Computers and Mathematics with Applications 68 (2014) 1421-1430

Contents lists available at ScienceDirect Shmpitere B

withapplications

Computers and Mathematics with Applications

journal homepage: www.elsevier.com/locate/camwa

A fast and stable algorithm for downdating the singular value @CmssMark
decomposition

Jieyuan Zhang <, Shengguo Li?*, Lizhi Cheng ¢, Xiangke Liao®,
Guangquan Cheng¢

2 College of Science, National University of Defense Technology, Changsha 41007 3, China
b College of Computer Science, National University of Defense Technology, Changsha 410073, China
€ The State Key Laboratory for High Performance Computation, National University of Defense Technology, Changsha 41007 3, China

4 Science and Technology on Information Systems Engineering Laboratory, National University of Defense Technology,
Changsha 41007 3, China

ARTICLE INFO ABSTRACT

Article history: In this paper, we modify a classical downdating SVD algorithm and reduce its complexity
Received 31 January 2014 significantly. We use a structured low-rank approximation algorithm to compute an hier-
Received in revised form 18 August 2014 archically semiseparable (HSS) matrix approximation to the eigenvector matrix of a diag-

Accepted 13 September 2014

Available online 7 October 2014 onal matrix plus rank-one modification. The complexity of our downdating algorithm is

analyzed. We further show that the structured low-rank approximation algorithm is back-
ward stable. Numerous experiments have been done to show the efficiency of our algo-
Downdating SVD rithm. For some matrices with large dimensions, our algorithm can be much faster than
HSS matrices that using plain matrix-matrix multiplication routine in Intel MKL in both sequential and

Cauchy-like matrices parallel cases.
Numerical stability © 2014 Elsevier Ltd. All rights reserved.

Keywords:

1. Introduction

Let Abean M x N real matrix, M > N, and assume that its SVD is defined as

2

A=UzV = (U U,) ( 0

)VT:U1Z‘1VT, (1)

where U = (U;  U) € R™*M and V € RV*N are orthogonal matrices, U; € R™*N, and ¥; € RV*V is a diagonal matrix,
whose diagonal entries are the singular values of A. In this paper, we propose a fast algorithm to compute the SVD of A’
satisfying

A= (GAT) , @)

where a’ is the bottom row of A. Note that the case of deleting a column of A can be considered similarly.
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Computing the SVD of A’ is well-known as the downdating SVD problem [1], which has been widely applied in signal
processing, image analysis and least square problems (see [2-5] for more details). When using Latent Semantic Indexing (LSI)
for information retrieval, some outdated terms and/or documents can be removed from the term-by-document matrix [6],
which is also reduced to the downdating SVD problem.

Most algorithms for downdating SVD (see [1,3]) are expensive, costing O(N?) flops. For simplicity of analysis, we assume
that M and N are in the same order, M = O(N). In this paper, we show that the complexity of downdating SVD problem (2)
can be reduced to O(N?r) flops,

/
A/ — UIE/V/T — (U; Ué) <€1) V/T — U{E{V/T, (3)
where r is a moderate constant (see Section 3.2 for details), and U; € RM=DxN The technique used in this paper is similar
to that in [7,8]. The main observation is that some intermediate matrices appeared in the algorithm in [1] are Cauchy-
like matrices and have off-diagonal low-rank property, see Eqgs. (7) and (8). We use hierarchically semiseparable (HSS)
matrices [9-11] to approximate these matrices, and then use fast HSS matrix-matrix multiplication algorithm [ 12] to update
the singular vectors. Note that the updating SVD problem in [3,13] can be accelerated similarly.

To fully take advantage of these two properties, a structured low-rank approximation method is proposed for Cauchy-
like matrices in [7,8], which is called SRRSC (structured rank-revealing Schur complement factorization). SRRSC only works
on several vectors, therefore its memory cost is linear O(N). The complexity of using SRRSC to construct HSS approximations
is analyzed in Section 4.2, which is shown to be O(N?r), where N is the dimension of the matrix and r is a modest constant
as above. In Section 4.3, the rounding error analysis of SRRSC is included, which shows that SRRSC is backward stable.

Numerous experiments have been done in Section 5 to show the efficiency of our algorithm. Since both the HSS construc-
tion algorithm and HSS matrix-matrix multiplication algorithm are good for parallel, we further implement the proposed
downdating SVD algorithm by using OpenMP on the shared memory multicore platform. For matrices with large dimen-
sions, the proposed downdating algorithm can be 3x-5x faster than that using plain matrix-matrix multiplication routine
in Intel MKL in the serial and parallel cases.

2. Preliminaries

The HSS matrix is an important kind of rank-structured matrices. It explores the low-rank property of off-diagonal blocks,
which was first discussed in [10,11]. In this section, we briefly summarize some key concepts of the HSS structure following
the notation in [14,15,9].

2.1. Tree structure

Suppose that H is a general N x N matrix,andI = {1, 2, ..., N} is the set of its row and column indices. Let .7 be a binary
tree with 2n — 1 nodes labeled asi = 1, 2, ..., 2n — 1, in which the root node is numbered 2n — 1 and the number of leaf
nodes is n. Here .7 is assumed to be in post order, which means that the ordering of non-leaf node i satisfies i; < i, < i,
where i, and i are its left and right child respectively. Each node i is associated with a subset of indices t; C I. Thus t; has
the following properties:

1. Each non-leaf node satisfies t;, U t;, = t; and t;; N t;, = @, and the leaf nodes satisfy Uy jeavesi ti = 1.
2. t; = I, when node i is the root of 7.

Following the notationin[14], let Hey denote the submatrix of H corresponding to row index set t; and column index set t;.
2.2. Generators

If matrix H of order N is represented in HSS form and its corresponding HSS tree is .7, there exist matrices D;, U;, V;, Ri, W;
and B; (called HSS generators) associated with each node i of 7 satisfying

Dyp1 =H, U1 = @, Von1 = 9,
D; Ui, B VI )
D: =H,, = 1 171 71 ,
P (U,z2 B, Vi D, (4)

Ui, Ri Vi, W;
U = 1) V: = 170 )
! (Ui2 Riz) ' (Vi2 Wi2>
For each node i of 7, its corresponding HSS block row and column are defined as follows:

H*" = Hyxavy and  H*“™ = Ho\gxa;s (5)
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Fig. 1. A4 x 4 HSS matrix H.

which are also called HSS block for simplicity. We call the maximum (numerical) rank of all HSS blocks the HSS rank, which
is denoted by r. If HSS rank is small compared with the matrix size, matrix H is said to have off-diagonal low-rank property.
Assume H is a block 4 x 4 HSS matrix, then it would have the following form

Di  UiBY, UiR, p
B3 (W, V W: V.
H— (UszvlT D, UsR, 3( 4V4 T5 5) o
UsR4 ToT TOT D4 UsB4V! )
B,
U5R5> ° (Wl i W, ) U535V4T Ds

and its corresponding HSS tree is shown in Fig. 1.

The HSS construction can be implemented by following the HSS tree level by level from bottom to up. For the nodes at
the same level, all HSS block rows or columns can be compressed simultaneously. We refer to [10-12] for more details of
HSS construction algorithm. At each level, after all HSS rows and columns are compressed, the generators B; are stored and
the nonzero off-diagonal blocks are merged together. After a matrix is represented in HSS form, there exist fast algorithms
for multiplying it with a vector in O(Nr) flops [12] (in parallel). For simplicity, the HSS matrix multiplication algorithm is
not included here, see [12] for details.

3. Structured downdating SVD

We only show how to accelerate the computation of V. The left singular vector matrix U’ can be accelerated similarly,
see [1]. By (1)-(3), we have

VIV = ATA=A"A +ad" = V' 2V +ad". (7)
Let z = V'a, and (7) can be written as:
VERVT =v(ZE - zZz")vT. (8)

If the eigendecomposition of X% — zz" is H2?H, then V' and X can be easily computed, V' = VH and X} = 2. Note
that the main cost lies in the computation of singular vector matrix V' which requires one matrix-matrix multiplication,
while the singular values can be computed by solving a secular equation in O(N?) flops. See the following section for more
details.

3.1. The eigendecomposition of X3 — zz"

As is well-known that the eigenvalues and eigenvectors of 212 — zz" can be computed by the following lemmas, where
¥, = diag(oy,...,on), Withoy > -+ > oy > 0,and z = (21, ..., 2y)". Owing to (8), the eigenvalues of X2 — zzT are
guaranteed to be nonnegative.

Lemma 1 (Bunch and Nielsen [2]). Assume that H2?H is the eigendecomposition of matrix £} — zz", where X = diag (o1,
..., 0n), 2 = diag(w, ..., on),H = (hi, ..., hy), and 2" £z < 1. Then the eigenvalues {@?}" , satisfy the interlacing
property

01> W) >0y >--->0N>wy >0, 9)
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Table 1

The ranks of different off-diagonal blocks of H.
k 1 2 3 4 5 6 7 8 9 10 11 12
dim(x100) 1 2 3 4 5 6 7 8 9 10 11 12
rank 16 18 21 22 23 22 24 23 23 24 23 25

and the following equation

N 22
= _ e R
flw)=—1+ ]; e 0. (10)

The eigenvectors are given by

h =
(=

Note that the singular vectors cannot be computed directly from Eq. (11) since they may loss orthogonality [1]. One way
to solve this problem is to recompute the vector z, denoted by Z, by using the following lemma.

(11)

Lemma 2 (See [16,1]). Given a diagonal matrix X1 = diag (o4, ..., oy) and a set of numbers {c?)l-2 f’z 1 satisfying the interlacing
property
01> >03>-->0y5 >0y >0, (12)
there exists a vector Z = (21, ..., 2y)" such that the eigenvalues of X% — 22" are {&?})_,. The components of 2 are given by
i—1 A2 2N=1 52 2
@? — o @? — o
51— 2 _ 22 ) i )j i .
|zil = | (o wN)‘ 2 gl 1<i<N, (13)

where the sign of Z; can be chosen arbitrarily.

3.2. Low-rank property

Recall from Lemma 1, we find that H is a Cauchy-like matrix,

o121 ONZ1
12 : QNZ)

He |03 -0} = of-o} ! (14)
01ZN ONZN

2
Vi
where o; = 1/ ZJIV:] W Furthermore, it has off-diagonal low-rank structures, which is illustrated in the following
i

example.
d%’i’;)_)g, where u, v, d and w are 2500 x 1 random vectors,
i—Wj

and the entries of d, w are interlacing: d; > wq{ > dy > .-+ > djs00 > Was00. The numerical ranks of the off-diagonal
blocks Hy = H(m x k+ 1 : end, 1 : m x k) with m = 100, are shown in Table 1, and the column dimensions are displayed
in the second row of Table 1 (the column dimension is smaller than the row dimension). Here we use Matlab routine and
& = 1.0e~ '3 to compute the numerical ranks. The results in Table 1 show that the off-diagonal ranks can be smaller than
the sizes of the corresponding submatrices.

Example 1. Assume H is a 2500 x 2500 Cauchy-like matrix like (

Remark 1. If the vectors d and w are interlacing, matrix H in Example 1 usually has off-diagonal low-rank property. But
it is not theoretically true. In [7], we show that the off-diagonal ranks depend on the distribution of the vectors d and w
(probably u and v too). For example, when d and w are clustered, the off-diagonal rank may nearly equal the size of the
corresponding submatrix.
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Algorithm 1 SRRSC factorization

Let G be an m x K Cauchy-like matrix which satisfies (16) for k = 0, its generators are d, w, uand v. Let u® = u, and assume
G has numerical rank r < min(m, K).

fork=1,..., min(m, K)
(1) use complete pivoting strategy to choose the largest entry |G~ (¢, h)|, and exchange the first and ¢-th entries
of u(k : m) and d(k : m), and exchange the first and h-th entries of v(k : K) and w(k : K);
(2) if |G*=V(1, 1)| is negligible, then

r=k—1;
return;
(3) else

*) cy — (0 coy, 40 Gty —d® ) |
uk+1:m) =u®k+1:m) g m= w6

) . ) ey, w0 —w® ) |
vk +1:K)=v"9k+1:K) 2 (1) —a® k)

(k) 1) — v _ w® () —d® (1:k—1) .
yHArk=1)=yP1 k=1 d® (k)y—d® (1:k—1) ’
® py — AR B-w® .
y® (k) = o
forj=1:k—-1
® (1) — v® gy, 2PD=dO @
YOk =y (k)'m.
end for
end for

3.3. Structured low-rank approximation

Some HSS construction methods have been introduced in [9-11]. Based on the special properties of Cauchy-like matrices,
we introduce an effective structured low-rank approximation method for Cauchy-like matrices in this section, which is
called SRRSC in [7]. The complexity of SRRSC is analyzed in Section 4.1.

Definition 3 (See [17,18]). Let G be an m x K matrix, m < K, the following factorization of G is called kth Schur complement
factorization of G (k is an integer, 1 < k < m),

_(Gi1 G2\ _ [ Ik G Gp2 15
=\Gy Gy) = \z0 Lt G E (15)

and G® is the kth Schur complement.

The Schur complements of a Cauchy-like matrix are well known to have displacement structures [19,20], and therefore
we can only work on its generators. The generators of these Schur complements can be computed recursively.

Theorem 4. The kth Schur complement G® satisfies

DiG® — GPW, = uPk+1:m) - v®T(k +1:K), (16)
with Dy, = diag(dy+1, - - . , dp) and Wy = diag (wyy1, - - ., wg). Then
I3) (k—1) —di
uk+j)=u k+3j) - di (17)
It — Wk
VO (k4 1) = v*D (e 4 1) . DT Wk (18)
Wty — d
withl<j<m—k1<I<K—k G® =G u® =uand v® = v.
For1<j<m—kand1 <!I<K — k, the generators of G® are
ub (k+j) = u®k+J) H Gy 20 (19)
dk+] - wz
VO k1) = v (k1) - ]_[ Wt = Wi (20)
i=1 Wit — d'

Furthermore, the matrix Z® in (15) has displacement structure too, whose generators can also be computed recursively.
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Theorem 5. The generators of Z" satisfy the following displacement equation
DPz® —z0DP = u®(k+1:m) - yP(1: k), (21)
where DY = diag(dy, ..., dy), DY = diag(dy1, . .., dm), u® (k + 1 : m) are computed recursively by (17), and
wy — d;
Y0 S fl<isk—1,
s d —d;
y (l): k=1 dk—wj dk—w

Lido—d uO)

(22)

£ oifi=k

Note that if matrix (15) which corresponds to an HSS block is rank-deficient, at some step the entries of G’ would
become negligible. Thus by ignoring G*¥, we can get a low-rank approximation to G,

G~ (Z{k)> (G Gr2). (23)

To have better numerical stability, we incorporate pivoting into the factorization (15) since pivoting does not destroy the
Cauchy-like structure. The complete pivoting is best for stability but it may deteriorate the speed. For some more efficient
pivoting strategies, we refer to [7,20,18]. The whole structure of SRRSC is illustrated in Algorithm 1.

Algorithm 2 HSS construction algorithm for Cauchy-like matrices

Suppose that HSS tree 7 is a full binary tree and it has L + 1 levels and the leaf nodes are at level L. Assume that H is a
Cauchy-like matrix with generators u, v, d, w € RV, H(i, j) = —L

di—wj*

for nodeiatlevel L (leaf nodes)
1. compute the main diagonal block D; of H via its generators;
2. identify the generators of ith HSS block row H®” and column H®, and compute their low-rank
approximations by using SRRSC,

Hirow ~ Ul_Hirow’ Hicol ~ HileiT.

3. store the generators of Cauchy-like sub-matrices H{°” and Hf"’, and store the generators of HSS matrix U;
and V.
end for
for{=L—1:—1,1(parent nodes)
for nodeiatlevel £ _ _
1. merge the generators of H*" and H;?", and compute a low-rank approximation of H;*",

[yrow
row __ Hi1 ~ Ri1 ryrow
H: = N ~ H:
i H_row Rl.2 i ’
2

where H/°" is a certain submatrix of H/*".
2. merge the generators of Hfl"’ and Hfz"’, and compute a low-rank approximation of Hf"’,

H = ( TR )%I:Iiwl( Wy W),

and store the generators of H*" and H®°!, and the generators for the HSS matrix.
3. compute submatrices B;, and B;, via their generators.
end for
end for

4. Complexity and stability analysis

4.1. Complexity of SRRSC

ujv,

We assume that G is an m x K matrix with entries G; = d,_lju. and its numerical rank is r. For simplicity, we assume that
1

all pivots are chosen by complete pivoting strategy. Similar to Gaussian elimination with complete pivoting (GECP), SRRSC
has two main steps: complete pivoting and updating the parameters.
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Complete pivoting Before factorization, the complete pivoting should be done first, which can be performed by searching
column by column. At the kth step of SRRSC, the complexity of pivoting would be

ye(m—k+ DK —k+ 1), (24)
up
dg—wj”

where y; = 2 is the number of operations of computing

Updating the parameters The SRRSC is computed by operating on three parameters, u, v and y. At step k, u is updated
by (19), v is by (20) and y is by (22). The cost is

Yu(m —k) + yy (K — k) + 2k — 1) + 1) = y (n + K), (25)
where y, = y, = ¥, = y = 4is the number of operations updating one entry of u (v, y), for example there are four
operations in (17). For simplicity we let y; = y = 4.

Total cost of SRRSC
r
Coarse = ¥ [(MmMm+K)+(m—k+ 1)K —k+ 1)]

k=1

.
=y | (mK+2m+2K+Dr+ Y (K —(m+K+ 2)k)j|
k

i o1 )
~ y | mKr 4 3 E(m—}-K)r

1
<y |mKr— 2Kr2] , (26)

where we ignored the lower order terms and used the relation that r < m.

Remark 2. 1. Note that matrix G corresponds to an HSS block of H in (15) and the following subsection, which is assumed
to be off-diagonal low rank.

2. The constants, yy, ¥, and y,, may be a little different in the downdating SVD problem since, for example, d; — w; must be
computed by

o Jdi=d) —y i<
d"“’f—{(df—d,-ﬂ)w,» ifi > J, @7

where y; = w; — d; and u; = diy1 — w;, which can be returned by calling LAPACK routine dlaed4, fori =1, ..., N.

4.2. Complexity of constructing HSS

The analysis is similar to those in [ 14,15] but with some differences. All the previous analysis are assuming that matrix H
has been formed explicitly. Our new HSS construction algorithm works on the generators u, v, d and w and does not form
H explicitly. Our analysis is based on the following assumptions and notation.

Assume that the HSS tree is a full binary tree and that it has L levels, (0, 1, ..., L—1). There are n = 2" leaf nodes, and the
dimension of matrix H is N. All the HSS blocks have rank r. Each leaf node at the bottom level has m rows and r = O(m). We
follow the HSS tree level by level and start from the leaf nodes. Let LN denote the set of all leaf nodes. Let N; be the number
of columns in the ith HSS block row.

Complexity for leaf nodes Each leaf node has four generators D, U, V and B. Since the compressions of rows and columns
are similar, we only analyze the row compressions in detail.

Generator D: D; can be computed directly. The cost for leaf nodes is
Cﬁwy-m-m-n%er, (28)
where y = 4 and we used r = O(m).

Generator U: Since U = P [2] where P is a permutation matrix, the cost includes that of computing SRRSC and that of
computing entries of Z.

r r
Csfmc = Z yr [mN,- — fNi] = ynr (m — 5) (N —m)
i€LN
1
~ LN — N2, (29)
2 2

where we used r = O(m).
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Since the (i, j)th entry of Z is Z; = after obtaining the generators of Z the cost of computing Z is

d d ’
Z y(m—r)r = yNr.
ielN

Thus, the cost of computing U for all leaf nodes is

ZNr + O(Nr — Nr?).

c =
Generator V: It needs the same operations as U, C€ = C{,.
Generator B: Each B; at the bottom level is a r x r matrix. The cost is

:Zy-r-r%er,
ieLN

where we used r = 0O(m) and there are n leaf nodes.
Therefore, the total cost for leaf nodes is

c =c)+c + )+ = yN*r + 0Nr — NI?).

Complexity for parent nodes For a parent node i, let Ui = [ﬁil ] V= [MW/? ] and B;. Then, similar to the analysis of leaf nodes,
2 2

we can compute the cost of parent nodes level by level. Note that there are 2¢ nodes at level £, and the row dimension of
each HSS block row is 2r. No operation is needed for the root node. The total cost for all parent nodes is

3 2 2
CP=C+C+CG = SYN’T +O(Nr?).
Therefore, the total complexity of constructing HSS matrix is about

5
c=Ccd +cr= 5yNZr + O(Nr?) = 10N?r 4+ O(Nr?).

Remark 3. The HSS construction algorithms based on SRRSC need O(N?r) operations. The main advantage of using SRRSC
is that it only needs O(N) memory which can potentially work on very large matrices. It is easy to see that the complexity
of our downdating algorithm, shown in Algorithm 3, is also O(N?r) flops.

4.3. Numerical stability of SRRSC

An error analysis for the LU factorization of Cauchy-like matrices appeared in [21]. Since the Cauchy-like matrices
considered in this paper have displacement rank one, using the same techniques as in [21], it is easy to show that the
backward stability of SRRSC is related to that of the classical Gaussian elimination, see also [22]. Therefore, the algorithm is
backward stable, which is also illustrated as follows.

Theorem 6. Assume that no overflows and underflows were encountered during the computation and ¢ is a unit roundoff. Then
the computed factors Z® , G satisfies Z® = z® 4+ AZ® and GO = G® + AG®, where

ke
1AZ9] < yasalZ®1, 146%] < yaiaslGP] (n: — ks). (30)

Proof. Assume that permutation has been done beforehand. By Theorems 4 and 5,

diyr — dj
uPk+D=u®k+1) - ha (31)
1_[ st — wj”
i—1 k
di — wj di—w; di —w;
yo J ! J . X L 32
®= 1_[ di—d 111 d—d u0Q) (32)

A straightforward error analysis implies

u®k + iy ()

2<’°<i,j>=ﬂ( P ) z0 i, sy, (33)
+i — Uj
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where

1 — g)Bk+1 1 4+ g)Bk+1
a—o™ _ ® a+e™™ (34)
(1 + S)Zk oJ (-1 _ 8)2"
The similar arguments can be applied to G® and get its rounding error bound. O
Corollary 7. The computed factorization G = (21(’;) . 7}{) (G“ g(l,f)) satisfies G = G + AE®, if we define L = (zl(kk> . 7:<)
andF = (G“ g&%) then
|AE®| < [(16k + 4)e + O(H)]ILIF|. (35)
Proof. From the standard error analysis, the computed G = LF satisfies
LF = (L+ AL)(F + AF) = LF + AE® (36)
where
|ALl < ygkt1lLl, |AF| < ygk43lF|. (37)
The bound (35) can be derived from (30) and (37). O

Algorithm 3 Downdating the SVD
Givenan M x N (M > N) matrix A and its SVD, A = U XV, assume the bottom vector a’ is to be deleted.

1. Extract the submatrix ¥; from ¥ and compute z = V'q;
2. Compute the eigendecomposition of 212 — zz" by solving secular equations and store the generators of matrix H;
3. Use SRRSC to construct an HSS approximation to H

H~H,

where H is an HSS matrix;
4. Compute the right singular vectors of A’ by using fast HSS matrix-matrix multiplications

V' = VH.

5. Numerical results

We use our algorithm to solve the following specific problem,
GivenV, ¥; and a, compute V' and X7.

The algorithm that we used is summarized in Algorithm 3.

The following examples are tested on a laptop with 4 GB memory and Intel(R) Core(TM) i7-2640M CPU. For compilation
we used Intel fortran compiler (ifort) and the optimization flag -02, and then linked the codes to the optimized BLAS and
LAPACK library, Intel MKL (composer_xe_2013_sp1).

Example 2. Let Abe an (N + 1) x N Gaussian random matrix with zero mean and unit variance, and assume that its SVD is
A = UXVT. The singular values and right singular vector matrix V' of A’ are desired, where A’ is the matrix after removing
the bottom row of A. By choosing different dimensions N, the orthogonality of right singular vectors computed by using HSS
matrix techniques and plain matrix-matrix multiplications are included in Table 2, where the baseline is from Intel MKL.
The orthogonality is measured by ||(V/)TV’ — I||,, shown in the row denoted by Orth.

The comparisons of running times in seconds are shown in the third row denoted by Time in Table 2. For matrices with
dimensions around 8000, our algorithm can be 5. 4x faster than that using the plain matrix-matrix multiplication routine
in Intel MKL. The larger the matrix is, the bigger speedup our algorithm has. Computing matrix V' requires 3N? memory
when using plain matrix-matrix multiplications. While, using HSS techniques only requires N> + O(N) memory. The row
denoted by Memory in Table 2 shows the ratios of memory cost when using Algorithm 3 to compute V' over 3N2.

Since the HSS construction and HSS matrix multiplication algorithms are naturally parallelizable, we implement these
two algorithms by using OpenMP and compare our algorithms with the multi-threaded Intel MKL. Since the CPU of the
laptop that we used has four cores, we let OMP_NUM_THREADS=4. The results are shown in Table 3. In the parallel case,
when the dimensions of matrices are around 8000, our algorithm can be 3.0x faster than that using multi-threaded Intel
MKL.
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Table 2
The comparison of orthogonality and speedups with MKL, k denotes one
thousand.
Dim 1k x 1k 3k x 3k 4k x 4k 5k x 5k 8k x 8k
Orth HSS 1.7e—14 3.5e—14 49e—14 54e—14 7.4e—14
° MKL 17e—14 3.7e—14 5.1e—14 59e—14 8.0e—14
Time HSS 7.8e—02 0.7e+00 1.2e4+00 1.9e+00 5.0e4-00
MKL 9.4e—02 1.7e+00 3.7e+00 6.9e+01 2.7e+01
Speedup 1.2x 2.5x 3.0x 3.6x 5.4x
Memory 0.65 0.53 0.46 0.45 041
Table 3
The results for parallel implementation, k denotes one thousand.
Dim 1k x 1k 3k x 3k 4k x 4k 5k x 5k 8k x 8k
Orth HSS 1.6e—14 35e—14 49e—14 5.5e—14 8.0e—14
: MKL 1.7e—14 37e—14 5.1e—14 59e—14 7.5e—14
Time HSS 59e—02 7.5e—01 89e—01 1.4e+00 3.6e+00
MKL 6.3e—02 1.3e+00 1.7e+00 3.1e+00 1.1e401
Speedup 1.1x 1.7x 1.9x 2.2x 3.0x

6. Conclusion

In this paper, we propose an accelerated downdating SVD algorithm by using HSS matrix techniques, which was first
introduced in [1]. The improved downdating algorithm is summarized in Algorithm 3, which can reduce the complexity of
floating-point operations and storage cost significantly, especially for matrices with large dimensions. We use SRRSC [8,7]
to construct HSS approximations. In Section 4, the complexities of SRRSC and HSS construction algorithm based on SRRSC
are analyzed in detail. Furthermore, the rounding error analysis of SRRSC is also included, which is shown to be backward
stable. Comparisons with sequential and multi-threaded Intel MKL show that using HSS techniques to compute V'’ can be
3x-5x faster than using plain matrix-matrix multiplications implemented in Intel MKL for large matrices.
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