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Abstract

We propose fast numerical algorithms to improve the accuracy of singular vectors for
areal matrix. Recently, Ogita and Aishima proposed an iterative refinement algorithm
for singular value decomposition that is constructed with highly accurate matrix mul-
tiplications carried out six times per iteration. The algorithm runs for the problem that
has no multiple and clustered singular values. In this study, we show that the same
algorithm can be run with highly accurate matrix multiplications carried out five times.
Also, we proposed four algorithms constructed with highly accurate matrix multipli-
cations, two algorithms with the multiplications carried out four times, and the other
two with the multiplications carried out five times. These algorithms adopt the idea of
a mixed-precision iterative refinement method for linear systems. Numerical experi-
ments demonstrate speed-up and quadratic convergence of the proposed algorithms.
As a result, the fastest algorithm is 1.7 and 1.4 times faster than the Ogita-Aishima
algorithm per iteration on a CPU and GPU, respectively.
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1 Introduction

This study investigates the singular value decomposition for A € R™*":
A=UzvT, ¢y

where U € R™ ™ and V e R™™" are orthogonal matrices whose ith columns are
the left singular vectors u;y € R™ fori = 1,...,m and the right singular vectors
vy € R fori = 1,...,n, respectively and ¥ € R”*" is a rectangular diagonal
matrix whose ith diagonal elements are the singular values o; € Rfori =1,...,n.
Throughout the paper, we assume that m > n. The approximation it ;) ~ u), 6; = oj,
and 9(;y & v(;) for alli can be obtained by using various numerical solvers for singular
value decomposition, e.g., gesdd, gesvd, gesvdx in LAPACK [1] and svd, svds,
or svdsketch in MATLAB.
Now, for k < n, let

Uik i= ((ys - - Ugk)), Ul = gy ligy) e R™K,
V];k = (v(l), ey v(k)), Vl/:k = (ﬁél)’ ey lA)ék)) (S RnXk
with ”A[/(i) = ﬁm/”fl(,’)”g and i}Ei) = ﬁ(,‘)/||ﬁ(,‘)||2, and E]/( = diag(&l’, ey 512) (S

RFK with 6] = (ﬁ’(l.))TAﬁEi). The residuals are defined as
Ry = A‘,}l/:k - 0{:]{2]/(, Stk = ATU{:I{ - vl/:kﬁ:l/c’
and the gap of the singular values is given by

Sk = min 6/ — ojl, 2)

1<i<k
k< j<max(n,k+1)

where 0,11 := 0 for the sake of convenience. Wedin [2] proposed the sin® theorem
for singular value decomposition extending the sin® theorems for Hermitian matrices
proposed by Davis and Kahan in [3]. If §; > 0, then from [2], it holds that

IR + 1511
Sk

\/ Isin ® Ui, Uf,)l13 + I sin ©(Vig, V], )13 <

’

where ©(Uj, Uizk) and © Vi, \A/l’:k) are matrices of canonical angles (see [4])
between Uj.; and U {:k and between V7., and \A/l’: 1> respectively, and || - || 7 denotes the
Frobenius norm. Note that Dopico [5] also proposed a similar theorem. From (3), the
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smaller the value of §; in (2), the lower the accuracy of the computed singular vec-
tors. Thus, iterative refinement methods are useful for obtaining sufficiently accurate
results in singular value decomposition.

Let U : = (liq), ..., Ugmy) and v = (0(1), - - . » O(n)). Davies and Smith proposed
an iterative reﬁnement algorithm for singular value decomposition of UT AV in [6].
However, the singular values for UT AV are slightly perturbed compared to the exact
singular values for the original matrix A. Convergence to results that include per-
turbations indicates a limitation of the achievable accuracy using the Davies-Smith
algorithm. Recently, Ogita and Aishima proposed an iterative refinement algorithm
for singular value decomposition of A constructed with highly accurate matrix multi-
plications carried out six times per iteration in [7]. That algorithm converges to exact
singular vectors of A when U and V are moderately accurate.

The main contributions of this study are

e speeding up the Ogita-Aishima algorithm and

e performance evaluation of the proposed methods on a CPU and GPU when improv-
ing the accuracy of U and V from double- -precision to quadruple-precision or from
single-precision to double-precision.

We use the following environments for numerical experiments in this paper:

Env. 1) MATLAB R2021a on a personal computer with an Intel Core i9-10900X
CPU (3.70 GHz) with 128 GB main memory, a GeForce RTX 3090 GPU with
CUDA 11.6, and Windows 10 operating system

Env. 2) MATLAB R2021b on a personal computer with four AMD EPYC 7542 CPUs
(2.90 GHz) with 512 GB shared main memory, a A100 Tensor Core GPU with
CUDA 11.3, and Ubuntu 20.04.2 LTS operating system

Generally, double-precision arithmetic is faster than arbitrary precision arithmetic
implemented in software or arithmetic for multiple-component format values, such as
double-double arithmetic [8, 9]. Moreover, on an enthusiast-class GPU, such as the
GeForce RTX 3090, single-precision arithmetic is much faster than double-precision
arithmetic. For example, using Env. 1, we obtain the results shown in Table 1. The table
indicates double-precision matrix multiplication is 1353 times faster than quadruple-
precision on CPU and single-precision matrix multiplication is 34 times faster than
double-precision on GPU. Note that for quadruple-precision arithmetic in Table 1,
we use the Advanpix Multiprecision Computing Toolbox for MATLAB [10]. Hence,
lower-precision computations are much faster than higher-precision computations.
Thus, we consider algorithms that reduce the cost of higher-precision computations
at the expense of increasing the cost of lower-precision computations.

Table 1 Computing time in seconds for matrix multiplication of A € R"*" and B € R"*" for n = 10000
using Env. 1

CPU GPU
double quadruple ratio single double ratio
2.45 3316 1353 0.11 3.73 34
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The computing time ratio, (single-precision arithmetic):(double-precision arith-
metic), for singular value decomposition is about 1 : 2 to 2 : 3 on a CPU and
GPU in Env. 1 and 2, respectively. Moreover, matrix multiplication can be performed
much faster than singular value decomposition. For example, from Table 2, using
the single-precision results as the initial guess, the Ogita-Aishima algorithm with
double-precision matrix multiplication can be run for (22.7 — 15.4)/(0.11 - 6) ~ 11
iterations within the double-precision computing time. For a linear system, LAPACK
provides a routine dsgesv that computes an initial guess for the solution using
single-precision arithmetic and obtains double-precision equivalent results by using
the mixed-precision iterative refinement method. Our study will enable the develop-
ment of a similar routine for singular value decomposition.

In this study, we first show that the Ogita-Aishima algorithm can be executed
with highly accurate matrix multiplications carried out four times per iteration, that
is, with one fewer multiplication than in their original paper. Next, we propose four
iterative refinement algorithms for singular value decomposition, combining the idea
of a mixed-precision iterative refinement method for a linear system with the Ogita-
Aishima algorithm. Those algorithms are constructed with highly accurate matrix
multiplications carried out either four or five times per iteration. The Ogita-Aishima
algorithm and proposed algorithms (Algorithms 5, 6, and 8 in the paper) are the same
in exact arithmetic, their limiting accuracy in finite precision is different, and will
be explored experimentally in this work. Numerical experiments are conducted to
demonstrate speed-up and quadratic convergence of the proposed algorithms on a
CPU and GPU.

The remainder of this paper is organized as follows: Section2 introduces results
obtained in previous studies; Section3 presents the proposed iterative refinement
algorithms for singular value decomposition; Section4 presents numerical examples
to illustrate the efficiency of the proposed algorithms; and Section5 provides final
remarks.

2 Notation and previous work
2.1 Notation

Let (1), and (-)¢ denote the results of numerical arithmetic, where all operations
inside the parentheses are executed at higher- and lower-precision, respectively.
The combinations of precision [higher precision and lower precision] using in
this study are [quadruple-precision and double-precision] and [double-precision and
single-precision]. For simplicity, we will omit terms less than Q(m*n®), k + ¢ = 3
from the operations count. For example, we will write s m3 +som3n +s3mn +san’+
ssm? + semn + syn* 4 - - operations for s; € N as sim> + som®n + ssmn? + san’
operations.

Table2 Computing time in seconds for matrix multiplication of A and B and the singular value decompo-
sition of A for A € R"*" and B € R"*" for n = 10000 using GPU using Env. 2

svd matrix multiplication
single double ratio single double ratio
15.44 22.74 1.5 0.11 0.11 1
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2.2 Mixed-precision iterative refinement technique

We consider a linear system Ax = b for x, b € R" and a non-singular matrix A €
R " Tet x ~ x be a computed solution to Ax = b. There is an iterative refinement
algorithm with mixed-precision arithmetic to improve the accuracy of x. The process
is shown in Algorithm 1.

Algorithm 1 Iterative refinement for the approximate solution x of a linear system
Ax = b. The initial X is obtained using lower-precision arithmetic.

1: repeat

2:  Compute r < (b — AX)p,.

3 Convert r into lower-precision.

4:  Compute y < (A_lr)(.
5
6

Update X as X < (X + Y)j or ¢-
: until accuracy of x is sufficient.

Note that if the matrix decomposition of A is already obtained for the initial approx-
imation X, the cost of line 4 is almost negligible. For using a solver based on LU
factorization, Wilkinson [11] gave the error analysis for fixed-point arithmetic, and
Moler [12] extended that for floating-point arithmetic. Jankowski and WozZniakowski
[13] showed that the algorithm with an arbitrary solver could be made stable in the
usual sense by normwise error analysis. Skeel [14] also showed that with a solver based
on LU factorization by elementwise error analysis. Higham [15-17] extended Skeel’s
analysis to an arbitrary solver. Langou et al. [18] showed the maximum number of
iterations to convergence on the method with a solver based on LU factorization using
single- and double-precision arithmetic. Carson and Higham [19] gave an error anal-
ysis for ill-conditioned A. In addition, Algorithm 1 has been accelerated using three
precisions [20-22]. We focus on the lower-precision solution of the linear system in
line 4 in Algorithm 1. Based on this principle, this study aims to reduce the number
of higher-precision matrix multiplications of the iterative refinement algorithm for
singular value decomposition proposed by Ogita and Aishima.

2.3 Iterative refinement for symmetric eigenvalue decomposition

In this subsection, we introduce the iterative refinement algorithms for symmetric
eigenvalue decomposition proposed by Ogita and Aishima in [23] and Uchino, Ozaki,
and Ogita in [24]. We will write [, to denote the n x n identity matrix. Now, we
assume A = AT e R™ Let X € R"™" be orthogonal, D € R"*" be diagonal,
and A = XDXT. The ith columns of X are the eigenvectors x¢gy € R" and the ith
diagonal elements of D are the eigenvalues A; € Rfori =1, ..., n. Here, we assume
that A; # A; fori # j. For X ~ X, we define the error matrix £ € R"*" such that

X=X (In + E). Ogita and Aishima proposed an algorithm to compute E ~ E and
update Xinto X as X < X(I, +E). The algorithm converges quadratically, provided
that the error matrix E satisfies the following conditions from [25, Theorem 3.4]:

min |A; — A;
1§i<j§n| ! Jl 1

E min , ——
I1E]2 < mi 10/allAll, 100

“
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This process is shown in Algorithm 2. Note that Algorithm 2 is simplified from the
original algorithm [23, Algorithm 1] because multiple eigenvalues are not considered.

Algorithm 2 Refinement of approximate eigenvectors X € R"™" for areal symmetric
matrix A € R"™ " from [23]. Assume X; # ij fori # j. The total cost is 61> to 8n>
operations.

Require: A € R"*", X e Rnxn

Ensure: X € R"™" D e R R
1: function [X, D] < RefSyEv(A, X)

2 R« (I,—XTX), > R = (r;))
3 S« XTAX), > S = (5;)
4 i <« (liii,-,- )h (for1 <i <n) > Approximate eigenvalues
5 D « diag(Ay,..., )

6: F <« (S+RD) > F = (fij)

<L) i #J)

T &j < VA_(—M A (for1 <i,j <n)
-+ N (otherwise)

8: )?e(f(+f(1§")h ‘>E~=(Eij)

9: end function

Since X7 X and X7 (AX) are symmetric, only the upper or lower triangular part
needs to be computed. Thus, the total cost of Algorithm 2 is 6n° operations. How-
ever, if the matrix product is obtained by using highly accurate algorithms, e.g.,
Ozaki’s scheme [26] or a subroutine in an arbitrary precision arithmetic library, such
as MPLAPACK [27]!, XBLAS (extra precise BLAS) [28], or Advanpix Multipreci-
sion Computing Toolbox for MATLAB, the total cost is up to 8n° operations since the
symmetry of the matrix product may not be considered. The cost is divided into

2n3: AX and X E
n: X TX and X T(AX) after computing AX (exploiting symmetry),
2n%: XTX and X7 (AX) after computing AX (no exploiting symmetry).

Let e := [log;o(l E|2)]. Itis reported in [24] that the required arithmetic precision of
high-accuracy matrix multiplications is 2¢ decimal digits for X7 X and X7 AX and e
decimal digits for XE in Algorithm 2, i.e., line 8 in Algorithm 2 can be replaced by
X « ()A( + ()A( E)¢)n. Thus, the total cost of 2 decimal digit computations is 4n3 to
6n> operations.

Uchino, Ozaki, and Ogita [24] proposed an algorithm to reduce the required arith-
metic precision of Algorithm 2. It is based on iterative refinement for the solution
of linear systems using mixed-precision arithmetic. From R = I, — XTX and
§=XTAX in Algorithm 2, F' at line 6 satisfies

F=S+RD=X"AX+ (1, - X"X)D = X"(AX — XD) + D.

I MPLAPACK provides a subroutine rsyrk for XT X with n? operations.
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Since the diagonal part of F is not referenced, it can be computed as
F:=X"w, (&)

where W := AX — X D. From line 4 in Algorithm 1, (5) can be computed with lower-
precision. Moreover, the off-diagonal parts of R and S are not necessary. Finally, a
variant equivalent of Algorithm 2 in exact arithmetic is obtained. The condition for
convergence is the same as (4) for Algorithm 2.

Algorithm 3 Refinement of approximate eigenvectors X € R™" for a real symmetric
matrix A € R from [24]. Assume A; # A; for i # j. The total cost is 6n>
operations.

Require: Ae Rnxn’ )% = (X(l), ey )C(n)) € R"x1

Ensure: X € ]~R"f", D e RiX<n .

1: function [X; D] < RefSyEv2(A, X)

28 P < (AX), > P =(py. -+ P(n)
rii < (1 7)252(,-)),, (for1 <i <n)

Sii < (J?Z)P(i))h (for1 <i<n)

X,» <« (ﬁ; )h (for1 <i <n) > Approximate eigenvalues
12

D < diag(Ay.....An)
W < (P — XD)
F < XTw), > F = (fij)

fii . .
) <X~UX-> i@ # )
PP =i )y (for 1 <i,j <n)
J rij .
%), (otherwise)
100 X <« X+ &XE) > E = (&)
11: end function

o A Al

The total cost of Algorithm 3 is 613 operations divided into
2n3: AX,XTW,and XE,

among which there are no matrix multiplications whose result is symmetric. It is
reported in [24] that the required arithmetic precision of high-accuracy matrix mul-
tiplications is 2e decimal digits for AX and e decimal digits for XTW and XE in
Algorithm 3. Thus, the total cost of 2e decimal digit computations is 21> operations.

2.4 Iterative refinement for singular value decomposition

In this subsection, we introduce an iterative refinement for full singular value decom-
position proposed by Ogita and Aishima in [7]. Hereafter, we assume that

o1 > 00> > 0y
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and the approximation &; of o; satisfies 6; # o fori # j. Let U~UandV =~V
for U and V in (1). Define the error matrices F € R™* and G € R™*" such that

U=U,+F) and V=V, +G), (6)

respectively. Ogita and Aishima proposed an algorithm which is based on the same
idea as Algorithm 2. It computes F ~ F and G ~ G, which hold from [7, Lemma

2], and updates Uand VtoU and V as U « U(I + F) and V < V(I + G),
respectively. This process is shown in Algorithm 4. Note that for T, U,U, R e Rm*m,
we have

=N\, U=@ 0., U= U Uy, and R= Rit Riy
Ra1 Ry

with T1,01,01 e RMxn, T2,02, 02 € Rmx(mfn), Ry € R, R12,R2Tl €
Rnx(m—n)’ and R22 e R(m—n)x(m—n).

Let U and V be obtained from U and V using Algorithm 4. Define F' € R™>"
and G’ e R"™" asU = U(I, + F') and V = V (I, + G'), respectively, and ¢ :=
max(|| F |2, |Gll2), & := max(||F’'||2, ||G’|l2). If & satisfies

min (0; — 0iy1)

1<i<n—1 ’ (7)
30m||All2
then
, 7 . g’ 18m||All2
& < —¢ and limsup = < (8)
10 e0 &2 min (0; — 0i41)
1<i<n—1

hold from [7, Theorem 1], and (8) implies that Algorithm 4 converges quadratically.
For Algorithm 4, we assume that these are clustered singular values if (7) is not
satisfied.

The total cost of Algorithm 4 is 3m3 + 2m?n + 2mn? + 3n3 operations; however,
the cost can be up to 4m?> 4+ 2m?n + 2mn? + 4n> operations due to the computational
problem of symmetry of the result of UTU and VT V. The cost is divided into

m3: oTo (exploiting symmetry),
2m3: UT0U (no exploiting symmetry),
n3: VTV (e exploiting symmetry),
2n3: VTV (no exploiting symmetry),
2mn?: A ‘7,

om?n: 0T (A V) after computing AV,
2m3: UF s

2n3: VG.
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Algorithm 4 Refinement of approximate singular vectors U e R™M and V e R™"
for a real matrix A € R">" from [7]. Assume 6; # &; for i # j. The total cost is
3m> + 2m?n + 2mn® + 303 to 4m> + 2m?n + 2mn® + 4n> operations.

Require: A € R"*", l:/ e Rmxm, }7 e R

Ensure: U € ~Rm~xm~, L eR"*N Y ¢ ]R"XA"

1: function [U, 2, V] < RefSVD(A, U, V)

22 R« Un—-UTOy, >R = (r;))
3 S« (I, - VTV, > S = (s;)
4 T« (OTAV), > T = (1))
50 0p < (Hr”ﬁ)h (for1 <i <n) > Approximate singular values
12 i
6: X, < diag(ay,. .;,&n); Y <« (2, On,rg—n)T
7o Ca < (T1 + RutZp)p: Cp (T + Sy,
8: D <—(EnCa+C/32n)h I>D:(dl‘j)
9: E <« (CaZp + ZnCp)p > E = (e;5)
d,'j . .
10: g < (}2_51'2)/1 7D (for1 <i,j<n)
( Y’T’ ) A (otherwise)
eij S
("’,2—"71'2>h G#Jj,i,j=n)
B tii . .
1 fij < (*a’*)h G=n<j) (for 1 <i,j<m)
(rij—fji N (J=n<i)
(% ) \ (otherwise)
122 U« O+0F)y),: V< V+VG), > F = (£, G = (&;))

13: end function

Here, we define € := max(||17”||2, ||G||2) and
d = [—logy&]. ©

Then, using (6) and ¢ ~ & from F ~ F and G ~ G yields

U =Tlla IV—="V]2

- , - <ex~EFx 00079, (10)
U2 1Vl

Since (8) holds,

W =0l V=Vl _
1012~ IV

18m||All2 22
min (0; — 0j41)

1<i<n—1
18m| A - _
: ” ||2 82 ~ 0(10 Zd)
min  (0; — 0j41)
1<i<n—1
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as & — 0. Thus, the required arithmetic precision of Algorithm 4 is almost 2d decimal
digits. However, that for the computations of UF and VG atline 12 in Algorithm 4 is
about d decimal digits. The reason for this is the same as for the required arithmetic
precision for XEin Algorithm 2 and 3—since the first d decimal digits or so of U and
V are correct from (10), only the first d decimal digits or so of UF and VG can affect
the results. This situation is depicted in Fig. 1. From the above considerations, line 12
in Algorithm 4 is replaced by U <« (U + (UF)¢)p; V < (V 4+ (VG)¢)p. Therefore,
the total cost of 2d and d decimal digit computations is m> + 2m?n + 2mn?* + n> to
2m> + 2m*n + 2mn? + 2n> operations and 2m> 4 2n> operations, respectively.

2.5 Highly accurate matrix multiplication

We assume floating-point operations in rounding to nearest value according to IEEE
Std. 754 [29] and no overflow or underflow. Let I be a set of floating-point numbers
and fl(-) denote the result of a floating-point operation, where all operations inside
the parentheses are executed in ordinary precision. Ozaki, Ogita, Oishi, and Rump
proposed an algorithm for error-free transformation of matrix multiplication called
Ozaki’s scheme [26]. Their algorithm transforms A € R™*k and B € R¥*" into

IlAfl

A= Z AP +A(”A)’ A(P)’A("A) c Xk

p=1
nB—l
B = Z B(‘I) + B(”B)7 B(q), B(ng) c ]Fkxn’
qg=1
where
s—1 s—1
A®) .— A — ZA(P), B® .— B — ZB(P),
p=l p=I1
and

lai| = la| ifa) £0  fors <,

b1 = 6] b £0  fors <

2d digits

Wij, Vij | I

4

ijy Vij | —
-
+ d digits accurate
(UF), (VG)ij [ I
S«

d digits

Fig.1 Diagram representing U <« U+UFandV « V + VG from Algorithm 4
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as described in [26, Algorithm 3]. In this case, there is no rounding error in fl(A (") B(4))
for all (p, g) pairs. In this study, we compute (AB);, as

l’lA—l
Z (A(p)B(q))g + Z(A(p)ﬁ(n37p+l))z _i_(é(nA)B)z . an
p+q<max(nA,nB) p=1 h

We set ng = np = 4 in this paper.

3 Proposed algorithms

In this section, we propose four faster algorithms for the iterative refinement of singular
vectors.

3.1 Proposed algorithms based on iterative refinement for singular value
decomposition

Here, we propose two algorithms based on Algorithm 4. From R = [, — UTo,
S=1,—VIV,andT =UTAV in Algorithm 4, Cy and Cg at line 7 satisfy

Co=Ti +R1Z,
=U0rAV + 1, - 0T0) g,
=U0lAV -0,%,) + £,
Cp =T +5%,
=VTATO, + 1, - VTV)E,
=VvIATO, - VE,) + %,

Since the diagonal parts of Cy and Cg are not necessary because the diagonal parts of
D and E are not used, they can be computed as

Co = UL (AV = U3,
Cp=VI(ATU, - VE,).

Let I:"U e R Flz € R (m=—n) le € Rm—m)xn Fzz € Rm=mx(m=n) quch that
P <1f11 fjlz) .
1 Fy
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Then, from line 11 in Algorithm 4, the following holds:

(F11)ij
Fi
Fay

F22

~€,'J'~ i .
_)a-s CFD (for 1 <i,j <n),
5 (otherwise)

=-35'1] = -5 VT AT (),

=Ry — FL=-0F0,+ 07 AvE = 0 AV - U,5,)%

1 I o
= §R22 = E(Im—n - U, Uy).

Thus, only the computations for diag(R11), R22, and T, are necessary. Finally, we
obtain the following algorithm, which is a variant equivalent to Algorithm 4 in exact
arithmetic.

Algorithm 5 Refinement of approximate singular vectors U € R"*™ and V € R"*"
for a real matrix A € R™*". Assume 6; # G for i # j. The total cost is 3m> +
2m?n +3mn® + 4n> to 4m> + 4mn® + 4n> operations. Bold font indicates differences
from Algorithm 4.

Require: A € R"*", U e RMXm_ y g Ruxn
Ensure: U € R"*™M_ 3 ¢ RMXN_§ ¢ RXN

1: function [U, £, V] < RefSVD2(A, U, V)
P« (AV),

0« ATOy,

rij < (1= a{yi)y (for 1 <i <n)

15:
16:

17:
18:

sip < (1= 65)6(,-)),, (for1<i<n)

ti; < (ﬁg)ﬁ(i))h (for1<i <n)

6 < (=mim), Gori=i=m

Sy < diagGy, ..., 60); T < (Zn, Onm—n) T
Cy < (P — U1Z0)n; Cs < (Q = VE;
Co — (U] Cy)e; Cg — (VT Cy),

D < (inca + Cﬂin)h

E < (CaZu + ZuCp

8ij <

fij <

d,'j . .
— 1
(726"2);, @# D (for1<i,j<n)

( 517[ ) P (otherwise)
€ji . .
e B .
5=t ), (forl <i,j<n)
Tij i
( 5 )h (otherwise)

Py < E1PT 0y,

Fy < ((lA]ZTCy)zi,TI)h

P2 (3Un-n - 0f 00)),

U<~ U+ UF)pp; V< V+VGO
19: end function

> P =(pays---s Pn))
> Q= (g - qm)

> Approximate singular values

> D = (djj)
> E = (¢;5)
> Fip = fi))
> G = (§))
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The total cost of Algorithm 5 is 3m> +2m?n + 3mn?* + 4n> to 4m> 4 4mn? + 4n3
operations divided into

2n3: vTcs,

2mn?: AV,ATﬁl,l?ITCy,

2mn(m — n): PT02, UZTC),,

m(m —n)%: 02T 02 (exploiting symmetry),
2m(m — n)z: UZT 02 (no exploiting symmetry),
2m3:

2n3: 1%

[«
Q et

and is more expensive than that of Algorithm 4. The difference between the cost of
Algorithms 4 and 5 is mn? +n> to 2m*n — 2mn operations. For d in (9), the required
arithmetic precision for the computations of ur 1 Cy, VTC5, U2T Cy, U F and VGisd
decimal digits, while that for the other computations is 2d decimal digits. Therefore,
the total cost of 2d and d decimal digits higher-precision computations is m> + 3mn?
to 2m> — 2m?n 4 4mn? operations and 2m?> + 2m*n + 4n3 operations, respectively.
The cost of 2d decimal digit computations in Algorithm 5 is 2m?n — mn® + n> to
4m?n — 2mn® + 2n> operations less than that of Algorithm 4.

We propose another algorithm with lower total cost than Algorithm 5. From C,
and Cg at line 7 in Algorithm 4 and R = RT, the following holds:

=VIATU + £,R — ,R + 5%,

= (0TAV +RE)T — E,R + ST,

=Cl - $,R+S%,. (12)
Thus, we obtain the following algorithm combining Algorithms 4, 5, and (12).

The total cost of Algorithm 6 is 3m> +2m?n + 2mn* + 3n> to 4m> + 4mn* + 4n3
operations divided into

n3: vTv (exploiting symmetry),
2n3: VTV (no exploiting symmetry),
2mn?: AV, lAJllel,l?lTCy,

2mn(m — n): PT02, l}zTCy,

m(m — n)2: UZT 02 (exploiting symmetry),
2m(m — n)%: UZT U (no exploiting symmetry),
2m3:
2n3:

<
[
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Algorithm 6 Refinement of approximate singular vectors U e R™™ and V e R™"
for a real matrix A € R™*". Assume 6; # &, fori # j. The total cost is 3m3 +
2m>n +2mn® + 3n> to 4m> + 4mn? 4 4n> operations. Bold font indicates differences
from Algorithm 5.

Require: A € R"*", U e Rmxm y ¢ Ruxn

Ensure: U ¢ RMxm, S eRMXN Y ¢ RAxn
1: function [U, X, V] < RefSVD3(A, U, V)

2: P <—(A\A/)h >P=(p(1),.‘.,p(n))
33 R« (In-UlUpy >R = ()
4 S I -VTV), > 8 = (5i})
5 tij < (I/At(];)p(,’))h (for1 <i <n)
. ~. 1 . . .
6: Uf “~ (71—01'[’-:-%;')/2);, (f(~)r 1= i <n) > Approximate singular values
7 By < diag(Gy, ..., 6n); T < (Zn, Onm—n)"
8 Cy < (P—U1Sy),
9 Coq < (UFCY): €« (CL = ZuR+ 550,
10: D <« (£,Co + CpEnhp > D = (d;j)
1l:  E <« (CaZn + ZnCo)p > E = (ejf)
dij S
12 §ij < (&}5})}, CED or1=ij<n
( Y’T’ ) A (otherwise)
i ) G# D) . .
13: fij < 9% ), (for1 <i,j <n) > Fi1 = (fij)
(% ) N (otherwise)

14:  Fip < &7 POy,

150 oy < (U7 Cp)eEn D

160 Foy < <%(Im_n - ﬁ{ﬁz))h

17: U« O+ UFop: V<V + V6o > G = (%)
18: end function

which is a little more expensive than Algorithm 4. The difference between the costs
of Algorithms 4 and 6 is 0 to 2m%n — 2mn? operations, i.e., the minimum costs of
Algorithm 4 and 6 are the same. For d in (9), the required arithmetic precision for the
computations of U lT Cy. 02T Cy, UF , and VG is d decimal digits, while that for the
other computations is 2d decimal digits. Therefore, the total cost of 2d and d decimal
digit computations is m> + 2mn? 4+ n3 to 2m> — 2m>n + 4mn* + 2n3 operations and
2m3 +2m?n +2n3 operations, respectively. The cost of 2d decimal digit computations
in Algorithm 6 is 2m?n to 4m>n — 2mn? operations less than that of Algorithm 4.

3.2 Proposed algorithms based on iterative refinement for symmetric eigenvalue
decomposition

Here, we propose two algorithms based on Algorithm 3. The singular value decom-
position is easily extended to eigenvalue decomposition. From (1),
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ATA=veTsvT and
AAT =usxTuT (13)

are satisfied, and these represent the eigenvalue decomposition of AT A and AAT,
respectively. From Algorithms 3, 5, and (13), we immediately obtain the following
algorithm. Note that V obtained using Algorithm 7 may not converge as well as
Algorithm 4 because Algorithm 7 does not use V.

Algorithm 7 Refinement of approximate singular vectors U € R"*™ and V € R"*"

forareal matrix A € R"*". Assume 6; # G fori # j.The total costis 3m> +4m’*n—

mn? to 4m> + 2m?n operations. Bold font indicates differences from Algorithm 5.

Require: A € R"*" B « (AAT), e R"™X™ (J e R™>*™

Ensure: U € ~]R’"NX’”, ¥ e RMXxn .

L: function [U, X] < RefSVD4(B, U)

2: P« (BUpy > P =(p)s---s P(n))
: rij < (1 — Q(Y;)ﬁ(i))h (for1 <i <n)

Sii < (ﬁ(I;)P(i))h (for1<i <n)
. (lii;'l)h (for1<i <n)

3
4
5
6: D <« diag(A1,...,An)
.
8
9

;i < (/ Xi) p forl<i<n) > Approximate singular values
i‘n <« diag(&]A ..... on); S« (inq On,m—n)T
i Cy < (P-UD)y
100 E < (OFCy), > E = (¢;)
i (1_”'1,) G # ) . ;
o fij e N (for 1 <i,j <n) > Fii = (fij)
% ) (otherwise)
ln

12: 1312 <« (iﬁ_lPT[}%)h

130 B < ((OF Cp)eshn

14 By < (%(Im_n - L”/{f/z))]1

15 U« (U+OF), > F=(f;j)
16: end function

We can obtain V as V <« ATU; 3. The costs for B < AAT and V <«
ATU 1 f)n_ U are m2n to 2m?n and 2mn?, respectively. Thus, the total cost of v iter-
ations of Algorithm 7 is (3m> 4+ 4m?n — mn*)v + m?n + 2mn? to (4m> 4 2m>n)v +
2m?n + 2mn? operations divided into

mZn: AAT (exploiting symmetry),
2m%n: AAT (no exploiting symmetry),
2mn?: AT Ul )

2m2nv: BlAll,

2. T
2mn-v: U1 Cy,
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2mn(m — n)v: PTU2, ﬁzTCy,

m(m —n)%: 02T 02 (exploiting symmetry),
2m(m — n)%: UZT 172 (no exploiting symmetry),
2m3v: UF s

which is less expensive than Algorithm 4. The difference between the costs of Algo-
rithms 4 and 7 is 2m?n —3mn? —3n3)v +m?n+2mn? to (—2mn* —4n3)v +2m?*n +
2mn? operations. For d in (9), the required arithmetic precision for the computations
of U 1T Cy, 02T C,, and UF is d decimal digits, while that for the other computations
is 2d decimal digits. Therefore, the total cost of 2d and d decimal digit computations
is m3 + 2m?%n — mn®)v + m?n + 2mn? to 2m3v + 2m3n + 2mn? operations and
(2m3 +2m?n)v operations, respectively. The cost of 2d decimal digit computations in
Algorithm 7 is (n® +3mn?)v —m?n —2mn* to 2m*n+2mn? +2n>)v —2m>n —2mn?
operations less than that of Algorithm 4.

We now introduce another extension of the singular value decomposition to the
eigenvalue decomposition. We will write O,, ,, to denote the m x n zero matrix. Let

¥, = diag(oy, ..., 0,) € R"*" The eigenvalues of
B = On,n AT c R(m+n)x(m+n) (14)
' A Om,m
are oy, ..., 0p, —01, ..., —0n, 0, ...,0 from [30], and for X, D e ROm+tmx(m+n)
such that

X = L Vv Vv On,m—n D= P On,n On,m—n
. \/5 Ul _Ul \/EUZ ’ ’ Om,n -2 Om,m—n ’

it holds that
B=XxDxT (15)

from [31].

We consider transforming the singular value decomposition into the symmet-
ric eigenvalue decomposition as (15) and improving the approximate results using
Algorithm 3. Hereafter, we discuss omitting unnecessary computations to improve
efficiency because the matrix size is increased. Assume that %, is obtained by the
same computation as in Algorithm 5. Let X, D = (d; ;) € Rintmx(mtn) pe

)2 = L (Y ‘/}A On,m:n> D — ( in OnLn 0n,m—n>
V2 \Ui U1 V20, )" Omn =% Omumn

Then, for B € RUHmxm+m) i (14),

si— L AT@ —ATAlAJI V2AT 0,
2\ AV AV Owm—n )’

)A(D _ L (?fzn _A‘}?n On,m—n)
«/5 U1z, U1%, Om,mfn
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and -
N ~ ~ 1 _
BX—XD:—(PI Py V24 U2>,
2 P2 P2 Om,m—n

where A L

P = ATU, —VZ,,

P, = AV — 01 i,,
are satisfied. Therefore,

A o 1 01 —0, V2VTAT,
H=(y)=X'BX-XD)=2| 0 -0 J2V'A"0y],

\/il}zTPZ ﬁﬁzTPZ Omfn,mfn

Q1 :=VIP + 0[P,
Q:=VIip —UI'P,
holds. From the 8th line of Algorithm 3, we can write the approximate error matrix
E = (¢;j) for X as
) u (i=jori,j>2n)
€ij = # (otherwise)
Jjj —dii
for R = (rij) = Imtn — X7 X. Now, let Ey, Ey € R™", E3 € R F, ¢
Rm—m)xn and E5 € Rn—m)x(m=n) qych that

E| Ey —E3
E=\|E, Ei E3
E4 —E4 ES

Then, it holds that

oS

)A( _ L (G G On,m—n)
V2 \FI —F| V2F, )’
where ~ o ~
G:=V(E| + Ey),
Fi := U\(E| — E2) + V2UsEy,
Fg = 02E~5 — \/5[?1 E3.
Thus, we can update \7, 01, and l}z as
VeV+G, U <« U +F, U< U+F.

Finally, we obtain the following algorithm to improve the accuracy of the approxima-
tion of singular vectors of A.
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The total cost of Algorithm 8 is 3m> +2m?n + 3mn? + 4n> to 4m> 4 4mn? + 4n3
operations divided into

2n3: VTPl,

2mn?: AV, AT 0, O Py, U\(E) - Ep)
2mn(m — n): PT02, l}ZTPz, 0254, 171 Es

m(m — n)%: 02T 02 (exploiting symmetry),
2m(m — n)%: UZT Us (no exploiting symmetry),
2m(m —n)2: 0255,

2n3: V(E| + Ey),

which is more expensive than Algorithm 4. The difference between the costs of Algo-
rithms 4 and 8 is —mn? — n> to 2m%n — 2mn? operations. For d in (9), the required
arithmetic precision for the computations of multiplications VTPl, U lT P, 02T P,
Ui(E| — E»), UsE4, UsEs, Ui E3, and V(E| + E») is d decimal digits, while that
for the other computations is 2d decimal digits. Therefore, the total costs of 2d and
d decimal digit computations is m> + 3mn? to 2m> — 2m>n + 4mn? operations and
2m3 +2m?n +4n> operations, respectively. The cost of 2d decimal digit computations
in Algorithm 8 is 2m?n — mn? + n> to 4m>n — 2mn? + 2n> operations less than that
of Algorithm 4. Moreover, the costs of Algorithms 5 and 8 are the same.

3.3 Comparison of the algorithms costs

Here, we compare the costs of Algorithms 4, 5, 6, 7, and 8. Let v denote the number of
iterations. Define Case 1 and 2 as the cases when the symmetry of the matrix product is
considered and not, respectively. We first focus on Case 1. Table 3 shows the total cost
of higher-precision computations for all algorithms, and Figs. 2 and 3 indicate their
ratios to the cost of Algorithm 4. From Fig. 3, the efficiency of Algorithm 7 increases
with v. For m/n 2 1.5 or v < 2, the costs of Algorithms 6 and 8 are the lowest from
Fig. 2, while for other cases, the cost of Algorithm 7 is the lowest, as shown in Fig. 3.

Next, we focus on Case 2. Table 4 shows the total costs of higher-precision compu-
tations for all algorithms, and Figs. 4 and 5 indicate the ratio to the cost of Algorithm 4.
From Fig. 5, the efficiency of Algorithm 7 increases with v. For small m/n orv =1,

Table 3 Total cost (number of operations) of higher-precision computations for v iterations for Case 1

algorithms m>n m=n
Alg. 4 2vm3 + 2vm2n + 2vmn? 4 2vn3 8vm3

Alg. 5 2vm3 — 2vm?n + 4vmn? 4vm3

Alg. 6 2vm3 — 2vm?n + 4vmn? 4 2vn3 6vm?

Alg. 7 2vm3 + 2m?%n + 2mn? Qv + 4)m3
Alg. 8 2vm3 — 2vm2n + 4vmn? 4vm3
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Algorithm 8 Refinement of approximate singular vectors U e R™™ and V e R™"
for a real matrix A € R™*". Assume 6; # &, fori # j. The total cost is 3m3 +
2m%n 4 3mn? +4n> to 4m> + 4mn® + 4n> operations. Bold font indicates differences
from Algorithm 5.

b!

Require: A € RMxn l:] c Rmxm ;

Ensure: U € R"™>™, 3 e R™*", V e R™"

1: function [U 3, V] < RefSVD5(A, U V)
2 P AV 0« (ATO,

LU FV Y
3: rij < (1—(’)(')2(’)U)) (for1 <i <n)
h
tii < (@) pyn (for 1 <i <n)

0; «— (11"’_> (for1 <i <n) > Approximate singular values
123

X, <« diag(&l, - R (En, On,m— Y

P < (Q - VZn)h, Py <—(P UrZn)n

Py < (VI Py Py < (U Py

01— (3s+Pp) s 02— (3Ps-Po), > i = (g}

10003 < (J5P702) 5 04 < (J5@0F Poe),

h AN S

o)
. G #J) "
11 ES) - ("j“’i)h (for1<i,j<n) > By = (e(”)
(r’T‘ A (otherwise)
2 4 o)
. o~ [J . . =~ _ ~
12: & <—<&i+&j>h (for1<i,j<n) > Ey = (&)

13 B3« 71000 By « (Q4E s Es < (%(Im_n - l){ﬁz))h
14 Oy « O+ (O1(E1 = Enpe + W2W02E0) 0
15: U2 ~ (Uz + (UzEs)z - (V201 E3) oy,

16 V«— (V+V(Er+E)non
17: end function

08

0.75

07F ™

o
o
2]

0.6 T .

Ratio to Alg. 4

0.55

0.588 e Alg. 6

—8—Alg. 8

045 . . \ . : |

1 1.5 2 25 3 3.5 4
m/n

Fig. 2 Ratio of total cost of Algorithms 5, 6, and 8 to that of Algorithm 4 for any v for Case 1

@ Springer



998 Numerical Algorithms (2024) 95:979-1009

Ratio to Alg. 4
o
[=>]

o
o

o
N
]

o
w

1 1.5 2 25 3 35 4
m/n

Fig.3 Ratio of total cost of Algorithm 7 to that of Algorithm 4 for v € {2, 4, 6, 8, 10} for Case 1

Table 4 Total cost (number of operations) of higher-precision computations for v iterations for Case 2

algorithms m>n m=n

Alg. 4 vm? + 2vm?n + 2vmn? + vn? 6vm3

Alg. 5 vm? + 3vmn? 4vm3

Alg. 6 vm? + 2vmn? + vn3 4vm3

Alg. 7 v + v + Dm?2n + 2 — v)mn? Qv +3)ym3

Alg. 8 vm? + 3vmn? 4ym3
075

-
b
<
o
2
.0
B
© \ -
i ‘ p
0.65 vk
\l /a/
\‘ -
N 7
e T —%—Alg. 5
St e S Alg. 6
—B—Alg. 8
06 . . . " ‘ ‘
1 1.5 2 2.5 3 3.5 4
m/n

Fig.4 Ratio of total costs of Algorithms 5, 6, and 8 to that of Algorithm 4 for any v for Case 2
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0.

o
-

<
b
<

o
8
.2
=]

@
o

o
o

04+ v=5

1 15 2 25 3 3.5 4
m/n

Fig.5 Ratio of total cost of Algorithm 7 to that of Algorithm 4 for v € {2, 4, 6, 8, 10} for Case 2

the costs of Algorithms 6 and 8 are the lowest, as shown in Fig. 4, while for other
cases, the cost of Algorithm 7 is the lowest, as shown in Fig. 5.

Next, we show that the performance ratio thresholds for higher- and lower-precision
computations for each algorithm are lower than or comparable to Algorithm 4. We
assume the performance of lower-precision arithmetic is r times faster than that of
higher-precision arithmetic. Note that r means the ratio of hardware’s actual mea-
sured computation speed between higher- and lower-precision computations, not the
hardware peak performance ratio. The performance ratio threshold ¢ is defined as
follows:

_ Alg. * (r - (higher-precision costs) + (lower-precision costs))

(16)

o Alg. 4 (r - (higher-precision costs) + (lower-precision costs))

Table 5 indicates » when ¢ = 1 in (16) for each algorithm for v iterations. If the
performance ratio is greater than one, the algorithm is faster than Algorithm 4. The
values for Algorithms 5, 6, and 8 in the table are less than or equal to 2. For example,
in Env. 1, Algorithms 5, 6, and 8 are expected to be faster than Algorithm 4 because
the performance ratio of double- and quadruple-precision arithmetic is 1353 on CPU
and that of single- and double-precision arithmetic is 34 on GPU from Table 1. In

Table 5 Necessary performance ratio of higher- and lower-precision computations for Algorithms 5, 6, 7,
and 8 to be comparable to the speed of Algorithm 4 for v iterations

Alg. 5 Alg. 6 Alg. 7 Alg. 8
Case 1 2m2+2n2 1 @m?-2n2)v 2m2+2n2
2m2 —mn+n? 3mnv4n2v—2mn—m? 2m2 —mn+n?
Case 2 _mn? _m_ (m*—n?)v  m24n?
2m2—mn+112 2m—n m2U+mnv+n2v—mn—m2 2m2—mn+n2
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Env. 2, Algorithms 5, 6, and 8 are expected to be slower than or comparable to the
speed of Algorithm 4 because the performance ratio of single- and double-precision
arithmetic is 1. The performance ratio thresholds for Algorithm 7 depend on v, and
Algorithm 7 to be faster than Algorithm 4 for larger v.

4 Numerical experiments

In this section, we present the results of numerical experiments showing the perfor-
mance of Algorithms 4, 5, 6, 7, and 8. We generate A € F"*" using the MATLAB
built-in function gallery as

A = gallery(‘randsvd’, [m n],cnd, mode,m,n, 1),
where cnd denotes the approximate condition number of A, and mode is a variable
that specifies

1. one large and n — 1 small singular values: o1 ~ 1, 0; = ecnd L i=2,...,n,
2. one small and n — 1 large singular values: o, & cnd !, oo~1l,i=1,...,n—1,
3. geometrically distributed singular values: o; ~ cnd = U=D/=D i — 1 . n,
4. arithmetically distributed singular values: o; ~ 1 — (1 — cnd (@ — D/(n—1),

i=1,...,n,and
5. random singular values with uniformly distributed logarithm: o; ~ cnd~"®,
ri)eO,D,i=1,...,n.

Figure 6 shows the singular value distribution for n = 100 and cnd = 10°.

We fix mode = 4 to satisfy (7). Note that for mode = 3, (7) is satisfied if A is
very well-conditioned; otherwise, clustered singular values appear and all algorithms
do not work well. We regard the approximate singular values of A obtained by using
the built-in function svd in the Advanpix Multiprecision Computing Toolbox for
MATLAB with 68 decimal digits as the exact singular values.

0.8

0.6

04

0.2

cnd st . e esensses
0 20 40 60 80 100
ith singular value

Fig. 6 Distribution of the singular values for n = 100 and cnd = 10°

@ Springer



Numerical Algorithms (2024) 95:979-1009 1001
\oﬁdia‘g_(l./TAf/)Hz/HAHz 1133{5(\\I,n — U0 ||a, |[I, = VIV |2 1 max(|o; — &;|/|oy]) 100 max (|| F s, | Gll2)
20 . T .

10 . N 1620 A ~m —
* RN \ —+—Alg. 4

SN N\ N S ——Alg. 5

i 10730 8 " “\\ Alg. 6

10740 N\ \ Y N ---- Alg. 7
X N ) N Alg. 8

1040 N \ N
10°%° 1050 10°%° 10%°
1 2 3 0 1 2 3 0 1 2 3 0 1 2 3

num. of iterations num. of iterations num. of iterations num. of iterations

Fig.7 Convergence of all algorithms for m = 2n = 1000 and cnd = 1010

4.1 Convergence of algorithms

We show the results of convergence of Algorithms 4, 5, 6, 7, and 8 computed in 340
decimal digits arithmetic in order to simulate exact arithmetic. Here, we regard the
approximate singular values of A obtained by using the built-in function svd in 340
decimal digits as the exact singular values. Figures 7 and 8 show the convergence of
all algorithms for cnd = 10'% and m = 1000. Among the results, the convergence
for Algorithms 4, 5, 6, and 8 are the same, while that for Algorithm 7 is worse. The
reason for this is that the condition number of AAT is squared compared to that of A
and Algorithm 7 does not consider the improvement of V.

4.2 Numerical experiments on CPU

Here, we show the numerical results obtained using a CPU. The numerical exper-
iments are run using Env. 1. Assume that the results of the approximate singular
value decomposition of A obtained using the MATLAB built-in function svd with
double-precision arithmetic are the initial values Uand V of U and V, respectively.
Additionally, all operations inside the parentheses of (-), and ()¢ are executed in
double-double- and double-precision, respectively.

Tables 6 and 7 show the computing time in seconds for all algorithms for cnd =
102. Note that svd in the following tables is executed as [U, S, V]=svd (A). Also,
the results of Algorithm 7 include the computing time for AA” and AT U, fln_ !, Fig-
ures 9 and 10 show the convergence of all algorithms for cnd = 10 and m = 5000.

100\ offdiag(T" AV) |2/ || All2 H%’ﬁ( |, = TUll2, |12, — ‘./T‘./szoo[ max(|o; — 6| /|oi]) 100 max([| Pz, [ Gll)
s s [y -
o I~
N —+—Alg. 4
N \ I o ——Alg. 5
1050 N 10750 % 1050 L RN 10°%0 %\ Alg. 6
N 5 \ \ ----Alg. 7
X \ Y I Alg. 8
\ \ \ \
\.
10—100 10-100 10-100 10-100
1 2 3 0 1 2 3 0 1 2 3 0 1 2 3

num. of iterations num. of iterations num. of iterations num. of iterations

Fig.8 Convergence of all algorithms for m = n = 1000 and cnd = 1010
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Table 6 Cumulative computing time in seconds for all algorithms for m = 2n on CPU

m svd(A) Alg. 4 Alg. 5 Alg. 6 Alg. 7 Alg. 8
1000 Ist 0.05 0.79 0.66 0.71 0.79 0.69
2nd 1.57 1.29 1.46 1.31 1.37
3rd 2.35 1.92 2.21 1.84 2.05
5000 Ist 2.80 20.0 15.2 16.7 20.2 15.6
2nd 37.4 27.7 30.6 31.1 28.4
3rd 54.6 40.3 44.4 41.9 41.1
10000 Ist 18.4 110 79.6 86.1 107.5 80.7
2nd 201 140 153 162 143
3rd 293 202 221 217 205

Note that offdiag(U " A V) denotes the off-diagonal part of U7 AV , that s, the diagonal
elements are set to zero. The results indicate that Algorithms 5 and 8 are comparable.
More specifically, they are 1.5 and 1.7 times faster than Algorithm 4 for m = 2n and
m = n per iteration, respectively. Moreover, Algorithm 7 is the fastest; however, the
convergence is a little worse than the others. Figures 11 and 12 show the convergence
for all algorithms for cnd = 10° and m = 5000. Among the results, the convergence
for Algorithms 4, 5, 6, and 8 are similar for the case of cnd = 102, while that for
Algorithm 7 is worse. The reason for this is that the condition number of AA” is
squared compared to that of A. Figures 13 and 14 show the convergence for all algo-
rithms for cnd = 10! and m = 5000. From Figs. 9, 10, 11, 12, 13, and 14, we can
see the tendency of bounds on the limiting accuracy for each cnd.

4.3 Numerical experiments on GPU

Next, we show the numerical results obtained using a GPU. The numerical experiments
are run using the environments Env. 1 and 2. Let B € F"*" be the conversion of A

Table 7 Cumulative computing time in seconds for all algorithms for m = n on CPU

m svd (a) Alg. 4 Alg. 5 Alg. 6 Alg. 7 Alg. 8
1000 Ist 0.14 1.22 0.84 1.01 0.95 0.86
2nd 2.46 1.59 2.02 1.32 1.62
3rd 3.70 2.34 3.03 1.68 2.38
5000 Ist 10.7 432 30.2 36.8 33.2 30.2
2nd 75.8 49.5 63.0 42.8 49.8
3rd 108 68.9 89.3 52.2 69.4
10000 Ist 72.6 252 178 216 201 179
2nd 430 283 359 253 285
3rd 609 388 502 304 392
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Fig. 13 Convergence of all algorithms for m = 2n = 5000 and cnd = 1019 on CPU

to a single-precision floating-point matrix as B=single (A), where single is the
built-in function in MATLAB. Assume that the results of the approximate singular
value decomposition of B obtained by using the MATLAB built-in function svd with
single-precision arithmetic are the initial values Uand V of U and V, respectively.
Here, all operations inside the parentheses of (-), and (-), are executed in double- and
single-precision, respectively.

Tables 8 and 9 show the computing time in seconds for all algorithms for cnd = 10?
using Env. 1. Figures 15 and 16 show the convergence for all algorithms for cnd = 10?
and m = 10000. The results show that Algorithm 5 and 8 are comparable. More
specifically, these algorithms are 1.2 times faster than Algorithm 4 for m = 2n and
m = n per iteration. Moreover, Algorithm 7 is the fastest; however, the convergence
is worse than the others. Figures 17 and 18 show the convergence of all algorithms
for cnd = 10* and m = 10000. Among these, the convergence of Algorithms 4, 5,
6, and 8 are similar for the case of cnd = 102, while that of Algorithm 7 is worse.
This result is due to the condition number of AA”. For cnd = 102, the approximate
singular values obtained by using two iterations of Algorithms 5 and 8 are as accurate
as or more accurate than those obtained by using svd (A) . Also, the computing time
for two iterations using Algorithms 5 or 8 is faster than that of svd () . Thus, for a
well-conditioned matrix, iterative refinement with Algorithms 5 and 8 for the results
of svd (B) is superior to svd (A) in terms of computation speed and accuracy of the
approximate singular values.

Tables 10 and 11 show the computing time in seconds for all algorithms for cnd =
102 using Env. 2. Using Env. 1 and 2, the convergence for all algorithms is almost the
same. In the results, using Env. 2, all algorithms are much faster than the functions for
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Fig. 14 Convergence of all algorithms for m = n = 5000 and cnd = 1019 on CPU
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Table 8 Cumulative computing time in seconds for all algorithms for m = 2n using Env. 1

m svd(A) svd(B) Alg. 4 Alg. 5 Alg. 6 Alg. 7 Alg. 8

5000 Ist 2.87 2.01 2.68 2.48 2.47 2.72 2.51
2nd 3.35 2.95 2.93 3.18 3.01
3rd 4.02 3.42 3.39 3.64 3.51

10000 Ist 14.4 7.78 12.9 11.4 11.2 133 11.5
2nd 18.1 15.1 14.6 16.9 15.3
3rd 232 18.7 18.0 20.5 19.1

Table 9 Cumulative computing time in seconds for all algorithms for m = n using Env. 1

m svd(A) svd (B) Alg. 4 Alg. 5 Alg. 6 Alg. 7 Alg. 8

5000 Ist 8.99 6.61 8.10 7.65 7.66 7.85 7.65
2nd 9.60 8.69 8.70 8.37 8.69
3rd 11.1 9.73 9.75 8.89 9.73

10000 Ist 47.0 29.3 40.9 37.9 37.6 39.2 37.9
2nd 52.5 46.4 459 43.5 46.5
3rd 64.2 55.0 54.1 47.8 55.1
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Fig. 15 Convergence of all algorithms for m = 2n = 10000 and cnd = 102 using Env. 1
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Fig. 16 Convergence of all algorithms for m = n = 10000 and cnd = 102 using Env. 1
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Table 10 Cumulative computing time in seconds and ratio for all algorithms for m = 2n using Env. 2

m svd(A) svd(B) Alg. 4 Alg. 5 Alg. 6 Alg. 7 Alg. 8

5000 Ist 1.56 1.10 1.15 1.15 1.15 1.15 1.16
2nd 1.19 1.19 1.19 1.19 1.21
3rd 1.23 1.23 1.23 1.23 1.26

10000 Ist 6.94 4.56 4.85 4.86 4.85 4.89 4.90
2nd 5.13 5.16 5.13 5.16 5.23
3rd 5.41 5.46 5.42 5.43 5.56

Table 11 Cumulative computing time in seconds and ratio for all algorithms for m = n using Env. 2

m svd (a) svd (B) Alg.4  Alg.5  Alg.6  Alg7  Alg.8

5000 Ist 481 3.30 3.38 3.39 3.38 3.37 3.39
2nd 3.46 3.47 3.46 341 3.48
3rd 3.54 3.56 3.54 3.46 3.57

10000 st 239 153 15.9 16.1 15.9 159 16.1
2nd 16.5 16.8 16.5 16.2 16.8
3rd 17.0 17.5 17.1 16.6 17.6
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singular value decomposition. In particular, Algorithm 7 is the fastest but has the worst
convergence. For a well-conditioned matrix, iterative refinement with Algorithms 4,
5, 6 and 8 of the results of svd (B) is superior to the same method applied to those
of svd (A) in terms of computation speed and accuracy of the approximate singular
values.

5 Conclusion

In this paper, we showed that the Ogita- Aishima algorithm can be executed with highly
accurate matrix multiplications carried out five times per iteration. Moreover, we
proposed four iterative refinement algorithms for singular value decomposition con-
structed with highly accurate matrix multiplications carried out either four or five times
per iteration. In an environment where lower-precision arithmetic is much faster than
higher-precision arithmetic, the proposed algorithms are faster than the Ogita-Aishima
algorithm. However, in an environment where the performance of lower-precision
arithmetic is comparable to that of higher-precision arithmetic, the computing time
for all algorithms is comparable.

All iterative refinement algorithms introduced in this paper do not work when mul-
tiple or clustered singular values are present. In the future, we will consider methods to
overcome this problem. We also need to analyze the bounds on the limiting accuracy
based on the precisions used and the convergence conditions.
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