS factorization algorithm has some attractive features similar to
the hierarchical compression algorithm with H?-matrices in [12]. For example, the U
bases are in nested forms with orthonormal columns, and the matrix A does not have
to be kept in storage entirely since it is only accessed block rowwise. The compression
here also has a hierarchical nature (bottom-up traversal of the HSS tree), but is
designed in a way so that A is only locally accessed. The hierarchical compression
scheme in this work is also useful in developing more HSS algorithms.

The algorithm focuses on dense SPD matrices instead of sparse ones, and costs
O(n?) for matrices with the low-rank property. This can also be understood by
noticing that O(n?) entries have to be accessed. However, it is possible to reduce the
complexity if additional information about A is known, say, when A is from integral
equations or Toeplitz problems so that we do not need to access the matrix entries in
the fashion of a standard factorization.

In addition, it is possible to improve the constant of the flop count by using the
recursive techniques in [10, 12]. We may also design a factorization algorithm with
top-down traversal of the HSS tree. For example, for A in (2.1), the top level off-
diagonal block Ajs is compressed, and then A;; and Aoy are recursively processed.
The total factorization cost can be reduced from O(n?) to O(n logn) if the compression
of any order-m off-diagonal block only costs O(m). This is possible when additional
information on the matrix is available. However, it is not clear if these recursive
procedures can guarantee the existence of the positive definite approximation RTR.

In terms of large sparse problems, an important application of our HSS factor-
ization algorithm is to factorize dense intermediate matrices in a sparse factorization
framework. During the direct factorization of some sparse discretized PDEs, the dense
Schur complements or fill-in have the low-rank property [4, 5, 16, 30, 39, 47, etc.]. By
taking advantage of this, some H-LU factorization algorithms have been developed,
with complexity O(N log N) [16] or O(N log® N) [15, 30], where N is the order of the
sparse matrix. The factors given by these algorithms are H-matrices with zero blocks
and Rk-blocks [33]. We can use the HSS algorithm in this paper to handle 2D sparse
discretized matrices from a different point of view and with robustness enhancement.
That is, the dense HSS factorization is used as an internal kernel routine in some
sparse matrix factorizations. In this way, we can fully take advantage of sparse ma-
trix techniques such as the multifrontal method [24] and nested dissection [27]. The
resulting robust structured sparse factorization method has complexity O(N log N).
(Such structured sparse factorization is generally restricted to 2D problems, since HSS
representations are generally only useful for 1D problems due to the special HSS block
structure.) The details are expected to appear in future work. Since the focus of this
paper is dense matrices, the reader is referred to [47] for an example of using dense
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HSS algorithms in a multifrontal framework.

5. Numerical experiments. We use numerical examples to demonstrate the
effectiveness of preconditioning with our method. Algorithm 1 is implemented in both
MATLAB and FORTRAN 90, and the codes are available from

http://www.math.purdue.edu/~xiaj/work /hsschol.

We test the HSS preconditioner on dense fill-in arising from the factorizations of
some sparse discretized PDE problems. Note that each matrix A we test is a dense
intermediate matrix instead of the entire sparse discretized matrix A.

Ezample 1. Consider the following problem defined on the unit square:

2 2 82

U 0“u u
2 B — _— =
+ 2b(z, y) w0y c(z,y) 52 f(z,y)

a(x,y)w

with ( ZE;;; ggizg ) = al +dd”, where a > 0 and d is a unit vector. We assume a
mixture of Dirichlet and Neumann boundary conditions.

The problem is discretized on an nxn regular mesh with nested dissection ordering
of the mesh points. We look at a matrix A which is the last Schur complement
corresponding to the top level separator of nested dissection during the factorization
of the stiffness matrix .A. The matrix A is dense and SPD and has small off-diagonal
numerical ranks. It is preconditioned with our HSS algorithm. In all the compression
we specify the maximum numerical rank r (see (2.4)) and denote the preconditioned
matrix by A,. If r = 0, then we have the regular block diagonal preconditioning. Table
5.1 shows that, for r as small as 3, the matrices A, after the HSS preconditioning are
very well conditioned. The cost of applying the HSS preconditioner to a vector is a

small multiple of n, and so is the storage of the preconditioner.

TABLE 5.1
Condition numbers before and after preconditioning dense Schur complements in Ezample 1

with d = (Y2, ¥2)T

, where n. = 200 and the bottom level block row dimensions m = 5.

| o | 1t ] 102 | 10* 10-6 10-8
K(A) | 43x10% | 5.7x10% | 1.9 x 10° | 4.6 x 10° | 4.7 x 10°
k(Apg) | 1.2x10% | 1.1 x10% | 3.4x 10% | 8.3 x 10* | 8.5 x 104
k(A2) 12.0 6.9 6.1 x 102 | 1.9 x 102 | 2.0 x 102
k(A3) 2.7 2.0 6.7 19.7 20.2
k(A4) 1.6 1.0 2.0 3.4 3.4
k(As) 1.1 1.0 1.1 1.2 1.2

Ezxample 2. Next, consider a linear elasticity equation

—(pAu+ A+ p)VV-u)=£fin Q= (0,1) x (0,1),
u =0 on 09,
where u is the displacement vector field, and A and p are the Lamé constants.
This PDE is very ill conditioned when A/u is large. The limit is known as the

incompressible limit, which is a very important situation in practical problems, and
for example, is associated with the mechanical behavior of elastomeric materials and

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



ROBUST FACTORIZATION OF RANK-STRUCTURED MATRICES 2917

plastic flow in metals. Without an effective preconditioner, iterative methods includ-
ing multigrid diverge or converge very slowly. Again, we use nested dissection on
a regular mesh and consider the last Schur complement A corresponding to the top
level separator in nested dissection. The preconditioning results are shown in Table
5.2. With a small r = 8, we get favorable conditioning which is much more satisfac-
tory than block diagonal preconditioning. Furthermore, the preconditioning results
are relatively insensitive to A/u. Or the preconditioner is very suitable for problems
where A/p is near the incompressible limit.

TABLE 5.2
Preconditioning dense Schur complements in Example 2, where n = 802 and the bottom level
block row dimensions m = 8.

[ ve | 1 ] 108 | 108 | 100 | 102 ]
k(A) | 6.9x10% | 8.2x10* | 81x 107 | 8.1 x 100 | 7.3 x 1013
k(Ag) | 1.9x 102 | 4.4x10% | 1.1 x105 | 1.1 x 10% | 9.0 x 1010
[k(ds) | 24 | 157 | 162 | 162 | 142 |

Example 3. We also test the preconditioner on the following time harmonic Maxwell
equation similar to a problem in [22]:

VXVxE—-kKE=JinQ,
E x n =0 on 09,

where k € R (k #0), J = (1,1,1), Q= Qo \ %, Qo = (-1,1)3, L = {y =0, (x,2) €
(—3,%)%}, and n is the unit outer normal of 0.

The problem is discretized on a tetrahedral mesh. The discretized finite element
matrix A is not SPD, so we use A” A. Again, we consider a Schur complement A
corresponding to the top level separator in nested dissection. Here, k is related to
the wave number and is set to be 16. The dense matrix A has order n = 3947 and
condition number 4.8 x 10°. In our HSS preconditioner, we use bottom level HSS
block row sizes m ~ 123. Numerical results indicate that the maximum off-diagonal
numerical rank 7 is not very small when a small tolerance is used. Thus, instead, we
manually specify small r. Figure 5.1 shows the convergence of the conjugate gradient
method (CG) and preconditioned CG (PCG) with different = in building the HSS
preconditioners. The preconditioners still significantly improve the convergence. The
storage of each structured preconditioner is only a small portion of the storage of A.
For example, the preconditioners need only 6.9% and 12.3% of the storage of A for
r= %m and %m, respectively, for this particular matrix. The cost of generating the
preconditioner is insignificant as compared with the solution cost, and so is the cost
of preconditioning as compared with other costs in each PCG step.

Similar convergence behaviors are observed for different k, although a theoretical
justification is not yet available. This indicates, based on our new preconditioner,
that there is a good potential to develop an efficient and robust preconditioner for
PDEs with large wave numbers.

Remark 5.1. These examples are used to illustrate the potential of the HSS al-
gorithm in effectively preconditioning dense intermediate matrices during the direct
factorization of discretized PDEs. When the multifrontal method [24] is used together
with nested dissection, these dense matrices are frontal matrices associated with the

separators or interfaces. (Each Schur complement A chosen above is also the top level
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Fic. 5.1. Convergence of PCG for dense Schur complements arising in the factorization of
AH A in Example 3, where different numerical ranks r are used to build the HSS preconditioners.
Total solution costs are shown. Part of the left graph is zoomed in and shown in the right graph.

frontal matrix in the multifrontal factorization.) Thus, for sparse 2D discretized prob-
lems, HSS matrices are used to precondition dense matrices roughly corresponding to
1D separators. See also section 4.5. The off-diagonal numerical ranks of these dense
matrices may not be small enough, but we may still employ large compression rates
by manually setting r to be small. A comprehensive analysis is expected to be done
in future work.

Remark 5.2. In the examples, we have not considered issues such as advanced
discretization or smoothing techniques. These are expected to be included in our
future work when we apply the HSS algorithm to sparse problems as described in
section 4.5. In such a situation, we will be able to conduct an effective comparison of
the structured sparse factorization and other sparse methods such as multigrid.

6. Conclusions. This paper presents a structured approximate factorization
method with up to a user-specified accuracy for dense SPD matrices. After the fac-
torization, an approximate factor in compact HSS form is obtained. Positive semidef-
inite terms are automatically added to Schur complements in the factorization so that
the matrix is approximated by a factorized form which is guaranteed to be positive
definite. This leads to enhanced robustness. The factorization can be used as a robust
and effective preconditioner. Satisfactory preconditioning results can be achieved even
if the low-rank structure is not highly significant.
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