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CONVERGENCE OF GRADIENT-BASED BLOCK COORDINATE
DESCENT ALGORITHMS FOR NON-ORTHOGONAL JOINT
APPROXIMATE DIAGONALIZATION OF MATRICES*

JIANZE LIf, KONSTANTIN USEVICH!, AND PIERRE COMONS$

Abstract. In this paper, we propose a gradient-based block coordinate descent (BCD-G) frame-
work to solve the joint approximate diagonalization of matrices defined on the product of the complex
Stiefel manifold and the special linear group. Instead of the cyclic fashion, we choose a block op-
timization based on the Riemannian gradient. To update the first block variable in the complex
Stiefel manifold, we use the well-known line search descent method. To update the second block
variable in the special linear group, based on four kinds of different elementary transformations, we
construct three classes: GLU, GQU and GU, and then get three BCD-G algorithms: BCD-GLU,
BCD-GQU and BCD-GU. We establish the global and weak convergence of these three algorithms
using the Lojasiewicz gradient inequality under the assumption that the iterates are bounded. We
also propose a gradient-based Jacobi-type framework to solve the joint approximate diagonalization
of matrices defined on the special linear group. As in the BCD-G case, using the GLU and GQU
classes of elementary transformations, we focus on the Jacobi-GLU and Jacobi-GQU algorithms and
establish their global and weak convergence. All the algorithms and convergence results described
in this paper also apply to the real case.

Key words. blind source separation, joint approximate diagonalization of matrices, block
coordinate descent, Jacobi-G algorithm, convergence analysis, manifold optimization

AMS subject classifications. 49M30, 65F99, 90C30, 15A23

1. Introduction. Let 1 < m < n. Given a complex matrix Z € C"*™, we de-
note by Z', Z* and Z Hits transpose, conjugate and conjugate transpose, respectively.
We shall also use (-)* to denote either ()7 or (:\)". A complex matrix A € C**"
is called Hermitian if AH = A. It is called complex symmetric if AT = A. Let
{A(e)}lggSL C C™**™ be a set of complex matrices. The well-known blind source sep-
aration (BSS) problem [17, 18, 36, 43] can be formulated as finding a full column rank
matrix Z € C"*™ to make the matrices W*) = 244 z ¢ cmxm simultaneously as
diagonal as possible. A natural idea is to solve the joint approzimate diagonalization
of matrices (JADM) problem, which consists in minimizing

L

(L.1) £(Z) = |l offdiag{W“}|?,

{=1

where Z € C"*™ is a full column rank matrix, and offdiag{-} is the zero diagonal
operator, setting all the diagonal elements of a square matrix in C™*"™ to zero.
Note that, the set of full-column rank matrices is not closed (the limit of a sequence
of full column rank matrices can be rank deficient), and therefore problem (1.1) is ill-
posed. For example, for a full column rank matrix Z € C™*" and nonzero A € C, we
have limy o f(AZ) = limy_, |[A[*f(Z) = 0. To tackle this issue, it is first necessary to
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use scale- and permutation-invariant cost functions [4, 49]. Second, the set of matrices
Z must be restricted to a smaller closed subset. Several possibilities can be envisaged,
e.g., a restriction to the special linear group SL,,(C) in the square case m = n. In
this paper, we follow the latter approach as it will be discussed later.

Problem (1.1) has been widely used in BSS and Independent component analysis
(ICA) [14, 18, 6, 7], and has the following well-known special cases:

e joint approzimate diagonalization of Hermitian matrices (JADM-H) [42, 36]:
()* = (), A® e Cn*n is Hermitian for 1 < ¢ < L;

e joint approximate diagonalization of complex symmetric matrices (JADM-
CS) [36]: ()* = ()T, AY e C"*" is complex symmetric for 1 < ¢ < L;

e joint approzimate diagonalization of real symmetric matrices (JADM-RS)
[4, 5]: over real Z, (-)* = ()T, A¥) € R"*" is real symmetric for 1 < ¢ < L.

Many classic approaches use prewhitening to reduce the problem (1.1) to orthog-
onal (and square) diagonalization case [12, 13, 17, 25, 26, 27, 28, 45]. This, however,
results in a two-step procedure, which may not be optimal in the statistical sense
and may suffer more from noise. Therefore, the non-orthogonal joint diagonalization
attracted considerable interest in the literature. In particular, to solve the JADM-RS
problem, Jacobi-type algorithms were introduced based on the LU and QR decom-
positions in [5], and on the Givens transformations, hyperbolic transformations, and
diagonal transformations in [43, Eq. (9)]. To solve the JADM-H problem, Jacobi-type
algorithms were proposed based on the LU decomposition in [36, 37], and based on the
QL decomposition in [42]. To solve the JADM-CS problem, a Jacobi-type algorithm
was proposed based on the LU decomposition in [35, 36]. However, to our knowledge,
there was no theoretical result about the convergence of these Jacobi-type algorithms
in the literature. In addition, mostly the square (m = n) case was considered.

In this paper, we consider the general rectangular case of (1.1), with Z restricted
to a SL,,(C)-like subset. By using a reformulation of the problem, we develop opti-
mization algorithms on manifolds, and provide convergence results. An overview of
the contributions is provided in the rest of the section.

1.1. Search space and reformulations of the problem. Let GL,,(C) «f

{X € C™*™ det(X) # 0} (resp. SLin(C) & {X € GL,,(C),det(X) = 1}) be the

general (resp. special) linear group. We define the rectangular special linear set as

(1.2) RSL(m,n,C) & {Z e c"*™ Z"Z € SL,,(C)}.
Every matrix in RSL(m, n, C) is of full column rank, and, moreover this set is closed.
Thus the problem of rank deficiency or trivial solution at 0 does not appear when
optimizing (1.1) over RSL(m,n,C), since AZ ¢ RSL(m,n,C) if [A| # 1. Still, this
remains a difficult optimization problem, since the feasible region RSL(m,n,C) is
neither convex nor compact, and the function f(Z) is a quartic polynomial. In what
follows, we provide a reformulation of the problem for two scenarios.

o General (rectangular) case. Let St(m,n,C) o (v ec™™, Y'Y =1,,} be

the complex Stiefel manifold. We have the following simple result:

LEMMA 1.1. A complex matric Z € RSL(m,n,C) if and only if there exist
Y € St(m,n,C) and X € SL,,(C) such that Z =Y X.
By Lemma 1.1, problem (1.1) over RSL(m, n,C) is equivalent to minimizing

L
(1.3) f:St(m,n,C) x SLy,,(C) - RT, (Y, X)— Y _ | offdiag{ W }||,
(=1
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where W = (Y X)*AY (Y X) € Cmxm,

o Square case (second reformulation). This is a special case of (1.3), when we
assume Y, € St(m,n,C) to be fixed (for example, it is found in advance by
some other method, e.g., PCA [16, 17, 18], which is a common procedure for
dimensionality and noise reduction). Denote BY = Y:A(Z)Y* for1 <2<
L. Then the cost function (1.3) becomes

L
(14)  g:SL,(C) =R, X g(X) = | offdiag{W“}|,
=1

where W) = X*BW X ¢ cmxm, Alternatively, this case may appear when
m =nin (1.1). Indeed, RSL(m,m,C) = {Z € C™*™ |det(Z)| = 1}, and
since (1.1) is invariant with respect to multiplication by a unimodular scalar,
we can optimize it over SL,,(C) instead.

1.2. Contributions. In this paper, to solve problem (1.3), which is defined on
the product of St(m,n,C) and SL,,(C), the gradient-based block coordinate descent
(BCD-G) algorithms (Algorithm 1) will be proposed in Subsection 2.1 (more detailedly
in Subsection 5.2), which chooses a block optimization based on the Riemannian
gradient. This is similar to the gradient-based way of choosing index pairs in the
Jacobi-G algorithms on the orthogonal group [21, 25] or unitary group [45]. Then
their global convergence' and weak convergence® will be established in Section 8 using
the Lojasiewicz gradient inequality [24, 31, 2, 44], under the assumption that the
iterates wy, are bounded, that is, there exists a universal positive constant M, > 0
such that

(1.5) lwll < M,

always holds for all £ > 1.

To solve problem (1.4), which is defined on the special linear group SL,,(C), the
gradient-based Jacobi-type (Jacobi-G) algorithms will be proposed in Subsection 2.1
(more detailedly in Subsection 5.2), which can be seen as non-orthogonal analogues of
the Jacobi-G algorithms on orthogonal group [21, 25] or unitary group [45]. Then their
global and weak convergence will be established in Section 8 using the Lojasiewicz
gradient inequality, under the assumption that the iterates X are bounded, that is,
there exists a universal positive constant Mx > 0 such that

(1.6) [ X5l < Mx

always holds for all £ > 1. To our knowledge, this is the first time that the theoretical
convergence is established for the Jacobi-type algorithms on SL,,(C).

1.3. Organization. The paper is organized as follows. In Section 2, we present
the BCD-G and Jacobi-G algorithms, define four kinds of elementary transformations
and give a summary of the main results. In Section 3, we recall the basics of first-
order geometries on the Stiefel manifold St(m, n, C) and special linear group SL,, (C),
as well as the convergence results related to Lojasiewicz inequality. In Section 4, we
show the details of how to use the line search descent method to update the first block
variable in St(m, n, C). In Section 5, we define four kinds of elementary functions and

IFor any starting point, the iterates converge to a limit point as a whole sequence.
2Every accumulation point is a stationary point, i.e., the Riemannian gradient is equal to 0.
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present the details of three subalgorithms. In Section 6 and Section 7, we present the
details of four kinds of elementary transformations for JADM problem. In Section 8,
we prove our main results about the global and weak convergence of BCD-G and
Jacobi-G algorithms. In Section 9, some experiments are conducted to compare the
proposed algorithms. Section 10 concludes this paper with some final remarks and
possible future work.

2. Gradient-based algorithmic framework and a summary of results.

2.1. BCD-G and Jacobi-G algorithms. Suppose that {M;}1<;<4 are smooth
manifolds. To minimize a smooth function

(2.1) fi MixMyx--x Mg — RY,

a popular approach is the block coordinate descent (BCD) algorithm [9, 32, 33, 47,
48, 29]. In this method, only one block variable is updated at each iteration, while
other block variables are fixed; in other words, the problem (2.1) is decomposed into
a sequence of lower-dimensional optimization problems. In the BCD algorithm, there
are different ways to choose blocks for optimization, including the essentially cyclic,
cyclic, random fashions [47, 48] and the so-called mazimum block improvement (MBI)
method [15, 30].

If d =2, My = St(m,n,C) and My = SL,,(C), then problem (2.1) reduces to
our cost function (1.3). For w = (Y, X)) € St(m, n,C) x SL,,(C), we denote

(2.2) fix: Y= f(Y.X), foyr: X~ f(Y,X),

as the two restricted functions, which are defined on St(m,n,C) and SL,,(C), re-

spectively. For simplicity, we denote their Riemannian gradients® as grad fi(w) &ef

grad f1 x (Y') and grad fo(w) « grad fo y (X)), and the Riemannian gradient of f in
(1.3) at w as grad f(w). To minimize the function (1.3), we now propose the following
gradient-based block coordinate descent (BCD-G) algorithm in Algorithm 1.

Algorithm 1: BCD-G algorithm

1: Input: A starting point wo = (Yo, Xo), a positive constant 0 < v < v/2/2.
2: Output: Sequence of iterates wi = (Y, Xk).

3: fork=1,2,--- ,do

4:  Choose ty = 1 or 2 such that the Riemannian gradients satisfy

(2.3) | grad fi, (wr—1)|| = v| grad f(wr—1)]};
5 if t;, =1 then
6: Update Y, using the line search descent method (cf. Subsection 4.2);
7 Set X = X_1;
8: else
9 Set Y = Yk—1§
10: Update X, using elementary transformations (cf. Subalgorithm la to lc).
11:  end if
12: end for

3See [3, Section 3.6] and Section 3 for a detailed definition.
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In each iteration of Algorithm 1, instead of the frequently used cyclic or random
fashion to choose the block for optimization, we choose the block ¢, = 1 or 2 satisfying
the inequality® (2.3). Since the Riemannian gradients are related as

(2.4) grad f(w) = (grad fi(w), grad fo(w)),

we have that || grad f(w)||?> = | grad fi(w)||? + || grad fo(w)||?>. Therefore, in each
iteration, if 0 < v < /2 /2, we can always choose t; = 1 or 2 such that the inequality
(2.3) is satisfied, and thus Algorithm 1 is well defined.

In Algorithm 1, to update Y, we choose the line search descent method [2,
3, 38, 39, 40], which will be detailedly presented in Section 4. To update Xy, as
in Jacobi-type methods, we use four kinds of elementary transformations (will be
detailed introduced in Subsection 2.3), including the Givens plane, plane upper trian-
gular, plane lower triangular and plane diagonal transformations®. We group these
elementary transformations into three classes (GLU, GQU and GU) motivated by
well-known matrix decompositions, which give rise to three different variants of Algo-
rithm 1 (BCD-GLU, BCD-GQU and BCD-GU). We recall the matrix decompositions
and related Lie groups in Subsection 2.2, before introducing the elementary transfor-
mations and their classes in Subsection 2.3.

Similarly to Algorithm 1, we propose optimization algorithms for minimization of
the cost function (1.4) for the square case (second reformulation on SL,,(C)). In these
algorithms, X is updated with four elementary transformations, and therefore they
are Jacobi-type algorithms. We summarize these gradient-based Jacobi-type (Jacobi-
G) algorithms in Algorithm 2.

Algorithm 2: Jacobi-G algorithm
1: Input: A starting point X.
2: Output: Sequence of iterates {Xj}r>1.
3: fork=1,2,---,do
4:  Update X, using elementary transformations (cf. Subalgorithm la to 1b).
5: end for

Algorithm 2 can be seen as a non-orthogonal analogue of the Jacobi-G algorithm
in [21, 25, 45]. As with BCD-G, two types of Jacobi-G exist: Jacobi-GLU and Jacobi-
GQU, based on GLU and GQU classes of elementary transformations, respectively.
Roughly speaking, these algorithms are variants of Algorithm 1, where only Xy is
updated.

2.2. Matrix decompositions and matrix groups. A matrix X € C™*"™ is

said to be upper triangular if X;; = 0 for ¢ > j. Let UT,,(C) C GL,,(C) be the

upper triangular subgroup. Let EUT,, (C) = UT,,(C)NSL,,(C), i.e., the set of upper

triangular matrices with determinant equal to 1. Similarly, we let LT,,(C) C C™*™

be the lower triangular subgroup and ELT,,(C) = LT,,(C)NSL,,(C). Let U,,(C) C

C™*™ be the unitary group, and SU,,(C) C U,,(C) be the special unitary group.
We first discuss the matrix decompositions of SL,, (C).

4The inequality (2.3) can be seen as a block coordinate analogue of [21, Eq. (3.3)] and [25, Eq.
(10)].

5The reason why we use plane diagonal transformations will be shown in Section 5.
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e Any matrix X € SL,,(C) has the LU decomposition [19] X = LU with
L LT, (C) and U € UT,,(C). We use the shorthand notation

(2.5) SL,,(C) = ELT,,(C) ¢« EUT,,(C),

where A o 5 denotes the set of all matrix product for matrices coming from
two matrix sets A and B. The decomposition (2.5) motivates the GLU class,
which includes the plane lower triangular, plane upper triangular and plane
diagonal transformations (Subalgorithm 1a), and is used in BCD-GLU and
Jacobi-GLU algorithms.

e Any matrix X € SL,,(C) has the QU decomposition® X = QU with Q €
SU,,(C) and U € UT,,,(C), which can be compactly written as

(2.6) SL,,(C) = SU,,(C)  EUT,,(C).

The decomposition (2.6) motivates the GQU class, which includes the Givens
plane, plane upper triangular and plane diagonal transformations (Subalgo-
rithm 1b), and is used in BCD-GQU and Jacobi-GQU algorithms.
The decompositions mentioned above can be used to parameterize RSL(m, n, C).
Indeed, Lemma 1.1 in the compact notation can be written as

RSL(m,n,C) = St(m,n,C) e SL,,(C),
which gives rise to LU- and QU-based decompositions of RSL(m, n,C):

(2.7 RSL(m,n,C) = St(m,n,C) « ELT,,(C) « EUT,, (C),
(2.8) RSL(m,n,C) = St(m,n,C) ¢ SU,,(C) e EUT,,(C).

Moreover, for RSL(m,n,C), a third decomposition is possible, using the fact that
St(m,n,C) ¢ SU,,(C) = St(m,n,C). Then the equation (2.8) can be simplified as

(2.9) RSL(m,n,C) = St(m,n,C) « EUT,, (C),

which can also be interpreted as applying the QU decomposition to a rectangular
matrix from RSL(m,n,C). This gives rise to the third class GU, which only includes
the plane upper triangular and plane diagonal transformations (Subalgorithm 1c),
and is used in BCD-GU.

2.3. Elementary transformations. Let us introduce a few more matrix groups.
An upper triangular matrix X is said to be unipotent if it satisfies X;; = 1 for
1 <i<m. Let SUT,,(C) C EUT,,(C) be the upper unipotent subgroup of unipo-
tent upper triangular matrices. Similarly, we let SLT,,(C) C ELT,,(C) be the lower
unipotent subgroup. Finally, a diagonal matrix X € C™*™ is said to be a diag-
onal transformation if the product of all the diagonal elements is equal to 1. Let
D,,(C) € GL,,(C) be the set of diagonal transformation matrices.

The elementary transformations are based on the following 2 x 2 matrices:

SUTQ((C):{B i],ze@},SLTg((C):{E ?],ZG(C},DQ((C):{[S ],zE(C*},

as well as the 2 x 2 matrices from SU5(C).

n = O

SThis is also called QR decomposition in the literature.
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Let (7, 7) be a pair of indices satisfying 1 < ¢ < 7 < m. We introduce an operator
Eij C2X2 — C™ ™ sending ¥ to X € C™*™ satisfying

Xii Xi| [P Wio Xee =1, if £& {i,j},
X Xyj [ War W Xge = 0, otherwise.
Now we define the following four elementary transformations on SL, (C):

o QUi &f & j(®): Givens plane transformation for ¥ € SU,(C);

o Uli®) &f & ;(W): plane upper triangular transformation for ¥ € SUT3(C);

ef

o L(i7®) & & ;j(®): plane lower triangular transformation for ¥ € SLT,(C);

° D(ZJ’\I’)

&f & ;j(®): plane diagonal transformation for ¥ € Dy(C).

Remark 2.1. These elementary transformations have all been used in the litera-
ture. The Givens transformations Q(i’j"l') were used very often in the Jacobi-type
algorithms for joint approximate diagonalization of matrices or tensors by orthogo-
nal or non-orthogonal transformations [18, 25, 45, 6, 5, 42]. Triangular transforma-
tions U %) and L% also appeared many times in the Jacobi-type algorithms on
SL,,(C) or SL,,,(R) [4, 5, 35, 36, 37]. In the real case, the diagonal transformation
D) was once used in [43].

The iterates X in Algorithm 1 and Algorithm 2 are updated multiplicatively
as X, = Xy_1 Py, where Py is an elementary transformation for a pair of indices
(ix, jr) belonging to one of the following three classes. These three classes are inspired
by equations (2.7), (2.8), (2.9) and by a similar idea as in [21, 25, 45]. We call them
the GLU (based on LU decomposition), GQU (based on QU decomposition) and GU
transformations, respectively.

e GLU class: Py, = L(i’“j’“‘yz), U rdk¥i) o D(i’“j’“"p;);

e GQU class: Py = Q(ik,jk,‘l’i)7 U Crode¥5) or D(ik,jk,‘l’i);

e GU class: Py, = U0 %) op plxde¥i),
The choice of the pair (i, ji), the matrix ¥} and the particular type of transforma-
tions in each class will be given in Subalgorithm la, Subalgorithm 1b and Subalgo-
rithm lc. The algorithms and their convergence results are summarized in Table 1.

TABLE 1
A summary of the proposed algorithms

Proposed . Elementary Global Weak
Model . Location .
algorithms transformations convergence convergence
- " lati 13 BCD-GLU Algorithm 1 & | L,U,D
onngtt (Ifn O;H(lél)a;(gi( ((C)) Subalgorithm 1a Theorem 8.1 | Theorem 8.2
o m BCD-GQU Algorithm 1 & | Q,U,D
Subalgorithm 1b
BCD-GU Algorithm 1 & | U,D
Subalgorithm 1c
Second reformulation (1.4)| Jacobi-GLU | Algorithm 2 & | L,U,D ) . ) ”
on SL,,(C) Subalgorithm 1a Theorem 8.3 | Theorem 8.4
Jacobi-GQU | Algorithm 2 & | Q,U,D
Subalgorithm 1b

Remark 2.2. While the algorithms and convergence results described in this paper
are provided for complex matrices, complex Stiefel manifold St(m,n, C) and complex
special linear group SL,,(C), they also remain valid in the real case.
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3. Geometries on St(m,n,C) and SL,,(C).

3.1. Notations. Let 1 < m < n. For a complex matrix Z € C"*™ and a
complex number z € C, we write the real and imaginary parts as Z = Z R 4iZ% and
z = R(z) + iS(z), respectively. For complex matrices Z1, Zo € C"*™, we introduce
the following real-valued inner product

(3.1) (21, Z2)5 £ (21, 20) + (27, 23) = % (1(24 22)),

which makes C"*™ a real Euclidean space of dimension 2nm. Let h : C"*™ — R
be a differentiable function and Z € C"*™. We denote by %7 adzhg, € R™ ™ the
matrix Euclidean derivatives of h with respect to real and imaginary parts of Z. The

Wirtinger derivatives [1, 11, 23] are defined as

8hd£f1(8h+z_8h) ahd_efl(ah_iah>
0zZ® " ozS ) 0z  2\az® 9z%)°

0Z* 2
Then the Euclidean gradient of A with respect to the inner product (3.1) becomes

oh . Oh oh
+1 =2

3.2 Vh(Z) = _ .
(32) (2) 07% s =20z

For real matrices Z1,Z, € R"™™, we see that (3.1) becomes the standard inner
product, and (3.2) becomes the standard Euclidean gradient. We denote by Sy C R3
the unit sphere, and C, = C\{0}.

3.2. Riemannian gradient on St(m,n,C). For a matrix C € C™*™, we de-
note sym(C) def 3(C+ C") and skew(C) def i(C - C"). Let Ty St(m,n,C) be the
tangent space to St(m,n,C) at a point Y € St(m,n,C). Let Y € C**(»=™) be an
orthogonal complement of Y, that is, [Y,Y ;] € C"*™ is a unitary matrix. By [34,
Definition 6], we know that

Ty St(m,n,C) ={V eC”*™,V=YC+Y,B,CcC™™ C"+C=0BecC™*m}

which is a (2nm — m?)-dimensional vector space. The orthogonal projection of a
matrix £ € C"*™ onto Ty St(m,n,C) is

(3.3) Projy¢ = (I, — YY™)¢ 4+ Y skew(YHe) = € — Y sym(Y™¢).
We denote Projy-¢ «f & — Projy-&. Let p : St(m,n,C) — R be a differentiable
function, and Y € St(m,n,C). Note that St(m,n,C) is an embedded submanifold

of the Euclidean space C"*™. By equation (3.3), we have the Riemannian gradient
of patY as:

(3.4) grad p(Y) = Projy Vp(Y) = Vp(Y) — Y sym(Y"Vp(Y)).
By [3, Example 5.4.2], the exponential map at Y is defined as
(3.5) Expy : Ty St(m,n,C)— St(m,n,C)

VH%[quwp<Pﬂﬁf —VHVy)FmﬂfYqu’

I. YHvV

Omxm

where exp(-) is the matrix exponential function [3, 8, 20].
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3.3. Riemannian gradient on SL,,(C). Let sl,,(C) %ef {X eC™™ tr(X) =

0} be the Lie algebra [8] of the complex special linear group SL,,, (C). Then the tangent
space to SL,,(C) at a point X € SL,,(C) can be constructed [8, Eq. (3.7),(3.8)] by

(3.6) TxSL,, (C) = {XQ,Q € sl,,(C)}.

Let su,,(C) &f {X e Cm*m XM = —X tr(X) = 0} be the Lie algebra of the special
unitary group SU,,(C). Then the tangent space to SU,,(C) at a point X € SU,,(C)
can be constructed [8, Eq. (3.15)] by TxSU,,(C) = {X,Q € sl,,,(C)}.

Let TxSL,,(C) be the tangent space to SL,,(C) at a point X € SL,,(C) as in
(3.6). For tangent matrices V1,V € TxSL,,(C), we use the left invariant [3], [4,
Eq. (6.2)] Riemannian metric

(V1,Va)x &f

(XWX TVo), = R (tr(V'f(XXH)_lVQ)> .
Let g : SL,,(C) — R™ be a differentiable function, and X € SL,,(C). Then the

Riemannian gradient of g at X is the orthogonal projection [4, Lemma 6.2] of its
Euclidean gradient Vg(X) to T xSL,,(C), that is,

(3.7) gradg(X) = X (XHVg(X) - “(XHZQ(X))I,J .

We denote A(X) & X' grad g(X) € sl,,(C) for X € SLy,(C), which will be fre-

quently used in this paper.
In what follows, we will use the following exponential map

(3.8) Expx : TxSL,,(C) — SL,,(C), X — X exp(f),

where exp(-) is the matrix exponential function [3, 8, 20]. For any tangent matrix
V € TxSL,,(C), we have the following relationship between Expy in (3.8) and the
Riemannian gradient [3, Eq. (3.31)]:

)

t=0

(39 WV sradg(X))x = (o(Espx (V)

which will be used in the proof of Lemma 5.1.

3.4. Tangent spaces to other matrix groups. A matrix X € C™*™ is said
to be strictly upper triangular if X;; = 0 for i > j. Let sut,(C) C C™*™ be
the set of strictly upper triangular matrices. Then the tangent space to SUT,,(C)
at a point X € SUT,,(C) can be constructed [8, Eq. (3.11)], [4, Section 6.4] by
TxSUT,,(C) = {XQ,Q € sut,,,(C)}. Similar as above, we let slt,,(C) C C™*™ be
the set of strictly lower triangular matrices. Then the tangent space to SLT,,(C) at
a point X € SLT,,(C) can be constructed by TxSLT,,(C) = {XQ,Q € slt,,(C)}.
Let 9,,(C) C C™*™ be the set of diagonal traceless matrices. Then the tangent space
to D,,(C) at a point X € D,,(C) can be constructed by TxD,,(C) = {XQ,Q €
0,,(C)}. In particular, for the case m = 2, we have

5ut2(<C):Hg S],ZE(C}, srtQ(C):Hg 8],26((:}, ag(C):{[g _Ozyzec}.
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3.5. Inequalities for convergence analysis. We recall some definitions and
results about the Lojasiewicz gradient inequality [24, 31, 2, 44]. These results were
used in [26, 45] to prove the global convergence of Jacobi-G algorithms on the orthog-
onal and unitary groups, and will be used in this paper as well.

DEFINITION 3.1 ([41, Definition 2.1]). Let M C R¢ be a Riemannian submani-
fold, and ¢ : M — R be a differentiable function. The function ¢ : M — R is said
to satisfy a Lojasiewicz gradient inequality at @ € M, if there exist 6 > 0, ¢ € (0, %]
and a neighborhood U in M of x such that for all y € U, it follows that

(3.10) lo(y) — o(x)|'~¢ < 6]| grad p(y)].

LEMMA 3.2 ([41, Proposition 2.2]). Let M C R? be an analytic submanifold’
and ¢ : M — R be a real analytic function. Then ¢ satisfies a Lojasiewicz gradient
inequality (3.10) at any x € M.

THEOREM 3.3 ([41, Theorem 2.3]). Let M C R? be an analytic submanifold and
{zK}e>1 € M. Suppose that ¢ is real analytic and, for large enough k,
(i) there exists o > 0 such that

p(xr) — p(@ri1) = o grad p(@p) | |41 — 2kll;
(i) grad p(zy) = 0 implies that 11 = @.
Then, if . is an accumulation point of {xy}i>1, it is the limit point.
Since the special linear group SL,,(C) is not compact, the iterates {wy}r>1 in
Algorithm 1 for cost function (1.3) may have no accumulation point. However, if

there exists an accumulation point, we have the following result about its global
convergence, which is a direct consequence of Theorem 3.3 and inequality (2.3).

LEMMA 3.4. Suppose that, in Algorithm 1 for cost function (1.3), the iterates
{wite>1 satisfy that, for large enough k,
(i) there exists o > 0 such that

(3.11) flwr—1) = f(wr) > ol grad fi, (wi—1)|llws — wr-1ll;
(i1) grad fi, (wg—1) = 0 implies that wi = wi_1.
Then, if w, is an accumulation point of the iterates {wy }x>1, it is the limit point.

We also have the following result about its weak convergence, which can be proved
easily by inequality (2.3) and the fact that f(w) > 0.

LEMMA 3.5. In Algorithm 1 for cost function (1.3), if there exists n > 0 such that
(3.12) fwr-1) = flwk) = 1l grad fo, (wi-1)]I?

always holds, then limg_, o grad f(wg—1) = 0. In particular, if w, is an accumulation
point of the iterates {wy}r>1, then w, is a stationary point of f.

4. Line search descent method on St(m,n,C). Let f be the cost function
(1.3) defined on the product of St(m,n,C) and SL,,(C). Let w1 = (Yi—1, Xr—1)
and p = fi,x, , be the first restricted function. Denote X = X_; for simplicity.
Then the restricted function p can be expressed as

L
(4.1) p:St(m,n,C) > RY, Y = > | offdiag{ W }|]?,
=1

"See [22, Definition 2.7.1] or [26, Definition 5.1] for a definition of an analytic submanifold.
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where W = X*Y*AOY X and ()* = ()7 or ()". In this section, we adopt the
line search descent [2, 3, 38, 39, 40] method on St(m,n,C) to find the next iterate
Y ;. for the restricted function p in (4.1).

4.1. Riemannian gradient. We first present a lemma, which can be obtained
by direct calculations. This result will help us to obtain the Riemannian gradient of
the restricted function p in (4.1).

LEMMA 4.1. Let A € C™*™ and the function p be defined as
p:C"™™ 5 RY, Z s | offdiag{W}|?,

where W = Z¥AZ. Denote V.= AZ = [v1,--- ,v] € C™ and V = A%Z =
[01,+,0m] € C"*™. Denote Z = [z1,- -+, zm]. Then the Euclidean gradient is

5(Z) =2 Zvjv';zl’.. Zv]v Zm | +2 Z@j(f;j)Hzl’...7Z@j({,j)Hzm

J#1 Jj#Em J#1 j#m
In particular, it satisfies
(4.2) ZZNVp(Z) =2ZT (W),
where Y (W) € C™*"™ s defined as

W offdiag{W " + W# offdiag{W}, if ()

def
(*3) = {W* offdiag{W}" + W offdiag{W}, if ()* = ()"

LEMMA 4.2. Let W and the function p be as in (4.1). Then the Euclidean
gradient satisfies

L
(4.4) YHVp(Y) -1 Z T(WO)X
=1
where T(W) is as in (4.3).

Proof. By the product rule, we see that Vp(Y') = V;ﬁ(YX)XH. Then, by equa-
tion (4.2), we have that

L
XxX"YHVp(Y) = Y'Y X (Y X)PVpy X) XM =2vy X ) r(w) x "
=1

Note that X is invertible. The proof is complete. 0
Now, by equations (4.4) and (3.4), we see that the Riemannian gradient of the

function p in (4.1) satisfies

L L
(45)  YHgradp(y T W)X - x>y r(wO)Hx
=1 =1
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4.2. Line search descent method. We now begin to present more details
about the line search descent method [2, 3, 38, 39, 40] on St(m, n,C). In this method,
we choose the next iteration as

(4.6) Y. = EXkail(tk_lvk_l),

where Vi1 is the search direction, t;_1 is the step size and Expy, | is the ex-

ponential map defined in (3.5). We always choose the search direction V_; such
that

(4.7) (grad p(Yk—1), Vi—1)v,, < =6l grad p(Y —1) [ IV k1],

where 0 < §, < 1 is a fixed positive constant. We say that the step size t;_; satisfies
the Armijo condition®, if

(4.8) P(Yi) <p(Yi-1) + dwtr—1(gradp(Y 1), Vi—1)v, .-

where 0 < &, < 1 is a fixed positive constant. We say that the step size t;_1 satisfies
the curvature condition, if

(4.9)  (gradp(Yk), DExpy,  (tki-1Vi-1)[Vi-1])v, > de(gradp(Yi-1), Vi-1)y, s,

where §,, < 0. < 1 is a fixed positive constant. The conditions (4.8) and (4.9) are
known collectively as the Wolfe conditions. As in the Euclidean space case [38, Lemma
3.1], it was shown [39, 40] that we can always choose the step size t;_1 such that the
conditions (4.8) and (4.9) are both satisfied. It is not difficult to see that there exists
M, > 0 such that

[Expy (V1) — Expy (V)| < M|V — V3,

for any Y € St(m,n,C) and V1,Vy € Ty St(m,n,C). Then the next result follows
directly.

LEMMA 4.3. If we choose the next iterate Yy, as in (4.6) such that the conditions
(4.7) and (4.8) are both satisfied, then we have

(Y1) = p(Yk) 2 650w | grad p(Y x—1)[l[[te-1 Vi1l = opll grad p(Yie-1)[[[Ye = ¥i-1],

where o, = (050y)/Me.
We also have the next result, a simple corollary of the proof in [39, Theorem 2].

LEMMA 4.4. If we choose the next iterate Yy, as in (4.6) such that the conditions
(4.7), (4.8) and (4.9) are all satisfied, then we have

(4.10) p(Yi—1) —p(Yi) = npll grad p(Y—1)|%,

where n, > 0 s a fived positive constant.

5. Elementary functions and three subalgorithms. In this section, we de-
fine four kinds of elementary functions and present the details of three subalgorithms.

81t is also known as the first Wolfe condition in the literature.
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5.1. Elementary functions and their derivatives. Let g : SL,,(C) — R"
be a differentiable function, X € SL,,(C) and z = x + iy. Corresponding to the four
elementary transformations, we define the following four elementary functions:

Wi (@) =) (@) E g(XUTIY) @ € SUT,(C), 2 € G

i x (@) =il () E g(XLH)), @ € SLT,(C), 2 € C;

6D D) oy = A7) £ () F gXDOY), W eDy(0), e Cus
B2 x (e 5182) = i)y 5 (60.6) = W) 5 ()

L9 (XQI™)), W € SUs(C), (¢, 51,50) € S, (0,0) € R

In the above last equation, as in [18, 45], we parameterize ¥ € SU5(C) as

c
v = ‘I’(C,81752) = L* c

S1 — 1S9 c

where (c, s1,82) € Se and (6, (;5) € R2.
def

—s| ¢ —(s1+1is2)| | cosé — sin fe’®
" |sinfe=  cosf

Recall that A(X) € X 'gradg(X) € sl,,(C) in Subsection 3.3, and denote
A = A(X) for simplicity. We now show the relationships between the Riemann-
ian gradients of the four elementary functions defined in (5.1) and the Riemannian
gradient of the function g at X € SL,,(C). The proof is postponed to Appendix A.

LEMMA 5.1. The Riemannian gradients of the elementary functions defined in

(5.1) at the identity matriz I can be expressed as follows:

, @ _ 53 (Aii — Ajj) 3R (Aij — Aji) + 59 (Aj + Aji)
(1) grad h(i,j),X (I2) = _—7§R(AZ] > Aj) + %&‘z](/\” +Aji) ’ J—%C\\YJ(AM - A]j)J '
) gt = [0 A9 i) wani?), i = [ 2
_ [R(Au - Ayy) 0
(i) gradh(” x(I2) = i 0 S (A —Ayj)|
The following lemma can be easily obtained from Lemma 5.1.

LEMMA 5.2. The partial derivatives of the elementary functions defined in (5.1)

satisfy
(i) OhZ) 5 (I2) E OhZ) 4 (1,0,0) = [0, =R (As; — Aji),
(1) Oh(y ), x(T2) = Oh(s ) (0,0) = [R (i), S (Aiy)]Ts
(1) Oh(y)) 5 (I>) = OR(1)) (0,0) = [R(Azi), S (A)]T;
(i) OnY) (X)L OR() L (0,0) = [R (Ass — Ajj), S (A —

=S (A + AT

A"

5.2. Three subalgorithms. Let f be the cost function (1.3). Let wy_1 =
(Y—1,Xk—1) be the (k—1)-th iterate produced by Algorithm 1, and g : SL,,(C) —» R
be the restricted function fsy, , defined as in (2.2). Let (ig, ji) be a pair of indices

satisfying 1 < iy < ji < m. For simplicity, we denote

Q) _ 1 (Q) U) _ 4 (@)

(5 2) hk - h(ik,jk),Xk—l’ hk - h(ik,jk),Xk—l’
' ) _ (D) (D) _ (D)

k (ik5Jk ), X k-1’ k (iksgr), Xk—1"

|
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Based on the three classes of elementary transformations, the subalgorithms to up-
date X in Algorithm 1 are summarized in Subalgorithm la, Subalgorithm 1b and

Subalgorithm 1c, respectively. In these three cases, as in Subsection 2.1, we call
Algorithm 1 the BCD-GLU, BCD-GQU and BCD-GU algorithms, respectively.

Subalgorithm la: The subalgorithm to update X based on GLU class

1: Input: Current iterate X;_1, a fixed positive constant 0 < & < ,/ ﬁ
2: Qutput: New iterate X .
3:  Choose an index pair (i, jx) and an elementary function hj, such that?

(5.3) 10hk(I2)]| = el| A(X k1)l

where hy = h;cU), h;cL) or h,gD);
4:  Compute ¥} that minimizes the elementary function hy, satisfying Update
rule 6.4 and 6.5 (will be shown in Section 6);
5.  Update X = Xy_1 Py, where Py, = U(i’“’j""yz),L(i""j""q’z) or DUk ¥5)

Subalgorithm 1b: The subalgorithm to update X based on GQU class

-5

1: Input: Current iterate X;_1, a fixed positive constant 0 < ¢ < W

2: Output: New iterate Xy.

3:  Choose an index pair (ix, jx) and an elementary function hj satisfying the
inequality (5.3), where hy = h,(cQ)7 hECU) or héD);

4:  Compute ¥} that minimizes the elementary function hy, satisfying Update
rule 6.4, 6.5 and 7.3 (will be shown in Sections 6 and 7);

5. Update X = Xj_1 Py, where Py = QUrdn¥0) liin¥i) op plisdsi),

Subalgorithm 1c: The subalgorithm to update X based on GU class

1: Input: Current iterate X;_1, a fixed positive constant 0 < ¢ <

2: OQutput: New iterate Xy.

3:  Choose an index pair (ix, jx) and an elementary function hj satisfying the
inequality (5.3), where hy = h,(cU) or h](gD);

4:  Compute ¥} that minimizes the elementary function hy, satisfying Update
rule 6.4 and 6.5 (will be shown in Section 6);

5. Update X = Xj_1 Py, where Py = U0 ¥%) op plisds®i),

m(m—1)"

In the following result, we will show that Subalgorithm la and Subalgorithm 1b
are both well-defined. The proof is postponed to Appendix A.

PROPOSITION 5.3. (i) In Subalgorithm 1la, we can always choose an index pair
(i, jx) and an elementary function hj = h,(cU),héL) or héD) such that the inequality
(5.3) is satisfied.

(i) In Subalgorithm 1b, we can always choose an index pair (i, jx) and an elementary
function hy = hch), h,iU) or h;cD) such that the inequality (5.3) is satisfied.
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In BCD-GU algorithm, we always choose a starting point X € EUT,,,(C). Let
eut,, (C) € C™*™ be the set of upper triangular matrices with the trace equal to 0.
Then the tangent space to EUT,,,(C) at a point X € EUT,,(C) can be constructed
[4, 8] by TxEUT,,(C) = {XQ,Q € eut,,(C)}, which is useful to the proof of the
following result. The proof is postponed to Appendix A.

PROPOSITION 5.4. In Subalgorithm 1c, we can always choose an index pair (iy, jx)
and an elementary function hy = h,(cU) or h,(CD) such that the inequality (5.3) is satis-
fied.

6. Plane triangular and diagonal transformations for JADM problem.
Let f be the cost function (1.3). Let wi—1 = (Y -1, Xk—1) and g : SL,,,(C) — R be
the restricted function fsy, , as in Subsection 5.2. Denote BY = Yz_lA(e)Yk_l
for 1 < ¢ <L, where (-)* = ()7 or (:\)". Then g can be expressed as

L
(6.1) 9:SLy(C) - R, X Y || offdiag{W“}||?,
=1
where W) = xX*BOX for 1 < ¢ < L. In this section, we will first calculate the
Riemannian gradient of ¢ in (6.1), and the partial derivatives of elementary functions
h,(CU), h,(CL) and h;cD) in (5.2). Then, we will prove that inequalities (3.11) and (3.12)
are both satisfied in the plane triangular and diagonal transformations.
6.1. Riemannian gradient. Let g and W be as in (6.1). Then, by equations

(4.2) and (3.7), we have the Euclidean gradient and Riemannian gradient of g at
X € SL,,(C) as follows:

(6.2) Vo(X) =2X")7 Y (W),
/=1
& tr (Y (W)
(6.3) gradg(X) =2X Y [ T(W) - — "L,
(=1

where T(W ) is defined as in equation (4.3).

Remark 6.1. In the real case, the Euclidean gradient in (6.2) was earlier derived
in [4, Eq. (6.3)] and [10, Section 2.3]. In this paper, we extend it to problem (6.1) in
the complex case and calculate the Riemannian gradient (6.3) as well.

6.2. Elementary functions. Let w® — X;ilB(e)Xk,l for 1 </¢<L. Let

ger [ L if ()4 =0
(6.4) e
-1, f ()*=()".

Denote (i,7) = (ik, jr) for simplicity. Now we use the following notations:

L
o« ar BN (WP + WS E),

=1 p#j
L
def (€ R) 57 (4,R) (€,3) 337 (6:9) (€ R) 357 (4,R) (6:3) 137 (6:9)
2 = ZZ(WZP Wip "+ Wi Wi+ Wy, W+ Wy W, )7
£=1 p#j
L

def (£,3) (4, R) (€,R) 17 (£,3) (€,R) 7 (£,3) (£,3) (4, R)
03*22(9(\7\7@ Wip = Wi Wiy )erpi Woi ™ = Wy Wy )
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. 51d_efzz(w(e +|WZ)|)

=1 p#i

def (6.R)yx7 (6R) (.37 (6.S) (6.R) 17 (L.R) (.37 (6.S)
52_22(“7@ Wi+ Wiy Wi+ Wy W+ Wy W, )’

=1 p#i
def (€,R) 17 (£,3) (£,3) (4, R) (£,3) w7 (6, R) (€,R) 17 (£,3)
Ps = ZZ (Q (Wip Wip = Wi Wiy ) T Wy Wy = Wy W, ) :
Z 1 p#i
def £) def 14 4
S S (WP W), w3 S (WP W),
£=1 p#i,j =1 p#i,j

Then we can get the following results by direct calculations.

LEMMA 6.2. Let the function g be as in (6.1). Then

)

(i) the elementary function hy "’ in (5.2) and its optimal solution (x},y}) satisfy

h,&U)(x y) — h(U) (0,0) = ay2” + 2092 + a1 y? + 203y,
(6:5) W v~ W(0.0) = = (0F + )
any”(0,0) = 2[as, a3)".
(ii) the elementary function h}cL) in (5.2) and its optimal solution (7, yy) satisfy

WP (2,) — B (0,0) = Bra® + 2851 + Bry® + 283y,
* * 1
WP (@, y) — i (0,0) = 5 (B,
o (0,0) = 2085, B

(iii) the elementary function h,(CD) in (5.2) and its optimal solution (z},yy) satisfy

(D) (D) (2 12 1
hy,(@,y) =y, (1,0) = 7 (2 +y)+’72m—71—72a

WP (g, i) — b (1,0) = — (Van — vAe)?,
oh{”)(1,0) = 2[y; — 72, O]T.

Remark 6.3. In the real case, the solution zj in (6.5) was earlier derived in [5,
Eq. (7)]. In the complex case, the solution z; = z} + iy} in (6.5) was earlier derived
in [46, Eq. (8)].

Update rule 6.4. In Algorithm 1 for cost function (1.3), when the elementary

function hy = h,(cU), we see that 7 = 0 if a1 # 0 and o = 0. It is not possible that

a1 =0and ay #0. If &1 = ap =0, we set 7 = 0. In the case of hy, = h,(cL), we make
the similar update rules for the value of y;.
Update rule 6.5. Let 0 < ¢p < % be a small positive constant. In Algorithm 1 for

cost function (1.3), if hy = hl(CD), we always set y; = 0. Moreover, we determine xj;
based on the following rules.
o If vy = v2 =0, we set x}, = 0.
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def o

o Let w = 2. If w € [0,¢p), we set a} = 3. fwe (%,—i—oo],we set xf = 2.

e Otherwise, if w € [¢p, %], we set }, = /@, which is the minimum point.

6.3. Inequalities for global convergence. It will be seen that f(wg) < f(wgr—1)

always holds in Algorithm 1. We denote Mg «f f(wp) in Algorithm 1 for cost function
(1.3). Then we have that y1 +7v2 < Mg = f(wp). In the following result, we will show
an inequality, which is helpful to establish inequality (3.11) when elementary function

hy = h;cD). The proof is postponed to Appendix B.
LEMMA 6.6. In Algorithm 1 for cost function (1.3), there exists tp > 0 such that

(6.6) 9(Xp-1) — 9(Xk) > tpl| A(X 1) ||| ¥ — I2]],

whenever the elementary function hy = h,iD).

Note that
(6.7) 1X5 = X 1| < 19} — L[| X4l
(6.8) l grad (X 1) < [AX k) X1l

Let tp be as in (6.6), and M,, be as in the condition (1.5). Let op = tp/M2 > 0.
Then the next result follows directly from Lemma 6.6, inequalities (6.7) and (6.8).

COROLLARY 6.7. In Algorithm 1 for cost function (1.3), if the iterates remain
bounded, i.e., the condition (1.5) is satisfied, then

(6.9) 9(Xp-1) = 9(Xx) = op| grad g(Xp—1)[[[[ Xk — X 1]},

whenever the elementary function hy = h,(CD).

As for inequality (6.6), we now show a similar result for the cases of elementary

)

functions h,(CL and thU). The proof is also postponed to Appendix B.

LEMMA 6.8. In Algorithm 1 for cost function (1.3), there exists tpy > 0 such
that

(6.10) 9(Xi1) — 9(X1) > o | A% — I,

whenever the elementary function hy = h,iL) or hECU).

Let ¢z be as in (6.10) and oy = tpy/M2 > 0. Similar as for Corollary 6.7, the
next result follows directly from Lemma 6.8, inequalities (6.7) and (6.8).

COROLLARY 6.9. In Algorithm 1 for cost function (1.3), if the iterates remain
bounded, i.e., the condition (1.5) is satisfied, then
9(Xk-1) = 9(Xi) 2 orvl| grad g(Xp—1) [[ X — Xp—1ll,

whenever the elementary function hy = h;cL) or h;cU).

6.4. Inequalities for weak convergence. In this subsection, we show an in-
equality, which will be helpful to establish inequality (3.12). The proof is postponed
to Appendix B.
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LEMMA 6.10. In Algorithm 1 for cost function (1.3), if the iterates remain bounded,
i.e., the condition (1.5) is satisfied, then there exists k > 0 such that

Wy — Il = £[|A(X k-1,

whenever the elementary function hy = h,(CD), h,(CL) or hch).

By Lemma 6.6, Lemma 6.8 and Lemma 6.10, we can easily get the following
results by setting np = (ktp)/M2 and nry = (kipy)/M2,.

COROLLARY 6.11. In Algorithm 1 for cost function (1.3), if the iterates remain
bounded, i.e., the condition (1.5) is satisfied, then

(6.11) 9(Xr—1) — 9(Xx) = min(np, nrv)|| grad g(X,—1)|I,

whenever the elementary function hy = hECD), hch) or hch).

7. Givens plane transformations for JADM problem. Let the function g
be as in (6.1). Let w = Xz_lB(e)Xk_l for 1 < ¢ < L as in Subsection 6.2, where
()* = ()T or (-)". Let o be as in (6.4). Denote (i,5) = (i, ji) for simplicity. Define

L
(7.1) LX) 2N (2, (W), (W) ) e R,
=1

. T .
20, (W) def { [Wjj - Wi, Wi+ Wy, —i(Wy — sz)] . if ()0 _ (.)H;

. T .
[Wij + Wi, Wi =Wy, i(Wa+ W], if ()4 =()".
Denote
2
4 4 .
e AT W WL 0= 0%
0 — 2
L 4 4 .
iy ‘Wz(j) i Wj('i) L () =)

7.1. Elementary function. As in [45, Eq. (4.4)], we denote the unit vector

(7.2) r def [2¢? =1, —2csy, —2052]T = [cos 26, —sin26cos¢, —sin20sing] |

where ¢ € RT, s = 51 +isy € C, ¢ + |s]? = 1, and 0, ¢ € R are two angles. Then we
can get the following result'® by direct calculations.

LEMMA 7.1. In Algorithm 1 for cost function (1.3), the elementary function h,(cQ)
satisfies

(7.3) W9 (c,s1,82) — h{9(1,0,0) = — (rTI‘(i’j’X’“—l)r - c0> ,
where T3 Xk=1) € R3%3 45 a5 in equation (7.1).

10Tn the (-)* = ()M case, this expression was first formulated in [13].
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Denote T' = T'7Xx-1) for simplicity. It follows by equations (7.2) and (7.3) that

(7.4) WP (e, 51,52) — hi?(1,0,0) = — (¢(0,9) — co)
where
q(8, ¢) def % (P11 —Ta2 cos® ¢ — sz sin® ¢ — I'ag sin(2¢)) cos(46)
(75) - (Flz cos ¢ + '3 sin q5) sin(49) + % (F11 + T'ao cos” ¢+ I's3 sin? ¢+ as sin(2¢)) .

Note that, by Lemma 7.1 and equation (7.2), we have
(7.6) on\9 (I) = —4[0, Ta, Tys]".

Remark 7.2. By equation (7.4), we see that h,(cQ)(G +7/2,0) = h;cQ)(G, @) for any
0, ¢ € R. Therefore, we can always choose 0, € [—7/4,7/4].

Update rule 7.3. In Algorithm 1 for cost function (1.3), we set a positive constant
sg > 0. If hy, = h,(cQ), we find the eigenvector w of I' corresponding to the largest

eigenvalue. Define two vectors v; ; «f [T12, T1s]" € R? and w; &f [ug, us]" € R2.
o If it holds that

(7.7) [(vij, wi )| > sqllvilllwi il

then we find ¢, and 6, by setting » = u, and ¥}, = (0., ¢.);
e Otherwise, we set [cos ¢, sind.]T = v; ;/||vi |, and then calculate 6., which
maximizes the restricted function ¢(0, ¢.).
7.2. Inequalities for global convergence. We first present a lemma, which
will help us to prove Lemma 7.5.
LEMMA 7.4. Let o, B € R be two constants. For 0 € [—75, 7], we define a function
p(0) & acos(40) + Bsin(40). If 0. € [-7, 7] satisfies p(0,) = maxp(0), then we have

p(6.) ~ p(0) > 2v313jsin( ).

LEMMA 7.5. Let the function q(0, ) be as in equation (7.5). Suppose that ¢, and
0. are determined as in Update rule 7.3. Then we have

0,
a(0, 6+) = 4(0,0) > 2v25q [sin( )| [[vi 1]

where g is the positive constant defined in Update rule 7.3.
Proof. By Update rule 7.3, we see that

(7.8) (v, [cos ¢ sing.]T)| > cql|vi ;|

always holds. By Lemma 7.4 and the above inequality (7.8), we get that

0.
sin(2)‘ D12 cos ¢, + 13 sin ¢y

> 2\/§§Q

|vi,51I-

.0
bln(g)

The proof is complete. 0
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As for inequality (6.6), we now show a similar result for the case of elementary
functions h{?), which will be helpful to establish inequality (3.11).

LEMMA 7.6. In Algorithm 1 for cost function (1.3), there exists vg > 0 such that
(7.9) 9(Xp-1) = 9(Xp) = Q| A(Xk—1) [ ¥}, — L2,
whenever the elementary function hy = h,(CQ),

Proof. We only prove the case (-)* = ()", the other case being similar. By
Lemma 7.5 and equation (7.6), we get that

9
W (0,0) = 101, 6.) > 2v/3cq [sin(5)| ]| = 22v2 |sin( ) 00 (£2)]
SQE IR
> SE[QUITY — L[| A(X i)l
We can set 1o = (sge)/4. The proof is complete. |

Let 1g be as in (7.9) and M, be as in condition (1.5). Let 0g = tg/M2 > 0. As
for Corollary 6.7, the next result follows directly from Lemma 7.6, inequalities (6.7)
and (6.8).

COROLLARY 7.7. In Algorithm 1 for cost function (1.3), if the iterates remain
bounded, i.e., the condition (1.5) is satisfied, then

9(Xk-1) — 9(Xk) > oqll grad g(Xp—1) || X — X 1],

whenever the elementary function hy = h(Q)

7.3. Inequalities for weak convergence. If the condition (1.5) is satisfied, it is
easy to see that there exists a positive constant Mp > 0 such that [|[T®#X = < Mp
always holds in Algorithm 1. In this subsection, we first show an inequality, which
will be helpful to establish inequality (3.12).

LEMMA 7.8. In Algorithm 1 for cost function (1.3), if the iterates remain bounded,
i.e., the condition (1.5) is satisfied, then there exists kg > 0 such that
(7.10) 1@}, — Is|| = sl A(X k1),

whenever the elementary function hy = hl(CQ).

Proof. If v; ; and w; ; satisfy inequality (7.7), then inequality (7.10) can be proved
by a similar method as for [45, Lemma 7.2]. Otherwise, if we set [cos ¢, sin¢.]T =
v, ;/||vi ;|| and find 6, based on ¢., then

T2 cos ¢s + T3 sin ¢

| sin(46.)| = 2
\/(F12 COS ¢* —+ F13 sin ¢*)2 + % (Fll — F22 cos? ¢* — F33 SiIl2 qf)* — F23 SIH(Q(,ZS*))
~  2V/5Mrp 8v/5Mr 8\/Mp
Note that
|®F — I = 2v2 s1n( =) > £|bln(40 ).

We only need to set kg = 3 2%18\/11- in this case. The proof is complete. 0
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By Lemma 7.6, Lemma 7.8, inequalities (6.7) and (6.8), we can now easily get
the following result by setting ng = (kgtg)/M2.

COROLLARY 7.9. In Algorithm 1 for cost function (1.3), if the iterates remain
bounded, i.e., the condition (1.5) is satisfied, then

9(Xi-1) — 9(X) = ngl grad g(Xi—1)|?,

whenever the elementary function hy = hl(cQ).

8. Convergence analysis. In this section, based on the inequalities derived in
Sections 6 and 7, we will prove our main results about the global and weak convergence
of the BCD-G and Jacobi-G algorithms formulated in Subsection 2.1.

8.1. Convergence analysis of BCD-G algorithms. We now prove the fol-
lowing results about the global and weak convergence of BCD-G algorithms.

THEOREM 8.1. In BCD-GLU, BCD-GQU and BCD-GU algorithms for cost func-
tion (1.3), if the iterates remain bounded, i.e., the condition (1.5) is satisfied, then
the iterates {wy}r>1 converge to a point w..

Proof. We first prove the case of BCD-GLU algorithm. By Corollaries 6.7 and 6.9,
we see that

(8.1) 9(Xk-1) = 9(X) =2 min(op,orv)| grad g(Xp—1)[[[[ Xr — Xi-1l],

whenever the elementary function hy = h,(CD), h,(cU) or h;f). By the above inequality
(8.1) and Lemma 4.3, we have that

(8.2) flwi-1) = f(wk) > min(op, oLy, 0p)l grad fi, (wr—1)[llwr — wi—1]]

always holds in BCD-GLU algorithm, which is the inequality (3.11) in Lemma 3.4, if
we set 0 = min(op, oLy, 0p). Therefore, if w, is an accumulation point of the iterates
{wi}tk>1 produced by BCD-GLU algorithms, it is the limit point. Note that the
iterates {wy}r>1 remain bounded by condition (1.5). There exists an accumulation
point w, such that the iterates {wy}r>1 converge to w,.. For other two cases of
BCD-GQU and BCD-GU algorithms, by Lemma 4.3, Corollary 6.7, Corollary 6.9 and
Corollary 7.7, we can similarly prove that the inequality (3.11) is always satisfied,
if we set 0 = min(op,ory,00,0,) and min(op, oLy, op), respectively. The proof is
complete. 0

To help the readers better understand the proof of Theorem 8.1, we now summa-
rize in Figure 1 the proof structure of Theorem 8.1 for BCD-GLU algorithm. Other
two cases of BCD-GQU and BCD-GU algorithms are similar.

THEOREM 8.2. In BCD-GLU, BCD-GQU and BCD-GU algorithms for cost func-
tion (1.3), if the iterates remain bounded, i.e., the condition (1.5) is satisfied, and w,
is an accumulation point of the iterates {wy tr>1, then w. is a stationary point of the
cost function (1.3).

Proof. We first prove the case of BCD-GLU algorithm. By Corollary 6.11, we see
that

(8.3) 9(Xk-1) — 9(Xy) = min(np, nrv)|| grad g(X ,—1)|I?,
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Theorem 3.3 Inequality (2.3)
1
[Corollary 6.9 ]—»[Inequality (8.1)]—>[Inequality (8.2)]—»[ Theorem 8.1 ]

i

[ Lemma 6.8 ] [ Lemma 4.3 Ji

F1G. 1. Proof structure of Theorem 8.1 for BCD-GLU algorithm.

whenever the elementary function hy = h,(CD), h,(cU) or h;f). By the above inequality
(8.3) and Lemma 4.4, we have that

(8.4) flwi-1) = f(wr) = min(np, nrv,m,)|| grad fo, (wi-1)]?

always holds in BCD-GLU algorithm, which is the inequality (3.12) in Lemma 3.5,
if we set n = min(np,nLv,np). Therefore, if w, is an accumulation point of the
iterates {wy}tr>1 produced by BCD-GLU algorithm, then w, is a stationary point.
For other two cases of BCD-GQU and BCD-GU algorithms, by Corollary 6.11 and
Corollary 7.9, we can similarly prove that the inequality (3.12) is always satisfied,
if we set n = min(np,nrv,ng,np) and min(np, nLy,np), respectively. The proof is
complete. ]

To help the readers better understand the proof of Theorem 8.2, we now summa-
rize in Figure 2 the proof structure of Theorem 8.2 for BCD-GLU algorithm. Other
two cases of BCD-GQU and BCD-GU algorithms are similar.

[ Lemma 6.6 ] [ Lemma 6.10 ] [Inequality (2.3)]7
1

HCorollary 6.11] [ Lemma 4.4 ] Lemma 3.5

i ¥
[ Lemma 6.8 ] [Inequality (8.3)]—>[Inequality (8.4)]—)[ Theorem 8.2 ]

F1a. 2. Proof structure of Theorem 8.2 for BCD-GLU algorithm.

8.2. Convergence analysis of Jacobi-G algorithms. Similar as in Subsec-
tion 8.1, we have the following results about the global and weak convergence of
Jacobi-G algorithms. We omit the detailed proofs here.

THEOREM 8.3. In Jacobi-GLU and Jacobi-GQU algorithms for cost function (1.4),
if the iterates remain bounded, i.e., the condition (1.6) is satisfied, then the iterates
{X 1 }i>1 converge to a point X .

THEOREM 8.4. In Jacobi-GLU and Jacobi-GQU algorithms for cost function (1.4),
if the iterates remain bounded, i.e., the condition (1.6) is satisfied, and X . is an ac-

cumulation point of the iterates { X i }r>1, then X . is a stationary point of the cost
function (1.4).
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Remark 8.5. We propose two natural variants of Jacobi-GLU and Jacobi-GQU
algorithms, which will be called Jacobi-GLU-M and Jacobi-GQU-M algorithms, re-
spectively. In these two algorithms, in each iteration, among all the index pairs (i, ji)
and elementary functions hy, satisfying inequality (5.3), we choose (i, jx) and hy such
that the cost function obtains the largest reduction. It is clear that Theorems 8.3
and 8.4 also apply to these two new variants.

Remark 8.6. In Jacobi-GLU and Jacobi-GQU algorithms, a more natural way of
choosing the index pair (ix, jx) is according to a cyclic ordering. In fact, this cyclic
way has often been used in the literature [36, 42, 46]. In this case, we call them the
Jacobi-CLU and Jacobi-CQU algorithms, respectively.

9. Numerical experiments. In the BCD-G and Jacobi-G algorithms of this
paper, there exist several parameters to be adjusted, including the positive constant
v in inequality (2.3), the stepsize t;x_; in equation (4.6), the positive constant ¢ in
inequality (5.3), sp > 0 in Update rule 6.5, and ¢g > 0 in Update rule 7.3. In this
section, we choose different values for the positive constant € in inequality (5.3), while
fixing other parameters as small positive constants. We set (-)* = (-)" in both the
cost functions (1.3) and (1.4). All the algorithms run at most 1000 iterations. All the
randomly generated complex matrices are uniformly distributed. All the computations
are done usinMAT LAB R2019a. The numerical experiments are conducted on a PC
with an Intel® Core™ i5 CPU at 2.11 GHz and 8.00 GB of RAM in 64bt Windows
operation system.

Ezxample 9.1. For the following sets of complex matrices, we run BCD-GLU and
BCD-GQU algorithms to minimize the cost function (1.3). The values of cost function
(1.3) in the iterations are shown in Figure 3. The positive constant v in inequality
(2.3) is fixed to 0.001. For the positive constant € in inequality (5.3), we choose
different values. For example, BCD-GLU 0.5 means the BCD-GLU algorithm with

e=0.5 ﬁ If e = 0, we denote the BCD-GLU and BCD-GQU algorithms by

BCD-CLU and BCD-CQU, respectively. The starting point is wo = (L xm, Lm)-

(i) We set n = 5, m = 3, and randomly generate complex matrices { A;}1<p<3 C C**5.
(ii) We set n = 10, m = 8, randomly generate a complex matrix X € C!°*19 and set
AW = X"(I 1o+ efe))X for 1 <0 <5.

(iii) We set n = 10, m = 8, randomly generate a complex upper triangular matrix
X € UT;o(C), complex diagonal matrices {D;}1<i<5 € C*10 and set A0 =
X"D,X for1 <¢<5.

(iv) We set n = 10, m = 8, randomly generate a complex nonsingular matrix X €
SLio(C), complex diagonal matrices {Dy}1<,<5 € C19%19 and set AY = x"D,x
for 1 </ <5.

Ezxample 9.2. For the following sets of complex matrices, we run eight Jacobi-
type algorithms to minimize the cost function (1.4). Here, we denote by Jacobi-GQ
the gradient-based Jacobi-type algorithm on the unitary group proposed in [45], and
by Jacobi-CQ the Jacobi-type algorithm on the unitary group with a cyclic ordering.
Note that Jacobi-GQ and Jacobi-CQ find the iterates only in U,,(C), not in SL,,(C).
The values of cost function (1.4) in the iterations are shown in Figure 4. We choose
the starting point Xg = I,,.

(i) We randomly generate two complex matrices {A;}1<p<2 € C*5.
(ii) We randomly generate a complex matrix X € C0*0 and set A = X"(I;o +
eje) X for 1 </ <10.
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From the above numerical experiments, we can see that: (i) in Example 9.1, com-
pared with BCD-GLU algorithms, the BCD-GQU algorithms generally have better
performances; (ii) in Example 9.2, compared with Jacobi-GQU algorithms, the Jacobi-
GLU algorithms generally have better performances; (iii) in Example 9.2, compared
with the Jacobi-GQ and Jacobi-CQ algorithms on U,,(C), the Jacobi-type algorithms
on SL,,(C) considered in this paper always obtain much smaller cost function values,
and they also need more iterations to attain steady state values of cost functions.

10. Conclusions. In this paper, to solve JADM problem (1.1), which is impor-
tant in BSS problem, we formulate two different equivalent formulations, i.e., prob-
lem (1.3) defined on St(m,n,C) x SL,,(C), and problem (1.4) defined on SL,,(C).
Then, for these two approaches, based on the Riemannian gradients, we propose three
BCD-G algorithms and two Jacobi-G algorithms, and establish their global and weak
convergence, under the condition that the iterates are bounded. An interesting ques-
tion is, in the BCD-G and Jacobi-G algorithms, whether one can find a method to
guarantee both the boundedness of the iterates and the inequalities (3.11) and (3.12)
for global and weak convergence. If so, then one can get rid of the dependence of
convergence results on the condition that the iterates are bounded.

Appendix A. Proofs in Section 5. Before the proof of Lemma 5.1, we need
to show a lemma, which is similar as equation (3.9) and can be directly obtained from
[3, Eq. (3.31)].

LEMMA A.1. Let exp : C**2 — GLy(C) be the matriz exponential function [3, 8,
20] sending A to exp(A).

(i) If h : SU5(C) — R is a differentiable function and A € suy(C) = Tr,SUs(C), we
have that

(A1) (A, grad h(I2)), = (ih(exp(tA)))

t=0

(i) If h : SUT3(C) — R is a differentiable function and A € suty(C) = T1,SUT2(C),
we have the relationship (A.1).

(i11) If h : SLT3(C) — R is a differentiable function and A € slty(C) = Tr,SLT2(C),
we have the relationship (A.1).

() If h : D3(C) — R is a differentiable function and A € 05(C) = T7,Dy(C), we
have the relationship (A.1).

Proof of Lemma 5.1. Define a projection operator P; ; : C™*™ — C2*2 extract-
ing a submatrix of X € C™ ™ as in [45, Eq. (3.7)], and P, : C*** — Cm™*™

the conjugate operator. For the elementary function hEQ)) x defined in (5.1), if
A € s5uy(C) = Tr,SU(C), we have that

(A, grad hEg;),X(Iz» ( d h(Q) (exp(tA))> (by Lemma A.1(i))

dt
_ d (i,7,exp(tA)) _ d T
- (GoxQUammean))| - (Lomox(xPlam)|

= <XPi7j(A)7gradg(X)>X (by equation (3.9)) = (A, P; ;j(A))1,,

t=0

where Exp y is the map defined in (3.8). Note that A € suy(C) and grad hg?;) x(I2) €

suy(C). The result can be obtained by direct calculations. For other three elementary

functions hEzI'],J)'LX’ hF)

and h'P , similar as the above case, we can obtain the
(4,9),X (4 J )X
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results by Lemma A.1(ii), Lemma A.1(iii) and Lemma A.1(iv), respectively. The
proof is complete. 0

We need a simple lemma before the proofs of Proposition 5.3 and Proposition 5.4.

LEMMA A.2. (i) If 21,25 € C, then

3-+5
2

(i) If {zi}1<i<m C C satisfy 32 o, 2 = 0, then

Z lzi — zjP =m Z | 2%

1<i<j<m 1<i<m

|21 — 20|® + [22]* > (Iz1* + |22]?).

Proof of Proposition 5.3. (i) We first prove the existence of such an index pair
(ik, jr) and an elementary function hy in Subalgorithm la. By Lemma 5.2, Lemma A.2
and A = A(X_1) € sl,,(C), we have that

> (Ion7 @)l + 08" (1) 2 + o) (12)))

1<ip <jr<m
= Z (|Aikjk|2 + |Ajlcik|2) +m Z |A1k2k‘2 2 HA”2
1<ip <jr<m 1<ig<m

Therefore, there exist an index pair (i, ji) and an elementary function hy, = h,(cU)7 h,(CL)

or AP such that 3m(m — 1)[|0hy(I2)|> > | A>
(ii) We now prove the existence in Subalgorithm 1b. Similar as above, we get that

> (Ion@ @) + [on (@)1 + 0" (12)]2)

1<ip <jr<m
= Z (lA:ka - Ajkik |2 + |A’ijk |2 + |Aikik - Ajkjk |2)
1<ig<jr<m
3-v6 3-v6
>S5 Y (el AP +m Y Al = S AR
1<ip<jr<m 1<ixp<m
Therefore, there exists an index pair (i, jx) and an elementary function hy = h,(CQ), h,(cU)
or h,(CD) such that 3_3\/5m(m —1)||0hx(I2)]|? > ||Al|*. The proof is complete. 0

Proof of Proposition 5.4. Note that the starting point X € EUT,, (C) in Subal-
gorithm lc. We see that X € EUT,,(C) for all £ € N. By Lemma 5.2, Lemma A.2
and A = A(Xj_1) € eut,,,(C), we get that

S (Iln @)l +1onP @)= 3 (Al + A, = )

1<ip<jp<m 1<ip<jr<m
= > gm0 [Nl = AR
1<ig<jg<m 1<ip<m

Therefore, there exist an index pair (ix, ji) and an elementary function hy = h,(CU) or
h,(cD) such that m(m — 1)||0hs(I2)]|> > ||A]|?>. The proof is complete. 0

Appendix B. Proofs in Section 6.
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Proof of Lemma 6.6. We now prove the inequality (6.6) by Lemma 6.2(iii) in
three different cases shown in Update rule 6.5.

e If vy = v =0, it is clear that the inequality (6.6) is satisfied for any ¢p > 0.

e If w e [0,5p), we get that

BP(1,0) = ) = (1 - 1) = S o (1,0)
3(1 — dw)e 3(1 —4w)e V5

T IA(X k=1)|l = WTHA(X/C—I)”
SUAD)E )\ (x, )1 - Ll > 20 A x, e - L)

T 4/5(1-w) 45

e Ifwe (— —|—oo] we similarly get the above inequality.
o Ifwe [cD, -, it is easy to verify that

4
\VSD
(B.1) \/47172 > N (V7 +v72)-
Then, we get that
1 v — V|
AP (1,0) — hP) (2%, yr) = - 2= 100 (1,0)|
o (L0) = kg (@ vk) = (Vi = v2)” = 510k )\ﬁJr\/72
4 p—
> VLA YL Gy cquation (5.1)
4 V172
>€V4§D||A( ”‘\/7 \/%‘ (\/7+\/%)
-4 V2
4
€v/SD . e\/SD
2 = IAXk-1)llz} — 1] 32— AKX ) — Il
Ty,
Now we set ¢p = min( (14\4;’3)6, EF) The proof is complete. d

Proof of Lemma 6.8. We prove that the inequality (6.10) is satisfied in two cases.
o If hy = h,(cU), by Lemma 6.2(i), we see that

1
9(X 1) = 9(X) = 07 (0,0) = (i, ) = (03 +af)
1 U * * € *
= L1on .0l 5 = S IAK )15~ Loll
o If hy = h,(CL), by Lemma 6.2(ii), we see that

9(Xi1) — 9(Xx) = h(0,0) — {7 (wh v) = — (B2 + B2)

B1
Lo (L) . .
= 10,7 (0, )1l (=, i) |l = §||A<kal>||“‘I’k - I,

Now we set tzyy = 5. The proof is complete. 0
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where M, is a fixed positive constant always satisfying || < M. The case hy, = hy,
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Proof of Lemma 6.10. If hy = h;cU), we have

U
a3+ a3 _ [lom”(0.0))* _ &

AXp_1)|?
pra e Z e [A(X k1)

15 — Io||* =

(L)

is similar. Now we prove the hy = h,(cD) case. If w € [0,¢p), we have that

5 g2
1052 (1,0)[12 > 2 —— || A(X 51>
k 44M3

) 1

)
U LP=S>c -
W= Bl =72 179

The case w € (é, +00] is similar. If w € [sp, é], we have

2 2 (D) 2 2
* * 7i(l — @) |0k, (1,0)]] € 2
1@} — I|* > (1—=7)* > = > IA(X 1),
k k M2M2, AMZMZ, AMZMZ,

where M, is a fixed positive constant always satisfying (1 4+ /@)(1 4+ v/@) < M.
We only need to set x? to be the minimum of all the above corresponding positive
constants. The proof is complete. 0
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