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Abstract

The problem of optimizing a quadratic form over an orthogonality constraint (QP-OC
for short) is one of the most fundamental matrix optimization problems and arises in many
applications. In this paper, we characterize the growth behavior of the objective function
around the critical points of the QP-OC problem and demonstrate how such characterization
can be used to obtain strong convergence rate results for iterative methods that exploit
the manifold structure of the orthogonality constraint (i.e., the Stiefel manifold) to find a
critical point of the problem. Specifically, our primary contribution is to show that the
Lojasiewicz exponent at any critical point of the QP-OC problem is 1/2. Such a result is
significant, as it expands the currently very limited repertoire of optimization problems for
which the Lojasiewicz exponent is explicitly known. Moreover, it allows us to show, in a
unified manner and for the first time, that a large family of retraction-based line-search
methods will converge linearly to a critical point of the QP-OC problem. Then, as our
secondary contribution, we propose a stochastic variance-reduced gradient (SVRG) method
called Stiefel-SVRG for solving the QP-OC problem and present a novel Lojasiewicz inequality-
based linear convergence analysis of the method. An important feature of Stiefel-SVRG is
that it allows for general retractions and does not require the computation of any vector
transport on the Stiefel manifold. As such, it is computationally more advantageous than
other recently-proposed SVRG-type algorithms for manifold optimization.

*A preliminary version of this work has appeared in the Proceedings of the 33rd International Conference on
Machine Learning (ICML 2016), 2016 [25]. This research is supported in part by the Hong Kong Research Grants
Council (RGC) General Research Fund (GRF) Projects CUHK 14205314, CUHK 14206814, and CUHK 14208117.

TDepartment of Systems Engineering and Engineering Management, The Chinese University of Hong Kong,
Shatin, N. T., Hong Kong. E-mail: hkliu@se.cuhk.edu.hk

fDepartment of Systems Engineering and Engineering Management, and, by courtesy, CUHK-BGI Inno-
vation Institute of Trans-omics, The Chinese University of Hong Kong, Shatin, N. T., Hong Kong. E-mail:
manchoso@se.cuhk.edu.hk

$Department of Systems Engineering and Engineering Management, The Chinese University of Hong Kong,
Shatin, N. T., Hong Kong. E-mail: janewunju®@gmail.com



1 Introduction

Quadratic optimization problems with orthogonality constraints constitute an important class
of matrix optimization problems that have found applications in many areas of science and
engineering, such as combinatorial optimization [44], data mining [22], dynamical systems [35],
multivariate statistical analysis [6, 57], numerical linear algebra [36], and signal processing [31, 1],
just to mention a few. Perhaps the simplest form of such problems is

. o T _
cin {F(X)=tr (X"AXB)}, (QP-0CQ)

where St(m,n) = {X € R™*" | XTX = I,,} (with m > n and I,, being the n X n identity matrix)
is the compact Stiefel manifold and A € R™*™ B € R™*" are given symmetric matrices. One
approach to tackling Problem (QP-OC) is to exploit the manifold structure of the constraint
set St(m,n) and use retraction-based line-search methods. Roughly speaking, these methods
generate iterates according to the formula

X’C‘*‘l:R(Xk,ak&k) for k=0,1,..., (1)

where oy > 0 is the step size, £¥ is a descent direction in the tangent space to St(m,n) at X*,
and R(XF,.) is a function that maps a vector in the tangent space to St(m,n) at X* into a point
on St(m,n). By definition, all the iterates produced by (1) are feasible for Problem (QP-OC).
However, the choice of step sizes {ay }x>0, search directions {¢¥};>0, and the retraction R will
affect the convergence and efficiency of the resulting method. For the general problem of optimi-
zing a smooth function over the Stiefel manifold (which includes Problem (QP-OC) as a special
case), various choices have been proposed over the years; see, e.g., [1, 3, 4, 55, 19] and the refe-
rences therein. Although most of the resulting methods are known to be convergent, very little
is known about their convergence rates, even when they are applied to the much more structured
problem (QP-OC). In some early works (see, e.g., [43, 53, 56]), several line-search methods for
optimizing a smooth function over a Riemannian manifold were considered. It was shown that if
the methods in question converge to a non-degenerate critical point, then the convergence rate is
linear. However, a non-degenerate critical point is necessarily isolated. For general instances of
Problem (QP-OC), such a critical point may not exist. Even if it does, it is generally impossible
to ensure a priori that the aforementioned methods will converge to one. Therefore, the linear
convergence results obtained for Problem (QP-OC) via this line of argument are not entirely
satisfactory. Later, Absil et al. [3, Theorem 4.6.3] considered Problem (QP-OC) with n =1 and
B = I,, = 1 (which corresponds to minimizing the Rayleigh quotient on the unit sphere in R™)
and showed that a certain line-search method will converge linearly to an eigenvector associated
with the smallest eigenvalue A of A, provided that A has multiplicity one. However, it is not clear
how to extend this result to cover the case where n > 1 and/or the multiplicity of A is greater
than one.

Part of the difficulty in analyzing the convergence rates of line-search methods of the form (1)
is due to the fact that optimization problems over the Stiefel manifold (such as Problem (QP-OC))
is non-convex in general, and much of the existing analysis machinery relies on convexity in a
crucial manner. Recently, two different approaches have been developed in an attempt to circum-
vent such difficulty. The first proceeds by showing that the objective function, when restricted to



a suitable neighborhood of a globally optimal solution, possesses nice growth properties and then
using such properties to establish the convergence rate of a properly initialized iterative method.
This approach has been employed to study a wide variety of structured non-convex optimization
problems, including dictionary learning [5, 49, 50], matrix completion and sensing [16, 60, 51],
phase retrieval [10, 34, 48], phase synchronization [26, 61], and tensor decomposition and fac-
torization [18, 52]. In the context of Problem (QP-OC), such an approach was first pursued by
Shamir [41, 42], who considered the case where A is negative semidefinite and B = I,, (which
corresponds to the Principal Component Analysis (PCA) problem). He proposed a stochastic
method for solving the problem and showed that under certain assumptions on the multiplicities
of the eigenvalues of A and on the boundedness of A, the method, when properly initialized,
will converge linearly to a matrix whose columns are the top n eigenvectors of A with high pro-
bability. However, Shamir’s approach does not apply to Problem (QP-OC) in its full generality
(i.e., when A is not negative semidefinite and/or B # I,,). Moreover, it is not clear whether the
assumptions on A are necessary for linear convergence or are simply artifacts of the analysis.

The second approach to analyzing the convergence rates of iterative methods in the non-
convex setting is to use a so-called Lojasiewicz inequality; see, e.g., [2, 32, 38]. Roughly speaking,
a Lojasiewicz inequality holds at a point if the growth of the objective function around that
point can be bounded by a certain exponent (called the Lojasiewicz exponent) of the norm of
the objective function gradient. In particular, a Lojasiewicz inequality can be regarded as a
regularity condition that is related to various forms of error bounds (see, e.g., [7, 24]) — the
latter have featured prominently in the convergence rate analysis of iterative methods (see,
e.g., [30, 27, 17, 63, 8, 24, 26, 46, 62]). Moreover, it plays a fundamental role in understanding
the asymptotic behavior of discrete and continuous dynamical systems; see, e.g., [7, 32, 13] and
the references therein. For the problem of optimizing a real-analytic function over a compact real-
analytic submanifold (such as Problem (QP-OC)), it is well known that a Lojasiewicz inequality
holds at each of the critical points, with possibly different Lojasiewicz exponents at different
critical points. Moreover, the iterates generated by a host of retraction-based line-search methods
will converge to a critical point, and the convergence rate can be inferred directly from the
Lojasiewicz exponent at that particular critical point. (We refer the reader to [38] for details
of these results.) Compared with the first approach, this second, Lojasiewicz inequality-based
approach provides insights into the behavior of the objective function around not just the globally
optimal solutions but also the critical points, thus opening up the possibility of determining the
convergence rate of an iterative method even if it is initialized arbitrarily. However, powerful as
it may seem, the Lojasiewicz inequality-based approach has a severe limitation: Most existing
proofs of the Lojasiewicz inequality only guarantee the existence of the Lojasiewicz exponent
but do not offer any clue on how to estimate its value. Without such an estimate, one cannot
even determine whether a given iterative method converges sublinearly or linearly. To the best
of our knowledge, estimates of the Lojasiewicz exponent are available only for certain structured
convex optimization problems [24], non-convex quadratic optimization problems with simple
convex constraints (such as a ball or a polyhedron) [28, 29, 14, 24], and general polynomial
optimization problems [23]. However, these three classes of results do not shed any light on
Problem (QP-OC), as the first two apply only to problems with some convexity properties, while
the third gives estimates that depend on the dimensions of the problem and lead to very weak
convergence rate guarantees.

In view of the above discussion, our goal in this paper is to characterize the growth behavior



of the objective function of Problem (QP-OC) around all critical points and demonstrate how
such characterization can be used to gain a better understanding of the convergence rates of
a wide range of iterative methods for solving Problem (QP-OC). Our primary contribution
is to show that all critical points of Problem (QP-OC) have the same Lojasiewicz exponent
and to determine its exact value. Such a result is significant, as it expands the currently very
limited repertoire of optimization problems for which the Lojasiewicz exponent is known and
contributes to the growing literature on the geometry of structured non-convex optimization
problems. A crucial step in our analysis is to establish a local Lipschitzian error bound for
the non-convez set of critical points of Problem (QP-OC). Once such error bound is available,
it is rather straightforward to derive the value of the Lojasiewicz exponent. We should point
out that the aforementioned error bound is considerably more difficult to establish than those
in [30, 63, 46, 62], as neither the objective function nor the constraint of Problem (QP-OC) is
convex. Thus, it could be of independent interest.

After characterizing the Lojasiewicz exponent at the critical points of Problem (QP-OC), we
proceed to study the algorithmic consequences of such characterization. To begin, we specialize
the convergence analysis framework in [38] to our setting and show, in a unified manner and for
the first time, that various retraction-based line-search methods for solving Problem (QP-OC)
will converge linearly to a critical point. Our linear convergence result does not require any
assumptions on A and B. In particular, it holds for all instances of Problem (QP-OC), even for
those whose critical points are not isolated. Thus, it yields a qualitative improvement upon the
results in [3, 41, 42]. Furthermore, we provide a quantitative description of how the convergence
rate depends on the retraction used, which, to the best of our knowledge, is new. Next, we
explore the possibility of analyzing the convergence rates of iterative methods that do not fall
under the framework in [38]. This is motivated by the fact that the framework in [38] only co-
vers deterministic descent methods, which potentially precludes many efficient iterative schemes;
cf. [46] in the context of unconstrained smooth convex minimization. As our secondary contri-
bution, we propose a stochastic variance-reduced gradient (SVRG) method called Stiefel-SVRG
for solving Problem (QP-OC) and present a novel Lojasiewicz inequality-based linear conver-
gence analysis of the method. Compared with other recently-proposed SVRG-type algorithms
for manifold optimization (such as those in [58, 37]), Stiefel-SVRG is computationally more ad-
vantageous, as it allows for more general retractions and does not require the computation of
any vector transport on the Stiefel manifold. Moreover, our convergence analysis of Stiefel-SVRG
is much stronger than those for other manifold SVRG-type algorithms in prior works, thanks to
our characterization of the Lojasiewicz exponent for Problem (QP-OC).

The rest of this paper is organized as follows. In Section 2, we review some basic concepts in
manifold optimization that are essential to our study and introduce the Lojasiewicz inequality
for Problem (QP-OC). Then, in Section 3, we characterize the Lojasiewicz exponent at all
critical points of Problem (QP-OC). In Section 4, we consider different retraction-based methods
for solving Problem (QP-OC) and show how our main result implies their linear convergence.
Lastly, we end with some closing remarks in Section 5.

Besides the notations introduced earlier, we shall use S™ to denote the set of n x n symmetric
matrices; O" to denote the set of n xn orthogonal matrices (in particular, we have O™ = St(n,n));

P™ to denote the set of n x n permutation matrices; Diag(zy,...,x,) to denote the diagonal
matrix with x1,...,x, on the diagonal; BlkDiag(Y1,...,Y,) to denote the block diagonal matrix
whose diagonal blocks are Y7,...,Y,. Given a matrix Y € R™*" and a non-empty closed set



X Cc R™*" we shall use ||Y||, [|Y]|#, ||Y ||« to denote the spectral norm, Frobenius norm, Schatten
1-norm (also known as nuclear norm) of Y, respectively, and dist(Y, X') = minxey || X — Y||F to
denote the Euclidean distance of Y to A'. Other notations are standard.

2 Preliminaries

Let us begin with some basic definitions and concepts. We view St(m,n) as an embedded subma-
nifold of R™*" with the inherited Riemannian metric (-,-) given by (X,Y) = tr (X*Y'). For any

X € St(m,n), the tangent space to St(m,n) at X is given by T'(X) = {Y ceR™" | XTY + YTX = 0}.
The Buclidean gradient of F(X) = tr (XTAXB) is VF(X) = 2AXB. Its orthogonal projection

onto T'(X), called the projected gradient of F(X) and denoted by grad F/(X), can be calculated

as

grad F(X) = (I, - XXT) VF(X) + %X (XTVF(X) - VF(X)"X)

=2AXB - XXTAXB - XBXTAX;
see, e.g., [3, Example 3.6.2]. The set of critical points of Problem (QP-OC) is then defined as
X ={X € St(m,n) | grad F(X) = 0} .

For our subsequent development, the following alternative descriptions of X will be useful:
Proposition 1 Let X € St(m,n) be given. Then, the following are equivalent:

(i) grad F(X) = 0.

(ii) VF(X) - XVF(X)T'X = 0.

(iti) For any p € R, Dy(X) =VF(X) - X (2p0VF(X)TX + (1-2p)XTVF(X)) = 0.

() There exists a p # 0 such that D,(X) = 0.

Proof Observe that

grad F(X) = <Im - ;XXT> VF(X) - %XVF(X)TX

— <1m _ ;XXT> (VF(X) - XVF(X)TX). (2)

Thus, the equivalence between (i) and (ii) follows from the invertibility of I,,, — (1/2)XX7T.
Next, suppose that (ii) holds. Since X € St(m,n), we have X7'VF(X) = VF(X)TX. It
follows that for any p € R,

D,(X)=VF(X)-X 2pVF(X)"X + (1 - 2p)VF(X)"X) = 0;

i.e., (iii) holds. Conversely, suppose that (iii) holds. By taking p = 1/2, we have D, 5(X) =
VF(X)—- XVF(X)'X = 0; i.., (i) holds. We remark that in [19, Lemma 2.1], it is mentioned
that (ii) is equivalent to D,(X) = 0 for all p > 0. However, as the proof above shows, the
equivalence actually holds for any p € R.



Lastly, observe that
Dy(X) = (In, — XXT)VF(X) — 2pX (VF(X)"X — XTVF(X))
and
(I, — XXT)VF(X),X (VF(X)'X - XTVF(X))) =0.

Hence, if p # 0, then D,(X) = 0if and only if (1,, - X XT)VF(X) = X (VF(X)'X - XTVF(X)) =
0. This establishes the equivalence between (iii) and (iv). 0

While Proposition 1 provides different characterizations of X', a deep and far-reaching result
of Lojasiewicz provides a way to characterize the growth behavior of F' around each critical point
in X. Specifically, for each X* € X, there exist 4,7 > 0 and 6 € (0, 1/2] such that

|F(X) = F(X)|"" < - ||lgrad F(X)||p (3)

holds for all X € St(m,n) satisfying ||X — X*||r < 0 (note that in general d,7,60 depend on
X™); see [38, Section 2.2]. In particular, the inequality (3), known as the Lojasiewicz inequality
for Problem (QP-OC), shows that the growth of F' around X* can be controlled by ||grad F||r.
Furthermore, Proposition 1 suggests that the said growth can also be controlled by | D,| .
Indeed, for any given p # 0, the inequality (3) can be equivalently formulated as

|F(X) = F(X")["0 <7+ |1Dpy(X) | (4)
for some 77 > 0. This is a simple consequence of the following result:

Proposition 2 Let X € St(m,n) and p # 0 be given. Then,

1 1 1
Z mi — L. < < N .
in {15 b 1D, (0 < lsrad FOO < meax {1, 51 4 10,0001
Proof Let C,(X) = I, — (1 —2p)XXT. It is easy to verify that
D,(X) = Cy(X) (VF(X) - XVF(X)TX). 6

Moreover, since the eigenvalues of X X7 are either 0 or 1, we see that C,(X) is invertible for any
p # 0. It follows from (2) that for any p # 0,

1
grad F(X) = <Im — 2XXT> Co(X)'D,(X).
In particular, we have

Jerad PO = | (1 = 3XX7) G0 D, (3)

< max{l,l} NDp(X)

F 2|p|

and

1 —1
1D, ()F = ||Cp(X) (Im—2xxT) grad F(X)|| < 2max{L,2p]} - [grad F(X)] r-

F



This completes the proof. O

It is well known (see, e.g., [38]) that the Lojasiewicz inequality (3) implies the sublinear
(resp. linear) convergence of a host of retraction-based line-search methods if § € (0,1/2)
(resp. # = 1/2). Unfortunately, the value of 6, known as the Lojasiewicz exponent for Pro-
blem (QP-OC), is not known. Thus, it is natural to ask whether one can give a good estimate of
0. As is evident from our prior discussion, such an estimate will be of interest to both mathe-
matical analysis and numerical optimization communities.

3 Characterizing the Lojasiewicz Exponent for Problem (QP-OC)

In view of Proposition 2 and the remarks preceding it, to address the above question, it suffices
to focus on formulation (4) of the Lojasiewicz inequality for Problem (QP-OC) with p > 0. Thus,
let p > 0 be fixed throughout this section. The main contribution of this paper is the following
theorem:

Theorem 1 (Lojasiewicz Inequality for Problem (QP-OC)) There exist 6 € (0,/2/2) andn >0
such that for all X € St(m,n) and X* € X with || X — X*||p <0,

[F(X) = F(XY2 < | Dp(X)l g

Theorem 1 is significant because it not only reveals that the constants d,7,6 in (4) can be made
uniform over all critical points X* € X but also establishes the fact that the Lojasiewicz exponent
at any critical point is 1/2. We remark that the value 1/2 is the best possible, as the Lojasiewicz
exponent 6 satisfies 6 € (0,1/2]; see [38, Footnote 2] and (4). To prove Theorem 1, our strategy
is to first establish a related result, which states that X € St(m,n) is in fact close to X when
|D,(X)||F is small. Specifically, we have the following theorem:

Theorem 2 (Local Error Bound for Problem (QP-OC)) There exist § € (0,1) and n > 0 such
that for all X € St(m,n) with dist(X,X') <9,

dist(X, X) < n- | Dp(X)]| -

The error bound in Theorem 2 is reminiscent of those that have appeared in the recent literature
(see, e.g., [63, 26, 46, 62] and the references therein). However, the particular structure of
Problem (QP-OC) gives rise to a number of analysis challenges that are not present in prior
studies. As such, some new ideas are needed to establish Theorem 2.

Although Theorem 2 is a local result in the sense that it only holds for points lying in a
neighborhood of the set of critical points X, it can be globalized with minimal extra effort. Spe-
cifically, we have the following corollary, which will come in handy when we study the convergence
behavior of Stiefel-SVRG in Section 4.2:

Corollary 1 (Global Error Bound for Problem (QP-OC)) There exists an 77 > 0 such that for
all X € St(m,n),
dist(X, X) < 7+ [ Dy(X) |



Proof Let § € (0,1) and n > 0 be the constants given in Theorem 2. Consider the set
Y =A{Y € St(m,n) | dist(Y, X) >4} .

By the definition of & and Proposition 1, we have ||D,(X)|r > 0 for all X € ). Hence,
by the continuity of X — | D,(X)|r and the compactness of ), there exists an £ > 0 such
that ||D,(X)||p > ¢ for all X € Y. On the other hand, we have [|[X — Y| r < 2y/n for all
X,Y € St(m,n). It follows that

st (X, %) < 2y < 221D, () |

for all X € ). This, together with Theorem 2, implies the desired result with 77 = max {n, 2y/n/(}.
g

The proofs of Theorems 1 and 2 will be given in Sections 3.2 and 3.1, respectively. As
the proofs are quite technical and tedious, readers who are more interested in the algorithmic
consequences of Theorem 1 can skip ahead to Section 4.

3.1 Proof of Theorem 2
3.1.1 Preliminary Observations

Let A= UAZAUZ; and B = UBEBU}F’; be spectral c}ecomgositions of A z}nd B, respectively. It is
straightforward to verify that tr (XTAXB) =tr (XTZAXEB), where X = UgXUB € St(m,n).
Thus, we may assume without loss of generality that

A = Diag(ay,...,an) € S™ and B = Diag(by,...,b,) € S", (6)
where a1 > a3 > -+ > ay, and by > by > --- > b,. By Proposition 1, we can write

X ={X €St(m,n) | AXB - XBXTAX =0}. (7)
Since
_ 1
[VF(X) = XVFCOTX] = 16,0 D0l < max {1, 3} 1D, (3
by (5) and VF(X) = 2AX B, in order to prove Theorem 2, it suffices to prove the following:
Theorem 2°. There existd € (0,1) andn > 0 such that for all X € St(m,n) with dist(X, X) <4,
dist(X,X) <n-||[AXB - XBXTAX|,.

3.1.2 Characterizing the Set of Critical Points when B has Full Rank

Consider first the case where B has full rank; i.e., b; #0 for i = 1,...,n. Let ny and np be the
number of distinct eigenvalues of A and B, respectively. We assume that ny > 2 (for otherwise
the objective function is identically constant and Theorems 1 and 2 will be trivial because then



every X € St(m,n) is stationary) and np > 1. Then, there exist indices sg,s1,...,sp, and
to,t1,...,tpy suchthat 0 =59 <51 < - <sp, =mand 0=ty <t; <--- <tp, =n, and

a80+1:...:a81>a81+1:...:a82>...>aSnA_1+1:...:asnA’

bto+1:"':bt1>bt1+1:"':bt2>"'>btnB,1+1:"‘:btnB‘

In particular, we see from (6) that A € 8™ and B € 8" can be expressed as

A Bﬂdﬁag(aﬂfﬂ_&”.”,a&AI%A_&mfl), (8)

B = Bﬂdﬁag(bhlﬁ,m,”.,mthnB,%B_l), 9)
respectively. Now, let Uy,...,U,, and Vi,...,V,, be the eigenspaces of A and B, respectively.
Note that dim(U;) = s; —s;—1 fori =1,...,n4 and dim(V}) =t; —t;_1 for j = 1,...,np. Define

nA

Zhi:n’ hi €{0,1,...,8 —si—1} forizl,...,nA}.

=1

H= {(h1,---,hnA)

In addition, given any h = (hy,...,hy,) € H, define

El(h) = [68¢71+1 T esi—1+hi] € R™<hi - for § = 1,...,ma4,
E(h) = [Ei(h) -+ En,(R)] € R™, (10)

where {e;}", is the standard basis of R™. Informally, we are going to choose h; eigenvectors
from the eigenspace U; of A and the matrix E;(h) is used to extract those eigenvectors from U,
where i = 1,...,n4. When written explicitly, the matrix E(h) takes the form

Iy,
O(Sl—so—hl)Xhl

I,
BE(h) = 0(sy—s1—ho) xhy . (11)

I,

0

SnA_SnAfl_hnA)thA

Using the above definitions, we can characterize the set of critical points of Problem (QP-OC)
as follows:

Proposition 3 Fvery X € X can be expressed as

X = BlkDiag(Py, ..., P,,) - E(h) - 11 - BlkDiag (Q ,..., Q) (12)
for some P, € O%%i-1 ((=1,....n4), Q; € O~ %-1 (j=1,....,np), h € H, and Il € P".
Before we prove Proposition 3, some remarks are in order.

Remark 1



(a) Essentially, Proposition 3 states that every X € X can be factorized as X = PQT,
where P € St(m,n), @ € O", and the columns of P (resp. Q) are eigenvectors of A
(resp. B). Indeed, observe that for i = 1,...,n4, the (s;—1 + 1)-st to s;-th columns of
BlkDiag(Px,. .., P,,) form an orthonormal basis of U;. Similarly, for j = 1,...,np, the
(tj—1 + 1)-st to tj-th columns of BlkDiag(Q1,...,Qny) form an orthonormal basis of V.
The matriz E(h) extracts n columns from BlkDiag(Pi, ..., P, ,) to form P.

(b) A result similar to Proposition 3 has appeared in [3, Section 4.8.2]. However, it assumes
that the diagonal entries of B are all distinct. By contrast, Proposition 3 does not make
any assumption on A and B.

Proof Let X € X be arbitrary. Using (7) and the fact that X7 X = I,,, we have XTAXB =
BXTAX. Since both X7 AX and B are symmetric, this implies that X7 AX and B are simulta-
neously diagonalizable. In particular, there exist orthogonal matrices Q; € O%~%-1 and diagonal
matrices X; € 8% %-1, where j = 1,...,np, such that the columns of BlkDiag(Q1, ..., Qn,) are
eigenvectors of B, and that

XTAX = BlkDiag (Q121Q7, ..., QnyTnp QL) - (13)

Now, by (7) and the commutativity of X7 AX and B, we have (AX — XXTAX) B = 0. Since
B has full rank and hence invertible, this yields AX = X X7 AX. Upon letting

Y = X - BlkDiag (Q1,. .., Qny) € St(m,n) (14)

and using (13), we obtain AY =Y - BlkDiag(X4,...,%,,). As X1,...,%,, are diagonal, this
implies that each of the n columns of Y is an eigenvector of A. In view of the structure of
A in (8) and Remark 1(a), we see that up to a permutation of the columns, Y takes the
form BlkDiag (Pi,...,P,,) - E(h) for some P; € O%~%-1 where i = 1,...,n4. This, toget-
her with (14), yields the expression on the right-hand side of (12).

Conversely, suppose that X takes the form (12) for some P; € Q% %-1 (i = 1,...,n4),
Q; € O t-1 (j = 1,...,np), h € H, and Il € P". Define Y = BlkDiag(Py,...,P,,) -
E(h) - II € St(m,n). Observe that the columns of Y are eigenvectors of A. Hence, we have
AY =Y - Diag(Ai,..., \n) for some Aj,...,\, € R. Using this and the fact that X = Y -
BlkDiag ( T QSB) and YTY = I,,, we obtain

XTAX = BIkDiag(Q1,...,Qn;) Y" AY - BlkDiag Q7 ..., Qp,)
= BIkDiag (Q1, ..., Qnp) - Diag(A1, ..., An) - BlkDiag (Q7,.... Q) (15)
and
AX = AY-BlkDiag (Q7,...,QL))
— X -BIkDiag(Q1,....Qn,) - Diag(A1,..., \y) - BlkDiag (Q7, ..., Q)
= XxTAx. 1o

!Such an assumption is omitted in the original text of [3] but is needed for the result in [3, Section 4.8.2] to hold.
The omission is corrected in the online errata at https://sites.uclouvain.be/absil/amsbook/errata.html.
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In particular, since the columns of BlkDiag(Q1, ..., Qn,) are eigenvectors of B, we see from (15)
that XTAX and B are simultaneously diagonalizable. Consequently, we have XTAXB =
BXTAX, which together with (16) implies that 0 = AXB — XXTAXB = AXB - XBXTAX,
or equivalently, X € X', as desired. O

Proposition 3 suggests that we can express X as

X = U Xn11,
heH, lePr

where every X € A}, i1 takes the form
X = BlkDiag(P}, ..., P,,) - E(h) - 11 BlkDiag (Q1 ..., Q1)

for some P; € O%%i-1 (j =1,...,ny4) and Q; € O%~%-1 (j =1,...,np). The following result
elucidates the structure of the collection { X}, 11}ren, mepn:

Proposition 4 Let h,h' € H and IL,II' € P™ be arbitrary. Then, either Xy = Xy v or Xp N
Xy v = 0. If the latter holds, then for any X € X1 and X' € Xjy 1, we have | X — X'||p > /2.

The proof of Proposition 4 can be found in Appendix A. Armed with Proposition 4, in order to
prove Theorem 2’, it suffices to bound dist(X, & 1) for any X € St(m,n), h € H, and II € P".

3.1.3 Estimating the Distance to the Set of Critical Points
Let X € St(m,n), h = (h1,...,hn,) € H, and II € P™ be arbitrary. By definition,

dist(X, Xy 1) = min { | X — BlkDiag (P, ..., P,,) - E(h) - II - BlkDiag (Q7 ,...,Q},) | |
Pie Q% it fori=1,...,na;Q; €05 5 for j=1,...,np}. (17)

Let (Pl*, Y SA Q;‘;B) be an optimal solution to (17). Upon letting
P* = BlkDiag (Py,...,P;,) € 0", Q*=BlkDiag (Q7,...,Q},,) € O",

and X = (P*)TXQ*, it is clear that dist*(X, X, 11) = | X - E(h)HH?: To bound this quantity,
consider the decompositions

X=[X - Xup] . B = [Er(h) - By (1)) (18)

where X, Ej(h) € R™*(&~t-1)_ Tt should be noted that E;(h) needs not be the same as F;(h)
in (10), as the former is of dimensions m x (t; — t;_1), while the latter is of dimensions m x h;.
On the other hand, observe from (11) that every non-zero row and every column of E(h) has
exactly one 1. It follows that up to a permutation of the rows, Ej(h) takes the form

_ -
E;(h) = o : ¥
]( ) O(mftj+tj—1)><(tj*tj*1) ( )

Such an observation allows us to establish the following result:
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Proposition 5 For j=1,....ng and k=1,...,m, let [Xj]k and [E](h)]k be the k-th row of
X; and Ej(h), respectively. Suppose that dist(X, X, 11) < 1. Then,

S5 2 < s (6, ) <2350 37 [5],

j=1keZ, j=1keZ,

2
2 Y

where T; = {k € {1,...,m} | [Ej(h)],=0}.
The proof of Proposition 5 can be found in Appendix B.
To establish the error bound in Theorem 2’, we need to link HAXB — XBXTAXHF to the

bound on dist2(X , Xp11) in Proposition 5. This is achieved in two steps. First, we prove the
following result:

Proposition 6 Consider the decomposition of X in (18). Let A\pg4 = minjerr  ny—1y (bt —
b, ;1) > 0 be the smallest eigengap of B (by convention, we set Ag 4 = |by,| if ng = 1) and A\p s =
Minjeqy, . np) |0t;| > 0 be the smallest (in magnitude) eigenvalue of B. Set A\p = min{Ap 4, Ap s}-
Then, we have
npg
|AXB — XBXTAX|[ > 23 | AX; — X, XTAX|[;..
j=1

In view of Propositions 5 and 6, we then prove the following bound:

Proposition 7 Let Ay 4 = min;e(y  pn,—13(as;, —as, ;) > 0 be the smallest eigengap of A. There
exists a 6 € (0,1) such that for all X € St(m,n) with dist(X, X, 1) <9,

nB B o o2 /\1249 np 3 9
D _NAXG = X XTAXG | > =2 >0 > (X5
j=1 J=1 k€I,

The proofs of Propositions 6 and 7 can be found in Appendices C and D, respectively. Now,
observe that whenever X € St(m,n) and dist(X,X) < §, there exist h € H and IT € P™ such
that dist(X, Ay 11) < 6. Hence, by combining Propositions 5, 6, and 7, we obtain Theorem 2’.

3.1.4 Removing the Full-Rank Assumption on B

Consider now the case where B does not have full rank. Without loss of generality, we assume that

B = BlkDiag(B, 0), where B = Diag(by,...,b,) € S has full rank. Let X = [X; X5] € St(m,n)
with X1 € St(m,p) and Xo € St(m,n — p). Using (7), we have X € X if and only if

B 0 B o] [x]

o< 3o w3 Y

= [AX1B - XBX{AX, —-X;BX{AX,|.

} AlX X

Observe that if AX;B — XlBX;‘FAXl =0, then

X, BXTAX, = X, (AX,B)" X, = X, (X, BxT4x,)" X, =0,
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where the last equality follows from the fact that X{ Xo = 0. Thus, we can express X as
X = {X = [X X»] € St(m,n) | X1 € St(m,p), X € St(m,n —p), AX, B — X1 BXTAX, = o}.

Now, define
X ={Y €St(m,p) | AYB-YBYTAY =0} .
We then have the following result:

Proposition 8 Given any X = [X1 Xa] € St(m,n) with X; € St(m,p) and X2 € St(m,n — p),
we have B
dist(X, X) < V3 - dist(X, X).

Proof Since St(m,n) and X are compact, we can find

Y) €argmin || X; — Y||p, Ys€arg min | X2 = Y||F.
Yex }/ESt(m,n—p)
[Y1 Y]eSt(m,n)

By construction, we have Y = [171 }72] € X. This implies that
dist?(X, X) < | X = V|2 = || X1 — Vi|[% + || X2 — Yo%

Note that [|X; — Vil|2 = dist?(X1, &). Hence, it remains to show that || Xy — V2% < 2-
dist?(X, X). Towards that end, let M = (I - YlYlT) Xo. As Y{'M = 0, we have

Xo—Yol%2 =2(n—p)—2 a tr (XTY) =2(n—p)—2 tr (MTY) .
| X2 = Y23 = 2(n — p) e, r(XY) =2n-p) -2 max e (MTY)
1 eSt(m,n

Using the fact that maxy cgq(mn—p) tr(M?Y) = |M|[, and ||M]| <1, we compute
1Ml > M7 = [1X2]l7 — X3 YillE = n—p— [ X3 V1]IZ.
Together with the fact that [|[CD||r < ||C|| - ||D||r for any matrices C, D, we obtain
1X2 — Ya||F < 2- | X3Vl =2 | X5 (V1 - X)|F <2 | X0~ Yillf =2 dist? (X3, X),

as desired. O
By our result in Section 3.1.3, there exist 6 € (0,1) and n > 0 such that for all X; € St(m,p)
with dist(Xy, X) <4,

dist(X1,X) <n- ||AX1B — X1 BX[ AX4 .

This, together with Proposition 8 and the fact that

|AXB - XBXTAX|% = ||[AX1B - XiBXTAX\|[% + | X1 BXTAX: |

v

|AX1B — X1 BXTAXy %,

yields Theorem 2’.

13



3.2 Proof of Theorem 1

Recall that the Lojasiewicz inequality in Theorem 1 is concerned with bounding the change in
the objective value around a critical point, while the local error bound in Theorem 2 is concerned
with bounding the distance to the set of critical points. Thus, to prove Theorem 1, we need a
link between the former and the latter. The following technical result furnishes such a link:

Proposition 9 There exists an n > 0 such that for all X € St(m,n) and X* € X,
[F(X) = F(X*)| <n-[|X = X*|[3

Proof Observe that F', when viewed as a function on R™*", is continuously differentiable with
Lipschitz continuous gradient. Thus, we have

|[F(X) — F(X*) = (VF(X"), X — X>|<L7 IX - X*|%, (20)
where Lr < 2-||A|| - ||B|| is the Lipschitz constant of VF; see, e.g., [33]. Now, by Proposition 1,
we have VF(X*) = X*VF(X*)TX*. This implies that
(VF(X*),X — X*) = (X*VF(X*)"X* X - X*) = (VE(X")'X*, (X)X - 1,). (21)
On the other hand,
(VF(X)TX* I, - XTX*) = ((X*)'VF(X*),(X")"'Xx* - XTXx*)
= (X*VF(X")'X* X* - X)
= —(VF(X*),X —X*). (22)

Upon adding (21) and (22) and using the fact that (X — X*)7(X — X*) = 2I,, — (X*)T X - XTX*,
we obtain

2(VF(X*),X - X*) = —(VE(X")TX* (X - X")T(X - X*)),
which leads to

1
(VE(X"), X =X < 5 [[VEX)TX |- 1X = X7
= [IBOYTAXT| - 1X - X7
< Alr- 1Bl 1X - X%

By combining this with (20), we obtain the desired inequality with n = (Lr/2) + || Al|r - || B|l-
a
Now, let X € St(m,n) and X* € X be such that | X — X*||r < dp = min{§, v/2/2}, where
§ € (0,1) is the constant given in Theorem 2. Furthermore, let X* € X be such that dist(X, X) =
| X —X*||F < 8. We claim that X*, X* € Ay 11 for some h € H and II € P". Indeed, if X* € &} 11
and X* € Xy v with X, m N Xy v = 0, then || X* — X*||r > /2 by Proposition 4. However, our
assumption yields || X* — X*||p < || X — X*||p+||X — X*||F < 260 < /2, which is a contradiction.
This establishes the claim.
Since the function F' is constant on X}, 1y for any given h € H and II € P", we have F'(X*) =
F(X*). Hence, by Proposition 9 and Theorem 2, we obtain

[F(X) = F(X*)| = |[F(X) = F(X")] < mu- | X = X*|F < e - | D, (X) |7

for some constants 1y, 72 > 0. This completes the proof of Theorem 1.
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4 Algorithmic Consequences of the Lojasiewicz Inequality for
Problem (QP-OC)

One of the main motivations for finding the value of the Lojasiewicz exponent at the critical points
of Problem (QP-OC) is that it allows a better understanding of the convergence behavior of a
host of iterative methods when applied to solve the problem. As a first illustration, we combine
the Lojasiewicz inequality in Theorem 1 with the convergence analysis framework in [38] to show,
for the first time, that many retraction-based line-search methods converge linearly when applied
to Problem (QP-OC). Then, we propose a new class of retraction-based SVRG methods—called
Stiefel-SVRG—for solving Problem (QP-OC) and present a novel Lojasiewicz inequality-based
analysis to establish their linear convergence in expectation.

4.1 Retraction-Based Line-Search Methods

A standard and quite natural idea for finding a critical point of Problem (QP-OC) is to start
at an arbitrary point on St(m,n) and then iteratively move in a search direction defined by a
tangent vector while staying on St(m, n) until a critical point is found. One way of implementing
this idea is as follows. Suppose that X € St(m,n) is the current iterate. It can be shown that
for the matrix D,(X) defined in Proposition 1, we have —D,(X) € T(X) and —D,(X) is a
descent direction at X € St(m,n) for any p > 0; see [19, Lemma 3.1]. Thus, we can pick some
p > 0 and use —D,(X) as a candidate search direction. After moving the current iterate in the
search direction, however, the resulting point needs not lie on St(m,n). To bring the point back
on St(m,n) to form the next iterate, we use a retraction on St(m,n), which is a smooth map
R Uxesommn) (X} x T(X)) = St(m, n) satisfying (i) R(X,0) = X for any X € St(m,n) and
(ii) for any X € St(m,n),

RGO — (X4l

—0.
T(X)36—0 €l -

Various retractions on the Stiefel manifold have been studied in the literature. Some examples
include the polar decomposition-based retraction

Rpolar (X, €) = (X + &) (In + £76) %, (23)
the QR-decomposition-based retraction
Rqr(X,€) = of (X +¢), (24)

where qf(A) denotes the Q-factor in the thin QR-decomposition of A (see [15, Section 5.2.6]);
the Cayley transform-based retraction

Repr(%.6) = (1~ 291©) (10 + 2@ x. (25)

where



Other examples can be found in [4, 21, 19]. In the sequel, we assume that the retraction R
satisfies the following additional property:

(P). (Second-Order Boundedness) There exist ¢ € (0, 1] and M > 0 such that for all X € St(m, n)
and £ € T'(X) satisfying [[{]|r < ¢,

IR(X,€) = (X +&)llF < M - [|€][-

The above property turns out to be rather mild. In particular, we show in Appendix E that all
three retractions (23)—(25) satisfy such property.

To guarantee descent, we also need to determine a suitable step size o to move along the
search direction —D,(X). This can be achieved, for instance, by performing a line search using
the following Armijo-type rule with parameters 3, € (0, 1):

o =max {3 | F (R (X.-8'D,(X))) ~ F(X) < —8' - (VF(X).D,(X)) }.  (26)

As the following result shows, the step size a calculated according to (26) satisfies @ > 0 and
hence is well defined:

Fact 1 (cf. [38, Proposition 2.8]) Given X € St(m,n), define
a(X) =inf{a > 0| F (R(X,—aD,(X))) — F(X) = —ya - (VF(X), D,(X))}.
Then, we have G(X) > 0. Moreover, for any o € [0,6(X)], we have
F (R(X, ~aD,(X))) = F(X) < —ya- (VF(X), Dy(X)).

The above discussion leads us to the generic retraction-based line-search method described
in Algorithm 1.

Algorithm 1 Retraction-Based Line-Search Method for Solving Problem (QP-OC)
Require: X° € St(m,n), p >0, 3,7 € (0,1)
1: for k=0,1,2,... do
calculate the descent direction —D,(X*) at X*

2

3:  calculate the step size oy according to the Armijo-type rule (26)
4 set XM = R (X* —apD,(X"))
5

6:

terminate if convergence criterion is met
end for

Naturally, we are interested in the convergence behavior of Algorithm 1. Since Theorem 1
implies that the Lojasiewicz exponent at any critical point of Problem (QP-OC) is 1/2, by
adapting the convergence analysis framework in [38, Section 2.3|, it can be shown that any
sequence {X*};>0 in St(m, n) satisfying the following properties will converge at least R-linearly
locally to some critical point X* € X':2
(A1). (Sufficient Descent) There exist a constant x > 0 and an index k; > 0 such that for
k > ki,

F(X*) = F(X*) < =k~ |Dp(XP)[F - IXFH = XF|| .

2That is, there exist constants o > 0, r1 € (0,1) and index K > 0 such that || X* — X*||r < rorf for all k > K.
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(A2). (Stationarity) There exists an index kg > 0 such that for k > ko,
|[D(XM)|r=0 = XM!=XxP"
(A3). (Safeguard) There exist a constant g > 0 and an index k3 > 0 such that for k > ks,
IDo(XM) P < - | X — X .

Thus, our goal now is to verify that the sequence {X k}kzo generated by Algorithm 1 indeed
satisfies (A1)—(A3). First, observe that (A2) follows automatically from line 4 of Algorithm 1
and the definition of a retraction. Next, consider (Al). Without loss of generality, we may
assume that D,(X*) # 0 for all k > 0. We claim that

lim ay - || D,(X*)||F = 0. (27)
k—o0
To prove (27), we begin with the following inequality from [19, Appendix 2]:
2
- <VF(X’“), D,,(Xk)> < —min{1, p} - HVF(X’“) - X’“VF(Xk)TX’fHF.
Using (5) and the invertibility of C,(X*) = I,,, — (1 — 2p) X*(X*)T for any p > 0, we compute
1
HVF(X’“) - X’“VF(X’“)TX’“HF - HCP(X’“)‘le(Xk)HF > min {1, 2} D (X5 5.
p
It follows that
—(VF(X*),D,(X") < =5+ [ D,(X") 7, (28)
where
0 = min i i
p= 2 4p7 4p2 .
This, together with lines 3 and 4 of Algorithm 1, implies that
F(XM1) = F(X") < —qap - | Do(XP)| 7 (29)

for all £ > 0, where ¥ = yp. In particular, since F' is bounded below on St(m,n) and ay € (0, 1]
for all k£ > 0, we have

o0 o
Yok DX <D [Dp(XF)F < oo
k=0 k=0

This yields (27), as desired.
Now, by line 4 of Algorithm 1, (27), and Property (P), we have
05 = XF e = || B (X*, kD, (X8)) = x| < (M + Do |1D,(xX7) 1

for all sufficiently large k > 0. This, together with (29), yields

(X41) (x4 < L D, (X Ir

17



for all sufficiently large k > 0. It follows that (A1) holds with

Lastly, consider (A3). Since
XM _xk = R (X’f, —akDp(Xk)> — x*
- R (Xk, —akDp(Xk)> - (Xk - akDp(Xk)) — D, (X",
we have

||XIchl - XkHF > g - HDp(Xk)HF - HR (Xk, —akDp(Xk)) B (Xk B akDp(Xk)) HF

and

| X5 — X¥|p < oy, - HDp(Xk)”F + HR (Xk, —akDp(Xk)) - (Xk B akDﬂ(Xk)) HF

Upon dividing both sides of the above inequalities by ay, - [|D,(X*)||F, taking k — oo, and
using (27) and Property (P), we get

) ”Xk—i-l o Xk:”F
lim T =1.
k—oo a - || Dp(XF) || 7
This implies that for all sufficiently large & > 0,
k+1 k Ak k
X5 = XFllr = = - [ Dp(X5) |- (31)

Hence, to establish (A3), it suffices to show that liminfy_,, a > 0. Towards that end, let
ar = a(X*) > 0, where a(X*) is defined in Fact 1. By (26) and Fact 1, we have

ap,=1 ifap>1; «ap > Pa, if ap < 1. (32)

It is clear from (31) that (A3) holds automatically for those indices k£ > 0 satisfying aj =
1. Thus, we may assume that a; < 1 for all k& > 0. In this case, it remains to show that
liminfy_, o ar > 0, as we would then have liminfy_, ax > 0 from (32). To begin, we note that
ok - || Dp(XF) || < (ar/B) - | Dp(X*)||F by (32), which, together with (27), implies that

lim ay, - || D,(X")||r = 0. (33)
k—o00
Now, the rest of the argument is similar to that used in the proof of [38, Theorem 2.10]. Speci-
fically, by the Mean Value Theorem and the definition of &y, there exists a (; € (0, 1) such that
ZF = ¢, (R (X* — agpD,(X*)) — X*) satisfies
T
(R (Xk - dep(Xk)) - Xk) VE(X*+2F) = F (R (X’f - Ekap(Xk)>> ~ F(x")
= - (VE(X5),D)(XM). (34)
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Using the fact that VF is Lipschitz continuous with parameter Ly < 2 ||A|| - || B]|, we compute

125 - HR (X’“ . akDp(Xk)) — X"“HF
1
Lp
1
Lp

Vv
|

Vv

Y

L0 |(wr(x4), D,(x4)]

1
Lp

: HVF(X’f) _VF(X" Z’“)HF : HR (X* = arDy(xH)) - X’“HF

= (VRN R (XF = ayDy(X5)) = (X* = apDy(X5)))]

(35)

- KVF(X’f), R (Xk . akDp(Xk)> . Xk> Fyay - <VF(X’“), Dp(Xk)>‘ (36)

(37)

where (35) follows from the Lipschitz continuity of VF'; (36) follows from the Cauchy-Schwarz

inequality and (34). Using (33) and Property (P), we have

1281 < | R (X% = axDy(X%)) = XE|| < (M + Dar- D, (X1

for all sufficiently large k > 0. Moreover, by (28), we have
(TF(X9), D, (xX")| 2 5+ I1D,(X") 1}

for all £ > 0. Hence, we obtain from (37) that

Qg > cyg—C1 - HVF(X’C)”F

IR (X* — anD,y(X%)) — (X* — arDy(X"))

I

g - [[Dp(XF)II%
for all sufficiently large k > 0, where

(1-=v)p 1

B ZVP S0 and = >0,
M+ 10)2Lp 0 M YT 02y

Cy) =

Since |[VF(X)||r < 2-||Al|F - ||B]| for all X € St(m,n) and

HR (Xk - akDp(Xk)> - (X’“ - dep(X’“)) HF < Maj - | D,(X")|7

for all sufficiently large & > 0 by (33) and Property (P), we conclude from (38) that

e c
lim inf &y > 0

> 0,
m 1 1+2c.M - ||Al|p - || B

as desired. In particular, by combining this estimate with (31) and (32), we may take

(M +1)*Lp +2M - ||Allr - || B|| }

in (A3).

In summary, we have proven the following result:

19

(38)



Theorem 3 Suppose that the retraction R : Uxegyomn) ({X} x T(X)) — St(m,n) in Algo-

rithm 1 satisfies Property (P). Then, the sequence {X*}r>o generated by Algorithm 1 will con-
verge at least R-linearly to some critical point X* € X of Problem (QP-OC).

The significance of the results developed in this sub-section is threefold. First, Theorem 3
holds without requiring any assumptions on A and B. In particular, it holds for all instances of
Problem (QP-OC), even for those whose critical points are not isolated. This is in sharp contrast
to existing results concerning the linear convergence of certain line-search methods for solving
Problem (QP-OC) (such as those in [3, 41, 42]), which require some assumptions on A and/or
B; see the introduction for a discussion. Second, many existing first-order methods for solving
Problem (QP-OC) employ one of the retractions in (23)—(25) and one of the search directions in
the family {—D,(-)},>0; see, e.g., [3, 55, 19]. Our results lead to a unified and the first linear
convergence analysis of line-search methods that employ these retractions and search directions.
Third, by revisiting the proof of [38, Theorem 2.3], it can be shown that the rate of linear
convergence of Algorithm 1 is bounded by 1 — x/(2n?u), where 7, k, > 0 are the constants
given in Theorem 1, (A1), and (A3), respectively. This, together with (30) and (39), yields a
quantitative description of how the convergence rate of Algorithm 1 depends on the retraction
used, which, to the best of our knowledge, is new. In particular, we see that a larger M in
Property (P) will result in a slower linear rate of convergence.

4.2 Retraction-Based Stochastic Variance-Reduced Gradient Methods

In applications one is often interested in solving instances of Problem (QP-OC) whose objective
functions F' have a finite-sum structure. A case in point is the PCA problem, in which F' takes

the form
1 N
XT <Nzlaza;r> X] 5
1=

where aj,...,ay € R™ are the data points. Of course, the finite-sum structure of the objective
function does not preclude one from tackling the problem using the retraction-based line-search
method described in Algorithm 1. However, each iteration requires the evaluation of the full
gradient VF', which could be expensive when the number of summands in the objective function
is large. To improve computational efficiency, a natural idea is to extend stochastic methods for
optimization in Euclidean space to the manifold setting. This is first pursued by Bonnabel [9],
who developed a stochastic gradient method for optimizing a smooth function over a Riemannian
manifold. However, similar to its Euclidean space counterpart, the method suffers from slow
convergence; see, e.g., [59]. Here, we consider a different approach. Specifically, we extend the
SVRG method of Johnson and Zhang [20]—which is developed for optimization in Euclidean
space and has been shown to enjoy fast convergence—and propose a new stochastic method
called Stiefel-SVRG for solving the manifold optimization problem (QP-OC). To motivate the
development of Stiefel-SVRG, let us briefly review the basic elements of the (Euclidean) SVRG
method in [20]. Consider the optimization problem

F(X)=—tr

. 1
min {Q(X) =~ ; @-(X)} : (40)
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where £ is a finite-dimensional Euclidean space and Q1,...,Qxn : £ — R are smooth functions.
The SVRG method in [20] solves (40) by proceeding iteratively, and the iterations are divided
into epochs. In each epoch, the method takes an iterate X € & from the previous epoch and
performs a sequence of stochastic gradient descent updates of the form

X = — ay (VQi, (X4) = V@i, (0) + QD)) (41)

where the index iy is chosen uniformly at random from {1,...,N}. Informally, the term
VQi,(X) — VQ(X) is introduced to reduce the variance of the random estimate of the full
gradient, which can lead to faster convergence of the method. We refer the reader to [20] for a
rigorous treatment of this argument.

Now, let us return to our problem of interest; i.e., Problem (QP-OC). Suppose that the
matrix A € §™ in the objective function admits a finite-sum decomposition A = (1/N) Zf\; 1A
for some given matrices Aq,..., Ay € 8™. Then, we can express Problem (QP-OC) as

N
1
' FX)==>Y F(X)},
X;Sl:a,n){ () = 2 >}

where F;(X) = tr(XTA;XB) for i = 1,..., N. To extend the SVRG method in [20] to solve the
above problem, one tempting idea is to mimic the update rule (41) and set

XMl =R (Xk, —ay (gradFl-k(Xk) — grad F}, (X) + gradF(X))) .

Unfortunately, since grad F;, (X*) and grad F;, (X) belong to different tangent spaces to St(m, n),
the above update rule is ill-defined. Although this can be fixed by using a so-called wvector
transport (see, e.g., [3, Chapter 8] for a definition) to move the vectors grad F;, (X ) and grad F' (X )
in the tangent space at X € St(m,n) to the tangent space at X* € St(m,n), such an approach
incurs the additional cost of computing the vector transport and hence is not desirable. A
conceptually simpler and computationally more efficient approach is to first project the vector
VF;, (X*) — VE;, (X) + VF(X) onto the tangent space at X* € St(m,n) and then apply a
retraction to get the next iterate. This leads to our proposed Stiefel-SVRG, which is described
in Algorithm 2.3

One of the main challenges in analyzing the convergence rate of Stiefel-SVRG is that the ite-
rates it generates are random and do not necessarily satisfy the sufficient descent condition (A1).
As a result, we cannot simply apply the convergence analysis framework in Section 4.1. To
circumvent this difficulty, we present a novel analysis of Stiefel-SVRG and establish its linear
convergence in expectation. Specifically, we prove the following result:

Theorem 4 Suppose that in Algorithm 2, the initial point is X° € St(m,n), the retraction R
satisfies Property (P), and the step size a satisfies
<1 + ) —-11 7, (42)
C2

3Stiefel-SVRG was first presented by the second author at the 13th Chinese Workshop on Machine Learning and
Applications held in Nanjing, China in 2015 [45]. As such, it predates the SVRG methods for manifold optimization
developed in [58, 37]. More importantly, Stiefel-SVRG does not require the computation of any vector transport,
which makes it computationally more advantageous than the SVRG methods proposed in [58, 37].

¢ 1 1 1
[Allr - |1 B|” 8co” 2e1(T' = 1) 1

0 <a<mi
o mln{ﬁ.
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Algorithm 2 Stiefel-SVRG: Retraction-Based SVRG Method for Solving Problem (QP-OC)

Require: X° € St(m,n), a >0, >2
1: for s =0,1,... do

2. set X0 = X*®
33 fork=0,1,...,'—1do
4: sample i € {1,..., N} uniformly at random
5: set GF = VF, (X*) - VF, (X°) + VF(X?)
6: set &8 = (I, — X*(XM)T) GF + (1/2) (XF)TGF — (GF)T XF)
7: set Xkl = R(X*, —atk)
8: end for
9:  set X5t = X7, where J = arg mingeo,1,...T} F(X%)
10:  terminate if convergence criterion is met
11: end for
where

co = (M?+4M+1)-|All-[IB],

o = 200+ 1) (_pax 40+ 141 ) 151

IR

6(M +1) - Allr- 1Bl _ 3-||Allr
¢ maXje,..., Ny || Aill + Al

Cy =

¢ € (0,1] and M > 0 are the constants given in Property (P), and § € (0,v/2/2) is the constant
given in Theorem 1. Then, the sequence {5(5}320 generated from the epochs of Algorithm 2
satisfies F(X®) \, F* for some F* € R, and every limit point X* of the sequence {XS}SZO is a
critical point of Problem (QP-OC) with F(X*) = F*. Moreover, we have

- 22
E |F(Xst) —F*} <

< et [F(XS) - F} , (43)

where n > 0 is the constant given in Theorem 1 and the expectation is taken over all the random
choices in Algorithm 2.

As we shall see, our characterization of the Lojasiewicz exponent at the critical points of Pro-
blem (QP-OC) plays a key role in the proof of Theorem 4. This again demonstrates the power
and utility of our main result (Theorem 1).

To prove Theorem 4, we begin with the following proposition, which bounds the change
in the objective values of successive iterates within an epoch of Algorithm 2 and shows that
every limit point of the sequence {f( *}s>0 has the same objective value and is a critical point of
Problem (QP-OC). Its proof can be found in Appendix F.

Proposition 10 Under the setting of Theorem 4, consider an arbitrary epoch s > 0 and let
X0=Xs X' ... X" be the sequence generated by Algorithm 2 in this epoch. Then, we have

F(XE) — F(XF) 4 o tr K(X’“)TAé’“ + (5’“)TAX’“) B} < coa? - ||EF 1% (44)
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Consequently, for all s > 0,
F(XH) = F(E%) < 12 guad F(X) 3. (15)

In particular, we have F(XS) N\ F* for some F* € R, and every limit point X* of the sequence
{XS}SZO satisfies F(X*) = F* and grad F(X*) —0.

The following is a simple corollary of Proposition 10, whose proof can be found in Appendix G:

Corollary 2 Under the setting of Theorem 4, consider an arbitrary epoch s > 0 and let X0 =
X, X1 . XL be the sequence generated by Algorithm 2 in this epoch. Then, we have

E[F(Xm)_p(xk)} < (—a+2c0a2)E[ngadF(Xk)HH

k—1
+ 2¢pia kz cra+1)2F1=0E E [||lgrad F(X7)||%],  (46)
7=0

where the expectation is taken over the random choices of ig, . ..,ir—1 within the epoch.

Next, we have the following proposition, which states that when s > 0 is sufficiently large, the
iterates generated by Algorithm 2 from epoch s onwards will all be close to a certain component of
X. It makes use of the definition of &}, 11 (see the paragraph following the proof of Proposition 3)
and the proof can be found in Appendix H.

Proposition 11 Under the setting of Theorem 4, there exist h € H and II € P™ such that for all
sufficiently large s > 0, the sequence X0 = X5 X1, ..., XT generated in epoch s of Algorithm 2
satisfies dist(X* X, 11) < 6/3 for k = O,l,...,I‘, where § € (0,/2/2) is the constant given
in Theorem 1. Consequently, every limit point of the sequence {Xs}sz[) belongs to X and
F(X)=F* for all X € X, 11, where F* € R is the constant given in Proposition 10.

We are now ready to finish the proof of Theorem 4:

Proof of Theorem 4 Let X° = X* X! ... X" be the sequence generated by Algorithm 2 in
epoch s > 0. Upon summing the inequality (46) over k =0,1,...,T' — 1, we get

-1
E[P(XT) = F(X%)] < (~a+20a®) Y E [|grad F(X")|3]
k=0
'—-1k-1
+ 2cpciat Z Z k(cra 4 1)2k-1-0E [|grad F(XUH%]
k=1 j=0
-1
< (~a+200%) Y E [||grad F(Xk)H%]
k=0
r-2 r-1
+ 2c0cia (T = 1)) Y (cra+ 1?1 IE [|lgrad F(X7)||7]
=0 k=j+1
-1
< <—a + 2¢002 + coera®(L — 1)(cra + 1)2(“1)) Y E [ngad F(X’f)uﬂ :
k=0
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where the last inequality follows from the fact that for j =0,1,...,' — 2,
r—1 -
1)2(r=1) _ 1 1)2(I-1)
Z(Cla+12(k1] cha+1 (0104+ ) . S(0104+ ) '
Mt — (cra+1)2 -1 2c10

Now, our choice of the step size « implies that
—a + cpa? (2 + ol = 1)(cra+ 1)2(F—1)> < —a+dega? < _%
Moreover, by Proposition 11, for all sufficiently large s > 0, we have dist(X*, X') = dist(X*, &), 11) <

§/3 for k = 0,1,...,I'. Upon noting grad F'(X) = D;/4(X) and applying the Lojasiewicz ine-
quality for Problem (QP-OC) (Theorem 1), we obtain

I'—1
E[F(XT) - F*] + 2% S E [F(Xk) - F} <E[F(X°) - F].

Since X° = X*® and F(X*t!) < F(X*) for k = 0,1,...,T by lines 2 and 9 of Algorithm 2,
respectively, we conclude that

<1 + O‘;) E [F(XS“) - F] < E[F(X") - F]+ 2% leE [F(X’“) - F}
k=0

INA
=
=
-
|
g

as desired. 0

Remark 2 It is worth noting that there is an alternative, much simpler proof of the linear
convergence of Algorithm 2. Indeed, by Proposition 11 and Theorem 1, we have

F(X®) = F* <n - |grad F(X*)||%

for all sufficiently large s > 0. This, together with (45) in Proposition 10, yields the following
linear convergence result:

(X - P < P(X) — F* — ;‘; (F(X%) -~ F*) = (1 - ;f;) (P& -F7). @)
Note that the above inequality is deterministic; i.e., it holds for any realization of the sequence
{5(8}320. This is in contrast with the inequality (43), which holds only in expectation. Nevert-
heless, as Propositions 10 and 11 are proven under the assumption that the step size o is small
(see (42)), the rate of convergence 1 — (7a)/(8n) in (47) could be very close to 1 and inferior to
the rate 2n?/(al + 2n?) in (43).
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5 Conclusion

In this paper, we showed that the Lojasiewicz exponent at any critical point of Problem (QP-OC)
is 1/2. This is achieved by establishing a local error bound for the (non-convex) set of critical
points of Problem (QP-OC), which could be of independent interest. Our result expands the
currently very limited repertoire of optimization problems for which the Lojasiewicz exponent
is known. Moreover, it allows us to analyze the convergence rates of various iterative methods
that exploit the manifold structure of St(m,n) to solve Problem (QP-OC). To illustrate the
latter, we first combined our result on the Lojasiewicz exponent with the convergence analysis
framework in [38] to show that a large class of retraction-based line-search methods will converge
linearly to a critical point of Problem (QP-OC). Then, we proposed a new retraction-based
stochastic variance-reduced gradient method called Stiefel-SVRG for solving Problem (QP-OC)
and presented a novel Lojasiewicz inequality-based analysis to establish its linear convergence.
A natural future direction that stems from our work is to determine the Lojasiewicz exponents
for other structured non-convex optimization problems, such as the best rank-one approximation
of tensors [54].
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Appendix

A Proof of Proposition 4

Observe that given any X € A}, 17, we can write
X = { BlkDiag(Py, ..., P,,) - X - BlkDiag (@1 ,..., Q%) |
Pre Qs it fori=1,...,n4; Q; € O 41 for j = 1,...,nB}.
Thus, if X € &, 1 N Xy v, then
BlkDiag(P}, ..., P,,) - X - BlkDiag (Q1 ..., Q%) € Xun N X 1w

for any P, € O%5i-1 (j = 1,...,n4) and Q; € O%~%-1 (j = 1,...,np). This implies that
Xp = Xpr 1+

Now, suppose that XN X = 0. Let X € A r and X' € Ay v be arbitrary. Then,
there exist P, € O%%i-1 (i =1,...,n4) and Q; € O%~%-1 (j =1,...,np) such that

. . 2
|X — X'||7 = ||E(W)II' — BlkDiag (P, ..., Py,) - E(h) - 11 - BlkDiag (Q7 , ..., Q%) |- (48)
Consider the following block decomposition of F(h)II (and similarly for E(h/)IT'):
Eya(h D) oo Erpg(h D)
E(h)II = : :

En, (b)) - By, np(h, 1)
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where E; ;(h,IT) € RE=si-0xt=4-1) for j = 1,...,n4 and j = 1,...,np. Let |E;;(h,1I)| be
the number of ones in E; ;(h,II). We then have two cases:

Case 1. There exist i € {1,...,na} and j € {1,...,np} such that |E; ;(h,II)| # |E; ; (R, II')].

It can be seen from (11) that for any u € H, every column of E(u) has exactly one 1. Hence,
for any u € H and ® € P", every column of E(u)® also has exactly one 1. In particular, we have

nA na
S B (I =Y [Bpy (0 I0)| =t — 11,
k=1 k=1

which implies that |Ey j(h,II)| # |Ey j(h',1I)| for some i’ € {1,...,n4}\ {i}. Now, we compute

IX - X%

Y

| Ei; (W, 1) — PE; (h, H)Q;‘FH?T + || Ey (W, 11') — Py Ey ;(h, H)QJTH?

v

. 2

min HEZ'J(h/,H/) — PEZ‘J‘(h, H)QTHF
Peo®i%i-1
QeotiTti-1

+ min By (WI0) - PE; ;(h, Q% (49)

Both terms in (49) are instances of the two-sided orthogonal Procrustes problem and admit the
following characterization [40]:

Eij (W 11)) = op(E; i (h,11)))?

Mx

min || By (W, 1) = PE;(h, Q|| =

Pe0o%iT%i—1

Qeoli~ti-1 h=1
K/

?}1}2, HE’L J h/ ) PE; j(h H QTHF = Z (Uk(Ei’,j(hlanl)) - Jk(Ei/,j(ha H)))2 :
PQGEOOZ]‘ ﬁ; - 11 —1

Here, K = min{si — Sifl,tj — tjfl}, K = min{si/ — S’i’—17tj — tjfl}, and O'k(Y) is the k-th
largest singular value of Y. Observe that for any a € {1,...,n4}, 8 € {1,...,np}, u € H,
and ® € P", every non-zero row and every non-zero column of E, g(u,®) has exactly one 1. It
follows that the singular values of E, g(u, ®) are either 0 or 1, and there are |E, g(u, ®)| of the
latter. Since |E; j(h,II)| # |E; ;j(W/,1I')| and |Ey ;(h,II)| # |Ey ;(R',1I")|, we conclude from (49)
that || X — X'||% > 2.
Case 2. |E; j(h,II)| = |E; (B, IT)| for i =1,...,nqa and j =1,...,np.

We show that X = X’ in this case, which would then contradict the assumption that A7, 7 N

X v = 0. To begin, let ¢ € {1,...,n4} be arbitrary and consider the i-th block row of E(h)II
and E(W)IT; i.e.,

BlkRow;(E(R)I) = [E;1(h, 1) -+ E;py (b D),

)

BlkRow; (E(W)I) = [Eii(W, 1) -+ By (W, 11)] .

)

By (11), every non-zero row of BlkRow;(E(h)II) and BlkRow; (E(h/)II') has exactly one 1.
Moreover, we have |E; ;(h,II)| = |E; j(h/,II')| for j = 1,...,np by assumption. Hence, we can
find permutation matrices ®;1,®;2,...,®;n, € P %1 such that for j =1,...,np,
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(i) the indices of the rows of ®; ; (®; j—1P; j—o--- ®; 1E; j(h,II)) that contain a 1 are the same
as those of Ei,j(h,7 H,) that contain a 1 (i.e., the k-th row of (I)iJ ((I)i,jflq)i,ij s (I)i71Ei7j(h, H))
contains a 1 if and only if the k-th row of E; j(h/,II') contains a 1, where k € {1,...,s; —

Si—l});

(ii) the indices of the rows of (®;;—1P; j—2---P;1) [Ei1(h,II) -+ E; j_1(h,1I)] that contain a
1 are fixed by (I)i,j (i.e., if the k-th row of (q)i,j—lq)i,j—2 cee q)i,l) [Ei,l(ha H) A Ei7j_1(h, H)]
contains a 1, then ®; je;, = ey, where e, is the k-th standard basis vector of R*~%-1 and
ke {1, , Si — 81;1}).

Upon letting ®; = ®; 1, Pipp—1-- Pi1 € P% %1 and using properties (i) and (ii) above, we see
that the indices of the rows of ®;E; ;(h,II) that contain a 1 are the same as those of E; j(h/,II')
that contain a 1 for j =1,...,np.

Next, let j € {1,...,np} be arbitrary and consider the j-th block column of BlkDiag(®y, ..., ®,,)-
E(h)-II and E(h)IT; i.e.,
O, Ey j(h,ID)
BlkCol; (BlkDiag(®1, ..., ®,,) - E(h) - 1I) = : ,
| (I)nA nA,j(hv H)
i Ey (W, IT')
BIkCol; (E(W)IT) = :

| Enij (h/, H/)

By (11), each column of BlkCol; (BlkDiag(®1,...,®,,)  E(h)-II) and BlkCol; (E(h')II') has
exactly one 1. Since |E;;(h,II)| = |E;;(F/,II')| for ¢ = 1,...,n4 by assumption, we have
|®;E; j(h,II)| = |E; (k' I')]. Moreover, by the definition of ®i,...,®,,, the indices of the
rows of ®;E; j(h,II) that contain a 1 are the same as those of E; j(h/,II') that contain a 1. Thus,
there exists a permutation matrix ¥; € Pti=ti-1 such that

BlkCol; (E(h')IT') = BlkCol; (BIkDiag(®1, ..., ®,,) - E(h) - II) - ¥;.

In particular, we obtain E(h/)II" = BlkDiag(®y, ..., ®, )  E(h)-II-BlkDiag(¥y,..., ¥, ). Since
a permutation matrix is also an orthogonal matrix, we conclude from (48) that || X — X’||% = 0,
or equivalently, X = X', as desired.

B Proof of Proposition 5
Using (17) and (18), it can be verified that
dist?(X, Xym) = || X — E®)1|5
— min {[|X ~ B(n) - 11 BikDiag (1 ..., QL)1

Q; € Oti~ti-1 for j = 1,...,n3}

np
= 2 min {1 - BQ] I | @ 00}
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Since up to a permutation of the rows Ej takes the form (19), in order to obtain the desired
bound on dist?(X, AXp.11), it remains to prove the following:

Lemma 1 Let S = [gl} € St(p,q) be given, with S € RI*Y and Sy € RP~9DX4. Consider the
2

v* :min{HS— [{ﬂ X
F

Suppose that v* < 1. Then, we have ||S2||% < v* < 2||Ss|%.

o[

following problem:
2

Xe(’)q}.

Proof Since )

=181 = X|I% + 1152/,
F

it suffices to consider the problem
min {||S1 — X||F | X € 07} . (50)

Problem (50) is an instance of the orthogonal Procrustes problem, whose optimal solution is
given by X* = UVT, where Sy = UXVT is the singular value decomposition of S1 [39]. It
follows that

v =12 = LllE + (182l

Now, since S € St(p, q), we have ST.S = ST'S; + SISy = I, or equivalently,
¥+ VTSI S,V = 1,
This implies that 0 < ¥ < I, and
[, -Y= (I +%)" (VIS SV).

It follows that )
leszﬂilw + 1S2]1F < v < [|SallF + [|1S21 -

This, together with the fact that [|S3||% < v* < 1, yields the desired result. 0

C Proof of Proposition 6

Recall that
P* = BlkDiag (Py,...,P;,) € O™, Q* = BlkDiag (Q5,..., Q%) € O", X = (P*)"XQ".
Upon observing that AP* = P*A, BQ* = Q*B and using (9), (18), we compute
|AXB - XBXTAX|% = ||[AP*X(Q")TB - P*X(Q")"BQ*XT(P")TAP*X(Q")"|[%
— ||P* (AXB - XBXTAX) (Q")7|%

— ||AXB - XBXTAX|?,
2

np np
= > |6, AX; =D by X (XTAX;) (51)
j=1 k=1 F
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Now, observe that the columns of X are orthonormal and span an n-dimensional subspace L.
In particular, for j = 1,...,npg, each column of AX]- can be decomposed as u + v, where u is a
linear combination of the columns of X and v € £, the orthogonal complement of £. In view
of the structure of X in (18), this leads to

where T € R™*(t=ti-1) is formed by projecting the columns of AX j onto £+, Hence,
2

np
b, AX; — thkf(k (XFAX)) = Z(btj — by, )? || X (X AX)) H? +0; - T %
k=1 F k#j

v

S ST 4o\ [2
N | DO 11Xk (XFAXG) ||+ 1511
k#j
- e
= M- |AX; - X, XT AKX,
where A\p = min{Ap g, A s}, ABg = minjeqi,  ny—13(0;—bi;,,) > 0, and Ap s = minjegy  npy 0] >
0. By combining the above with (51), the proof is completed.

D Proof of Proposition 7

Consider a fixed j € {1,...,np}. Let Ay be the k-th column of AX; — Xj)_(jTAXj, where
k=1,...,t; —t;_1. Since

ti—tj—1
= G ST .o 112
14X, - X XTAXG o= > IAxlE,
k=1
our goal is to establish a lower bound on ||Ag||3 for k = 1,...,¢; — t;_1. Towards that end, let

T be the k-th column of Xj and (Z)o be the a-th entry of 7, where k =1,...,t; —t;_1 and
a=1,...,m. Then, we can write
ti—tj—1
Ay = ATy — Z Xy (i{A{fk) . (52)
(=1
Suppose that dist(X, X} 1) = | X — E(h)I||, = 7 for some 7 € (0,1). Using the representations
of X and E(h)II in (18), we have

~ 1—7147] if a=(k),

(Tk)a € | ] ) (53)
[—7, 7] otherwise,

where ¢(k) is the coordinate of the k-th column of E;(h) that equals 1. Now, by (52),

AL = Aazk—xk mk,Aa:k sz zy AZL‘k
£k

= (A — ab(k)lm) TE + (ab(k.) - i’%Afk) T — Zi’g (E%Afk) .
t+k
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Let projz, be the projector onto the coordinates in Z; = {ke{1,....m} | [Ej(h)]k =0} (recall
that [E;(h)], is the k-th row of Ej(h)). Clearly, we have

tj—tj_1

18kl2 = [Iproiz, (A2  ||proiz, (A= aylm) @) |, = > Il lproiz, @)ls  (54)
/=1

where
— (k) — ngfk if £ =k,
o a’ceTA:Z"k otherwise.

Let Aan = MaXeqq,. n 4 |as;| be the largest (in magnitude) eigenvalue of A. Using (53) and the
fact that ¢(k) # ¢(¢) whenever k # ¢, we bound

|a, iy — Tf ATy | <

Ay (k) <1 - (Ek)?(k)ﬂ + ;k) o (Zk)2| < Agm(mr? + 27)

and .
|20 ATk < Aam Y _N(Zal - |(@n)al € Aam(mr® +27)  for £ # k.
a=1

This implies that |vg| < Aam(m72+27) for £ =1,...,t; —t;—1. Moreover, since Z1, . . . s Tyt
are the columns of X, by Proposition 5, the definition of Z;, and the assumption that dist(X, X} 1) =
T, we have

ti—tj—1
S [oroiz, @S = S0 I, <
=1 keL;

It follows from (54) that

projz, ((A- aL(k)Im) ZTj) H2 — Mm \/zm(mT2 + 27)7T. (55)

Next, we bound the first term on the right-hand side of the above inequality. Considering
the structure of A in (8), let ' € {0,1,...,n4 — 1} be such that s; + 1 < (k) < s;41 and recall
that A\ g = minjeqy  n,—13(as, — as,,) > 0. Then, we have

‘ pronj ((A — aL(k)Im) :Z“k) H = Z Z ((a5i+1 — ab(k)) (a’;k)oé)2

i;éil OéGIjﬁ{Si“rl,u.,Si_»rl}

Nigd > (Z1)2

i#£i! anIjﬂ{Si-‘rl,...,SH,l}

= A (‘

2 _
To bound the term ‘projfjm{si,+1’.._7si,+1}(:Ek)‘ X vife proceed as follows. Let Y = XQ*IIT ¢
St(m,n). Then, we have X = (P*)TXQ* = (P*)TYII and

JAklz > |

Y

prszj (i’k)H2 — ||projz. PN {sy+1,....8; ’+1} H )

dist(X, Xpn) = || X = E(WI| , = ||(P)TY = E(h)| 5 -
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We are now interested in locating the entries of Projzjm{si,+1,...,si,+1}(fk) in the matrix (P*)TY.
Towards that end, recall that P* = BlkDiag (Pl* s P A) and consider the decomposition

(P Yin - (P Vi,
(PTY = : : : (57)
(P;A)TYHAJ e (‘P’;A)T}_/nAﬂTA
where P} € O%~%-1 and Y;; € RGi=si-)xhi for j = 1,... ny. Since (k) is the coordinate of

the k-th column of Ezj(h) that equals 1 and sy +1 < (k) < sy41, we see from (10) and (11) that
the k-th column of E;(h) belongs to

Osi’ X hi’+1

Ip,
hira . (58)

(si/+1_si’_hi’+1)><h‘i/+l

Ei/+1 (h) ==

O(m—si/+1)><hi/+1

As 7y, is the k-th column of X; and || X — E(h)HHi =305 | X; — Ej(h)||%, it follows that all
the entries of projz;ys, +1,..s,,,}(Zk) lie in (Pi )" Yirq1,041. Furthermore, by (58) and the

definition of Z;, the entries of projz;ny, 11 (Zx) do not intersect the diagonal of the top

t yeesSit 41}
hir11 X hiryq1 block of (P;H)TY;/H,iurl. Consequently, we have

. — 2 * T~ Ih,,+1 2
[proiz, s, 1,y @0, < || Prt) Forsrion = ||| (59)
F
To obtain an upper bound on the right-hand side of (59), we need the following lemma:
Lemma 2 Consider the decomposition of (P*)TY in (57). Fori=1,...,n4, let
_ . 1112
v; = min ' PZ-TYZ-?Z- — [ 81} P, e Q%751 & (60)
F
Suppose that v; < 1. Then, we have
2 2
1 oro , o
1 [ 22 Vi) < <) ViV
i » #i »

Let us defer the proof of Lemma 2 to the end of this section. Now, observe that by (11) and (17),
dist*(X, X, ) = min{ |BlkDiag (P{,...,PL)-Y — EM®)|[% } PeO% it fori=1,... ,nA}

S

2
= Iy,
gt
F

Pz-eosl-—&—l}+ S e

1<i#j<na
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Since dist(X, A1) = 7 for some 7 € (0,1), we have > ;4 |Yi ;|3 < 72 from (61). Hence,
by Lemma 2 and (59), we have

< (SR | <7t fori=1,...,n4
J#i

and )
. — * 4
"PTOJIjm{si,+1,...,si/+1}(l‘k:)H2 SV ST
This, together with (55), (56) and the fact that the implications

aj_b?
2

c>a—-b = a2§2(b2—|—c2) = 2>

hold for any a, b, c € R, yields

)\2
INGEE S

2
pI‘OjIj (i‘k)HQ — T4) — /\,24,m(tj - tj_l)(m7'2 + 27’)27'2.

It follows that
~ o o ti—tj—1
|AX; - X XTAX . = D A3
k=1

Y

)‘,249 R Nk N 974 2 2 2.2
- > HprOsz (OCk)H2 =t —tj-1) | =5+ Xam(ty — ty-1)(m7” +27)°7
k=1

D S 2 = - o) (2R 08— ) nr? 2025
= 9 Jlglle j —li-1 9 Am(ty —tj—1)(m7™ + 27)°T
kGIj

(recall that [X j] ., is the k-th row of X;). Upon summing both sides of the above inequality over

j=1,...,np and using Proposition 5 and the assumption that dist(X, X} 11) = 7, we obtain
2B _ I Y nAy 1t
SOIAX; - XXTAX [ = - dis? (X, ) — 50— = n2N, (mr? + 20)°7

Jj=1

v

ST D[S

j=1 k‘EIj
whenever 7 € (0, 1) satisfies

ni\Z 4
(2,4,9 + n2)\124’m(m + 2)2> < g,g‘

To complete the proof, it remains to prove Lemma 2.
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Proof of Lemma 2. Counsider a fixed i € {1,...,n4}. Note that Problem (60) is again an
instance of the orthogonal Procrustes problem. Hence, by the result in [39], an optimal solution

to Problem (60) is given by
T
P — o, [Wi 0 } ’

' 0 Is—s_1-n

2

where Y; ; = H; [0

] W1 is a singular value decomposition of Y; ;. It follows from (60) that

2
= 1Z: — In, |-

F

* TS Iy,
v = H(Pi )Y — [3]

Now, since Y € St(m,n), we have

YZ?;Y“ + Z YJ?;YJ” = WiE?WiT + Z }7]?;}_/}71 = Ihi’
i J#i
or equivalently,
ST WD VY | Wi =1,
i#i
By following the arguments in the proof of Lemma 1, we conclude that

2 2

1 o o
i DI A DR
J# F J# F

as desired. 0

E Second-Order Boundedness of Some Retractions on St(m,n)

E.1 Second-Order Boundedness of Ry
Let X € St(m,n) and & € T(X) be arbitrary. By definition, we have
1 Rpotar (X,6) = (X +O)r = (X +ETn+E7O72 = (X +0)|r
< X+l 1T+ €797 = Ll p.

Let ¢7¢ = UXUT be a spectral decomposition of ¢7¢ with ¥ = Diag(A1,..., \,) and A1, ..., A\,
0. Then, a simple calculation yields

v

n

_ _ 1< 1
|(Zn + €772 = Ll =Y (L4 2) 72 =) < 23 0 = 2 1IEelR
i=1 1=1

Since || X + &[] < || X|| + [|€]] < 14 [|¢]|F, we conclude that whenever ||£]|F < 1,

| Rpotar (X,€) — (X + &)|lr < €117

i.e., Rpolar satisfies Property (P) with ¢ = M = 1.
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E.2 Second-Order Boundedness of Rqr

Let X € St(m,n) and & € T(X) be arbitrary. Suppose that ||€||r < 1/2. Then, for any

€ [—1, 1], the matrix X (¢) = X + t£ has full column rank and hence admits a unique thin QR-
decomposition X (t) = Q(t)R(t), where Q(t) € St(m,n) and R(t) € R™*™ are both differentiable
and R(t) is upper triangular with positive diagonal entries; see, e.g., [12]. Since the unique thin
QR-decomposition of X is given by X = X1, we have R(0) = I,,. This, together with the fact
that ||Q(t)]| < 1, implies

1

[Ror(X, &) = (X +&)llr = QM) (In — R(1))||lF < [|R(1) = R(0)[[F < /0 IR (#)Fdt.  (62)
To bound ||R/(t)||r, we adopt the so-called matrix equation approach in [47, 11]. Using the
identity R(t)T R(t) = X (t)T X (t) and the fact that & € T(X) implies X7¢ +¢7X = 0, we have

RTR(t) = I, + t2¢"¢. (63)
Differentiating both sides of (63) with respect to ¢ yields
R'(t)TR(t) + R(t)T R (t) = 2teT¢.
In particular, since R(t) is invertible, we have
(RORMO™) + RORO ™ =2 (R0)™) (€ ORM™
Now, observe that R'(t)R(t)~! is upper triangular. Thus, the above identity implies that
R(t) =2t -up | (R)™) (TOR®™| - R(¥),

where for any C € R"*",

Cij if ¢ < j,
[up(C)]ij = § Cu/2 ifi=j,
0 otherwise.

Let A1, ..., A, > 0 be the eigenvalues of £7¢. Using (63) and the fact that 2 - lup(O)||% < ||C||%
for any C' € 8™, we bound

2|lup [(R() )" €Orn [ < [[RO™T € ore |

F F
n

DY
- ; <1+t2)\i>

< llgEN-
On the other hand, we have ||R(¢)|| < +/1+2-€]> < v/5/2 by (63) and the assumption that
l€llr < 1/2 and t € [—1,1]. It follows that

\ﬁ 0t
IR @)lr <2t [up [(RO™) € OROT| - IRON < 5= el
Upon substituting this into (62) and integrating, we obtain
V10

|Rar(X,) = (X +©)llr < = - el

i.e., Rqr satisfies Property (P) with ¢ = 1/2 and M = /10/4.
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E.3 Second-Order Boundedness of Rc.yiey

Let X € St(m,n) and £ € T(X) be arbitrary. Suppose that [|£|[r < 1/2. Then, we have
IW(E)|r <2-||&||r <1. Hence, we may write

<Im - ;W(a) - 2 @W(&))i-

In particular, we have

HRcayley(Xag) (X+£ HF

- <Im+;W(£> )) W)X - (X +9)
F
= (W)X — WQXOO z(ImlW>X.
W)X —¢) + +<Z2 ) +5W () ]
Now, observe that
WX — ¢ = ( - XXT> £ XX —g=— X(XTE 1+ E7X) =0,

where the last equality follows from the fact that £ € T'(X). Hence, we obtain

(e 9]

> (3 %1)] AW OIF < 4- €l

1=2

1
1 Reayiey (X, &) = (X +Ollr < - [W(E N+

i.e., Reayley satisfies Property (P) with ¢ = 1/2 and M = 4.

F Proof of Proposition 10

We first establish the inequality (44). Define é¥*! = R(X* —agF) — (X* — k) = XF+H — (XF -
afk) for k=0,1,...,T — 1. Then,

FXEY = [(X’c — gk + FNTAXE — agh + ekH)B}
- F(XY—a-tr [((Xk)TAg’f + (5k)TAXk) B]
+tr K(X’“)TAek“ + (ek“)TAX’“) B}
— a-tr [((€9T AT + ()T agh) B
+ a2t [(g’“)TAg’fB} +tr [(ekJrl)TAekJrlB} . (64)

Now, let us bound the terms in (64) in turn. Using the fact that &¥ is the orthogonal projection
of G* onto T(X*) and VF;(X) = 24;XB, VF(X) = 2AX B, we have

¥l F < 1G¥(lr < 2 (IIAikaBIIF + 1145, X°B|| + IIAXOBHF) <6-[Allr- (B
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By our choice of the step size o, we have ||a&¥||p < ¢ < 1. It follows from Property (P) and
some simple calculation that

tr [ (X9 A 4 (T AXP) B] < 24 Al B -l
< 20°M - |lA]l - |BI|- €°113 (65)
—tr [((€5)T AT 4 (T AR) Bl < 2+ A IBI - €5 p - €1
< 2aM - || A|l- B - ¢"1%, (66)
e [(H)TAB] <AL B R
< QM2 ||A] -1 B] - IEH I (67)
Moreover, it is clear that
tr [(65)7A¢"B| < 1Al B - €" . (63)

Upon substituting (65)-(68) into (64) and simplifying, we obtain
FOXMY) = F(X5) +a-tr | (X974 + (€97 AXY) B] < con? - [1€¥]13

with g = (M? +4M + 1) - || A]| - || B|, as desired.

Next, we establish the inequality (45). Since £° = grad F(X?) = projT(Xo)(VF(XO)), where
projr(x) is the projector onto T(X), by the idempotence of projrx) and the fact that VF(X) =
2AX B, we have

tr [((X9)T A€ + (€97 AXO) B] = [lgrad F(X°)|.

Upon substituting this into (44) and noting that ¢y < 1/(8«), we obtain
1 0 T 0y]12
F(X") = F(X7) < =~ - llgrad F(X7)[[-

Since X* = X* and F(X*t!) < F(X!) by lines 2 and 9 of Algorithm 2, respectively, the above
inequality is equivalent to (45).

The inequality (45) shows that the sequence {F(X*®)}s>0 is monotonically decreasing, which,
together with the fact that F is bounded below on St(m,n), implies that F(X*) \, F* for some
F* € R. By the continuity of F', we conclude that every limit point X* of the sequence {X *1s>0
satisfies F'(X*) = F* and grad F'(X*) = 0. This completes the proof of Proposition 10.

G Proof of Corollary 2

Let .%; be the o-algebra generated by X9, ..., X* for k = 0,1,...,I" — 1. Since E[G* | .%;] =
VF(X*), we have E[¢F | ;] = grad F(X*) = projT(Xk)(VF(Xk)). Again, using the idempo-
tence of projpx) and the fact that VF(X) = 2AX B, we obtain

E [tr [((Xk)TAgk n (5’“)TAX’“> B] ‘ yk} — |lgrad F(X")|2. (69)
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On the other hand, the non-expansiveness of Projp(x) yields
IE"lF < 11€" — grad F(X*) || + |grad F(X*) | p
= [proireen) (G*) = projrove (VR(X) |+ lgrad F(X*)]|x
< |G* = VEX")||p + |lgrad F(X*) | p (70)

and hence
€513 < 2 (16" = VE(X®)|} + lgrad (X)) - (71)

By the definition of G* and the fact that V F; (resp. VF) is Lipschitz continuous with parameter
Lp, <2-||Ail| - ||B|| fori=1,...,N (resp. Lr < 2-||A| - ||B]), we have

IGF — VE(XM)|F < HVF,»k (X*) - VFik(XO)HF + HVF(XO) _ VF(X’f)HF

¢ X"~ XOr (72)

IN

with ¢ = 2 (maxeqr, . ny [|[4ill + |A]]) |B]l. To bound [ X* — X°| p, observe that
X5 = XFlp = [lag® + g
a-[lEF]p + (||
- [l F +o® M - ||€"|I%
a(M +1) - |€"]lr (73)
a(M +1) (¢ - X* = X°|lp + lgrad F(X")|1r ) . (74)

IAN AN A

IN

where (73) is due to the fact that ||a&”||z < ¢ < 1 and (74) follows from (70). This yields
XM= XOp < IXM = X 4 1XE - XOlp
< (aa+ 1) IXF = XOYlp +a(M +1) - lgrad F(X")| F,

where ¢; = ¢ (M + 1). In particular, we have

k
HXk+1 XOHF < CV M + 1 Z ClOé+ ngadF(X] HF7 (75)
7=0

which implies that

k
X = X < 0P (M + 172k + 1) Y (e + D0 flgrad FOO)F.(76)
7=0

It follows from (71), (72), and (76) that

e
—_

E |lgfl}] < 2cfa’h ) (c10+ 1)XE"1E [|lgrad F(X7)[F] + 2E | [grad F(X*)|3] .

.
Il
o

This, together with (44) and (69), yields the desired result.
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H Proof of Proposition 11

By Proposition 10, the global error bound for Problem (QP-OC) (Corollary 1), and the fact that
grad F(X) = Dy /4(X), we have

F(X*t) — F(X?) < —87% - dist?(X*, X)
n

for all s > 0. Since F(X®) \, F*, the above inequality implies the existence of sy > 0 such
that dist(X*, X) < §/3 for all s > sg, where § € (0,v/2/2) is the constant given in Theorem 1.
Now, consider a fixed s > so and let X*, X**t! € X be such that dist(X*,X) = | X* — X*||p
and dlSt(XS+1 X) = || X5t — X**!||p. Suppose that X* € A and X' € Xy with
X N X = 0. Then, we have || X* — Xst1|p > v/2 > 26 by Proposition 4. On the other
hand, using (75), the fact that ||grad F/(X)||r < HVF( Nr <2- HAHF | B|| for all X € St(m,n),
and our choice of the step size a, the sequence X? = X5, X! ..., XT generated by Algorithm 2
in epoch s satisfies

k
X = X0l < 2a(M +1)-[|A|lp - |IB] ) (cra+1)*

7=0
~2(M +1) ((cla+ 1)F —1) - [|Al|p - | B]|
_ -
5
< =
= 3

for k=0,1,...,I" = 1. This implies that
IX? = X p < [|X° = X°)lp + | X°H = X0 p + | X - X | <6,

which is a contradiction. Hence, we have X1 N Xy v # (), which by Proposition 4 yields
Xnnm = Xy . Consequently, we have dist(X*, X) = dist(Xs,Xhﬂ) < §/3 for all sufficiently
large s > 0. This, together with Proposition 10 and the fact that the function F' is constant on
AXp 11, implies that every limit point of the sequence {)N(S}Szo belongs to A}, 1 and F(X) = F*
for all X € &), 1. This completes the proof.
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