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Abstract: This paper is concerned with the factorization form of the rank regularized loss minimization
problem. To cater for the scenario in which only a coarse estimation is available for the rank of the true
matrix, an £2 g-norm regularized term is added to the factored loss function to reduce the rank adaptively;
and account for the ambiguities in the factorization, a balanced term is then introduced. For the least
squares loss, under a restricted condition number assumption on the sampling operator, we establish the KL
property of exponent 1/2 of the nonsmooth factored composite function and its equivalent DC regularized
surrogates in the set of their global minimizers. We also confirm the theoretical findings by applying a
proximal linearized alternating minimization method to the regularized factorizations.

Key words: low-rank matriz recovery, rank regularized factored loss minimization, {2 g-norm and equiva-
lent DC regularized surrogates, KL property of exponent 1/2

Mathematics Subject Classification: 15483, 47A52, 90C26

Introduction

Let R™*™ be the vector space of all m x n real matrices, endowed with the trace inner
product (-,-) and its induced Frobenius norm || - ||p. Low-rank matrix recovery problems
aim to recover a matrix M € R™*™ of rank r with 1 < r < min(m,n) via some noiseless
or noisy observations. Let f: R™*" — R, denote an appropriate smooth empirical loss
function. When a tight upper estimation, say the positive integer , for the rank of M is
available, it is natural to model low-rank matrix recovery problems as

Xg}lgi"r}m{f()() s.t. rank(X)g/f}; (1.1)

if only a coarse estimation, say min(m,n), is available, it is reasonable to model it as

Xer%iwrllm{uf(X) +rank(X)}, (1.2)
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where v > 0 is the regularization parameter. Without loss of generality, we stipulate that
m < n and assume that problem (1.2) has a nonempty global optimal solution set, denoted
by X*. When the loss function f is specified as

FX) = A P (13)

for a sampling operator A: R™*™ — RP and an observation vector b € RP, the above (1.1)
and (1.2) become the popular rank constrained and rank regularized least squares problem,
respectively. Rank optimization problems have a host of applications in a variety of fields
such as system identification and control [14, 16], signal and image processing [20, 12],
machine learning [40, 3, 26], statistics [35, 24], finance [38], and quantum tomography [19],
just to name a few (see also the survey [13] for some further applications).

Due to the involved combinatorial property, rank optimization problems are generally
NP-hard [15] and it is almost impossible to seek their global optima with an algorithm of
polynomial-time complexity. Over the past decade, many convex relaxation approaches have
been developed. A popular one is the nuclear norm relaxation approach [10, 39] that yields
a low-rank solution via a single tractable nuclear norm optimization problem. Observe that
the nuclear norm has a relatively weak ability even fails to promoting a low-rank solution
in some scenarios [42, 33]. Some researchers have proposed convex relaxation approaches
by solving a sequential convex program arising from a certain nonconvex surrogate of rank
minimization problems (see, e.g., [15, 27, 34]). Recently, Bi and Pan [4] proposed a multi-
stage convex relaxation approach to (1.2) by the global exact penalty for its equivalent
MPEC reformulation, which shows that several convex relaxation problems are enough to
yield a high-quality low-rank solution. Although convex relaxation methods have received
well study from many fields such as information, computer science, statistics, optimization,
and so on (see, e.g., [39, 11, 35, 24, 9, 45]), the computation of tractable convex optimiza-
tion problems involved in them are very expensive since each iterate requires performing
a singular value decomposition (SVD), which making them computationally prohibitive in
large-scale settings [21].

To overcome the computational bottleneck of the convex relaxation approach, inspired by
the work [7], a common way is to reparameterize the m x n matrix variable X as UVT with
Ue R™*% and V€ R""% and achieve a desirable low-rank solution by solving a bi-factored
nonconvex problem with less variables which is often regularized by a term to account for the
ambiguities in the factorization X = UVT. Corresponding to the rank constrained problem
(1.1), one usually solves the following smooth nonconvex optimization

: T Koy Ty (12
e D {f(Uv )+ LIUTU v V||F} (1.4)
where p > 0 is the regularization parameter. Such a reparametrization automatically en-
forces the low-rank structure and leads to low computational cost per iteration. Owing to
this, the nonconvex factored approach is widely used in large-scale applications such as rec-
ommendation systems or collaborative filtering [25, 26]. Though the bi-factored problem is
nonconvex, it is amenable to local search heuristics such as gradient descent or alternating
minimization which can exploit its bilinear structure well. In fact, numerical experiments
indicate that they tend to work well in practice [17, 28, 43].

Despite the superior empirical performance of the nonconvex factored approach, the
understanding of its theoretical guarantees is rather limited in comparison with the convex
relaxation approach since its analysis is well known to be notoriously difficult. In the recent
years, some active progress has been made for the theory of the nonconvex factored approach.



KL PROPERTY OF THE FACTORIZATION FORM 3

One research line focuses on the (regularized) factorizations of rank optimization problems
from a local view and aims to characterize the growth behavior of objective functions around
the set of global optimal solutions (see, e.g., [22, 36, 43, 46, 48, 50, 51]). A direct consequence
of this line is that standard methods such as gradient descent and alternating minimization,
when initialized with a point in the stated neighborhood, will converge linearly to an optimal
solution. Another line takes a global view and aims to establish the geometric landscape
of the factorization models of rank optimization problems, especially strict saddle point
property (see, e.g., [37, 17, 18, 29, 30, 49, 52]). As a result, suitably modified gradient descent
methods can be shown to converge globally to an optimal solution, and their convergence
rates can be established; see Jin et al. [23].

We notice that most of the above theoretical results focus on the exact-parametrization
case k = r of the (regularized) factorizations, and consequently are applicable to the rank
optimization problems (1.1) and (1.2) for which the rank of the optimal solutions is known.
In fact, the most crucial and difficult part for most of rank optimization problems is to
achieve the rank of global optima or its best estimation. This means that the factored
model of the rank regularized problem (1.2) with a coarse estimation x is more practical.
Motivated by the efficiency of the nuclear norm relaxation approach, there are some works
[40, 8, 30, 48] centering around the factorized nuclear norm surrogate problem

1
e ttin_ v @V ST + VIR (15)
where the positive integer & is an upper estimation for . Among others, Li et al. [30] took a
global view and proved that each critical point of the smooth factored problem (1.5) either
corresponds to the global optimum of the nuclear norm surrogate problem or is a strict
saddle point; while Zhang et al. [48] took a local view and established the KL property
of exponent 1/2 of the objective function over the set of global optima but only for the
exact-parametrization case k = r and the loss f in (1.3) with a full sampling operator A.
As previously mentioned, the nuclear norm has a weak ability even fails to promoting a
low-rank solution in some cases, which implies that the Fro-norm regularized factorization
model will carry on this potential insufficiencey.
Motivated by this, in this work we concentrate on the following factored form of (1.2):

20)}: (16)

1
peme i {UOV) = v fOVT) + FUTT VIV 45 (U2 + V]
where the positive integer  is an upper estimation for r, and ||U||2,0 means the ¢ o-norm of
U, i.e., the number of nonzero columns of U. As will be shown in Section 3.1, when the set X™*
contains a matrix with rank no more than &, the factored problem (1.6) is equivalent to (1.2)
in the sense that their global optima can be obtained from each other. The balanced term
E|UTU-VTV]% is introduced to remove the ambiguities caused by the bilinear form UV™.
Consider that the discontinuity of /3 g-norm may cause some inconvenience in designing
effective algorithms for solving (1.6). We also reformulate (1.6) as a mathematical program
with equilibrium constraint (MPEC) by the variational characterization of ¢ o-norm, and
derive some equivalent DC (difference of convexity) regularized surrogates from the global
exact penalty of the MPEC under a suitable restriction on the loss f. The main contribution
of this work is, for the least squares loss with b = A(M), to establish the KL property of
exponent 1/2 of the function ¥ and its equivalent DC regularized surrogates over the set of
their global minimizers under a restricted condition number assumption on A.

For nonconvex and nonsmooth functions, the KL property of exponent 1/2 over the set
of critical points is a weak growth behavior to guarantee that many first-order algorithms
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for minimizing them converge to a critical point with a linear rate (see, e.g., [1, 2, 6]). From
[1, Section 4] many classes of functions indeed satisfy the KL property, but generally it is
not an easy task to verify whether these functions have the KL property of exponent 1/2
or not over the set of critical points. Though some useful rules are provided in [31] to
identify the exponent of KL functions, in most cases one still needs to analyze them case
by case. Though we establish the KL property of exponent 1/2 of the function ¥ and its
equivalent DC regularized surrogates only in a subset of their critical point set, to the best
of our knowledge, this work is the first to achieve such a growth behavior for the nonsmooth
factored function with an over-parametrization case xk > r.

Notation and Preliminaries

Throughout this paper, Q™ represents the set of all n x n orthonormal matrices, e denotes
a vector of all ones whose dimension is known from the context, and Diag(z) for a vector
z means a rectangular diagonal matrix. For a given X € R™*" ¢(X) € R™ denotes the
singular value vector of X arranged in a nonincreasing order, i.e., o1(X) > -+ > o, (X),
0™ (X) :={(P,Q) € 0™ x O" | X = PDiag(c(X))Q"}, || X|| means the spectral norm of
X, X; denotes the j-th column of X, and for an index set J C {1,...,n}, X represents the
matrix consisting of those X; with j € J. For a given 6 > 0, B(X, §) denotes the closed ball
on the Frobenius norm centered at X of radius §. For a linear operator B: R™*"™ — R?_ ||B]|
means the spectral norm of B, and B* denotes the adjoint of B. For a given integer £ > 1,
write €, := {X € R™*"™ | rank(X) < k}. For a convex set C, C* denotes the recession cone
of C. In the sequel, we denote by . the family of proper lower semicontinuous (lsc) convex
functions ¢: R — (—o0, +00] satisfying

[0,1] C int(dom¢), ¢(1) =1, t; = argmin ¢(t) with @(t3) = 0. (2.1)
t€[0,1]

For each ¢ €., let ¢: R — (—00, +00] be the associated proper lsc convex function:

0 ::{ $(t) it t e [0,1]; 22)

400 otherwise,

and denote by ¢* the conjugate function of 1, i.e., ¥*(s):= sup,cp{st — ¥ (t)} for s € R.

Generalized subdifferentials

Next we recall from [41, Definition 8.3] the concepts of the regular, limiting and horizon
subdifferentials of an extended real-valued function at a finite-valued point. For an extended
real-valued g: R™ — (—o0, +00], write dom g := {z € R™ | g(z) < 4+00}.

Definition 2.1. Consider a function g: R — [—o0,+oco] and a point z with g(z) finite.
The regular subdifferential of g at z, denoted by d¢g(x), is defined as

59(:1:) = {v €R™ | lim inf 9(@') = glw) = (v, 2" = 2) > 0};

et " — ||
z! £

the (limiting) subdifferential of ¢g at x, denoted by dg(x), is defined as

0g(x) := {v €R" | 3zF s and v* € dg(a"*) with v* — v},
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and the horizon subdifferential of g at =, denoted by 0°°g(x), is defined as

0%g(x) :== {v €R" | IzF — z and v* € 59(:5’“) with A\gv* — v for some Ay, | 0}.
g

Remark 2.2. (i) The regular and limit subdifferentials are all closed and satisfy 59(3:) C
0g(x), and the set dg(zx) is convex but dg(z) is generally nonconvex. When g is convex,
0dg(x) = dg(x) and is precisely the subdifferential of g at x in the sense of convex analysis.

When g is nonconvex, there may be a big difference between them. For example, for the
function g(z) = —||z|| for z € R™, we have dg(0) = 0 but dg(0) = {v € R" | |jv|| = 1}.

(ii) The point Z at which 0 € dg(Z) (respectively, 0 € 59(5)) is called a limiting (respectively,
regular) critical point of g. By [41, Theorem 10.1], a local minimizer of g is necessarily a
regular critical point, and consequently a limit critical point.

(iii) By [41, Corollary 8.11], g is (subdifferentially) regular at T if and only if g is locally lsc
at T with 9¢g(T) = 0¢(T) and 0%g(T) = [dg(T)]*>°.
We also recall from [41, Chapter 6] the concepts of the regular normal cone and limiting

normal cone. Let C C R™ be a closed set. The regular normal cone to C at a point T € C is
defined by

~

Ne(T) = {v eR": limsupw < 0},
C
and the limiting normal cone to C at T € C is defined as the outer limit of N (x) as x = T,
ie.,
Ne(T) == {v eR": Ik =T v* — v with v € /\Afc(xk)}
The following lemmas focus on the subdifferential of two composite functions.

Lemma 2.3. Let h(z) :=sign(||z||) for z € R™. Fiz an arbitrary Z € R™. Then, we have

S {0y iz A0

e =on) = { G270
Proof. When z # 0, since 5sign(t)|t:“3” = Osign(t)|,—z = {0}, by [41, Exercise 10.7] it
follows that Oh(Z) = Oh(Z) = {0}™. When zZ = 0, by Definition 2.1 it is easy to calculate
that Oh(Z) = R™, which means that 0h(Z) = R™. So, the result holds. O

Lemma 2.4. Let h(z) = ¥(g(z)) where ¥ : R — R is a locally Lipschitz function and
g9(z) = ||z]| for z € R™, and gphg be the graph of g. Consider any point Z € R™. Then,
z

Oh(z) = d9(|Z]) = if Z#£0 and 9h(z) C D'g(2)[09(|z])] it z=0

Izl
where D*g(Z) is the coderivative of g at Z, i.e., u € D*g(Z)(7) iff (u, —7) € Ngpng(Z, ||Z]])-
Proof. Since ¥ is a locally Lipschitz function, 0°9(t) = {0} for any ¢ € R. When z # 0,

the result follows from [41, Exercise 10.7]. When z = 0, by [41, Theorem 10.49] we have
Oh(Z) C D*g(z)0VY(]|z]|), where D*g(Z) is the coderivative of g at Z. O

By Remark 2.2(iii), —¢ is not regular since 5(—9)(0) # 0(—g)(0). This means that sg for
each s € 9¥(0) is not regular at the origin unless 99(0) C R,. Consequently, the inclusion
in Lemma 2.4 generally can not become an equality.
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Kurdyka-Lojasiewicz property
We recall from [1] the concept of the KL property of an extended real-valued function.

Definition 2.5. Let g: R™ — (—o00,+00] be a proper function. The function g is said to
have the Kurdyka-Lojasiewicz (KL) property at T € dom dg if there exist n € (0,400], a
continuous concave function ¢: [0,7) — R, satisfying the following two conditions

(i) ¢(0) =0 and ¢ is continuously differentiable on (0, 7);
(ii) for all s € (0,n), ¢'(s) >0,

and a neighborhood U of Z such that for all z € U N [¢(T) < g < g(T) + 7],
¥'(g(x) — g())dist(0, dg(x)) > 1.

If the corresponding ¢ can be chosen as ¢(s) = ¢y/s for some ¢ > 0, then g is said to have
the KL property of exponent 1/2 at Z. If g has the KL property of exponent 1/2 at each
point of dom dg, then g is called a KL function of exponent 1/2.

Remark 2.6. By [1, Lemma 2.1], a proper function has the KL property of exponent 1/2
at any noncritical point. Hence, to show that it is a KL function of exponent 1/2, it suffices
to check whether it has the KL property of exponent 1/2 at each critical point.

Restricted smallest and largest eigenvalues

When handling low-rank matrix recovery problems, restricted strong convexity and re-
stricted smoothness are common requirement for loss functions (see, e.g., [35, 52, 30]). For
the least squares loss function in (1.3), these properties essentially require that the restricted
smallest and largest eigenvalues of A* A satisfy a certain condition.

Definition 2.7. Let B: R™*"™ — RP be a given linear mapping. The k-restricted smallest
and largest eigenvalues of of B*B are respectively defined as follows:

. * - : 2 * — 2
Nen(B'B) = min  [BOOI® wnd A B'B) = max B

Ak, max (B*B)

N ER) is called the k-restricted condition number of B*B.

and the ratio

Clearly, the least squares loss function (1.3) has the k-restricted strong convexity in
[62, 30] if and only if the k-restricted smallest eigenvalue of A*A is positive. When the
k-restricted smallest and largest eigenvalues of A*A satisfy Agmin(A*A) = 1 — §; and
A max (A*A) = 1 + ¢y, for some 5, € [0, 1), the sampling operator A satisfies the restricted
isometry property (RIP). Thus, we conclude from [39] that for many types of random sam-
pling operators, there is a high probability for A*A to have a good restricted condition
number, that is, the value of Ay max(A*A)/Ar min(A*A) is not too large.

For the least squares loss function (1.3), the following lemma was appeared in [44], which
improves a little the result of [30, Proposition 2.1].

Lemma 2.8. For the loss function (1.3), let a and 8 be the r-restricted smallest and largest
eigenvalues of A*A, respectively. If a > 0, for any X, Y € R™*™ with rank([X Y]) <r,

2 B8 —
A AY) - (XY <

«
Xl
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To close this section, we characterize the rank function in terms of the ¢ g-norm.
Lemma 2.9. Given a matriz X € R™*™. If rank(X) < k for an integer k > 1, then

1
K(X) = {f R L ;X:RLT}. 2.3
rank(X) = o B0 5 (1Rll2.0 + [[L]l2,0) (2.3)

Proof. Take an arbitrary feasible point (R,L) € R™*% x R™** of (2.3). Notice that
X =RLT = PO (R, L} and there are at most min(||R||2,0, ||L]|2,0) nonzero terms. Hence,
rank(X) < min(||R||2,0,[/L|[2,0) and rank(X) < 2(||R|l2,0 + ||L|l2,0). Since (R,L) is an
arbitrary feasible point, this shows that rank(X) is a lower bound for the objective func-
tion of (2.3) over its feasible set. Also, by taking (U V) e (O)m”( ) and setting R =

[\/01 U1 \/O'H(X)U,{] and L = [\/O’l(X)Vl o (X V] we have

= = =T

IR]l2.0 = |IL||2,0 = rank(X) and X =RL .
This shows that the optimal value of (2.3) equals rank(X). The desired result holds. O
Factorized Reformulations
We provide several factored reformulations of the rank regularized problem (1.2) by means
of the /5 g-norm of matrices and its variational characterization. Recall the definition of the

function family .. With an arbitrary ¢ €., it is easy to check that for any z € R”,

I2llo = min {52 6(w): 0<w<e, (e—w,lz]) = 0}.

Consequently, for any Z € R™*" with G(Z) := (|| Z1]|, | Z2]|, - - -, [|Za]])T it holds that
1220 = min {0 6(w) s 0<w < e, e —w,G(2)) = 0}. (3.1)

This provides a variational characterization for the ¢5 g-norm of matrices. Such a character-
ization was exploited in [5] to design a convex relaxation approach to group sparsity.

{3 o-norm regularized factorization

We first argue that the rank regularized problem (1.2) can be reformulated as an equivalent
£3,0-norm regularized factorization model. This is implied by the following lemma.

Lemma 3.1. If X" is a global optimal solution of rank r for the problem (1 2), then (R*, L*)

with R* = [\/o1(X*)Uf -+ o (X*)U}] and L* = [\/or (X*)V* - «/Uﬁ (X*)V.X] for

(U*,V*)eQm™™(X*) is globally optimal to the following problem wlth k>

min_ vV + (100 + 1V]z0) b (32)

UeRm Xk VR Xk

Conversely, if X* NQ, # 0 and (U, V) is a global optimal solution of (3.2), then X = Tov'
is globally optimal to the problem (1.2).

Proof. Fix an arbitrary (U,V) € R™X% x R™ % and write X = UV'. By Lemma 2.9,
1Ull2.0 + |[V]|2,0 > 2rank(X), which along with the global optimality of X* implies that

VEUVT) + %(HUHQ,O +IVllao) > vf(X) + rank(X) > vf(X*) + rank(X*).
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Notice that R*L*T = X* and 2rank(X*) = | R*

l2,0 + [[L*||2,0. From the last inequality,

1 * * 1 * *
VOV + 5 (1010 + [Vlizo) 2 v (RLS) + S (17 oo + 127 l20).

By the arbitrariness of (U, V'), this shows that (R*, L*) is globally optimal to (3.2).
Conversely, let X* be an arbitrary point from X* N Q, and let (U*,V*) € Q™" (X™*).

Write R = [\/o1(X*)Uj -+ /o (X*)U:] and L = [\/o (X))V;* -+ /ou(X*)V;?]. Then,

it holds that || R||2,0 + || L||2,0 = 2rank(X*). Consequently, we have

vf(X*) + rank(X") = vf(RL") + %(IIRHz,o +11Lll2.0)

> v (V") + 5 (IT

2.0 +[[Vll2,0)
> vf(X) +rank(X) with X = WT,
where the last inequality is by Lemma 2.9. So, UV is globally optimal to (1.2). O

Lemma 3.1 shows that if an upper bound & is available for a low-rank global optimal
solution of (1.2), seeking such a low-rank global optimal solution is equivalent to finding
a global optimal solution of the {5 ¢-norm regularized factorization model (3.2). Thus, to

achieve a low-rank global optimal solution of (1.2) with balanced factors, i.e., X = WT

with U U = VTV, one may solve the ¢ g-norm regularized factorization model (1.6). The
following lemma builds a bridge for the global optimal solution set of (1.6) and (1.2).

Lemma 3.2. Suppose X* NQ,, # 0. Then, the optimal solution set of (1.6) has the form
W= {(U,V) 1TV e nQ, T T=VV, |Ullao= V|20 = rank(WT)} .

Proof. Take an arbitrary X*€ X* N Q.. By Lemma 2.9, for any (U,V) € R™*# x R***,

VFOVT) + EIUT0 VIV + (00 + [V20)

> OV + 3 (10120 + [V 20)

> vf(UVT) +rank(UVT) > v f(X*) + rank(X*). (3.3)
Moreover, when (U, V) = (U, V) for an arbitrary (U, V) from W*, it holds that

vF@V) + 51770~ FT % + 5 (1Tl0 + [Vl20)

= yf(WT) + rank(UVT) = vf(X™) + rank(X™)

where the last equality is due to Tov' € X*. The last two equations show that the problems
(1.6) and (1.2) have the same optimal value, and by the arbitrariness of (U, V) in W*, we
conclude that W* is included in the set of global optimal solutions to (1.6). Thus, it suffices
to argue that the converse inclusion holds. For this purpose, let (U,V) be an arbitrary
global optimal solution to (1.6). Then, by using the fact that the problems (1.6) and (1.2)
have the same optimal value and Lemma 2.9, it follows that

N N ——T —T— —T— 1, = —
VF(X) +rank(X*) = vf (@ V) + LIT°T =V VI + 5 (1020 + 1V )120)

> uf(UV) +r1ank(T V') > vf(X*) + rank(X™). (3.4)
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This implies that UV € X* and the inequalities in (3.4) become the equalities. Then,
—T— —T— 1, — — ——T — =T
vfO V) + 50T =V VG + 50020+ [Vliz0) = vfT V) + rank(@ V).

Along with 5([[Ull2,0 + [V ]l2,0) > rank(UVT) by Lemma 2.9, we deduce that U U =V V
and ([T 2,0 + [[V]l2.0) =rank(T V"), which implies that [T 20 = [V 20 = rank(T V).

That is, (U,V) € W*. Hence, the desired converse inclusion holds. O

Remark 3.3. Lemma 3.1 and 3.2 show that a global optimal solution of (1.2) can be
obtained from that of (3.2) or (1.6) when X*NQ, # 0. It is easy to verify that every global

optimal solution (U, V) of (3.2) with TU=V7Vis necessarily a global optimal solution
of (1.6), and every global optimal solution of (1.6) is a global optimal solution of (3.2).

Lemma 3.2 implies that if the set X'* N Q, can be characterized, one may achieve the
global optimal solution set of (1.6). The following proposition states that for the function f
specified as in (1.3) with b = A(M), the set X* N Qy, can be characterized under a suitable
condition for the restricted smallest eigenvalue, and so is the set W*.

Proposition 3.4. Suppose that the function f is given by (1.3) with b = A(M) for a
matriz M of rank r, and X* N Q. # 0. If the 2r-restricted smallest eigenvalue o of the
linear operator A* A satisfies o > W%(M), then X* N Qy = {M}, and consequently

* 7 T | TETL —T— —=T— ,— _
W* = {(U,V) TV =M, T T =TV, [Tlao = [V]l20 :,«}_

Proof. Take an arbitrary X € X* N, and write 7 := rank(X). By the expression of f,

vf(X)+rank(X) < vf(M) 4 rank(M) = rank(M) = r. (3.5)
This implies that 7 < r. If 7 < r, from the fact that « is the 2r-restricted smallest eigenvalue
of A* A and minani(x)<r [|X — M||% = Y1+ [0:(M)]? it follows that
_ — 1 5 _
vf(X) 4+ rank(X) > §VO‘HX_ MHF + rank(X)

> %VO((T — 7)o, (M) +7 > 1,

where the last inequality is due to a > W+(M) and r—7 > 0. This gives a contradiction to the
inequality (3.5). Consequently, rank(X) =7 = r, and f(X) = 0 follows from (3.5). Together

with f(X) > 2a|[X — M|?, we obtain X = M. By the arbitrariness of X € X* N Q,, it
follows that X* N Q,, = {M}. The proof is completed. O
DC regularized factorizations

By Remark 3.3, one may achieve a global optimal solution of (1.2) by solving the ¢3 g-norm
regularized factorization model (3.2) or its balanced formulation (1.6). Write

FU,V) = vfUVT) + %HUTU —VTV3. (3.6)



10 S. BI, T. TAO AND S. PAN

Fix an arbitrary ¢ €.Z. By (3.1), the problem (1.6) is equivalent to the following problem

K

1
(U,u)E%gNXRK (U’ V) * 2 4 (¢(ul) + QS(UI))
(V,U)GR"X"/XTR"“ i=1

st. 0<u<e (e—u,G0)) =0,
0<v<e (e—0v,G(V))y=0 (3.7)

in the sense that if (U,V) is a global optimal solution to (1.6), then (U,V,u,v) with
U = max(sign(g(ﬁ)),t;e) and 7 = max(sign(g(V)),t;e) is globally optimal to (3.7); and
conversely, if (U, V,%,) is a global optimal solution of (3.7), then (U, V) is globally opti-
mal to (1.6). Furthermore, the problems (1.6) and (3.7) have the same optimal value. The
problem (3.7) is an MPEC involving the equilibrium constraints (e —u,G(U)) =0,e —u > 0
and (e —v,G(V)) = 0,e —v > 0. The equivalence between (1.6) and (3.7) reveals that the
combinatorial property of |U||2,0 and ||V]|2,0 arises from the equilibrium constraints.

It is well known that handling nonconvex constraints is much harder than handling
nonconvex objective functions. So, we consider the following penalized problem of (3.7)

K

. 1
min — {FUV) 453 [0(u)+ 6ley) + p(1—w)|U | + p(1=0) IV ] }
(U,u) ERM XK xRE 2 =1
(V,v) ERM XK xR =

st. 0<u<e 0<v<e. (3.8)

By using [32, Theorem 3.2], we can establish the following global exact penalty result.

Proposition 3.5. Let ¢ € . If f(U, V)= f(UVT) for (U, V) € R™** x R" % js coercive
and f is continuously differentiable in R™*™ then there exists p > 0 such that the problem
(3.8) associated to each p > p has the same optimal solution set as (3.7) does.

Proof. By the coerciveness of f, there exists a constant w > 0 such that (3.7) and (3.8) are
equivalent to their respective version in which the variables U and V are restricted to lie in
B(0,w). Thus, the conclusion follows by [32, Theorem 3.2]. O

Recall the definition of ¢ in (2.2). The problem (3.8) can be compactly written as

K

. 1
min — {FOV) +5 3 [blu)+ 0(05) + p1—u) [T | + p(1—v5) [V; 1] }
(U,u) ERM XK R =

(V,0) ER™M X K xRE

which, by introducing the function 6(t) := ¢t — ¢*(t) for ¢t € R, is simplified as

K

peemin_ {8,V = FUV) + ;2 0TI+ ) (3.9)

Notice that Z;:l [0(p||U;11) + 0(p|V;1)] is a DC function since U; — ¢*(p||U;|) is convex
by the nondecreasing and convexity of ¢*. By Theorem 3.5, the following result holds.

Corollary 3.6. Let ¢ € Z. If the function f defined in Proposition 3.5 is coercive and f
is continuously differentiable in R™>™ then there exists p > 0 such that the problem (3.9)
associated to each p > p has the same optimal solution set as (1.6) does.
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Combining the above discussions with Remark 3.3, we conclude that when f satisfies the
requirement of Proposition 3.5 and X* NQ, # (J, one may achieve a global optimal solution
of (1.2) by solving the penalized problem (3.8) or its equivalent DC regularized surrogates
(3.9). However, the function fassociated to many f is not coercive, say, the least squares
loss function in (1.3). In this case, it is natural to ask what conditions can ensure that the
problem (3.8) is still a global exact penalty of (3.7). The following proposition provides such
a condition when f is specified as in (1.3) with b = A(M).

Proposition 3.7. Suppose that the function f is given by (1.3) with b = A(M) for a matriz
M of rank r. If X* N Q. # 0 and the 2r-restricted smallest eigenvalue o of A* A satisfies
a > W%(M), then for each ¢ € L the problem (3.8) is a global exact penalty of (3.7) with

threshold p := max (1, % 1—|—2\/\/g)d>’_(1), and consequently the problem (3.9)

associated to every p > p has the same global optimal solution set as (1.6) does.

Proof. We first argue that for all p > p and (U, V,u,v) € R™*% x R"*% x [0, ¢e] x [0, €],

K

FU,V) + % > [8ug) + p(L=uy)1U; | + é(v5) + p(L—v)[V; ] = . (3.10)

j=1
Fix an arbitrary p > p and an arbitrary (U, V,u,v) € R™*% x R"*% x [0, e] x [0, e]. Write
J = {5 | ¢(w;) + p(1—up) |Ujll + ¢ () + p(1—v)[|Vjl| > 2} and J = {1,... k}\J.

Clearly, if |J| > r or 4£||[UTU — VIV||3, > r, the stated conclusion automatically holds. We
next consider the case that |J| < r and &|UU — V*V||3, < r. Notice that (U,V,e,e) for
any (U,V) € W* is a feasible solution of (3.7) with the objective value equal to x, while the
optimal value of (3.7) is r. Hence, r < k, and we have J # (). For each j € J,

o < @2 [0\ 2yF
1TV lle = [1V;l < =) W ) (3.11)

Indeed, for each j € J, it holds that ¢(u;) + p(1 —u;)||U;|| < 1 or ¢(v;) + p(1—v;)||V;] < 1.
Together with ¢(u;) — 1 = ¢(u;) — ¢(1) > ¢ (1)(u; — 1) and ¢(v;) — 1 > ¢ (1)(v; — 1),
it follows that p||U;|| < ¢"_(1) or p||V;|| < ¢_(1). Notice that |[|U;|*> — ||V;]I?| < % since
BIIUTU — VIV||% < r. Then, the inequality (3.11) follows. Thus, we have

AUV = M)|| > || AW,V = M)|| = | AU5VD)|
> Val|U,Vi = M|, = Al U5VE |,
> Valr = [T)on(M) = V&l Al max |GV,

o AR Q) ol ()N | 2V
> Va(r—|J])o. (M) ; \/( ; >+\/ﬁ

2(r — |J1)

v
where the third inequality is using min,ex)<sy |1 X — M||% = ZZ:\J\H 02(M), and the

last one is due to p > ¢’_(1) and p(vao, (M) —v2v=1) > [|A|VEe_(1)4/1 + 2\/‘/;. The last
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inequality implies that (3.10) holds. Recall that the optimal value of (3.7) equals r. By [32,
Definition 2.2], the inequality (3.10) implies that the MPEC (3.7) is uniformly partial calm
over its global optimal solution set, which by [32, Proposition 2.1(a)] is equivalent to saying
that (3.8) is a global exact penalty of (3.7). O

From the proof of Proposition 3.7, we see that the balanced term £||UTU — VTV|% in

the function F' plays a crucial role. When replacing F' with f, it is unclear whether the
result of Proposition 3.7 holds or not, and we leave this topic for future study.

KL Property of Exponent 1/2 of ¥ and ©,

In this section, for the function f specified as in (1.3) with b = A(M) for a matrix M of
rank r, we shall establish the KL property of exponent 1/2 for the functions ¥ and ©, over
the set of their global minimizers. This often requires the following inequality

oo(A|Blr < |AB"|r < |A[IBllF ¥V AE€R™*, BeR™". (4.1)

For convenience, in the subsequent analysis we write o; = 0;(M) for i = 1,2,...,m.

KL property of exponent 1/2 of ¥

To establish the KL property of exponent 1/2 of ¥ over the set of its global minimizer set,
we first characterize the subdifferential of ¥ at any point (U, V) € R™** x R"*%,

Lemma 4.1. Fiz an arbitrary (U, V) € R™** x R"** and write Jy = {j | U; # 0} and
Jy = {j | V; #£0}. Then, dU(U,V) = 0U(U,V) = dy¥(U,V) x dy (U, V) with

By (U, V) :{G € R™*| Gy =u[A* AUV = M)V, +pUUTU;— VIV;), j e JU},

Oy (U, V) :{H € R™*| H, =u[A* AUV = M)|"U; +uV (VTV;—UTU,), j € Jv}.
Proof. By the expression of F in (3.6), F is continuously differentiable in R™** x R™**,

Let g(Z) := ||Z]|2,0 for Z € R™**, and h(L) := ||L||2,0 for L € R™**. From [41, Exercise
8.8(c)& Proposition 10.5],

~ ~

V(U V) = p¥(U,V) x dyW(U,V) = (Vo F(U,V) + 8g(U)) x (Vv F(U,V) + 8h(V)),
V(U,V) = dyW(U,V) x dy (U, V) = (VyF(U,V) + 8g(U)) x (Vv F(U,V) + dh(V)).

By invoking [41, Proposition 10.5] and Lemma 2.3, it immediately follows that

A _ _ . C_f A0y if j e Ju;
0g(U) =0g(U) =51 x---x S, with S; = { R if ¢ Jy.
Similarly, 5h(V) = 0h(V) has such a characterization. Thus, we get the result. O

The following lemma provides a kind of stability for the global minimizer set of V¥, i.e.,
for each global minimizer (U, V') of ¥, there exists a neighborhood such that every point
pair in this neighborhood has the same nonzero columns.
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Lemma 4.2. Suppose that X*N Q. # ) and the 2r-restricted smallest eigenvalue o of A*A
satisfies a > —=5. Fiz an arbitrary (U,V) € W*. Then, for any (U, V) € R™*" x R"**

with (U, V) € B(U, V), ¥2) and 0 < ©(U,V) — ©(U,V) < &, it holds that

27

{10, #0}={j 1 V; #0} ={j | U; #0} = {j | V; #0}.

Proof. Write J := {j | U; # 0},Ju:= {j | U; # 0} and Jy := {j | V; # 0}. By using
Proposition 3.4, we have J = {j | V; # 0}, ||U;| = ||V} for each j € J, and |J| =r. Let
{e1,...,e,} be the orthonormal basis of R". Then, for each j € J, we have

= . T . —T— —T— —T—
1U;]* > win (U;U )i = l.mr<€i6?, U,U5) 2 0.(U;Uy)=0.(UU).

1<i<

This implies that minje; ||U;]| > 0,(U) = /o,, where the equality is using TU=VV
and UV = M. Together with ||U;|| = ||V;]| for each j € J,

min 75 | = min [V > v/

For each j € J, since |U;|| = ||U; —U; + Uj|| > ||U;|| = U = Ullr > /o, — ‘/27 > % o,
we have J C Jy. Similarly, J € Jy. In addition, from 0 < ¥(U,V) — ¥(U,V) < 1/2
and U(U,V) = r, it follows that r < ¥(U,V) < r + 1. By the expression of ¥, we have
r= ‘J| < %(||U||270 + ||V||2’0) < \I/(U, V) <r+ %, which implies that ||U||2_’() + ||V||2’0 = 2r.
Together with J C Jy and J C Jy, we conclude that J = Jy = Jy. O

Theorem 4.3. Let o and B be the 2r-restricted smallest and largest eigenvalues of A*A,

2 2 4
respectively. Suppose that X* N Q. # O and g < 3225321?3;—:2 with o > Fix
1 r v

an arbitrary (U, V) € W*. Then, for any (U, V) with (U, V) € B(U,V), \/f) and 0 <
V(U V)= U(U,V) < %, the following inequality holds

_4_
5.
vo?

dist® (0,09 (U, V)) > y[¥(U,V) = ¥ (U, V)], (4.3)
. . v a)ol 2
with v = min (E [mf;ﬁ —Vo1(B —a)]”, 2p0,).

Proof. Fix an arbitrary (U, V) with (U, V) € B((U,V), \/f) and 0 < ¥(U,V)-¥(U,V) < 1.
Write Ay = U—U and Ay =V — V. Then max(|Av||r, |Av]|lr) < /. Let J, Jy and
Jy be the index sets defined as in the proof of Lemma 4.2. By Lemma 4.1,
dist?(0,0%(U, V) = dist?(0, 9y ¥(U, V)) + dist?(0, oy ¥(U, V))
=2 [|[A"AUVT = M)V + IUT[A AUV — M)]|1%]

+2[lUUTU = VEV)|E + [(VEV = UTO) VT[] (4.4)
Since Jy = J by Lemma 4.2, we have ||[U(UTU-V™V)|% = |[U;(UTU;—V]V;)|/%. Together
with (4.1), we have |U(UTU — VTV)||% > o2(U,)||UYU; — VFVs|/%. Notice that o,.(Uy) =
0Ty + [Avly) > 0.(U) — 01(Av) > /oy — Y= > /5, /2. Hence,

or or
U@ =VIV)i > STV = ViVille = S U0 = VIV
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Following the same arguments, we also have ||(VTV —UTU)VT||Z > 2| UTU - VTV |%. By
combining with these inequalities and the inequality (4.4), it follows that

dist(0,09(U, V) > p2o, |UTU — VIV 2. (4.5)

Next we proceed the arguments by two cases UVT = M and UVT # M, respectively.

Case 1: UVT = M. In this case, ¥(U,V) — ¥(U,V) = &|UTU — VTV||%. Together with
the inequality (4.5), the desired inequality holds with v = 4uo,..

Case 2: UVT# M. Since ||U|| <||U| +[|Av|| <2\/o1<+/201 and ||V|| <201, we have

2\ I[A* AQUVT — M)V|3 + [UT[AAUVT — M]3

> VI [IATAWUYT ~ M)V |5 + U A AUV — M) ]

> (|4 AUVT = M)VVT | + [UUT A AUV - M)]l|x]
1

= VT =M
1

[0VT =Ml

_ 1 T T T

= [TV 3lr M”F<A(UV M), A[(UVT = M)VVT])
1

T oVT= s

(JA*AWUVT = M)VVT UVT — M)

+ (Ut A*AUVT - M), UVT - M)

(AUVT — M), ATT"(UVT - M))).

Notice that rank([UVT—M (UVT-M)VVT]) < 2r and rank([UVT-M UUT(UVT-M)]) <
2r. Applying Lemma 2.8 to the two terms on the right hand side, we obtain

2\/07\/||[A*«4(UVT — M)V|[% + [UT[A*AUVT — M)]|I%

b+« T T T B—a T T
> - — — - —
> A OV MOV M) = L v av v
B+« T T T B—a T T
__PrY vt M uUTwvT— M) - 2 rutwvT— M
+2”U‘,T_M”F< UU( ) 5 IVU( )IF
VI M)V|2 + |UT(UVT— M)|2
> B+ ao)[lU Wi + U (U )7 —201(8 — a)|[UVT = M|p

20UV = M||p

where the last inequality is due to (4.1), [|U]|| < v/201 and ||V]| < v/20;. Along with (4.4),

NG
mdmt(& ov(U,V))

S N@VE-MVE + |URUVE-M)|} 401(8 — a)

UVT—M| . 4.6
- ||UVT _ MHF BJra H HF ( )

To further deal with the right hand side of (4.6), we take (P, Q) € O"™"™(M) and write

Y, =diag(oy,...,0.), U=P'U,V=Q", U = U and V; = Vis
Uz Viy
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where Uz € R™" and UU € R™=7)XT are the matrix consisting of the first r rows and the

last m — r rows of UJ, respectively, and similar is for VU € R™" and VU € R("=7)%7_ Then,
by using (4.1), |U|| = ||U|| < v201 and |V|| = |V || < v/201, we obtain

|UVT — M||p = ||UV" — Diag(o(M))||r =

UuVi -2+ UuVy,
UTJVIJ U VT

F
<UuVis = S4llr + V201l|Ug |l + V201 |V | (4.7)

Notice that o, (V) = 0,(Vy) > / % and rank(V;) = rank(V;) = r. Hence, it holds that

IOV =MV |r = | (TV" ~Diag(o(M))V | =

<(ﬁU‘7U Z+)VIJ + UIJV VIJ>

UIJVJ VJ F
1 ~ o~ ~ ~ o~ ~
> 7 (U Viy =2 )Vir + UV, Vi e + U7, Vi Vil ]
Or 55 1 ~ Sr ~ ~
2 TﬁHUYJHF + EH(UUVIJ ~ SV + UV VUHF (4.8)
Since | UV —E+|r < |TVT—Diag(o(M)||r = [UV=M||r < ﬁnA(UvT M)| < 7

where the last inequality is due to U(U,V) — ¥(U,V) < 1/2, using a > Wz then yields
||I?UY7U Y4|lrp < %, which in turn implies that UT(UIJVIJ) > 2= Consequently,

1 ~ ~ ~ 1
T T
UV = M)V > \f||UUHF+ \/§H(U1JVIJ_Z+)VIJHF_ 10V Ve ||,
I T VEVE |l
> 1T 7 + UV - )V UGl ———L
f IJ \/7||U]]H H \/i
> 2\[” Uz llr + \/>||UUVIJ Sillr — V201V | 7 (4.9)

where the last inequality is also using ||Uys|| < v/207 and ||‘A/7J|| < v/20;. Similarly,

1 ~r ~ ~
U (UVT— M)||p > —||U}5(qu;5— W)+ UL UL VE| - (4.10a)

Or 153
— ||V~ +
575Vl

UNUVT— M| > Pt —
U ( )i fH Vol f

10V = S llp = V20u [T lle. - (4.10b)

From (4.8), we have HﬁTJ”F < %H(UVT— M)V||r. Together with (4.10b), it follows that

401 T T T oy
Uuv: — VIg+|U UV — M > V= + UyVE—% )
( M)V[r+[|U( NF = 2\f\| Visll e f” Vi —24|lr
Similarly, from (4.10a) and (4.9), we get
4o
|@VT= MV p+ ZUT UV = M)k 2 =0V = 4l

> \f\l Uplle + \ﬁ
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Combining the last two inequalities, we have

(2 + ) I @V = M)l + OV M)V ]

o ~
——= U3l F

UgVE - |lr+
U Viy — 2 4llF o

Or
+
fn Tle+ 57
2 MHF7
\ﬁ

where the last inequality is due to (4.7). From this, we immediately obtain that

[UH VT = M) + UV = M)V

1 2
e U (UVT = M)||p+ |(UVT = M)V||F]
4

g
>_—— " UVt - M|>%. 4.11
et 320,1(40,1 —|—O'r)2H HF ( )

Combining the last inequality and (4.6) and using ﬁHA(UVT— M)|<|UVE-M]||F gives
[ 4o (B«
3204 401 +0,)2 B+«

401(6 —a)
[3201 401 +0,.)? B+« }ﬁ”A

12802 (40140, )% +o
1280% (4o1+0,)2—0cd"

1/2 4
dist?(0,0U(U, V) > 6[12801%(2:11 —

s 0T||UTU VIV2

4\ﬁ

Niwve - ails

Y

UV = M)

where the last inequality is using £ 5 < Together with (4.5), we have

Ve (8~ a)] AUV AP

> wbHA(UvT— M)|? + £IUTU - vIVIE].

Notice that U(U,V) —¥(U,V) = £[|AUVT—= M)|]? + 4||[UTU — VTV||3. Together with the
result of Case 1, we obtain the desired conclusion. O

Remark 4.4. Theorem 4.3 establishes the KL property of exponent 1/2 of the function ¥
over the set of global minimizers under a suitable assumption on the 2r-restricted condition
number of A*A. Along with Proposition 3.4, under the assumptions of Theorem 4.3 one
may seek the unique global optimal solution M of rank not more than x in a linear rate
when solving the problem (1.6) with a starting point not far from the set W*.

Inspired by the result of Theorem 4.3, it is natural to ask whether the function ¥ has
the KL property of exponent 1/2 in the set of critical points. The following example shows
that ¥ does not have the KL property of exponent 1/2 at those critical points for which the
number of nonzero columns is greater than the rank of M.

Example 4.5. Take A(X) = vec(X) for X € R*** where vec(X) represents the vector
obtained by arranging X in terms of its columns, M = 4F with E € R*** being a matrix
of all ones, and x = 4. Now the problem (1.6) is specified as follows

0}

. _v T JL— T
Uvnéﬂg{ V)= 2ovT- m|lE+ Ejotu- v+ L
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Consider U = V = E. It is easy to check that (U,V) is a regular critical point of ¥. For
any t € (0,1), define U(t) = V(t) := U + tA with A € R*** defined as follows

A— —E+21 0242
02x2 O2x2]|

We calculate that W(U(t),V(t)) — ¥(U,V) = 8vt* and dist(0,00(U(t), V(t))) = 8v2ut>.
This shows that ¥ can not have the KL property of exponent 1/2 at those critical points
with the number of nonzero columns greater than 7.

KL property of exponent 1/2 of ©,

In this part, we establish the KL property of exponent 1/2 for the function ©, over its global
minimizer set, where ©,, is defined by (3.9) with # satisfying Assumption 4.1 below. Such
an assumption is mild and the functions in [32, Example 3-5] all satisfy it.

Assumption 4.1. The function 0(t) := ¢t — ¢*(t) with ¢ €_.Z is concave and nondecreasing
on [0, 400), and there exist constants w > 0 and ¢ > 0 such that 6'(t) > ¢ for all ¢ € (0, w).

To achieve the KL property of exponent of such ©,, we need the following lemma. Since
its proof is similar to that of Lemma 4.1 by Lemma 2.4, we here omit it.

Lemma 4.6. Let ©, be the function in equation (3.9) associated to p > 0. Fix an arbitrary
(U, V) e Rm*® x R™>%. Write Jy:={j | U; # 0}, Jy:={j | V; # 0}, Ju = {1,...,s}\Ju
and Jy =A{1,...,k}\Jv. Then, 00,(U,V)=0p©,(U,V) x 0y0,(U,V) with

ou0,(U,V) C {G € R™F| G =v[A* AUV = M)V, +pU(UTU;— VIV;) + S;,

/ . . _
S, = “W for j € Jir,8; € £D"9(0)[00(0)] for j € JU} ,
J

v 0,(U,V) C {H € R Hy=v[A*AUVT - M)|"U; +pV (VIV; -UTU;) + T;

/ . . —
T; = W for j € Jv,T; € gp*g(o)[ae(())] for j € JV}
j

where g(z) = ||z|| for z € R™ and z € R™ respectively, and D*g(z) is the coderivative of g
at z.

Theorem 4.7. Let ©, be the function in (3.9) associated to p > p with 8 satisfying As-
sumption 4.1 and p := max (17 % 1—1—2\/‘%;)¢L(1), and let o and 8 be the 2r-
restricted smallest and largest eigenvalues of A*A, respectively. Suppose that X*N Q, # 0

2 2 4 —_
and & < B loaton) o up o > u32' Fiz an arbitrary (U,V) € W*. Then, for any

o 1280%(401+0,)2—o 2

(U, V) with0<©,(U,V)=0,(T, V)< } and (U, V) €B(T,V), min(¥*, =, A )

the following inequality

dist*(0,00,(U,V)) > 7' (6,(U,V) — 0,(U,V))

. . v (6+o¢)aﬁ 2 2p?
holds with ' = min (B[m —o1 (B — a)] s 20, Csp )
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Proof. Fix an arbitrary (U, V) with (U,V) € B((U,V),min(@,%,m)) and

0<0,(UV)=0,U, V)< 3 Write J:={j |U; #0},Ay =U —U and Ay =V - V.
By Proposition 3.7, it follows that WW* is exactly the global minimizer set of ©,. Using the
same arguments as those for Lemma 4.2, we have ||U;|| > 1./, and ||V;| > 3./0, for each

je€J,and J C Jy and J C Jy. Moreover, from (U,V) € B((U,V), \/5)7 it follows that

1
Ul < +/201 and ||V]] < /20;. In addition, for each j € J it holds that
0(pllU;11) = 0(pllV5lI) =1 and 6" (p||U;l) = 6" (pl|V5]]) = 0. (4.13)

Indeed, by the definition of p, it is immediate to have
Al Allv% o AAIVKEZ(1)  ¢L(1)

>p> ——— Y ¢ (1) >
p=p= \/aar—\/QV*1¢ @) Vao, —V2v-1 p
where the last inequality is by p > ¢/_(1). So, p?o, > p*(0, —\/ =) > W.

Since [|A]| > /B > v/a, we have 1p\/5, > ¢'_(1). Together with ||U;| > 1./5, for each
Jj € J, we have p||Uj;|| > ¢’ (1) for each j € J. Similarly, p||V;|| > ¢’_(1) for each j € J. By
the definition of 0, we calculate that 6(p||U;||) = 0(p||V;||) = ¥(1) = 1 for each j € J. By
noting that 6(t) = 1 over the set {t : t > ¢’ (1)}, we have 0'(p||U;||) = 0 for each j € J.
Similarly, ¢'(p||V;]|) = 0 for each j € J. Thus, the equalities in (4.13) hold. Note that
0<0,U,V)-06,0U,V) < 1and ©,(U,V) = r. By the expression of ©,(U,V) and the
first equality in (4.13), we have 2| A(UVT — M)|?> < 3. Now we proceed the arguments by
three cases.

Case 1: J # Jy. Now U; = [Ay]; and V; = [Ay]; for each j € Jy\J. By using Assumption
4.1, JAUVT—- M)|| < 1/y/v and max(||U||, |V |) < /2071, for each j € Jy\J,

. Uj
[V1A" AV = MOV, + U UFU; = VEV;) + 50 ol 1U; )
J
]' *
> sep = VATV = 2po1 (105 ]+ [1V51)
1 c c c
> Zep = (VAL + 4po) max( Ao v, [AvIIE) > 5 = 5=
where the last inequality is using max(||Ayl|lr, [|Av]r) < W. Along with
Lemma 4.6,
. .9 cp 9 _ c2p?
dist®(0,000,(U, V) > Y [5 —VPI AV = 200 (1T + [V;1D] = 6
JE€EJuN\J
which together with ©,(U,V) — ©,(U,V) < 1/2 implies that
2 2
dist?(0,00,(U, V) > dist*(0,000,(U,V)) > L [0,(U,V) - 0,T,V)].  (4.14)

Case 2: J # Jy. Using the same arguments as those for Case 1 yields (4.14).
Case 3: J = Jy = Jy. In this case, by invoking (4.13) and Lemma 4.6, we have
dist?(0, 09 (U, V)) = dist?(0, oy ¥(U, V) + dist? (0, dy ¥ (U, V))
=V [I[A"AWVT = M)V + [UT[AAQUVT - M)][17]
+p?[JUUTU = VEV)|E + I(VEV = URO) V]
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In addition, ©,(U,V)—0,(U,V) = £[|AUVT—M)|2+ 4||[UTU — VTV ||%. Hence, using the
same arguments as those for Theorem 4.3, we can obtain dist?(0,00,(U,V)) > v(0,(U, V)~
©,(U,V)). Together with Case 1 and Case 2, the desired result follows. O

Finally, it is worthwhile to point out that when the linear operator A is obtained by
full sampling, i.e., A*A(X) = X for all X € R™*", the functions ¥ and ©, associated to
v> U% have the KL property of exponent 1/2 over the set of their global minimizers.

Numerical Experiments

In this section, we illustrate the KL property of exponent 1/2 of ¥ and ©, by applying the
proximal linearized alternating minimization (PLAM) method to the problems (1.6) and

(3.9), respectively, where f is specified as in (1.3) with b = A(M) for a low-rank M. For the
function ©,, we choose ¢(t) := a+}t2 + (%Ht (a > 1) for t € R. An elementary calculation

yields that the conjugate function of ¥ takes the following form

0 if s < ?,
o2
Yr(s) = Wared 1fa—+1<s< 2., (5.1)
s—1 a+1
So, Assumption 4.1 holds with w = % and ¢ = 1. Set A = 1/v and g = p/v. Write
9rp(t) = N0(pt) + $t* with 7 = ;‘(I"'l)p Along with 6(t) = ¢t — ¢*(t), it is easy to check

that g, is convex. For the problem (1.6), let ®(U,V) = f(U,V) + %HUTU—VTVH% and
h(t) = Asign(|t]); while for (3.9), let ®(U, V)= f(U,V)+ 4[| UTU-VIV |3 -Z[|IU 1%+ V%]
and h(t) = g ,(t). Then, the problems (1.6) and (3.9) can be written as

. 1
e min_ {eU )+ 2SS [T+ RV - (5.2)
| 2

We apply the PLAM method [6, 47] to solving (5.2) and its iterate steps are as follows.

Remark 5.1. (i) The constants Ly and Ly in Algorithm 1 are an upper estimation for the
Lipschitz constant of Vy®(-, V) and Vi ®(U, ), respectively, over a certain compact set of
(U, V) which includes the iterate sequence {(U*, V¥)}.

(ii) Whether h(t) = sign(|t|) or h(t) = g ,(t), one may easily achieve a global optimal
solution of the subproblems since their proximal operators have a closed form. Notice
that Algorithm 1 is an accelerated type of the PLAM proposed in [6], and for its global
convergence and linear rate of convergence analysis, the reader may refer to [47].

(iii) By comparing the optimal conditions of the two subproblems with that of (5.2), when

[V @(U*,VF) — Vy®(U VI + Ly U - UM)| _

T 0] <, (5.4a)
k+1 {7k) _ k+1 y/7k+1 k+1 _ 17k

holds for a pre-given tolerance ¢ > 0, we terminate Algorithm 1 at the iterate (U*T1, VF+1).
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Algorithm 1 (Accelerated PLAM method for solving (5.2))

Initialization: Select an integer x > 1, an appropriate A > 0, and constants Ly, Ly > 0.
Choose (U1, V1) = (U V0) € R™*F x R"*F and tg =t_1 = 1. Set k= 0.
while the stopping conditions are not satisfied do

Set UF = Uk 4 L2121 (UF—UF~1) and VF = VE 4 Bot=l(Vh_yh-t),

Solve the following two minimization problems

, S ~ L ~ A o
UM € argmin {(Ty (0%, VE),U-0%) + =2 U-0%|% + 5 3 n(1U;1) },
UeRmxs 2 2 ~

. ~ —p L ~ P
VL € argmin {(Vy@(UF, V4), V-T%) + S0V =TH3 + 23 h(Iv;) }-
VeRnxw 2 2~

2
Set tg11 1= H—f%“ and k < k + 1.

end while

For the subsequent testing, the starting point (U°, V) of Algorithm 1 is always chosen
as
(PDiag(y/0%(X?)), @Diag(/0*(X?)))

where (P,Q) € O™ (XY) for X° = A*(A(M)), and 0"(X°) € R” is the vector consisting
of the first kK > r components of o(X?). It should be emphasized that such a starting point
is not close to the bi-factors of M unless x = r. Unless otherwise stated, the tolerance ¢ in
(5.4a)-(5.4b) is chosen as 10719, All numerical results are computed by a laptop computer
running on 64-bit Windows Operating System with an Intel(R) Core(TM) i7-7700 CPU
2.8GHz and 16 GB RAM.

Illustration of the linear convergence

We take M € R™ "™ with m = n = 4000 and r» = 10 for example to illustrate the lin-
ear convergence of the iterate sequence, where M is generated as follows: to generate the
matrices X; € R™*", X}, € R™" with independently and identically distributed (i.i.d.)
standard Gaussian entries and then set M = XE(X;‘%)T. For this purpose, we apply Algo-
rithm 1 to the problem (5.2) associated to (1.6) with x = 30r, where the linear operator
A is obtained by the uniform sampling with the sample ratio 8.99%, and the parameters
@ and X\ are set as 1073 and 150||.A*(A(M))||, respectively. Figure 1 plots the iteration
error curves and the time curve, where (U/,V/) is the final output of Algorithm 1. Since
the relative error |[Uf(VHT — M||p/||M|r < 2.04 x 1072, we conclude that (Uf,V/)
is a global optimal solution of (1.6). The subfigure on the left hand shows that the se-
quence {(U* V¥)} generated by Algorithm 1 indeed converges linearly to (U, V7). We
also use Algorithm 1 to solve the problem (5.2) associated to (3.9) with x = 30r, where
A is obtained by the uniform sampling with the sample ratio 7.49%, and the parameters
[i,A and p are respectively set as 1073, 2E1(0.05][A*(A(M))[|)? and m for
a = 3.7. Figure 2 plots the iteration error curves and the time curve, and the iteration error
curves show that the sequence {(U*,V*)} is linearly convergent. Since the relative error
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U (VT — M||p/||M||r < 2.69 x 10712, we conclude that the sequence {(U*,V*)} also
converges linearly to a global optimal solution (Uf, V7).

250 800
—=—Uk-Uf],
— VKV 700
200 V7=Vl
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500
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3 3 400
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5100 300
200
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0 0
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Figure 1: The iterate errors and computing time of Algorithm 1 for minimizing ¥
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Figure 2: The iterate errors and computing time of Algorithm 1 for minimizing ©,

Influence of X\ on the linear convergence

We take M € R™*"™ with m = n = 2000 and r = 10 for example to illustrate the influence
of A on the linear convergence of the iterates, where M is generated as before. To that
end, we use Algorithm 1 to solve the problem (5.2) with x = 20r and i = 1073, where the
linear operator A is obtained by the uniform sampling with the sample ratio 13.3%. For the
problem (5.2) associated to (1.6), we set \; = ¢;||A*(A(M))]|, while for the problem (5.2)

associated to (3.9) set \; = 24 (¢;[|A*(A(M))]))? with a = 3.7 and p; = (a+1)ci\|j*(.A(M))||'

Figure 3 plots the iteration error curve |[U* — U7 || corresponding to four different \; (i =
0,1,2,3).
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Figure 3: The iterate errors of Algorithm 1 for minimizing ¥ and ©, with different A

We see that, when minimizing ¥ and ©, with A > A, the iterate sequence displays a
linear convergence, but it does not have the linear convergence when minimizing ¥ and ©,
with A = A\g. We check that for A\ = \g the final output (U, V') still has a full rank 200
since A = Ag is too small. This does not contradicts the result of Theorem 4.3 since our
starting point is not close to the bi-factors of M. In addition, the iterate sequence also
displays a linear convergence when minimizing ¥ and ©, with A = A3, though the final
output does not recover M since the relative error |Uf (V)T — M||g/||M|r > 0.13. Since
the nonzero-columns of U/ and V7 are equal to r, this performance of this example does
not contradicts the result of Example 4.5. In other words, the functions ¥ and ©, may have
the KL property of exponent 1/2 over the set of stationary points for which the number of
nonzero columns equals the rank of the true matrix M.

@ Conclusions

For the rank regularized loss minimization model, we have proposed an £ o-norm regularized
factored formulation and derived some equivalent DC regularized surrogates from the global
exact penalty of its MPEC reformulation. For these nonsmooth factored models, we take a
local view to study the KL property of exponent 1/2 of their objective functions over the set
of their global minimizers, which means that gradient descent or alternating minimization
methods with a well-chosen starting point will converge linearly to an optimal solution.
Numerical testing in Section 5 indicates that the proposed regularized factored models are
successful even if the chosen starting point is far from the set of global optima. This implies
that a good geometric landscape may exist for these nonsmooth factored functions. We
will leave this topic for our future study. In addition, we will focus on the KL property of
exponent 1/2 for ¥ and ©, under the noisy setting.
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