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Abstract: This paper concerns a class of robust factorization models of low-rank matrix
recovery, which have been widely applied in various fields such as machine learning and
imaging sciences. An ¢1-loss robust factorized model incorporating the ¢, p-norm regular-
ization term is proposed to address the presence of outliers. Since the resulting problem
is nonconvex, nonsmooth, and discontinuous, an approximation problem that shares the
same set of stationary points as the original formulation is constructed. Subsequently, a
proximal alternating minimization method is proposed to solve the approximation problem.
The global convergence of its iterate sequence is also established. Numerical experiments
on matrix completion with outliers and image restoration tasks demonstrate that the pro-
posed algorithm achieves low relative errors in shorter computational time, especially for
large-scale datasets.

Keywords: matrix recovery with outliers; global convergence; column /;-norm;
alternating method

MSC: 49]52; 49M27; 90C26

1. Introduction

The low-rank matrix recovery problem seeks to recover a true yet unknown low-rank
matrix M* of rank r* from the minimal feasible observations. This problem encompasses
various applications in numerous fields, including signal and image processing, quan-
tum state tomography, control and system identification, statistics, machine learning, etc.
(see [1-5]). This paper considers a robust factorized model for the low-rank matrix recovery
problem, in which the observations contain outliers. The model is expressed as

b=AM") +w,

where A: R"* ™ — R™ is a sampling operator, b € R™ is the observation vector, and w is a
sparse noise vector with arbitrarily large nonzero entries, while the rest of the elements are
zero. In scenarios where outliers exist, the traditional smooth least-squared loss function
becomes too sensitive to outliers and is probably biased. In view of this, studies [6,7] have
proposed a non-smooth £,-loss with balance regularization model:

min YU, V)= AUV = bl +yuu’ - vV, (1)

UeR™M* ¥ VeR™* *

where ¢ > 0. When ¢ > 0, for p = 1 and « = r*, Li et al. [7] established exact matrix
recovery based on the {7 / {>-restricted isometry property of the sampling operator .4 and
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UeR™* ¥ VeR"2* ¥ zeRm

proved that the proposed subgradient method with geometrically diminishing step sizes
converges linearly to the ground-truth matrix. For p = 1 or 2 and x = r*, Charisopoulos
et al. [6] proved that the subgradient method and prox-linear method converge at a fast
dimension-independent rate under the same assumptions as in [7]. Wheny =0, for p =1,
Ma and Fattahi [8] showed that the subgradient method converges to the true matrix under
the Sign-RIP condition [[8], Definition 7]. Additionally, Wang et al. [9] developed a robust
and fast rank-one matrix completion algorithm by minimizing the Welsch cost function.

Although the subgradient method exhibits favorable convergence properties in solving
the problem (1), it is limited by some strict assumptions. Practically, the rank of the
ground-truth matrix is generally unknown, and consequently, the regularization term in (1)
fails to induce low-rank structures. Inspired by [10], this paper utilizes the ¢ g-norm in
the regularization term and studies the following /¢;-loss factorized model of low-rank
matrix recovery:

min (U, V) := AUV )= blly + A([Ull20 + IV 120), @
UER™MX ¥ VcRM* &
where « is an upper estimator of r*, and || - ||2,0 denotes the ¢, o-norm of matrices, which

measures the number of the nonzero column. The regularization term A(||U||2,0 + ||V]|2,0)
is used to reduce rank through column sparsity. The ¢1-loss function, on the other hand,
is more robust against outliers and has been widely utilized for outlier detection stud-
ies [11-13]. Both terms of the objective function (2) are nonsmooth. On top of that, the
function suffers from both nonconvexity and discontinuity due to the existence of the
l p-norm regularization term. The discontinuity causes the subgradient algorithm to fail
when it is applied to problem (2). While the alternating direction method of multipliers
is commonly applied to address problem (2), there is still no theoretical guarantee of its
convergence in the context of such nonconvex and nonsmooth optimization problems. For
methods with convergence guarantees, the majority of them impose, within their objective
functions, either the assumption of smoothness for at least one term or the continuity
assumption. To the best of our knowledge, no state-of-the-art algorithm is capable of
handling this type of nonconvex and discontinuous problem.

The major contributions of this work are threefold. Firstly, to handle the nonconvex
and discontinuous problem (2), a novel potential function is constructed:

20+ |V

O, V,2) = S JAWUVT) =b—z|2 + |z] + Al 20), ©)
where & > 0 is a given constant. It has been proven that, under mild assumptions, the
sets of stationary points of (2) and (3) are equivalent. Moreover, it has been demonstrated
that any global optimal solution to problem (3) is an approximate optimal solution to
problem (2). This equivalence enables us to find solutions to problem (2) by solving prob-
lem (3), and the latter is more computationally efficient. Secondly, a proximal alternating
linearized minimization (PALM) method is proposed to solve (3). The global convergence
of PALM method is also established by exploiting the Kurdyka—Lojasiewicz (KL) property
of the objective function. Finally, numerical experiments conducted on both synthetic and
real-world datasets have validated that the PALM method for problem (3) outperforms
SubGM [6,7] for problem (1) withp =1.

The remainder of this paper is organized as follows. Section 2 introduces preliminaries
and foundational concepts. In Section 3, the relationship between problems (2) and (3) is
established. Section 4 presents the PALM method to solve the problem (3), with its global
convergence established. In Section 5, the numerical performance of the PALM method is
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evaluated, and its performance is compared with that of SubGM to solve the problem (1)
through experiments on various datasets. Section 6 concludes the paper.

2. Preliminaries

This section introduces the notation employed and then presents the definitions of
stationary points and the KL property.

2.1. Notations

Throughout this paper, R"1* "2 represents the vector space of all 117 X 7, real matrices,
equipped with the trace inner product (X,Y) = trace(X'Y) for X,Y € R™* " and its
induced Frobenius norm. For a matrix X € R"1* "2, Z; denotes the jth column of Z, |z
represents its index set of nonzero columns, and || X||r and || X||,,0 denote the Frobenius
norm and the column /¢; p-norm of X, which means the number of nonzero columns. For
a matrix X € R"* ™2, let 0(X):= (07(X),...,04(X)) " with o1(X) > - -+ > 0,,(X), where
0;(X) denotes the singular value of X, X« (X) := Diag(cy(x),...,0x(X)). For a vector
x € R", ||x|l; denotes the ¢;-norm and | x|| denotes the ¢,-norm. Let V;F(U,V) and
Vv F(U,V) denote the partial gradient of F at (U, V) w.r.t. variable U and V, respectively.
For any x € R™, sign(x) = [sign(xy), - - - , sign(x, )] with

t/|t), t#0;

0, i—o forany t € R.

sign(t) := {

For convenience, define G(U, V,z) := §|| AUV ") —b—z|]?,

F(U, V) == AUVT) = b]l; and g(U) == U

2,0

2.2. Stationary Points and e-Global Optimal Solutions

From [14], the generalized subdifferentials of an extended real-valued function h:
R™ ™M — R := (—00,00] at a point where } attains a finite value are recalled.

Definition 1. Given a function h: R"* ™ — R with a point x such that h(x) is finite. The reqular
subdifferential of h at x is defined as follows:

I\ _ !/
h(x) == {U R | limjnt Ax) ﬁf;) xﬁ”"‘ LIS o},
X#Ex'—x — X||F

and the basic (or, say, limiting or Morduhovich) subdifferential of h at x is defined as
oh(x) := {v e R™ ™| 3xk — x with h(x*) — h(x) and v* — v with o* € §h(xk)}.

Consider a proper lower semicontinuous (Isc) function i: R?* ™ — R, the stationary
point and e-global optimal solution to problem min #(x) are defined as follows.
xeRnX m
Definition 2. For a point x € R"* ™ such that 0 € oh(x), it is called a stationary point of
min h(x).
xeRHX m

Definition 3. For a point x* € R"* ™ such that
h(x*) —e < h(x) Vx e R"™ "™,

it is called an e-global optimal solution of Iﬁr{}in h(x).
XE nx m
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2.3. Kurdyka—Lojasiewicz Property

From [15], the KL property of an extended real-valued function is stated as follows.

Definition 4. Given h: X — R a proper Isc function. It is said to have the Kurdyka—t.ojasiewicz
(KL) property at X € dom oh if there exists nj € (0, c0]; a continuous concave function ¢: [0,1) —
R satisfies

(i) ¢(0) = 0and ¢ is continuously differentiable on (0,1), and

(i) Vs € (0,1),¢'(s) >0;

and a neighborhood U of X such that Vx € U N [h(X) < h(x) < h(X) +1],

@' (h(x) — h(x))dist(0,0h(x)) > 1.
If the function h satisfies the KL property at any points of dom oh, then h is called a KL function.

Remark 1. According to Lemma 2.1 of [15], a proper Isc function has the KL property at any
noncritical point. Thus, to prove that a proper Isc function h: X — R is a KL function, it suffices to
check whether h has the KL property at any critical point.

3. Relationship Between Problems (2) and (3)

This section demonstrates the relationship between the stationary points and global
optimal solutions of (2) and (3). On top of that, the stationary point sets of (2) and (3) are
characterized. The subdifferential of ® at an arbitrary point (U, V) € R"M* ¥ x R™* ¥ i
given in the following lemma.

Lemma 1. Fix any A > 0. Consider any (U, V) € RM* ¥ x R"2* ¥ Then, it holds that

- - B A*(E)V + Adg(U) _ -
ID(U, V) = 9d(U, V) = {( @)U+ A%g(V) )'g cd- |1 (AUVT) b)},

where for any X € R"* ™

.
9g(X) = 09g(X) =Sy x -+ X Sy withS]-—{ {Ig; Ezﬁ

Proof. Recall that ®(U, V) = F(U,V) + A(g(U) + g(V)). From [[14], Corollary 10.9 and
Exercise 10.10], it immediately follows that
OF(U, V) + Adg(U) x Adg(V) C o®(U, V) C ad(U, V)
COF(U,V)+ Aag(U) x Adg(V).
Next, oF(U, V) and gF(U, V) are calculated. According to the chain rule [[14], Corollary 8.11
and Theorem 10.6], we obtain
AV

OF(U,V) = oF(U,V) = {( @)

. )\g €| la (AUVT) —b)}
For any U € R™* *, by invoking [[14], Proposition 10.5], it immediately follows that

- {0} ifj e Ju;
ag(U) = ag(U) = Sy x - x Sx with S; { R"  ifj ¢ Ju.

This, along with the inclusion above, implies that the desired result holds. [
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The subdifferential of ® is characterized by the following lemma.
Lemma 2. Fix any A > 0. Consider any (U, V,z) € RM* ¥ x R"™X ¥ x R™. Then, it holds that

a A (AUVT) —b—2)V + Adg(U)
00(U,V,z) =90(U, V) = | a[A"(AUVT)—b—2z)] U+Adg(V) |,
a(z— AUVT) +b)+9|z|1

where 93 is defined in Lemma 1.

Proof. Recall that ®(U,V,z) = G(U,V,z) + ||z|l1 + A(g(U) + g(V)). Then, from [[14],
Exercise 8.8(c) and Proposition 10.5], it immediately follows that

VG(U,V,z) + Adg(U) x Adg(V) x d|z; c 9©(U,V,z) c 90(U, V, z)
C VG(U,V,z)+Adg(U) x Adg(V) x d|z]1.

By the smoothness and the expression of G(U, V, z), one has

a A (AUVT) —b—2)V
VGU,V,z) = | afA*(AUVT)—b—2)]'U

a(z—AUVT) +b)
Along with the above inclusion and (4), the desired results are obtained. [

The following proposition states the equivalence between the stationary points of
problems (2) and (3) under some mild conditions.

Proposition 1. If (U, V,z) € R™M** x R™*X x R™ is an arbitrary stationary point of (3)
satisfying the nonzero elements of |A(UV ") — b| not smaller than L, then (U, V) is a stationary
point of (2). Conversely, if (U, V) € R™M** x R"** js an arbitrary stationary point of (2)
satisfying all elements of | A(UV ") — b| not smaller than L, then there exists z € A(UVT) — b —
sign(A(UV ") — b) such that (U, V,z) is a stationary point of (3).

Proof. Pick any stationary point (U, V, z) of (3). From Lemma 2, it holds that

0caA*(AUVT) —b—2)V + Adg(U); (5a)
0€afA*(AUVT) —b—2)]"U+ Adg(V); (5b)
0c —a(AUVT) —b—2z)+3|z|. (5¢)

Writey := A(UV ") — b. From (5¢), it can be concluded that z = sign(y) o max (0, |y| —
%) Then,

1
y —z = sign(y) o min([y|, &), (6)

Along with |y;| > % ory;=0foralli=1,...,m onehasy —z = %Sign(y). Thus,
substituting y — z = lsign(y) into (5a) and (5b), one obtains

0 € A*(sign(AUVT) = b))V + Adg(U);
0 € [A*(sign(AUVT) —b))] U+ Adg(V).

This together with the definition of sign(-) implies that (U, V) is a stationary point
of (2).
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Conversely, any (U, V) is a stationary point of (2). According to Lemma 1, there exists
g e |1(AUVT) —b) such that

0 € A*(Z)V + Adg(U)
0 € [A"(2)] U +2dg(V)

Write y := A(UVT) —b and z := y — L& Then, (U,V,z) satisfies (5a) and (5b).
By noting that |§;] < 1foralli = 1,...,m, and |y;| > % foralli = 1,...,m, one has
a(y —z) = & €9 |l1(y — 1&) = 9|z||1 which means that (5c) holds. This implies that
(U,V,z) is a stationary point of (3). The proof is completed. [

Remark 2. The converse of the above property generally does not hold, as the obtained vector y
is expected to be sparse. This indicates that the set of stationary points for problem (3) is typically
smaller than that of problem (2). Through the relationship between the global optimal solutions
of (2) and (3) in next proposition, the stationary points of (3) exclude certain undesirable points
contained in the stationary point set of (2).

Proposition 2. If (U*, V*,z*) is a global optimal solution of (3), then (U*,V*) is a 5r-global
optimal solution of (2).

Proof. If (U*, V*,z*) is a global optimal solution of (3), then (U*, V*,z*) is a stationary
point of (3). Write y* := A(U*(V*) ") — b. From (6), it holds that

y* —z" =sign(y") o min(|y"|, ).
LetI:={i € [m]||ly}| < 1}andT:= {i € [m]||y}| > 1}. Then, one has
* * * e * * *
G, v, z") =5 lly* —z 12+ 12
[T " . £ 1 2 . % * 1
=2 lsign(y*) o min(ly*], )2+ [|sign(y") o max (0, Iy* — )|

14
_ *|2 s L
=2 T i+ il - 5)

iel icl

* m K)oep2 X 1 “ m
= i 2R =y 4+ —) > - —
Iyl = 5+ D19 b+ ) 2 191 = 3

where the inequality is due to |yf| < 1 fori € I. Since (U*, V*,z*) is a global optimal
solution of (3), for any (U, V,z) withz = A(UV ") —b

(U, V) — % <o, V') <0U,V,z) = dU,V).
This means that (U*, V*,z*) is a 5%-global optimal solution of (2). [

Remark 3. Proposition 2 demonstrates that global optimal solution (U*, V*,z*) of problem (3)
is an approximate optimal solution to problem (2), and as the parameter w increases, the value
d(U*, V*) progressively approaches the optimal value of problem (2).

4. A PALM Method for Solving Problem (3)

Recall that G(U, V,z) = §||A(UVT) — b — z||? is a smooth function. The gradients
VuG(-,V,z) and VyG(U, -, z) are Lipschitz continuous with moduli defined as Ty and 177,
respectively. Fix any (U’, V/,2') € RM* * x R™* ¥ x R™; according to decent Lemma [[16],
Proposition A.24], it holds that
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G(U,V',2') < G(U,V',2) + (VuG(U, V', 2), U — ') + %Hu U3,V U e RMXE,

G(U,V,Z) < G, V', 2)+ (VyG(U,V',2),V - V) + %HV V|3, V Ve R2XF,

Let (U*, V¥, z¥) be the current iteration. From the expression of @ and the above two
inequalities, one obtains

O(U, vk, zk) < Oy (U, vk, 25) .= G(Uk, VK, 25) + (Vi G(Uk, VK, 2K, U — uk)
+M[Ull20+ 1241 + % |U — Uk,

e(Uk, v, 25 < Oy (Uuk,v,Z5) .= G(UFK, vk, 25 + (Vi G(Uk, VE, 25, v — vK)
+A[VIl0+ lI25]ls + Y[V — VK3,

which become equalities when U = U and V = V*. Consequently, O (-, V¥, z¥) and
@V(Uk, -,zk) serve as majorizations for (-, vk, zk) at Uk and @(Uk, -,zk) at Vk, respec-
tively. An algorithm for problem (3) is developed by alternately minimizing the following
subproblem. The iteration steps are outlined as follows.

Remark 4. (i) For any a > 0, the optimal solution of problem (7) has the following form z*+1 =
sign(y*) o max(0, [y¥| — L

4
(i) Let H* =U*— ﬁvuc(u’c, VK, 21y and Sk =vk— #vvc(u’fﬂ, VK, 2541, Then,
the columns of U and V**1 have the following closed form:
Ull“rl = sign[ max(0, | HE|| — \/ZA'yi,})]Hlk fori=1,---,r,
VE = sign[ max(0, ||SF|| — \/2)&')/27’]})}55‘ fori=1,---,r.

For each k € N, write w* = (U*, V¥, zF). To establish the convergence of the sequence

“_rr

), where “o” is the Hadamard product.

{w*}1en, the following proposition is required.

Proposition 3. Let {w*}icy be the sequence generated by Algorithm 1. Then, the following
statements hold.

Algorithm 1 (PALM Method for Solving (3))

: Input: Sampling operator A and observation vector b € R"
: Initialization: Choose an initial (U°, V0) € RM* K x R™X ¥ set A, u>0
while stopping conditions are not satisfied, do

Compute y* = A(UF(VF)T) —b

Solve for zk*1;

G RN

k+1

L
241 = arg min [|y* — z|? + |2]l1. )

zeRmM

6:  Sety1x > Tyx + p, solve for Uk,

. Y1,k
Uk € argmin { (VuG(UY, VE,241), 1) + AUl + 35 U — uk|3}
UERYI-]X K

7: Setyyx > Tyke1 + p, solve for yk+
vl e argmin{(VVG(UkH,Vk, KN, VY £ A V|20 + Yok |V — VkH%}
VeR}’lzX K 2
8: end while
9: Qutput: X = UKt (VK1) T
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(i) Foreach k € N, it holds that ©(w 1) < ©(wk) — %Hwk — w12, Hence, the
sequence {©(wk) }ren is convergent.
(i) Foreachk € N, (AST1, AK+1 AbT1) € 9@ (wh*1) with

AII+1 — VuG(wk+1) _ VuG(Uk, Vk, Zk+1) _ ’Yl,k(ukH _ Uk);
A§+1 = vvc(wk-‘rl) _ VVG(U"H, Vk, Zk—i-l) _ ’)’Z,k(Vk—H _ Vk),'
A§+1 = “(yk _ yk—s-l)'

Assume that {w*}cy is bounded. Then, there exists constant ¢ > 0, such that

dist (0,90 (w*1)) < c|jw* — w1 p.

k+1

Proof. (i) By the optimality of z and the strong convexity of the subproblem (7) in

Algorithm 1, one obtains
ad
2

114

k  _k k .k koo %,k kg2
1250+ Sy = 22+ S = 22 < 2+ Sl - 2R ®)

Similar to UF! and V¥*1, one has

<VuG(Uk, Vklzk+1)’ uk+1> —|—/\||Uk+l |uk+l o uk”%

Y1k
2075

< (VyuG(UF, VE, 240, uky + A uk

2,0

<VVG(uk+l’Vk,Zk+l), Vk+1> —I—/\||Vk+l

Y2,k
20+ S IVE = VAR

< (VyG(UMT, VA, 20, vE) 4 AV 0.
The above two inequalities imply that

Allu* VR — VR

Y2,k
20+ A VE |Uk+l—uk||12r—7

Tk
2

2,0 —
> <vuc(uk’ Vk’ZkJrl)I Uk+l _ Uk> + /\HukJrl 20 +/\||Vk+1‘|2,0
+ <VVG(uk+1, Vk, Zk+1), Vk+1 _ Vk> (9)

By the Lipschitz continuity of V;G(+,V,z) and VyG(U, -, z), one has
G(uk-ﬁ-l, Vk, Zk+1) S G(uk’ Vk, Zk+1) + <Vuc(uk’ Vk, Zk+1), uk+1 o uk>
Tyk
T U U

G(uk+l’ Vk+llzk+1) S G(uk+l’ Vk’Zk+1) + <vvc(uk+1, Vklzk+l)lvk+1_ Vk>
Ty rk+1
-5 VR = VR

Along with inequality (9), it immediately holds that

G(w ™) + A UM g0 + AV |50 < G(UF, VE, ZH0) 4 AU 120 + A V|20
= DUt — U = B - v,
From the last inequality, the definition of ®, the lower boundedness of ®, and inequal-

ity (8), it follows that part (i) holds.
(ii) Under the optimal conditions of U*+1, VA1 and zk+1, one has



Mathematics 2025, 13, 1466

9of 15

0€a(z —yk) +a|| - [1(Z*);
0 € VyuG(US, VE 2T 4 1 (U = UF) 4 20| - [lo,0(UF);
0 € VyG(UF, V& K1) g (VEFL = VKY 1229 - [o0(VETD).

Then, by Lemma 2, it is not hard to obtain
(A]{+1,A§+1,A§+1) c a@(warl).

Hence, dist(0,00(w 1)) < |(ASF1, A5+1 ASF1)|| . By the boundedness of {w*};cy and
the Lipschitz continuity of V;G(-, V, z) and VyG(U, -, z), the desired result is obtained. [J

From [[15], Section 4], ® is a KL function. By Proposition 3 and using the same
reasoning as in [[17], Theorem 1], the main convergence results are established.

Theorem 1. Suppose that the sequence {wk} keN generated by Algorithm 1 is bounded. Then, the
sequence {w*}yen is convergent and its limit (U, V,Z) is a critical point of (3). If the nonzero
elements of | A(UV ") — b| are not smaller than 1 then (U, V) is a critical point of .

5. Numerical Experiments

The efficiency of Algorithm 1 is validated by solving matrix completion problems with
outliers under uniform sampling, and its performance is compared with that of SubGM
from [7] for solving problem (1). All numerical tests are conducted in MATLAB 2024b on a
laptop computer running on a 64-bit Windows Operating System with an Intel(R) Core(TM)
19-13905H CPU 2.60GHz and 32 GB RAM (Intel, Santa Clara, CA, USA).

5.1. Implementation Details of Algorithms

Matrix completion problems involving outliers are considered. To generate the sam-
pling operator A, a random index set 3 = {(it, ji) |t =1,.. .,m} is assumed, with
indices sampled independently from a uniform distribution. The mapping A is then
defined by A(X) := (Xjj,, Xiz,jz,...,Xim,jm)T for X € RM*™ and b = A(Mgq) where
Mg € RM* "2 with

Mol 0 if (i, jr) & Q,
iy =\ M + @ if (i, i) € Q

)t

for t=1,2,...,m. (10)

The true matrix M* € R™* "2 and the sparse noisy vector @ = (@1,...,@y) ' are
considered. The true matrix M* = M; (M})" € R™* " of rank r* is generated by inde-
pendently sampling entries of M} € R™* " and M} € R™* " from the standard normal
distribution N(0,1). The nonzero entries of the sparse noisy vector @ = (@1,...,@m)"
follow one of two distributions: (i) Student’s t-distribution with four degrees of freedom,
scaled by v/2, or (ii) Laplace distribution with density d(u) = 0.5exp(—|u|). Unless oth-
erwise specified, the number of nonzero entries in @ is set to |0.3m | for all tests. The
parameters are set as 4 = 1078 and A = c,||b||, where ¢, > 0 is specified in the experi-
ments. Unless otherwise stated, it takes x = min(ny,15,150). The initial point (U°, V)
of Algorithm 1 is defined as (P, X (Mq)'/2, Q1Z«(Mq)'/?), with P; and Q; denoting the
matrices consisting of the first « left and right singular vectors of M, respectively. For

SubGM, as in [7], the Polyak step size rule [18] is employed. Since the optimal value
¥ (UK, VF)—min ;) ¥(UV)

of (1) is typically unknown in practice, the step size TR
F

is replaced with

%, where ¢* € 0¥ (U¥, V¥) fork € N.
F
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Algorithm 1 is terminated at iteration wh = (Uk, vk, zk), when k > kpax or one of the
following conditions is satisfied:

max; O(wk) — O (w7 k 5 5
jer,.19) [O@H) ~O@TH - CRIARSERS k>0,
max{1,®(wk)} 1+ o]

where

RE = a[yf=1 — o¥|;
RE = [V G(UF1, VAL, 28) — VG (wh) 4 7y g (UFT = UM) |I5
R = || VyG(UK, VF=1,25) — VG (wh) + v 1 (VETT = VF)|[ .

For a fair comparison, the initial point of SubGM is set to be identical to that of
Algorithm 1. SubGM is terminated at iteration wk, whenever k > kmax or either of the

following conditions is satisfied: —=+= max{(L¥ (TEVF)] < eszor

||uk+1(vk+l)T _ uk(Vk)T”F
1+ ||uk+1(vk+1)T||F

< e4 with k > 200. (11)

Unless otherwise stated, €; = 1074, ¢, = 107° and kmax = 1000 are set for Algorithm 1,
while e3 =5 x 1074, €4 =5 x 1074, and kmax = 500 are set for SubGM.
The matrix recovery performance is evaluated using the relative error (RE), defined by

_ ”Xout _ M*HF

RE: ,
[M* ||

where XUt = (Jout(Vout) T represents the output of a solver. All test results are averaged
over 5 instances of each experiment.

5.2. Parameter Sensitivity Analysis

In this section, the effect of the parameters on the performance of Algorithm 1 is
evaluated. Figure 1 illustrates the curves of RE, recovered rank, and running time (in
seconds) for Algorithm 1 when solving problem (3) with n; = ny = 1000, r* = 5, under
Case I and Case II. As shown in Figure 1, for 2 < a < 8.5, Algorithm 1 yields both the exact
rank recovery and the lowest relative error in both cases. Values of « exceeding 8.5 degrade
the algorithm’s performance. The RE increases significantly, accompanied by an increase in
computational time. In view of this, « is set to 5 for all subsequent experiments.

Under the settings 77 = np = 1000, r* = 5, x = 10r*, and SR = 0.2, Figure 2 illustrates
the RE, recovered rank, and running time curves of Algorithm 1 for varying A. The results
show that a specific interval of A values (e.g., 8 < ¢y < 24) achieves low relative errors
while accurately recovering the true rank of matrix M*.

SR=0.2, ¢y = 10 SR=0.2, ¢y = 10 SR=0.2, ¢y = 10
0.9 20 25

—&—Case | —&—Case | —&—Case |
08 —+—Caselll 18 —+—Case ll —+—Case ll

0.7 16 20

0.6

RE
Rank
s
Time(s)

Figure 1. Curves of RE, rank, and running time of Algorithm 1 with different « values.
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Figure 2. Curves of relative error, rank, and running time of Algorithm 1 in Case I.

For n := ny = np and r* = 10, Figure 3 shows the variation in running time and RE
as n increases. These results indicate that the computational time remains below 160 s
when 7 < 7000 and does not exceed 400 s even when n = 10*. With increasing 7, the RE
decreases rapidly, remaining below 0.015 for n > 3000.

SR=0.1, ¢, =9 SR=0.1, ¢, =9
0.035 400

—+—Case | —&—Case |
——Case ll ——Case ll

0.025
-

2 002

0.015

0

005
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
n n

Figure 3. RE and running time curves of Algorithm 1 in Case I-II with different values of n.

For Figures 4 and 5, the settings are n; = 1, = 1000 and r* = 5. Figure 4 displays
the average RE across five repetitions for sampling ratios or SRs = {0.1,0.15,0.2,...,0.5}.
Under uniform sampling, the RE decreases monotonically with increasing SR, while the
running time consistently stays within 5 s.

In Figure 5, the variation in RE with the ratio of nonzero entries in the noise vector
(NZR) is examined. NZR is set to {0.1,0.15,0.18,...,0.5}. As shown in Figure 5, the RE
increases accordingly with NZR, while the running time remains consistently lower than
4 s. Although the difficulty of the problem escalates as NZR increases, the RE remains close
to 0.02, even when NZR reaches 0.5.

ey =10 o =10
0.028 45

0.026.

0.024 4

0.022

2 oots

Time(s)

0.016 3
0.014
0.012 25

0.01

0.008 2
0.1 015 02 025 03 035 04 045 05 0.1 015 02 025 03 035 04 045 05
SR SR

Figure 4. RE and running time curves of Algorithm 1 in Case I with different SRs.
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SR=0.25, ¢y = 15 SR=0.25, ¢y = 15

RE
°
Time(s)

25

0.1 0.15 0.2 0.25 03 0.35 0.4 0.45 05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
NZR NZR

Figure 5. RE and running time curves of Algorithm 1 in Case I with different NZRs.

5.3. Numerical Comparisons with SubGM

The performance of Algorithm 1 in terms of solution quality and running time is
compared with that of SubGM. Since the model (1) does not promote low-rank structures,
x = 3r* and n; = np = n are adopted for the following tests. The numerical results of
the two methods are obtained under the same stopping criterion described in Section 5.1,
withe; =€ = €3 = €4 = 5 x 107%, and kmax = 500. Tables 1 and 2 report the average
results across five randomly generated instances for each setting. Compared with SubGM,
Algorithm 1 consistently achieves the lowest RE in significantly less computational time.

Table 1. The results of the algorithm for synthetic data in Case I.

Algorithm 1 SubGM
n (r*, SR) c) RE Rank Time (s) RE Rank Time (s)
1000 (5,0.10) 10 2.61 x 1072 5 1.50 1.26 x 1071 15 4.04
(5,0.15) 10 1.94 x 1072 5 1.48 7.71 x 1072 15 4.71
(5,0.20) 10 1.59 x 1072 5 1.60 6.13 x 1072 15 5.28
(5,020) 10 1.40 x 1072 5 1.73 493 x 1072 15 5.56
(10,0.10) 6 3.34 x 1072 10 1.88 258 x 107! 30 4.35
(10,0.15) 6 2.26 x 1072 10 2.88 1.38 x 1071 30 5.26
(10,0.20) 6 2.15 x 1072 10 2.34 8.20 x 1072 30 5.92
(10,020) 6 1.54 x 1072 10 2.33 5.88 x 1072 30 6.26
3000 (10,0.10) 6 1.36 x 1072 10 15.0 3.61 x 1072 30 40.6
(10,0.15) 6 1.05 x 1072 10 17.1 291 x 1072 30 50.6
(10,020) 6 8.95 x 1073 10 18.3 2.23 x 1072 30 51.4
(10,020) 6 1.24 x 1072 10 20.5 2.64 x 1072 30 56.3
(20,0.10) 6 1.57 x 1072 20 20.3 7.73 x 1072 60 44.1
(20,0.15) 6 1.15 x 1072 20 20.0 3.41 x 1072 60 49.6
(20,0.20) 6 9.52 x 1073 20 22.4 242 x 1072 60 55.5
(20,0.20) 6 8.33 x 1073 20 23.2 2.07 x 1072 60 61.6
5000 (10,0.10) 10 9.92 x 1073 10 45.8 2.29 x 1072 30 140.9
(10,0.15) 10 7.87 x 1073 10 50.0 1.93 x 1072 30 138.8
(10,0.20) 10 6.73 x 1073 10 46.9 1.87 x 102 30 141.4
(10,0.20) 10 6.01 x 1073 10 50.1 1.61 x 1072 30 157.7
8000 (10,0.10) 10 7.63 x 1073 10 121.3 1.53 x 102 30 312.1
(10,0.15) 10 8.21 x 1073 10 140.2 1.62 x 1072 30 387.8
(10,0.20) 10 521 x 1073 10 144.9 1.40 x 1072 30 4329
(10,0.20) 10 471 x 103 10 154.7 1.49 x 1072 30 475.7
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Table 2. The results of the algorithm for synthetic data in Case II.
Algorithm 1 SubGM
n (r*, SR) c) RE Rank Time (s) RE Rank Time (s)
1000 (5,0.10) 10 242 x 1072 5 1.37 8.76 x 1072 15 3.85
(5,0.15) 10 1.82 x 1072 5 1.43 6.14 x 1072 15 4.81
(5,0.20) 10 1.49 x 1072 5 1.39 5.03 x 1072 15 5.49
(5,020) 10 1.31 x 1072 5 1.28 461 x 1072 15 5.70
1000 (10,0.10) 6 3.00 x 1072 10 1.86 1.85 x 101 30 431
(10,0.15) 6 2.07 x 1072 10 1.88 9.23 x 1072 30 4.26
(10,0.20) 6 1.65 x 1072 10 2.24 6.02 x 1072 30 5.92
(10,0.20) 6 1.42 x 1072 10 2.28 471 x 1072 30 6.26
3000 (10,0.10) 6 1.27 x 1072 10 15.5 311 x 107! 30 40.6
(10,0.15) 6 9.85 x 1073 10 16.1 2.71 x 1072 30 45.6
(10,020) 6 8.33 x 1073 10 17.3 227 x 1072 30 50.4
(10,020) 6 7.40 x 1073 10 18.5 2.11 x 1072 30 55.3
3000 (20,0.10) 6 1.44 x 1072 20 20.3 5.30 x 1072 60 44.1
(20,0.15) 6 1.07 x 102 20 22.0 2.79 x 1072 60 49.6
(20,0200 6 8.82 x 1073 20 22.4 211 x 1072 60 54.5
(20,0.20) 6 7.73 x 1073 20 23.2 1.85 x 1072 60 59.6
5000 (10,0.10) 10 9.29 x 1073 10 40.8 2.07 x 1072 30 110.9
(10,0.15) 10 7.37 x 1073 10 48.0 1.84 x 1072 30 126.8
(10,0.20) 10 6.29 x 1073 10 46.9 1.75 x 1072 30 141.4
(10,0.20) 10 5.62 x 1073 10 50.1 1.61 x 1072 30 156.7
8000 (10,0.10) 10 7.13 x 1073 10 99.3 1.51 x 1072 30 283.1
(10,0.15) 10 5.71 x 1073 10 114.2 1.56 x 102 30 337.8
(10,0.20) 10 491 x 1073 10 114.9 1.50 x 1072 30 353.9
(10,0.20) 10 438 x 1073 10 124.7 1.48 x 102 30 395.7

Reconstructing images from limited and noisy measurements is a key application

of low-rank matrix completion. To further evaluate the effectiveness of the proposed

method, experiments were conducted on images from the ZJU dataset [19]. Each image has
dimensions of 300 x 300. The initial points for both algorithms were obtained using the
same procedure described in Section 5.1, with x = 40.

The results are presented in Table 3 and Figure 6. The images were undersampled

using various sampling rates and masks and then restored using a similar process reported

in [9]. Table 3 lists the relative error and peak signal-to-noise ratio (PSNR) for each image

restoration task. The results show that the proposed algorithm outperforms SubGM in

terms of both computational time and restoration quality.

Table 3. Summary of experimental results of image recovery.

Algorithm RE PSNR  Time (s)

. . Algorithm 1 00708 3057 172
Sampling Ratio = 50% SubGM 00991 2782 260
. . Algorithm 1 01178 2422 076
Sampling Ratio = 20% SubGM 01361  23.07 1.84
. PN Algorithm 1 0.0369  33.61 0.59
Sampling Ratio =10% SubGM 01113 24.06 1.49
‘ Algorithm 1 01639 2110 048

Image with text mask SubGM 01700 2082 484
. 0 . Algorithm 1 00934 1671 1.34
mage with cross mas SubGM 01811  7.40 5.67
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Figure 6. Experimental results of image recovery.

6. Conclusions

This paper has focused on robust factorization models for low-rank matrix recovery,
which are of great significance in multiple fields such as machine learning and imaging
sciences. To deal with the challenge of outliers, an /;-loss robust factorized model with
{3 p-norm regularization is proposed. Given the nonconvex and discontinuous nature of
the problem, an approximation problem (3) is constructed. Under mild assumptions, the
equivalence of stationary points between the original and the approximation problems is
verified, and it is proven that the global optimum of the approximation problem can serve
as an approximate optimal solution for the original problem in terms of objective value. On
top of that, a fast PALM method is proposed to solve the approximation problem, and the
global convergence of the iterate sequence is established. The numerical experiments on
synthetic datasets with outliers and image restoration tasks demonstrate that the PALM
method achieves low relative errors within a significantly shorter computational time,
particularly when dealing with large-scale datasets. Despite the promising results of the
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proposed approach, there are some limitations. The performance of the algorithm relies
on the proper selection of parameters such as A and «. To address these limitations, future
research works will include the development of adaptive parameter-tuning strategies.
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