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In [Chahlaoui, Gallivan and Van Dooren, 2004] a recursive procedure is designed
for computing an approximation of the left and right dominant singular sub-
spaces of a matrix, whose columns are produced incrementally. The method is
particularly suited for matrices with many more rows than columns. The pro-
cedure consists of a few steps. In one of these steps a Householder transformation
is multiplied to an upper triangular matrix. The following step consists in re-
computing an upper triangular matrix from the latter product. In [Chahlaoui,
Gallivan and Van Dooren, 2004] it is said that the latter step is accomplished
in O(k?) operations, where k is the order of the triangular matrix. In this short
note we show that this step can be accomplished in O(k?) operations. The
note is organized as follows. In Section 2 the algorithm proposed in [Chahlaoui,
Gallivan and Van Dooren, 2004] is described and the proposed modification is
described in Section 3.
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A NOTE ON THE RECURSIVE CALCULATION OF DOMINANT SINGULAR
SUBSPACES

NICOLA MASTRONARDI*, MARC VAN BAREL', AND RAF VANDEBRIL

Abstract. A recursive procedure for computing an approximation of the left and right dominant singular sub-
spaces of a given matrix is proposed in [1]. The method is particularly suited for matrices with many more rows than
columns. The procedure consists of a few steps. In one of these steps a Householder transformation is multiplied
to an upper triangular matrix. The following step consists in recomputing an upper triangular matrix from the latter
product. In [1] it is said that the latter step is accomplished in O(k®) operations, where k is the order of the triangular
matrix. In this short note we show that this step can be accomplished in O(k?) operations.

Key words. Householder matrix, Givens matrix, QR factorization, URV factorization, updating, singular value
decomposition.
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1. Introduction. In [1], a recursive procedure is designed for computing an approx-
imation of the left and right dominant singular subspaces of a matrix, whose columns are
produced incrementally. The method is particularly suited for matrices with many more rows
than columns. The procedure consists of a few steps. In one of these steps a Householder
transformation is multiplied to an upper triangular matrix. The following step consists in re-
computing an upper triangular matrix from the latter product. In [1] it is said that the latter
step is accomplished in O(k®) operations, where K is the order of the triangular matrix. In this
short note we show that this step can be accomplished in O(k?) operations. The note is or-
ganized as follows. In Section 2 the algorithm proposed in [1] is described and the proposed
modification is described in Section 3.

2. Recursive Calculation of Dominant Singular Subspaces. In this section we shortly
describe the algorithm proposed in [1] to recursively compute dominant singular subspaces,
whose columns are known incrementally, i.e., at each step one more column is added to the
matrix. The algorithm is particularly suited for matrices A€ R™" m>> n.

At each recursion, the following steps are performed:

Step 1. Known the orthogonal matrix U € R™K and the upper triangular matrix R € R<<X of
the URV factorization of the matrix A€ R™k k < n<m, A=URV, withV € Rkxk
orthogonal (V does not need to be known), a new column b is added to A,

A=[Ab].
Step 2. Update the URV factorization of the extended matrix A via Gram-Schmidt ortho-
gonalization,
r=u'b
b == b,\_ U r
p=bll2
a="b/p.
Then

- [F4] [ e ]
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Step 3. Let i1 be the smallest singular value of Rand uy 1 the corresponding left singular
vector. Let Gy be an orthogonal matrix such that

G-l_lj—ukJrl =61 = [Oa"wO?l]T'

and compute

GIR=§
with Se RG>+ no more upper triangular.
Step 4. Compute the RQ factorization of S

S=RH,

where R and H are upper triangular and orthogonal matrices of order (k+ 1), re-

spectively. It turns out that
e[|
Ok+1

Step 5. Update the orthogonal matrix U
U—UG, V<—H",
and set
A=U(;1: KRV (1:k,:).

REMARK 1. It is not necessary to update he matrix V, as stated in [1], if only the left
dominant singular subspaces are needed.

The matrix Gy, in Step 3 could be either a product of k Givens rotations or a Householder
matrix. If the product of k Givens rotations is chosen, Step 4 can be accomplished in O(k?)
operations in a way similar to the one described in [2], and the matrix H is given by the
product of k different Givens rotations.

However, the costly part of the algorithm is the update of the matrix U, and hence it is
preferable to choose G to be a Householder transformation. In fact, the cost of the latter
product UGy is 4m(k+ 1) if Gy is a Householder transformation, whereas the cost is doubled
if the orthogonal matrix Gy, is given by the product of k Givens rotations. In [1] is said that the
price to pay choosing G, a Householder transformation is that the RQ factorization in Step 4
is computed in O(k®) operations.

In the next section we show that the latter factorization can be accomplished in O(k?)
operations.

3. Computation of the RQ factorization of the matrix S. LetGy=1- BzZ" be the
Householder transformation such that G/ uy, 1 = e 1. Let us denote by §, i =1,... k+1,
the ith column of S Similarly, we use the notation f; for the ith column of the matrix R

The product G/ R can be written as

GiR=[G}1,G{f2,...,G{ fi1].
We observe that

Glfi=(1-Bz")fi =fi— (BZ'fi)z
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Since R is an upper triangular matrix, the ith column of S below the main diagonal is a
multiple of z, i.e.,

§(+1:k+1)=(GIf)(i+1:k+1)=—(BZ'fi)z(i+1:k+1).

In other words, the strictly lower triangular part of Sis the strictly lower triangular part of a
rank—one matrix. Therefore, the retriangularization of Scan be accomplished applying only
2k Givens rotations to the right, with O(k?) operations as described below.

We observe that he strictly lower triangular part is not explicitly computed, since the
entries of the ith column below the main diagonal are given by —Bz' fiz(k), k > i, where z(k)
is the kth entry of the vector z. Therefore, for any column it is only needed to store the values
yi)=BZ"fi,i=1,....k

Let us suppose, for simplicity, that k = 5, and denote with X the entries of S belonging
to the strictly lower triangular part:

o
|
XXKXKKXKX X
XXKXKRKX X X
KX KX X X
KX X X X X
KX X X X X
X X X X X X

Applying a Givens rotation G; to the right in order to annihilate the entry (3,1), the whole
column below this entry is annihilated, since both the columns are a multiple of the vector z
below the main diagonal.

X X X X X X X X X X X X
K x X x X X X X X X X X
a~ | ® B ox o x o x x _ X x X X X
Ly = X X K x x X Gy = X X x x x
XK X X K x x X K X x x
X X X X XK x X X X K x
Let c; and s; be the Givens coefficients of Gy, i.e.,
Z'f Z'f
G1:|: “ Sl], e L — S ——

Of course, it is not necessary to compute SG; below the upper Hessenberg part of the matrix.
In fact the entries of the first column with row indexes greater than 2 are zero. Moreover, the
entries of the second column with row indexes greater than 2 are given by

Bz(i)\/(ZT71)2+ (ZT72)2, i > 2.

Therefore it is only needed to update the value y(2) = B+/(2"f1)2 + (2" f2)2.
In the same manner, applying a Givens rotation G to the right in order to annihilate the
entry (4,2), the whole row below this entry is annihilated.

X X X
X X X
X

éGle = G,

XX® X X X
XXX X X X
XX X X X X
X X X X X X
X X X X X X
I
XXX X X X
XX X X X X
X X X X X X
X X X X X X
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Also in this case, only the upper Hessenberg part of columns 2 and 3 and the coeffcient y(3)
need to be updated.

Proceeding in this way, after k — 1 multiplications to the right by Givens rotations, the
original matrix is transformed into an upper Hessenberg one with O(k?) operations,

X X X X X X

X X X X X X

A X X X X X
152 k—1 % X X X
X X X

X X

To reduce the latter Hessenberg matrix to upper triangular form, apply k Givens rotations to
the right in order to annihilate the entries (k+1,k), (k,k—1), ..., (2,1). The whole trans-
formation is depicted in Fig. 3.1. Therefore the reduction of the matrix Sinto triangular form
can be made in O(k?) operations.

Ll ' [ Ll
— /X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X
— X X X X X K x x x x x X X X X X X X X X X X X X X X X X X
— xxxx|[=|e W x x x x|[=> X x x x x|=> X X X X X |[=> X X X X x|[=>
- X X X KKK x x x ® XM x x x K x x x X X X X
- X X MXKXKx x XK x x ® X x x K x x
— x RN XKKKx XXX x XXX x ® X x
Ll L 1l L I
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X
X X X X X X X X X X X X X X X X X X X X X X X X ® X X X X X X X X X X
X X X X X [=» X X X X X |[=> X X X X X | = @ X X x x|=> X X X X [=> X X X X
X X X X X X X X ® X x X X X X X X X X X X
X X x ® x X X X X X X X X X
® x X X X x x

FIGURE 3.1. Multiplication of R to the left by a Householder transformation followed by a sequence of 2k — 1
multiplications by Givensrotations to theright in order to retrieve the upper triangular structure. With ® is denoted
the entry of the matrix to be annihilated by a Givens transformation.
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