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Abstract

This paper studies the relationship between the nuclear norm-regularized minimization prob-
lem, which minimizes the sum of a C? function h and a positive multiple of the nuclear norm,
and its factorized problem obtained by the Burer-Monteiro technique. We first prove that every
second-order stationary point of the factorized problem corresponds to an approximate station-
ary point of its non-factorized counterpart, and those rank-deficient ones correspond to global
minimizers of the latter problem when h is additionally convex, conforming with the obser-
vations in [2, 15]. Next, discarding the rank condition on the second-order stationary points
but assuming the convexity and Lipschitz differentiability of h, we characterize, with respect to
some natural problem parameters, when every second-order stationary point of the factorized
problem is a global minimizer of the corresponding nuclear norm-regularized problem. More
precisely, we subdivide the class of Lipschitz differentiable convex C? functions into subclasses
according to those natural parameters and characterize when each subclass consists solely of
functions h such that every second-order stationary point of the associated factorized model is a
global minimizer of the nuclear norm regularized model. In particular, explicit counterexamples
are established when the characterizing condition on the said parameters is violated.

1 Introduction

Low-rank matrix estimation has been an extremely important and versatile problem that has
attracted intense research over the last two decades and found many applications across a wide

range of domains, such as network science [12], machine learning [11, 26], quantum physics [22],
control [25] and imaging [43, 13], to name a few. Natural formulations of the problem include the
rank-constrained minimization problem (e.g., see [21, 406]):
min  h(X)
XeERmMmXn (1.1)
st rank(X) <,
the constrained rank minimization problem (e.g., see [8, 39]):
min  rank(X)
XeRmxn (1.2)
st. h(X) <g,
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or the rank-regularized minimization problem (e.g., see [23, 20]):

i h(X) + X - rank(X). (1.3)
In the above formulations, r,¢, A > 0 are constants prescribed by the modelers and h is a function
representing the misfit between the output predicted by X and the true observations.
Unfortunately, due to the non-convexity and combinatorial nature of the rank function, the
optimization problems (1.1), (1.2) and (1.3) are difficult to solve in general. For computational
tractability, many convex and non-convex surrogates were proposed [33, 35, 27, 39]. This paper
focuses on the following surrogate:

min () = h(X) + AIX ], (14)
where h is assumed to be twice continuously differentiable for the theoretical analysis, A > 0, and
|| - ||« denotes the nuclear norm. Problem (1.4) can be seen as an approximation to problem (1.3).
Indeed, it was shown that the nuclear norm is the convex envelope of the rank function [3]. The
upshot of problem (1.4) is that it is in the form of the so-called composite minimization that has
been heavily studied in the literature, especially when h is convex. Therefore, in principle it can
be solved by many existing algorithms for composite minimization, including in particular various
proximal algorithms [31, 18, 38, 40] in view of the closed-form expression of the proximal operator
of the nuclear norm [7].

Nonetheless, in contemporary applications, the dimensions m and n of the decision variable X can
potentially be extremely high, rendering existing methods inapplicable. For example, in collaborative
filtering, which is a classical application of low-rank matrix estimation, the dimensions m and n could
be of the order of millions or even higher [26]. Worse still, the computational cost of the proximal
operator associated with the nuclear norm, which is a fundamental building block of many existing
algorithms for solving problem (1.4), is a cubic function in m and n, as it involves the singular
value decomposition of X. To circumvent this, researchers proposed to solve problem (1.4) via the
Burer-Monteiro factorization technique [5, 6, 32, 46, 44], which replaces the variable X by a low-rank
approximation UV T and solves the resulting problem:

MU V2
UeRmXr VeRnX" 2

(1.5)

where ||+ || denotes the Frobenius norm and r is an integer parameter specified by the modeler. Any
optimal solution (U*, V*) of problem (1.5) corresponds to an approximately optimal solution U Al
to problem (1.4). The advantage of the factorized problem (1.5) over problem (1.4) is twofold. First,
the objective function in the factorized problem (1.5) is differentiable as soon as h is. In contrast,
the objective function in problem (1.4) is nonsmooth because of the nuclear norm. Second, we often
choose r < min{m, n} in practice. The total size r(m+n) of the matrix variables (U, V') is therefore
substantially smaller than the size mn of the variable X in the non-factorized counterpart (1.4).
Since our goal is to solve problem (1.4), the factorization rank r cannot be too small. Indeed,
optimal solutions of problem (1.4) cannot be recovered by solving problem (1.5) through the cor-
respondence (U,V) + UV if r is less than the minimum rank 7* of the optimal solutions of
problem (1.4). This issue is currently addressed indirectly as follows. First, it can be readily shown
that U*V* T is a global minimizer of problem (1.4) for any global minimizer (U*, V*) of problem (1.5)

if 7 > r* (e.g., see [16, Lemma 1]). Second, despite the non-convexity due to the bilinear term UV T,
the factorized problem (1.5) has no spurious local minimizers or second-order stationary points if r
is sufficiently large [19, 14], which implies that one can actually solve problem (1.4) with a convex h



by using any optimization algorithm with a second-order convergence guarantee on problem (1.5).
However, a proper choice of the parameter r is highly nontrivial. In particular, as demonstrated by
an example constructed in [14], merely having r > 7* is not enough in general, let alone that the
minimum solution rank r* is often unknown in practice. Our paper also revolves around the choice
of the factorization rank r by asking a different but more direct question:

When do all the second-order stationary points of problem (1.5) correspond to
the global minimizers of problem (1.4) via the mapping (U, V) UV T 2

This motivates the following definition.

Definition 1.1 (r-factorizability). Let h be twice continuously differentiable. The function f in
problem (1.4) is said to be r-factorizable if every second-order stationary point (U, V') of the function
F, in problem (1.5) satisfies that UV T is a global minimizer of f.

With this definition, our problem is equivalent to the investigation of the r-factorizability of the
objective function f of problem (1.4).
Most of the existing works on this question focus on the unregularized counterpart:

i hUVT 1.6
Uengl,lgeRnw ( ) (16)

and rely on the restricted isometry property of h. Here, we recall that for 6 > 0 and integers
s,t > 0, a twice continuously differentiable function h : R™*"” — R is said to satisfy §-RIP,,
condition [19, 45, 42] if for all X, H € R™*" with rank(X) < s and rank(H) < ¢, it holds that

(=0 H|E < V*MX)[H, H] < (1+6)| H][%-

The state-of-the-art results were established in [12, Corollary 2], which showed that all second-order
stationary points of problem (1.6) are global minimizers of problem (1.6) if & satisfies the $-RIP3; 2,
condition and that there exists a function h satisfying the %—RIPQ,,,QT condition but possessing
a spurious second-order stationary point. Other theoretical results can be found in [10, 9, 46].
Interestingly, the question about the choice of the factorization rank r has also been investigated
in the symmetric case, where the non-factorized and factorized problems are to minimize h(X) and
R(UUT), respectively, where X is a symmetric positive semidefinite matrix. In the special case of
semidefinite programming, it has been resolved rather satisfactorily [3, 4, 29].

For asymmetric, regularized problem (1.4), fewer works have been done. A common assumption
in these works is that there exists an optimal solution to problem (1.4) and r is chosen to be at least
the minimum solution rank »*. In [24, Theorem 3], the author showed that if h is convex quadratic
and satisfies the §-RIPj3, o, condition with § < %, then the corresponding f in problem (1.4) is
r-factorizable. A similar result was established in [19, Theorem 2] for a general twice continuously
differentiable convex function h with a more restrictive bound on . Later, in [15, Theorem 1],! it
was shown that when h satisfies the §-RIPy, 5, condition with § < %, then the corresponding f in
problem (1.4) is r-factorizable, and when § > 1, a second-order stationary point of problem (1.5)
corresponds to an approximate stationary point of problem (1.4). Notice that all these results
rely on RIP-type conditions. It remains unclear whether these conditions are necessary for the
r-factorizability. It is also worth mentioning that verifying RIP-type conditions is NP-hard [37].

IThe results in [15] were stated in terms of restricted strong convexity and restricted smoothness. The moduli o
and S therein correspond to 1 — § and 1 + ¢ in our discussion here, respectively.



Unlike most of the existing works, we do not invoke any RIP-type assumptions. The work closest

to our non-RIP approach is [44], which considered the following pair of optimization problems:
in h(X d in h(U):=hUUT 1.7
o (X) and  min h(U):=h(UU") (L.7)

where S7} is the set of n x n symmetric matrices and h is C?, Lipschitz differentiable and strongly

convex, and showed that all second-order stationary points U* of h satisfy that U*U*T is the
unique minimizer X* of h over S” under suitable conditions on the factorization rank r, solution
rank rank(X*) and the condition number & (i.e., the ratio between the Lipschitz constant of Vi and
the strong convexity modulus of k), namely (1) r > rank(X™*) and k < 3; or (2) n > r > rank(X™)
and r > 1 (x — 1)*rank(X*); the author also constructed a function h with x = 3 such that h has a
second-order stationary point that does not correspond to any global minimizer of h over S". Our
work can be seen as an extension of the studies in [11] to the asymmetric, regularized case, and is
more general in the sense that we consider not only strongly but also non-strongly convex h. More
precisely, instead of the problem pairs (1.7), we focus on the problems (1.4) and (1.5) and study the
r-factorizability of f in connection with a set of natural problem parameters, including the condition
number k of h, the Lipschitz constant of VA, the solution rank of problem (1.4) and the rank of a
second-order stationary point of (1.5).

We now summarize our technical contributions. First, we prove that every second-order station-
ary point of problem (1.5) corresponds to an approximate stationary point of problem (1.4) via the
mapping (U, V) — UV . In particular, when the second-order stationary point is rank-deficient,
it corresponds to a stationary point of problem (1.4), which is in accordance with the findings of
[2, 15]. Consequently, if all second-order stationary points of problem (1.5) are rank-deficient and h is
convex, then f is r-factorizable. Next, discarding the rank condition on the second-order stationary
points but assuming the convexity and Lipschitz differentiability of h, we characterize, with respect
to some natural problem parameters, when every second-order stationary point of the factorized
problem (1.5) is a global minimizer of non-factorized problem (1.4). More precisely, we subdivide
the class of Lipschitz differentiable convex C? functions into subclasses according to those natu-
ral parameters and characterize when each subclass consists solely of functions h such that every
second-order stationary point of problem (1.5) is a global minimizer of problem (1.4). Furthermore,
explicit counterexamples are established when the characterizing condition on the said parameters
is violated. To our knowledge, our results are the first characterizations of r-factorizability in terms
of these natural parameters.

The remainder of the paper is organized as follows. In Section 2, we define the notation and
prepare some preliminary results. The characterization of first- and second-order stationary points of
problem (1.5) is presented in Section 3. We show that second-order stationary points of problem (1.5)
correspond to approximate stationary points of problem (1.4) in Section 4. In Section 5, we derive
the characterization of the r-factorizability of the objective function f in problem (1.4).

2 Notation and preliminaries

Throughout this paper, we assume that 1 < r < m < n in problem (1.5). For a matrix
X € R™*" we let || X||«, [|X]|2 and || X||F denote its nuclear norm, spectral norm and Frobenius
norm, respectively. The i-th largest singular value of X is denoted by 0;(X) for i = 1,...,m. The

vector of singular values is denoted by (X) = [01(X) -+ 0y (X)] T, Theset of nxn orthogonal
matrices is denoted by O™. For x € R*, we denote by Diag(z) € R*** the diagonal matrix with
(Diag(x))s = x; fori = 1,...,s. Moreover, we define diag : R®*®* — R*® to be the adjoint operator of



Diag. In this paper, to simplify the presentation, we also use ]ST/ag and ci;z;g to denote the possibly
non-square versions of Diag and diag, respectively. Specifically, for z € R?, ]/)Ta/g(a:) would be a
diagonal matrix whose diagonal part is , which is not necessarily square; the dimension of I/)_l\/ag(m)
is omitted when it can be understood from the context.? Also, for X = [X; X,] € R™*" with
X; € R™¥™ and Xy € R™* (=) we define dfi;g(X) = diag(X;) € R™. For X € R™*" we define

Ox = {(R,P) € O™ x O" : RDiag(c(X))PT = X}.

For a mapping H : R™*"™ — R™*™ we say H is Lipschitz continuous with modulus L if the
following holds:
[H(X) - HY)|lr < LIX -Y[[r VXY € R™*™

The strong convexity for an h € C?(R™*") is also defined with respect to the Frobenius norm.
Namely, h € C?(R™*") is said to be p-strongly convex if V2h(X)[Y,Y] > u|Y|% for all X,V €
R™*" where the Hessian V2h(X) : R™*" x R™*" — R is regarded as a quadratic form on R™*",
To avoid clutter, we sometimes use the notation V2h(X)[Y]? to denote VZh(X)[Y,Y].

The set of nonnegative integers is denoted by Ny. For a nonnegative integer r, we use [r] to
denote the set {1,...,7}; in particular, [0] := (). The permutation group of order m is denoted by
P, and the set of m x m permutation matrices is denoted by P,,. Finally, for an z € R, we let |z|
denote the largest integer upper bounded by x.

We will need the following characterization of the subdifferential of the nuclear norm.

Proposition 2.1 ([36, Example 2]). Let X € R™*" be a matriz of rank s and (R, P) € Ox. Then,

X« = {R F 0] PT: W eRMm=xXM=s) 5|, < 1}.
0o w
Note that while the singular value decomposition of X is not unique, the subdifferential 9| X
is independent of the choice of the singular value decomposition.
Before ending this section, we present a variant of von Neumann’s trace inequality. Its proof
requires the following well-known result concerning doubly stochastic matrices.

Lemma 2.2. Let A € R™*™ be a nonnegative matrix that satisfies
m m
j=1 j=1

Then, there exists a doubly stochastic matriz B such that B;; > A;j for all i and j.

Proof. Let R and C be the sets consisting of the indices of the rows and columns of A whose sum is
less than 1, respectively. Clearly, R and C must be simultaneously empty or nonempty. We modify
the matrix A gradually in the following manner: at each step, we select ¢ € R and j € C, and
enlarge A;; until either the row sum of i-th row or the column sum of j-th column reaches 1. Then
we update R and C and repeat this process. Since R and C are always simultaneously empty or
nonempty, our algorithm is well defined. Moreover, after each step, the quantity |R|+ |C| is reduced
by at least 1. Since this number is finite, we must end with R = C = (). Then the resulting matrix,
denoted by B, is doubly stochastic, and it holds by construction that B;; > A;; for all ¢ and j. O

2For example, if R € R™X™ and P € R™*™, then writing Rﬁi;?g,(ac)PT would imply that ]m(w) € Rmxn,



Below is the announced variant of von Neumann’s trace inequality, which reduces to the classical
von Neumann’s inequality when C' or D is a zero matrix.

Lemma 2.3. Let A, B, C and D be nonnegative m x m diagonal matrices with diagonal vectors
d?, dB, d° and dP, respectively. Then, we have

Re(’)i}l,lpi'e(’)" tr(R[A O] P [g} )+ tr(R[C O] P [109}) = érel%)fn/(dA)TEdB +(d9)TE@P), (2.1)

where P, is the set of m X m permutation matrices.

Proof. For any R € O™ and P € O™, we have

tr(R[A 0] P H +tr(R[C O]Pﬁﬂ)

Z (ditdP + df dP)P Z (ditdf +dfap) (= + )

dAdB +d{dP)Z;; = (d*)T ZdP + (d°)T ZdP,

2 2
where in (a) we define Z € R™*™ such that Z;; = % + ng for all ¢ and j. Since R € O™ and
P € O™, we see that all row sums and column sums of Z are at most 1. By Theorem 2.2, we know
there is a doubly stochastic matrix Y such that Y;; > Z;; for all i and j. Since d4,d?,d",d" are

all nonnegative, we have
(dTzdB + (d9) T zdP < (d*)TYdE + (d9) Ty dP.
Applying Birkhoff theorem (see, e.g., [I, Theorem 1.2.5]), the matrix Y is a convex combination of

permutation matrices, namely, Y = >°_, \;P;, where P; € Pp,,, \; > 0 for each i = 1,..., s with
>7_1 Ai = 1. Therefore, we see that

(@ TYd? + (d9)TYdP? =X > (@) PdP + (d°) " PdP < sup (d*)"Ed® + (d°) T E(dP).

p— E€Pn,

. . . T E, 0 nxn
This upper bound can be achieved by setting R = E, and P = 0 I € R™*™ where F,
achieves the supremum in supgcp, (d4)" EdP + (d9)TE(dP). O

3 First- and second-order stationary points of F,

In this section, we present characterizations of first- and second-order stationary points of F. in
problem (1.5), which will be useful for our study of r-factorizability in subsequent sections.

Lemma 3.1. Let V € R™*" and U € R™*". Then, UTU = V'V if and only if o(V) = o(U) and
for any (P, Q) € Oy there exists R such that (R,Q) € Oyp.



Proof. To prove the “if” direction, we note that by the definitions of Oy and Oy, P[/)i\/ag(U(V))QT
and RDiag(c(U))QT are singular value decompositions of V' and U, respectively. Then,

UTU = QDiag(c(U))" RT RDiag(c(U))Q" = QDiag(c(U))  Diag(a(U))QT
= QDiag(c(V)) Diag(c(V))Q" = QDiag(c (V)T P PDiag(c(V)QT = VTV.

We next prove the “only if” direction. Suppose that UTU = VTV. The equality o(U) = (V)
follows directly from the definition of singular values. For the remaining assertion, let (P, Q) € Oy.

Then, V = P]/)T/aug(a(‘/))Q—r is a singular value decomposition. By the supposition UTU =V TV,

QTUTUQ=QTVTVQ = Q" (PDiag(s(V))Q")T (PDiag(c(V))Q")Q
= Diag(ci(V),...,a%(V),0,...,0),

rYs

(3.1)

where s := rank(V) and hence o1(V),...,04(V) > 0. Denote by 4; the i-th column of UQ for
i € [m]. It then follows from (3.1) that the vectors @1 /o1(V),...,ls/0s(V) are orthonormal and

that 4; = 0 for i = s+ 1,...,m. There must exist m — s vectors 7sy1,...,7, so that R =
[G1/01(V), ..., ls/os(V),rsi1,. .., 7m] € O™. By the definition of R and the fact that o(V) = o(U),
we have

RDiag(c(U)QT = [a1/o1(V), ... i /0s(V),Tes1,. .. rm] Diag(o1(V),...,04(V),0,...,0)QT
= [G1,...,1s,0,...,00QT =UQQ" =1,

which implies that (R, Q) € Oy and thus completes the proof. O

Proposition 3.2 (First-order stationarity). A pair (U,V) € R™*" xR"*" is a stationary point of F,
in (1.5) if and only if there exist R € O™, P € O™ and Q € O" such that (R, Q) € Oy, (P,Q) € Oy,
o(U)=0o(V), and VR({UVT) = —R ISiETg(d) PT for some d € R™ satisfying dy = --- = ds = \ and
dsi1 > -+ > dy > 0, where s = rank(U) = rank(V).

Remark 3.3. (i) Note that the decomposition —Vh(UVT) = R]Si\/ag(d) PT in Theorem 3.2 is
not a singular value decomposition in general because it is possible that ds1 > A = di =
.-+ =ds. Nevertheless, the vector d contains all the singular values of —Vh(UVT), i.e., d is
a(—=Vh(UVT)) up to a permutation of the entries.

(ii) For a stationary point (U, V) of F,, Theorem 3.2 shows that rank(U) = rank(V) and UV "
R[Diag(a(U))]?PT = R[Diag(a(V))]2PT for some R € O™ and P € O™. Hence, o;(UV ") =
o?2(U) = o2(V) for alli € [m)].

3

Proof of Theorem 3.2. The first-order optimality condition of problem (1.5) reads

V(UVT)V 4 AU =0,
Vh(UVT)TU + AV = 0.

We first prove the “if” direction. By supposition, we have that

Vh(UVT)V + AU = —RDiag(d)P " PDiag(c(V))Q + ARDiag(c(U))Q "
= — RDiag(d)P" PDiag(c(U))Q" + ARDiag(c(U))QT



A 0
0 Diag(dst1, ...

— ARDiag(c(U))QT + ARDiag(a(U))Q

R ’de [Diag(al(U), . 05(U))

0

0,

which shows the first equality in (3.2). Similarly, we have

01 QT + ARDiag(o(1)Q"

Vh({UVT)TU + AV = —PDiag(d)R " RDiag(c(U))QT + APDiag(c(V))QT

— PDiag(d)R" RDiag(c(V))Q" + APDiag(c(V))Q"

Y
0

0

Diag(dy+1, -

|

Diag(al(V), ceey O'S(V))

0

— \PDiag(o(V))QT + APDiag(a(V))Q" =0,

0| QT + APDiag(o(v))QT

which shows the second equality in (3.2). This proves the “if” direction.
To prove the “only if” direction, we assume that (U, V) is a stationary point of F, in (1.5),

i.e., (3.2) holds. It then follows from [19, Proposition 2] that UTU = V TV.

decomposition of V:

V=p Dlag(al(V)(,). .,05(V)) (())
By Theorem 3.1, there exists some R; € O™ such that
U=R, -Diag(o’l(V)d. .0s5(V) 8

Next, we write

VAUVT) =R, {é g] P,

Fix a singular value

Q. (3.3)
Q. (3.4)
(3.5)

for some A € R®**, B ¢ RX(n=5) ¢ ¢ Rm=9)xs D ¢ Rm=)x(n=3)  Qubstituting (3.3), (3.4) and

(3.5) into (3.2), we get

ADiag(o1(V),...,05(V)) + ADiag(c1(V), ..
C Diag(o1(V), .
AT Diag(o1(V),...,04(V)) + ADiag(o(V),.
B' Diag(o1(V),.

which imply that B = C =0, A = —AI; and D is unconstrained.

Finally, let (Rz, P2) € O_p and define the following orthogonal matrices

I

P=P {0 P,

Using (3.3) and (3.4), one can check readily that (P,Q1) € Oy and (R, Q1) € Oy. Moreover, using
(3.5) together with the facts that B = C' =0 and A = —\I, we see that

Al
0

0

Y
eSS

0

VhUVT) = -R; [

This completes the proof.

Diag(o(—D))

0 }PT.



We next establish an equivalent characterization of second-order stationary points of F). in (1.5).
We start by introducing a useful way to partition matrices. Let (U, V) € R™*" x R™™" gsatisfy
rank(U) = rank(V') (which holds in particular when (U, V') is a stationary point of F)., thanks to

Theorem 3.2). Denote this common rank by s = rank(U) = rank(V') < r. We can then partition
any matrices U € R™*" and V € R™*" into the following block form:

U U Vii Viz
U= d V= 3.6
[U21 Uzz} an [V21 sz] ’ (36)

where Ulla Vi1 € RSXS’ U12, Vig € RST(T_S)LU21 c ]R(Tn«—S)XS7 Vo, € R(n—s)xs’ Uss € R(m—s)x(r—s)’
Vag € R("=9)X(r=5) " Note that when U and V are of full rank, i.e., s = r, the matrices Uya, Uz, Vio
and Voo are null.

Proposition 3.4 (Second-order stationarity). A pair (U,V) € R™*" x R™*" s a second-order
stationary point of F,. in (1.5) if and only if both of the following two conditions hold:

(i) There exist R € O™, P € O™ and Q € O" such that (R,Q) € Og, (P,Q) € Oy, o(U) = o(V)
and VUV ") = —RDiag(d) PT for some d € R™ satisfying d; = -+~ = d, = A and dg1 >

<o > dy >0, where s = rank(U) = rank(V).
(ii) For any U € R™*" and V € R"*", it holds that®

— M (U\Viy 4 U Vih) — 2tr(D T (U1 Vy) + Usa Vo))

_ T T 2 (3.7

MU+ VIR + V2@V Ty R V0 2V 2 pTi s g

Us S 0

where X = Diag(a1(U),...,04(T)) € R®**, and D = Diag(dss1, . .., dp) € RIT=X(=5) 4t
d; given in Item (i).

Moreover, if s = rank(U) < r, then Item (i) and Item (ii) imply that |[VA(UV T)|2 < A.

Proof. A pair (U, V) € R™*" x R"*" is a second-order stationary point of F} if and only if it satisfies
both the first- and second-order optimality conditions. By Theorem 3.2, the first-order optimality
condition is equivalent to Item (i).

We now reformulate the second-order optimality condition: V2F,.(U,V)[(U,V),(U,V)] > 0 for
all (U, V) € R™*" x R"*". Let R € O™, P € O™ and @Q € O" be orthogonal matrices given in
Item (i). Since (U, V) +— (RUQT,PVQT) is a bijective linear map on R™*" x R"*", the condition is
equivalent to that V2E,(U, V)[(RUQT, PVQT), (RUQT, PVQT)] > 0 for all (U, V) € R™¥" x R"¥",
Denoting X = UV T and using [19, Equation (3.14)], we have that

V2F. (U, V)[(RUQT,PVQT"),(RUQT,PVQ")]
=2(R"VHX)P, UV ") + MN(JU||% + |VIIZ) + V2R(X)[UQVPT + RUQTV T2

The second-order condition is therefore further equivalent to that for all (U, V') € R™*" x R™*",
2RTVRX)P,UVT) + M[UI3 + [VII3) + VR(E)UQVTPT + RUQTVT) > 0

(a) Mg 0
£ 2Py ) ovTy Mo+ v

3Here, we use the partition (3.6) with respect to (U, V); this is well defined because o(U) = (V) holds in Item (i).



+V2h(X) [R <[§ 8] VT4 U [% 8]) PT] " 50 (3.8)

b
é - 2)\131"(U11‘/1—{ + Ulgvl—g) - QtI(DT(Ugl‘/Q—{ + UQQ‘/QE))

T T 2
UnS + V] 2‘61} PT} -

UpS 0 (3.9)

AU + V]2 + V2A(X) [R [

where (a) follows from the decomposition for —Vh(X) in Item (i) and the definition of D and %,
and (b) from the definition of the blocks in (3.6). This shows that Item (i) and Item (ii) together
form an equivalent characterization of the second-order stationary points.

We next prove the second claim under the additional assumption of s = rank(U) < r. Note that
this implies that Uss and Vag are not null. Hence, we can take U and V in (3.7) to be the matrices
with the blocks Uss = [e1 0] and Vay = [e1 0] and Uiy, Ura, Uai, Vi1, Via, Va1 all being zero matrices
to deduce that

The desired conclusion now follows immediately from the above display and the decomposition of
Vh(UVT) in Item (i). O

4 Approximate stationary points of f

Recall that our ultimate goal is to solve problem (1.4) to global optimality. Problem (1.5) is
only a surrogate that is computationally more friendly. In practice, it is customary to invoke a first-
or second-order optimization algorithm to solve problem (1.5), which often returns a second-order
stationary point [17, 30]. A natural question is therefore when the second-order stationary points
(U, V) of F, in (1.5) correspond to the global optima of problem (1.4), through the correspondence
(U, V)~ UV'T. In general, a second-order stationary point of problem (1.5) may not even correspond
to a stationary point of problem (1.4). To see this, suppose that h in (1.4) is a strongly convex
function, which implies that f(-) = h(-)+ A|| - ||« is also strongly convex and hence problem (1.4) has
a unique stationary point X*. Assume that rank(X*) > 1 and pick r < rank(X*). Then, F, is the
sum of the level-bounded function (U,V) = 3(||U||3 + [|[V[|%) and the function (U,V) — h(UVT),
which is lower bounded due to the strong convexity of h. Consequently, the objective function
F, is level-bounded, and problem (1.5) must have a global minimizer (U,V). However, UV is
not a stationary point of f, since rank(UV ") < r < rank(X*). Although in general second-order
stationary points of F,. do not correspond to a stationary point of f in (1.4), we show that they
correspond to an approximate stationary point of f. A similar result was obtained in [15, Theorem
1] under the restricted isometry property.

Theorem 4.1 (Approximate stationary points). Let (U, V) € R™*" x R"™" be a second-order
stationary point of Fy,. in (1.5), s = rank(U) and d € R™ be given in Proposition 3./. Then,*
dsy1 <A+ Lo.(UVT), where

L= sup V2OV Y, Y].
YER™ " ||Y| r=1,
rank(Y)=2

Furthermore, infy o gyry Y2 < Lo (UVT).

4We define dm+1 =0.
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Proof. We first consider the case when rank(U) < r. Since rank(U) < r, we have o,.(UVT) = 0.
Therefore, o o
o1 < ||dlloc = VROV [l2 < A=A+ Lo (OVT),

where the first equality follows from Theorem 3.3(i) and the second inequality follows from Theo-
rem 3.4. Therefore, we have

]_ R _ [
—XVh(UVT) = RDiag(1,...,1,des1/\, ..., dm /NPT €8OV,

where the inclusion follows from Theorem 2.1 and the fact that 0 < d,,, < -+ < dsy1 < A. This
proves 0 € df(UV'"), and hence 0 = infy ¢y gy IV [l2 < Lo (UVT) = 0.

We next consider the case where rank(U ) =r. If r = m, then d,,+1 = 0; moreover, we have d; =
+++ = dy, = A from Theorem 3.4, which implies (as in the above display) that infy ¢y gy [[Y][2 = 0.
The desired conclusions then hold trivially. Thus, from now on, we assume r < m.

By Theorem 3.2, rank(V) = rank(U) = r. Therefore, in this case, the blocks Uja, Us, Via, Voo
in (3.6) are null. Since (U, V) is a second-order stationary point of F,. in (1.5), by Theorem 3.4, it

satisfies the following inequality for any matrices U € R™*" and V € R"*":
0 <= 2Xte(Uy, Vin) = 2te(D T U Vol ) + AU 17 + [[V][7)

2 4.1)
- US4 2Vy] SV,T T (
+ V2ROV {R { u 2 PT| .
( ) Uv?lZ O(mfr)x(nfr)
Taking U and V to be the matrices with Uy and V31 being zero an_d Us1 = [er O]T = ele;r € R(m=r)xr
and Vo1 = [e, 0]T = eje,] € R(=7)%" e have that YV, = 0,.(U)ere] and Uy X = o,.(U)ere,] and
that tr(D Uy Vy) ) = €] Dey = d,41. Substituting these into (4.1) yields

0< —2dpy1 + 2\ + V2R(OVT) {UT(U)R {0”; eré1 ] PT}
€1€, O(m—r)x(n—r)
< —2dyy1 +2X+202(U)L = —2d, 41 + 2\ + 20, (UV )L,
_ T
where the second inequality follows from the fact that ||o.(U)R [0”% ere } PT|| =
€16, O(mfr)x(nfr) r

V20,(U) and the definition of L, and the equality follows from Theorem 3.3(ii). Hence, dy41
A+ Lo (UVT). In addition, we can further compute that

IA

inf [Yllo=__ inf [VAOVT)+AS|
Yeoaf(UvT) Sed|UVT||.
. A, 0r><(n—r) :| T |: 1 0 — T
= In —R —~ PT £ AR r rx(n—r) P
Wi2<1 |:O(m—r)><r Dlag(dr-‘rlv sy dTYL) O(m—r)xr w 2

= inf || Diag(dyi1,...,dm) — Wll2 = max{d,11 — \,0} < Lo (TV ),
W2<A
where the first equality follows from the definition of f, the second follows from Theorem 2.1 and
Theorem 3.2, the third holds upon making a simple change of variables, the fourth makes use of the
unitary invariance of || - ||z, [23, Proposition 2.1] and the fact that d,4y1 > -+ > d,,, > 0, and the
inequality holds because d,,1 < A+ Lo, (UVT). This completes the proof. O

In view of Theorem 4.1, for a second-order stationary point (U, V) of F,. in (1.5), by setting
X = UV, we see that the smaller o,.(X) is, the closer X is to being a stationary point of f in (1.4).
When o,.(X) = 0, we see that X is a stationary point of f, as proved in [2]; see, also [41, Section 3],
and [14, 3, 4] for similar results.
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V) € R™XT x R™ " of F,. in (1.5) satis-
).

Our next goal is to characterize rank-deficient second-order stationary points of F. in (1.5) under
the convexity of the function h. To do so, we need the following lemma.

Corollary 4.2. For any second-order stationary point (U
fying rank(U) < r, UV'" is a stationary point of f in (1.4

Lemma 4.3. Let (U,V) € R™*" x R™ " satisfy U'U = V'V and that UV is a local (global)
minimizer of problem (1.4). Then, (U, V) is a local (global) minimizer of problem (1.5).

Proof. We only prove the statement for local minimizers, as the proof of the statement for global
minimizers is the same. Let (P,Q) € Op. By Theorem 3.1, there exists R € O™ such that

(R,Q) € Op. Theorem 3.1 also asserts that o(V') = o(U). Therefore,
O . — = = 5 = 1= 5
IOVl = |RDiag(e(U)Q " @Diag(a(V) P || = o(U) (V) = [lo(D)]5 = 5 (I1UII% + [VII),

which implies that F,.(U,V) = f(UVT). Next, since UV T is a local minimizer of f, by definition,
there exists an € > 0 such f(X) > f(UVT) for any X satisfying || X — UV || < e. By the continuity
of the mapping (U, V) + UV'T, there exists an ¢ > 0 such that |[UVT — UV | < e whenever
(U, V) — (U, V)||r < €. Consider any (U, V) satisfying ||(U,V) — (U,V)||r < €. Then,

A o UE A+ VI
— Ty A 2 2 T F F
FUV) = hOVT)+ SO0IE+ VIR 2 a@VT) 42 min  1TIES
=hUVT)+ AUV = fUVT) > fOVT) = F(U, V),
where the second equality follows from [34, Lemma 1]. Hence, (U,V) is a local minimizer of F.
This completes the proof. O

The theorem below shows that when the function i in problem (1.4) is convex, a rank-deficient
second-order stationary point of problem (1.5) does not only induce a stationary point for prob-
lem (1.4), but is also a global minimizer of problem (1.5).

Theorem 4.4 (Second-order stationary point with rank deficiency). Consider problems (1.4) and (1.5)
with convex h. For any (U, V) € R™*" x R™"*" satisfying rank(U) < r, the following statements are
equivalent:

(i) (U,V) is a second-order stationary point of problem (1.5);
(ii) UV is a global minimizer of problem (1.4) and UTU =V 'V;
(i5) (U, V) is a global minimizer of problem (1.5).

Proof. Tt is trivial that (iii) implies (i). We then prove that (i) implies (ii). By Theorem 4.2, UV "
is a stationary point of problem (1.4). Since h is convex, the objective function f of problem (1.4) is
also convex. The global minimality then follows from the stationarity of UV T, which together with
[19, Proposition 2] implies that U'U = VTV. Finally, it follows directly from Lemma 4.3 that (ii)
implies (iii). The proof is thus completed. O
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5 Characterization of r-factorizability

In view of Theorem 4.4, any rank-deficient second-order stationary point of F,. in (1.5) is a
global minimizer of f (1.4) when h is convex. Consequently, if i is convex and all second-order
stationary points of (1.5) are rank-deficient, then f is r-factorizable. Moreover, the discussion
preceding Theorem 4.1 suggests that the rank conditions cannot be dropped in general.

This section approaches the problem from a different perspective. In particular, we aim to derive
characterizations of r-factorizability. Our characterizations are based on a set of carefully chosen
parameters, as described in the following definition.

Definition 5.1. Let L € (0,00), M € (0,00], u > 0, r* € [m] U {0}, and 0 < ¢ < m —r*. We
define &(L, i, r*, M, q) to be the set of all h € C*(R™*™) satisfying the following conditions:

(i) The function h(-) — & - ||% is convex, and Vh is L-Lipschitz continuous.

(ii) There exists a global minimizer X* € R™*™ of f in (1.4) satisfying rank(X*) = r*, || X*||2 <
M and ||VR(X*)|« < A(r* +q).

In view of the first-order optimality condition of (1.4) and Theorem 2.1, one can observe that
any Lipschitz differentiable convex C? function with (1.4) being solvable belongs to &(L, u, 7*, M, q)
for some L, p, r*, M and q. We will study conditions on these parameters so that the corresponding
&(L,p,r*, M, q) consists solely of h whose corresponding f in (1.4) is r-factorizable. We will first
consider in Section 5.1 strongly convez loss functions (i.e., p > 0), where our characterizations of
the parameters bear similarity to the recent work [44], which also considered strongly convex loss
functions. The general case will be studied in Section 5.2.

5.1 Lipschitz differentiable strongly convex C? loss functions

We first characterize the r-factorizability of Lipschitz differentiable strongly convex C? functions.
It turns out that under strong convexity, the characterization can be made independent of the
parameters M and ¢q. We thus consider the class &(L, p, r*, 00,m — r*). One can observe that any
Lipschitz differentiable strongly convex C? function belongs to &(L, u1,r*, 00, m — r*) for some L,
and r*. Our main result is the following theorem, which characterizes when &(L, i, r*, 00, m — r*)
cousists solely of functions h whose corresponding f in (1.4) is r-factorizable.

Theorem 5.2. Let r* € [m]U{0}, r € [m], 00 > L>pu>0 and k = /% > 1. If r*, r and K satisfy
any of the following conditions:

(1) r* =0 orr=m,
(2) r>r* and k =3,
(8) r>r* and k < 3,

(4) r>r*, k>3 and % > min{r,m —r*},

then for all h € &(L, pu,r*,00,m — r*), the corresponding f in (1.4) is r-factorizable. Otherwise,
there exists a quadratic h € &S(L, pu,r*,00,m — r*) such that the corresponding f in (1.4) is not
r-factorizable.

Proof. This follows from Theorem B.1, Theorem B.2 and Theorem B.4. O

Note that Item (3) in Theorem 5.2 also appeared in [44, Corollary 1.2] to ensure that, in (1.7),
all second-order stationary points U of h satisfy that UU T globally minimizes h over St.
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5.2 Lipschitz differentiable convex C? loss functions

In this subsection, we characterize r-factorizability of f in (1.4) with a Lipschitz differentiable
convex C? function h. In view of the first-order optimality condition of (1.4) and Theorem 2.1, one
can observe that any such h with (1.4) being solvable belongs to &(L,0,7*, M, q) for some L, r*,
M and g. The main result here is similar to Theorem 5.2. It characterizes when &(L,0,7*, M, q)
consists solely of functions h whose corresponding f in (1.4) is r-factorizable.

Theorem 5.3. Assume r* € [m]U {0} and r € [m]. Let ¢ € [0,m —r*], L, M € (0,00) and W* be
the optimal value of the optimization problem:

q. (q—d+ LM(r* —r+d)/)\)>?
—aa-4 ¢
aup (@m0 =g) G -r+d (5.1)
sit. max{r—r*+1,1} <d <min{r,m —r*}, g—d+ LM(@* —r+d)/A > 0.

Ifr, r*, L, M, q, W* satisfy any of the following conditions:
(1) r* =0,
(2) r* >0, r>r*+|q], and W* <0,

then for all h € &(L,0,r*, M, q), the corresponding f in (1.4) is r-factorizable. Otherwise, there
exists a quadratic h € S(L,0,7*, M, q) such that the corresponding f in (1.4) is not r-factorizable.

Remark 5.4. In view of the inequality constraint involving q in (5.1), one can see that the optimal
value of (5.1) is decreasing in A and increasing in M. In addition, when r > r*+ |q|, the constraint
in (5.1) implies that d > r —r* +1 > |q| +1 > q. This further implies that the optimal value
of (5.1) is increasing in q € [0, min{d, m — r*}]. Therefore, the W* in Theorem 5.3 is more likely
negative when M and q are small and X is large.

Proof for Theorem 5.3. This follows from Theorem C.1, Theorem C.2 and Theorem C.4. O

A Pseudo-stationarity

Our main strategy for characterizing the r-factorizability is to analyze the pseudo-stationary
points of f in (1.4), which we define as follows.

Definition A.1 (Pseudo-stationarity). A matriz X € R™*™ is said to be a pseudo-stationary point
of f in (1.4) if there exist (R,P) € Ox and d € R7 such that —Vh(X) = RDiag(d)P" and
dy =---=ds =\, where s = rank(X).

Definition A.1 is motivated by Theorem 2.1 and the first-order optimality condition of (1.4).
Indeed, any pseudo-stationary point with the d in Definition A.1 satisfying A > max{dsy1,...,dmn}
is, in fact, a stationary point of F,. in (1.5). Here, we present several lemmas concerning pseudo-
stationary points that are useful for proving the main results in Section 5.

Lemma A.2. Let X1, X5 be two pseudo-stationary points of f in (1.4) in the sense of Definition A.1,
i.e., there exist Ry, Ry € O™ and Py, P, € O™ such that

Xl - Rl [El Omx(n—m)} P1T; _Vh(Xl) = Rl [Dl Omx(n—m)] P1T7

Al
Xo =Ry [22 Omx(n—m)} P2Ta 7Vh(X2) =Ry [DQ Omx(n—m)] P2T7 ( )
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where 3; = diag(o1(X;), . ..,0m(X;)) € R™™ and D; = diag(di,...,d},) e RT*™ with d} = --- =
diank(Xi) = X fori=1,2. Assume that h in (1.4) satisfies that h(-) — 4| - |3 is convez for some
w >0, and Vh is Lipschitz continuous with modulus L > . Then, we have

m

max » (Loi(X1) + d}) (o) (X2) + d2)) + Y (poi(X1) + dj) (Lo (X2) + d2 ;)
=1

=t (A.2)

m

= > (uoi(X1) + dj)(Loi(X1) +df) — i(/wz‘()@) +d7)(Loi(X2) +df) > 0

i=1 i=1
Proof. Define ¢(-) := h(-) — & - [|%. Then we see that ¢ is convex and V¢ is Lipschitz continuous
with modulus L — . We can now invoke [28, Theorem 2.1.5, (2.1.11)] on ¢ to deduce that
0 < (L= p)(Vo(X1) = Vo(X2), X1 — Xa) — [VO(X1) — Vo (X2)|7 (A3)
For the right hand side of (A.3), a direct computation shows that

(L — p)(Vo(X1) — Vo(X2), X1 — X2) — |[V(X1) — VO (Xo) |1
= (Vo(X1) = Vo(X2), (L — ) X1 — Vo(X1) — (L — p) X2 — Vo(X2)))
= (=Vo(X1), (L — ) X2 — Vo(X2)) + (=Vd(X2), (L — p) X1 — Vo(X1))
— (=Vo(X1), (L — p) X1 = Vo(X1)) — (=V(Xz), (L — p) X2 — Vo(X3)) (A.4)
= (uX1 — Vh(X1), LXy = Vh(X2)) + (X2 — VA(X2), LX1 — VA(X1))
— (uX1 — VA(X1),LX, — VA(X1)) — (uX2 — VR(X2), LX2 — Vh(X>))
=: 51+ 59,
where 57 := (uX1 —Vh(X1), LX2 — Vh(X2)) + (uX2 — Vh(Xs3), LX1 — Vh(X7)) and Sy := —(uX; —
Vh(Xy), LX) — Vh(X1)) — (uX3 — Vh(X3), LXs — Vh(X32)).
We now rewrite S; and So. We start by noting that for S5, its two summands can be rewritten
as follows using (A.1): for i =1, 2,

—(uX; — Vh(X;), LX; — Vh(X (1o (X;) + db) (Loj(X;) + db). (A.5)

j=1
Next, for S1, notice that
S1 = (uX1 — Vh(X1), LXy — Vh(X2)) + (pX2 — VA(X3), LX1 — Vh(X1))
@ (R, [4S1+ Dy 0] Pl Ry [LS+ Dy 0] B))
+ <R1 [LEl + Dy O] PlT, Rs [‘LLEQ + Do 0] P2—r> (AG)
=(Ry Ry [uS1+ Dy O] PP, [LEy + Dy 0])
+(Ry Ry [LE1+ Dy O] PPy, [+ Dy 0]),

where in (a) we have used (A.1). Using the above display and Theorem 2.3, we see that

m

S < max Y (poy(X1) + df) (Lo (Xa) + d2 ) + D (Loi(X1) + df) (o) (X2) + d2 ).
i=1

i=1

The desired conclusion now follows immediately upon combining the above displays. O
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Lemma A.3. Let 7 € By, L > p > 0, and define 7(y) = [%(1) yT(m)]T e R™ for all

Yy = [yl ym]T € R™. Let v, v?, dt, d? € R with v! £ 0, and assume that v' and v? are
sorted in descending order. Let r = |{i € [m]: v} > 0}| and r* = |{i € [m] : v? > 0}| and assume
that

Vielr], jer*], di =\ d; =X and Vke[m]\[r], d. <A+ Lv,. (A7)

Let X1, Xo, Gy, G2 € R™*™ be defined as
X; = Diag(v'), X, = Diag(r(v*)), G1 = Diag(d"), G = Diag(r(d?)), (A8)

and suppose that

D (Loi(X1) + d}) (o) (X2) + d2 ) + Y (p0i(X1) + df) (Lo (Xa) + d2 ;)
z=1m mz:l (AQ)
=Y (poi(X1) + d})(Loi(X1) + d}) = Y (noi(Xa) + df)(Loi(Xa) + dF) > 0
i=1 i=1
If G1 4+ uXy # Go + uXa, we define a quadratic function h as follows:
) LSy Ay (X1) Gi, X
)—522 2]"‘52 - ln < 1 >
=1 7 =1 (A.10)
(<X — )(17 —G2 — MXQ + G1 + MX1>)2
2<X2 — Xl, —GQ — /.LXQ + Gl + /.LX1> ’
Otherwise, we set
L m n M m
X) :§;;X 5222 Xl u <G1>X>' (A'll)

Then h is well defined, h(-)—4||-||% is convex, Vh is Lipschitz continuous with modulus L, Vh(X1) =
—Gq, and Vh(Xs3) = —G2. Moreover, if we define F,. as in (1.5) with the above h and define
(U, V) € R™*" x R"*" gs

U = Diag(\/o1(X1),...,\/or(X1)) and V = Diag(v/o1(X1), ..., V/or(X1)), (A.12)

then (U, V) is a second-order stationary point of F,.

Remark A.4. Notice that the SVDs of X1 and X5 are given by

X, = I,,Diag(c (X)L}

n

.
and Xy = WDiag(c(X2)) Pg/ I 0 ] ,

where W € P, corresponds to the permutation T € B,,. Based on (A.4), (A.5) and (A.6), one can
show that the inequality (A.9) is equivalent to

(L = m)((G2 + pXz) = (G1 + pX1), X1 — X2) 2 [[(G1 + pX1) — (G2 + pXo)||3- (A.13)
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Proof. We first consider the case where G; + uX; = G2 + pXz. In this case, the function h in
(A.11) is clearly well defined, and one can verify that the function h(-) — 4] - ||% is convex, and Vh
is Lipschitz continuous with modulus L. Moreover, Vh(X;) = —G; and

Vh(XQ) = /J,(XQ - Xl) - Gl = —GQ.

Now it remains to show that (U, V) is a second-order stationary point of F}..

We start by noticing from Theorem 3.2 that (U, V) is a stationary point of F,. (with R = I,,,,
Q = I, and P = I,, in Theorem 3.2). Consequently, by Theorem 3.4, we know that (U, V) is a second-
order stationary point of F, if and only if for all Uy, Vi, € R™%", Uy € R(7=7)x7 1, ¢ R(r=m)xr 5
it holds that

= 22tr(Uy) Vin) = 260(D T U Vay ) + AUl + Va5 + Ul + (Va7

Ui + 2Vi} 21/2{”2 - (A.14)

+ V2h(X,) H Uy, 0

where
% = diag(v/o1(X1), - -, Vor (X)) 2 diag(y/vl, ..., /ol) € R™¥",

_ (A.15)
D = Diag(d}u’_l, R d}n) c R(m—’l“)x(n—r)’

and in (a) we have used the fact that v' is a nonnegative vector sorted in descending order. We will
verify (A.14).
To this end, we first use the representation of h in (A.11) to deduce that

Uns + vl s’
v || | 2 e + Lioasi
21 (A.16)

(@)
> Loy (||Ua1 | % + [[Var [I7),
where in (a) we have used the fact that ||AB||r > omin(A)||B||r. Therefore, it holds that

—2Xtr(Uy) Vir) = 2tr(D T Ui Vi3) + AU |5 + Vi3 + U1l F + [[Varl|3)

Uns + SVit EVJHQ

+ V2h(X1) H U 0

Ui Y +2V,] zvﬂ } ?

(a)
> —2tr(D Ui Vo) ) 4+ M| Uat | % + ||Var||%) + VZR(X)1) H Uy ¥ 0

UnT+3EVy] V) ’
U1 X 0

(b)
Y DT Ut I VaL e + AUt [ + [Var|2) + V2h(Xy) H

(c)

> =2\ + Lo})||Ua1 ||l pl|Varllr + A(|U21 |5 + [[Var %) + Lot (||[Ua1 |3 + [[Var l|F)

S Ot L) (WU + [Var|2) + AUt B+ [VaI3) + Lot ([Tl + [Var[2) = 0
> o 21 |7 21| 21| 21| v (U217 + [IVarl7) = 0,

where in (a) we have used the Cauchy-Schwartz inequality to show that tr(Uy;Vi1) < 2(|Un |3 +
[V11]|%), in (b) we have used the fact tr(ABC) = tr(CAB) < ||C||r||AB||r < [[A|2]|C]lr|| Bl F, in

5Here, we use the partition in (3.6), which is well defined because o(U) = o (V). We also note that Uiz, V12, Uaz, Vaa

are void because rank(U) = r.
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(c) we have used (A.7), (A.16) and the definition of D in (A.15), and in (d) we have used the fact
|Al|r||Bllr < (A% + || B||%). This verifies (A.14) and hence (U, V) is a second-order stationary
point of Fi..

Next, we consider the case where Gy + uX; # Go + uXs. By Theorem A.4, we know that (A.9)
is equivalent to

(L — (G2 + pX2) — (G1 + pX1), X1 — Xo) > ||(G1 + pX1) — (G2 + pXo)|3.
Since G1+puX1 # Ga+uXs, we see that (L—p){((Go4pXa) —(G1+uX1), X1 —Xo) > [(G1+uX1)—

(G2 + puX2)||% > 0. In particular, this implies L > p and (G2 + pX2) — (G1 + pX1), X1 — Xa) > 0,
showing that h in (A.10) is well defined. Furthermore, we have

L—p> [(G1 + pXy) = (G2 + pXo) |5 .
(G2 4 pX2) — (G1 + pX1), X1 — Xo)

Now, it is routine to check that h(-) — &|| - |3 is convex, VA(X;) = =G4, and Vh(X3) = —G>.
Moreover, the relation in (A.16) and hence the second-order stationarity of (U,V) can be verified
similarly to that in the case where G; + pX; = Go + pXs. Thus, it remains to show that Vh is
Lipschitz continuous with modulus L.

To this end, notice that for all X, Y € R™*™ and the function h defined in (A.10), it holds that

Y —Go —uXo+ G + /LX1>)2
V2h( =L '+
ZZ MZ XQ*XL —Go — puXo+ Gy + nXq)

(A.17)

i=1 j#i
(a)LZZ +NZ Dlag (Y11, -+, Yium), —Go — pXo + G1 + pX1))?
i=1 j#i X27X1a7G27NX2+G1+,LLX1>
@Lii +MZ ||D1ag Vi, Yo || = Go — pXo + G + pXa |7 © LIV
- i=1 j#i (Xo — X1, =Gy — pXo + Gy + nXy) - L

where in (a) we have used the fact that X1, Xo, G1, G2 are diagonal (see (A.8)), in (b) we have used
the Cauchy-Schwartz inequality, and in (¢) we have used (A.17). This proves that Vh is Lipschitz
continuous with modulus L, and completes the proof. O

B Proof of Theorem 5.2

This subsection contains the essential auxiliary results for the proof of Theorem 5.2. Note that
Theorem 5.2 is about deriving conditions for &(L, u, 7*,00,m — r*) to consist solely of h whose
corresponding f in (1.4) is r-factorizable. Our first task is to reduce this problem to a simpler one.

Proposition B.1. Let oo > L > >0, r € [m] and r* € [m] U {0}. The following statements are
equivalent.

(i) There ezists an h € &(L,pu,r*,00,m — 1*) (see Theorem 5.1) such that f in (1.4) is not
r-factorizable.

(ii) There exist x,g,y,v € R™ with ||g|lcc > A and T € Py, such that

> (L + g0) ey + vey) + (1 + 90) (Lyr iy + vray)
= =t (B.1a)
- Z(Lxl + gz ,LL{EZ + gz Z Ly; + vz /Lyl + 1)1) >0,

i=1 i=1
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and

ViE[T}, x; >0, g, =\, VZG[ *] Y >0, v; = A, (Blb)
Vieml\[r], z; =0, g; € [0, A+ Lml[n] z;], Yieml\[r], vy =0, v; €[0,A]. (B.lc)
ViSika

Proof. Assume (i). By (i), we can select h € &(L, p, 7™, 00,m—r*) and X5 € R™*" with rank(X>) =
r*, —=Vh(X2) € A\J|| X2||«, and f is not r-factorizable. The latter means we can find (U, V) being a
second-order stationary point of F, in (1.5) and X; = UV T is not a stationary point of f.

Applying Theorem 3.2 (see also Theorem 3.3) to (U, V) and using Theorem 2.1 and the condition
that —Vh(X2) € A|| X2]|«, we can write

Xi=Ri[S1 0]P], -Vh(X1)=R, [D: 0] P/,

B.2
Xo=Ry[S2 0] P), —Vh(X2) =Ry [D; 0] P, (B2)

for some R; € O™ and P; € O™ and m x m diagonal matrices ¥; and D;, i = 1,2, where diag(%;) €
R’ consisting of all the singular values of X; in descending order, d = diag(D;) € R with
i =---= diank(Xi) = )\, for i = 1,2. Clearly, we have rank(X;) = r, otherwise by Theorem 4.4 we
can conclude that X, is a stationary point of f, leading to a contradiction. Applying Theorem A.2,
there exists 7 € B, such that

D (Loi(X1) + d}) (o2 (Xa2) + d2 ) + Y (10:(X1) + d}) (Lo (Xa) + d2 ;)
i:lm mi 1 (B.3)
= (Loi(X1) + d}) (poi(X1) +df) = > (Loi(Xa) + d2) (noi(X2) +d?) > 0

=1 =1

where L and p are defined in Theorem 5.1 for the h we selected. Next, applying Theorem 4.1, we
know for all i > r + 1, it holds that d} < XA+ Lo,.(X1); in addition, it must hold that ||d!|~ > )\ for
otherwise, (B.2) and Theorem 2.1 Would imply that X, is a stationary point of f, which is a contradic-
tion. On the other hand, using the fact that —Vh(X3) € A\9||X2||«, (B.2) and Theorem 2.1, we know
d? < X for all i € [m]. This means that (z,g,y,v,7) = (diag(X;),diag(D;), diag(32), diag(Ds), )
satisfies (B.1a)—(B.1c) and ||g]lcc > A. Therefore we know that (ii) holds.

Next, assume (ii). Then, we are able to select (z, g,y,v, ) satisfying (B.1la)—(B.1c). We sort x
and y in descending order to get = and ¥, respectively. Pick 7,7 € 3, such that

z=m(z), §=72(y) and we define g = 11 (g), v = 1=(v). (B.4)
Since we have in view of (B.1b) and (B.1c¢) that

Vier], z; >0, Vie[m]\|[r], z; =0,

Vie[r], yi >0, Vie[m]\[r'], yi=0, (B:5)
we can see from (B.4) that
n([r]) =), n(m\[r]) = [\ [r], (") =[], m2((m]\ [F*]) = [m]\ [*].  (B.6)
Moreover, notice that from (B.1b) and (B.1c) we have
Vielr], gg=X  Vie[m]\[r], gi € [0,\+ Lminuz,],
i€lr] (B.7)

Vi€ [r*], vi=A, Vie[m]\[r*], v; €[0,A],
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This together with the definitions of g and o in (B.4) and the relations (B.5) and (B.6) implies that

Vie(r], z;>0, gg=A, Vie[m]\[r], ,=0,7; € [0, A+ LminZ,],
i€[r] (B8)
Vielr], g >0, v, =X, Vie[m]\[r'], =0, v; €[0,A].
Let p € Py, be defined as p := 75 Y771 and define the following m x n matrices:

X = Diag(z), X2 = Diag(p(y)), G1 = Diag(g), G2 = Diag(p(1)). (B.9)

By direct calculation, we have:
D (Loi(X1) + i) (10 ) (X2) + By(iy) + D (103(X1) + 50) (Lo iy (X2) + By0))
i=1 i=1
m

=D (Los(X1) + §i) (noo(X1) + Gi) — Z(LUi(XQ) +0:)(noi(X2) + ;)

i=1

®

Ms

(Lz; + gz)(,uyp(z + Up(4) )+ Z BT; + gi) Lyp( ) T Upgi ))
i=1

=1
m m
Z(Lmz + gz sz + gz Z Lyz + vz ;U'yi + 'Di)
i=1 i=1

( ) m m
=D (Lar ) + 9n @) (Wna (o) T Vrato(@)) + D (12 () + 97 0) LYra (o)) + Vratotin))
3 =1

=1
— > (Lar ) + 9r () (B2, ) + Ir ) = D (LYrai) + Vra(0) (Yo i) + Vo))
=1 =1

©\- u
= Z(Lxl + gz)(:uyr (i) + Vx( z) )+ Z pi + gi) Ly.,-( y + 7}7(1))
i i=1

(d)
(Lyi +vi)(pys +vi) > 0, (B.10)

Ms

m
Z in + gz /Ll'z + gz)
=1

=1

where in (a) we have used the fact that Z and g are nonnegative vectors sorted in descending order
to calculate 0;(X7) and 0;(X2) using (B.9), in (b) we have used (B.4), in (c¢) we have used that
p = T, '771, the substitution i < 7, (i) for the first three terms, and the substitution i < 75 (i)
for the last term, and in (d) we have used (B.la). Applying Theorem A.3, and noticing that the
prerequisites in Theorem A.3 are satisfied by (B.8), (B.10) and the fact that Z and § are nonnegative
vectors sorted in descending order, we know there exists a quadratic h € C?(R™*™), such that
Vh(X;) = —G; for i = 1,2, h(-) — & - [|% is convex, and Vh is Lipschitz continuous with modulus
L. Moreover, (U, V) is a second-order stationary point of F,. in (1.5), where (U, V) € R™*" x R™*"
is defined as:

U = Diag(v/o1(X1), ..., \/or(X1)), V = Diag(v/o1(X1),...,V/or(X1)) (B.11)

However, since ||glloc > A, we know —Vh(X;) = G1 ¢ M| X1||« by Theorem 2.1. This shows
that X7 is not a stationary point of f in (1.4), and hence f is not r-factorizable. Finally, in
view of the definitions of X5 and G2 in (B.9), the relations in (B.8) and Theorem 2.1, we can
deduce that —Vh(Xs3) = G € AJ|| X2||« and rank(Xs) = r*, from which we conclude further that
h e &(L,u,r*,00,m —r*). Consequently, we know (i) holds. O
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Let co > L > > 0. Consider the next optimization problem:

m

sup Z(in + 9i) (WY (i) + Vr(iy) + Z(M%‘ + 9i)(Lyr iy + vr(i))
x,9,y,vER™ ) i—

TEPRm

v (B.12)

m m

Z Lx; +gz ﬂxz + gz Z Ly; + Uz ,uyz + 'Uz)
i=1

st. Vie[r], x; >0, g; =\ Vie[r?], y; >0, v; =\,

VZE[m\[], Ii:o, gi € [O;A‘i’Lml[n]Ij],
JE|T
Vi€ [m]\ [r*], yi =0, v; €[0,].

One can deduce from Theorem B.1 that determining the r-factorizability of f in (1.4) with h €
S(L, p, r*,00,m —1*) is equivalent to determining the existence of a feasible solution (z,g,y, v, 7)
with ||g|lcc > A to (B.12) having nonnegative objective function value. We now turn to (B.12)
and observe that the objective can be rewritten as a sum with the ¢th summand depending only on
(T4, 9o, Yr (i) vT(i)).6 In addition, from the structure of the constraints in (B.12), we see that the terms
{(z4, 91, Yr(i)> V(5)) }ielm) can be divided into 4 groups depending on whether i € [r] and 7(i) € [r*].
These motivate the definitions of the next four associated index sets, for any fixed 7 € B,,:

I =0 0], J = NIT, J5 = (] \ )0 ], T = (] \ )\ T5. - (B.13)
Let d, := |J5|. Then, by the definition of {J;" };c[4 in (B.13), we have
(Nl =r=|T | =r—dr, |T5| =" =|I| =1 =r+ds, |T{| =m—r—|Tf| =m—r"—d;. (B.14)

To solve (B.12), our strategy is to introduce an auxiliary variable w € R to transform (B.12) to the
next equivalent form:

m

Sup]R Z(sz + 9i) (Y7 () + vr@i)) + Z(WCZ + 9i) (Lyr iy + 7))
z,g,y,vER™ T =1

TEPm, wER
Z Lz; + gl ﬂl’z + gz Z Ly; + Uz ,uyz + 'Uz) (B15)
=1 i=1
st Vie[], xi2w>0, gi=A Vi€['], >0 v=X
Vie m]\[r], 2 =0, gi € [0, + Lw],
Vie [m]\[r], yi =0, v; € [0,

Problem (B.12) is equivalent to (B.15) in the following sense: for any feasible solution (z,g,y, v, T)
of (B.12), (z,9,y,v, T, min;c[, ;) is a feasible solution of (B.12) having the same objective function
value; for any feasible solution (z, g, y, v, T, w) of (B.15), (z,g,y,v,T) is a feasible solution of (B.12)
having the same objective function value. Consequently, we have the following result.

Proposition B.2. There exists a feasible solution (z,g,y,v,7) with ||gllec > A to (B.12) having
nonnegative objective function value if and only if there exists a feasible solution (x,g,y,v,T,w) with
llgllec > A to (B.15) having nonnegative objective function value.

6Specifically, notice that the fourth sum in the objective can be rewritten as Yoy (Lyr oy + r ) (BYr () + Vr(a))-
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Next, we plan to fix 7 and w to analyze the optimal value and the optimal solution of (B.15).
The reason to do so is that the optimization problem can be made separable when 7 and w are fixed.
To simplify the calculation, we only consider the case where A = 1 in the next lemma.

Lemma B.3. Let r* € [m]U {0}, r € [m], and oo > L > pn > 0. Let 7 € P, and w > 0. Let
{J7 Yie) be defined in (B.13). Consider the following optimization problem:

m

sup > (L + g0) (i) + ve) + (12 + 90) (Lyr iy + vr )
9.y, 0ER™ i=1

Z Lx; +gz ;U“Ti +gz Z Lyz +'Uz /J'yz +vz) (B16)
i=1 i=1
st. Nielr], x;>w, gi=1, Yie[r], y;>0, v;=1,
Vie [m]\[r], z; =0, g; €[0,1+ Lw], Vie[m]\[r"], vi=0, v; €[0,1].

Then, the optimization problem (B.16) has optimal solutions, and the optimal value is
(ol g HEE ) (B.17
Moreover, the following statements are equivalent:
o |J7|>0.
e For all the optimal solutions (Z,g,y,v) of (B.16), we have |G|l > 1.
e There exists one optimal solution (Z,g,y,0) of (B.16) such that ||g|lec > 1.

Proof. Using the definition of permutation, we notice that

m m

Z(Lyz‘ +vi) (pys +vi) = Z(Lyr(i) + V(i) (Y7 3y + Vr(4))- (B.18)

i=1 i=1
Substituting (B.18) into (B.16), we get that

m m

sup D (Lai + 90) (e iy + veiiy) + D (12 + 61) (Lyriy + vr (i)
z,9,y,vER™ i=1 i=1
- Z Lz; + g;)(pxi + g:) Z Lyr(z + Ur(i) )(ﬂy'r(i) + U-r(i)) (B.19)
=1 =1

st. Vie[r], x; >w, gi=1, Vielr], y, >0, v, =1,
Vi e [m} \ [TL T; = 07 9i € [071 +Lw]a Vi € [m} \ [T*]v Yi = 07 v; € [07 1]

Observe that (B.19) can be decomposed into the next m subproblems for each i € [m]:

sup (Lxi + gi) (1Y) + vr@ay) + (2 + i) (Lyr ) + vri))
Ti,9i,Yi,Vi €

— (Lx; + gi)(pxi + gi) — (Lyr) + vr()) (7)) + Vriy)

zi > w, gi =1, Yy >0, vr(p) =1, ifi e Jy, (B.20)
st x 2w, g =1, Yr) = 0, Vr@i) € [07 1]7 ifi e ‘72T’
o z; =0, g; € [0,1+ Lw], yri) >0, vy = 1, ifieJs,

x; =0, gi € [071 +Lw]a Yr@) = 0, Ur(4) € [Oa 1]7 ifi € \74Ta
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where we recall the definition of {J };cj4 in (B.13). We now consider the solution and optimal
value of each subproblem (B.20) for fixed i:

1. i € J{. Then (B.20) takes the following form:

sup (Lz; + 1)(uyr) +1) + (pai + 1) (Lyruy + 1)
iy (i)
— (Lai + 1) (pxi + 1) = (Lyr@) + D (pyrey + 1)
st T Zw, Yri >0,

(B.21)

where we used the fact that g; and v.(;) are 1. Denote the objective function of (B.21) by 5.
By direct calculation, we can rewrite S (x4, y,(;)) as:

51(»%‘,?/7(1')) = —Lp(z; — y‘r(i))Q'
Clearly, the optimal value of (B.21) is 0, and it is achieved if and only if
Ti = Yr) > W. (B.22)

2. i€ J7. Then (B.20) takes the following form:

sup (Lx; + 1)vrgy + (pas + Dvrgy — (Lo + 1) (pw; + 1) — vz(i)
e (B.23)
stz > w, vy € [0,1],

where we used the fact that g; and y,(;) are 1 and 0, respectively. Denote the objective function
of (B.23) by S;. By direct calculation, we can rewrite So(x;, v,(;)) as:

So (i, vrsy) = —Lpaf + (L + p)zi(vey — 1) = (v — 1)

First, we notice that Sy is strictly decreasing on [0,00) as a function of x; when v, ;) is fixed
to be any value in [0, 1]. This means that
sup Sa(24,v,()) = —Lpw?® + (L + p)w(v.y — 1) — (v — 1)%, (B.24)
T;>w
where the optimal value is achieved if and only if x; = w. Let S denote the function on the
right hand side of (B.24). Then we see S is strictly increasing as a function of v, ¢;y on (—oo, 1]

by using the elementary properties of quadratic functions. Therefore, the optimal value of
(B.23) is —Lpw?, and it is achieved if and only if

Ty =w, vy = L. (B.25)
3. i € J7. Then (B.20) has the following form:

sup  gi(uyry + 1) + 9i(Lyry + 1) = 97 = (Lyriy + 1) (0yray + 1)
900 (B.26)
s.t. gi € [0, 1+ LUJ], Yr (i) > 0,

where we used the fact that x; and v, ;) are 0 and 1, respectively. Denote the objective function
of (B.26) by Ss. By direct calculation we can rewrite S3 as follows

(L —p)? 2 (L+p)(g:i—1) ’
(0 ) = 1 Lo Lo M TR T )
Sd(ghy'r(z)) 4T (gz ) Yr(i) 2L¢
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L(L — p)*w® (L —p)*

= m + 1L (9 = (14 Lw))(Lw +g; — 1)
—Lp (yf(i) - (LJF';;(ZZ_D) : (B.27)

Notice that g; — (1+ Lw) < 0 and Lw+g; —1 > 0 when g¢; € (1,14 Lw]. We can thus see from

the second expression in the above display that the optimal value of S3 when g; € (1,1 + Lw]

2, 2
is LE—W W oreover, when L > u, the optimal value is achieved if and only if

4p
L+ pw
2p
while when L = p, the optimal value is achieved if and only if
L+ i — 1

2L

On the other hand, when g; < 1, notice that y,; > 0, and hence y.;) — Erwloi=l)

2Lp
| (L+p)(g:i—1) I

5Ly Then we have from the first expression of Ss in (B.27) that

— )2 —1)\?
Salgrotro) < L = 02 - 1 (EHEEDY g2 <o

. . L(L—p)?w?
Consequently, the optimal value of (B.26) is %

and (B.29).

, and is achieved as described in (B.28)

4. i € JJ. Then (B.20) has the following form:

sup 29V, — i — Ui(i)
9isVr(i) (B.?)O)
s.t. 9i € [07 1+ L’LU], V7 (i) € [Oa 1]7

where we used the fact that z; and y,(;) are 0. Notice that the objective of the above problem
is —(gs — UT(Z-))Q. Clearly, the optimal value of (B.30) is 0, and is achieved if and only if

Consequently, by the solution sets given in (B.22), (B.25), (B.28), (B.29) and (B.31), we know the
solution set of (B.16) is nonempty. The optimal value is obtained by summing all the optimal values
given in the four cases. Moreover, every solution (Z, g, 7,7) of (B.16) satisfies ||g||co > 1 if and only
if |[J7| > 0, according to the structure of g given in (B.28), (B.29) and (B.31). O

Proposition B.4. Let r* € [m]U{0},r € [m], and oo > L > > 0. Let G be the objective function
of (B.15) and let k := % > 1. If r*, r and K satisfy any of the following conditions, then there is

1. =0o0rr=m.

2. r>7r* and Kk = 3.
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. r>r* and Kk < 3.

4. r>1% K>3 and7>min{r,m—r*}.
(r—1)2

Otherwise, such a feasible solution exists.

Proof. By the change of variables (z, g,y,v, T,w) + (x/X\, g/ A\, y/ N\, v/, 7,w/\), we see that (B.15)
can be reduced to the following problem:

m m
sup A? {Z(L%’ + 9i) (Y- () + vr@y) + Z(Mﬂ% + 9i) (Ly- iy + 7))
z,9,y,vER™

TEPm,wER =t =
= (Lai + gi) (i + gi) — D (Lyi + vi) (uys + v;) (B.32)
i=1 i=1

st. Yielr], z; 2w>0,g=1, Vie[r], yi>0, v, =1,
Vie [m]\[r], z; =0, ¢g; € 0,1+ Lw],
Vi e [m]\ [r*], y: =0, v; €[0,1].
Since dropping the constant A2 won’t affect the sign of the function value and our claim only

concerns the feasible set of (B.15) and the sign of its objective value, we shall consider the following
optimization problem instead:

sup Z(in + 90) (i) + vr (o) + D (i + 9) (Lyr (i) + vr(i)
e =
Z(sz + gz sz + gz Z Lyz + 'Uz Myz + Uz) (B33)
i=1 im1
st. Yielr], z; >w>0, gg=1, Vie[r*], y; >0, v, =1,
Vi € [m] \ [TL T = 07 gi € [071 + Lw]a
Vi e [m]\ [r*], vy =0, v; €[0,1].

Notice that when 7 and w are fixed, (B.33) becomes (B.16). Applying Theorem B.3, setting d, =

|75 | and recalling the definition of J4 in (B.14), we see that the solution set €, , of (B.16) is

nonempty, and for all (z,g,7,0) € Qy 7, it holds that ||g||cc > 1 if and only if r* —r +d, > 0.
Next, define the following function H : Ny x Ry — R:

H(d,w) = (L,ud + -1+ d)W) w?, (B.34)

Then in view of (B.14) and (B.17), the optimal value of (B.16) is given by H(|J5 |, w). Moreover,
we see that (B.33) is equivalent to the following problem

sup H(d,w) st.w>0, r—r*<d<min{r,m—r"}, (B.35)
weR, deNg

where the bound for d comes from the requirement that | 77| > 0 for ¢ € [4] in (B.14).
We consider the following scenarios:
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(S1)

The optimal value of (B.35) is nonpositive, and (B.35) has no feasible solution (d, w) satisfying
H(d,w)>0and r* —r+d > 0.

optimal for (B.16) with w = @w/\ and 7 = 7, or (Z, g, 7, ¥)/\ is not optimal. In the latter case,
the optimal value of (B.35) must be positive. In the former case, we see from Theorem B.3
that |75 | > 0, and hence (B.35) has a feasible solution (d,w) = (|J5 |, w/A) with H(d,w) >0
and r* —r+d=1*—r+|JJ| = |J{| > 0 (see (B.14)). Both cases yield a contradiction.

There exists a feasible solution (d, @) of (B.35) satisfying H(d,w) > 0 and r* —r +d > 0.

We note that the classification in (S1) and (S2) is not complete, since we cannot say anything if
the optimal value of (B.35) is positive and there is no feasible solution (d,w) of (B.35) satisfying
H(d,w) >0 and r* —r+d > 0. Nevertheless, the two scenarios in (S1) and (S2) are enough for our
proof. Consider the following cases on r, r* and k := L/ p.

Case 1:

Case 2:

Case 3:

Case 4:

r=mor r* = 0. If r = m, then every feasible point (x,g,y,v,7,w) of (B.12) satisfies
llglloc = A; moreover, every feasible point (d, w) to (B.35) must satisfy d = r—r* and H(d, w) =
—Lpdw? < 0. Then (S1) holds. If 7* = 0, we see that every feasible point (d,w) to (B.35)
must satisfy d = r. Then, in view of (B.34), we can rewrite (B.35) as:

sup —Lurw?.
w>0

This means that every feasible solution of (B.35) has a negative objective function value. Then
(S1) holds.

r < r*. Setting d = 0 and selecting w > 0, we see that

ML= g ey M

H(d,w) = <—L,ud + (r* —r+d) ™

and r* —r +d > 0. Then (S2) holds.
m>r>r*and L =y (i.e., K = 1). Then, we have

L(L — p)?

H(d,w) = (—L,ud + (r*—r+d) "

) w® = —L*dw?®.

Then the optimal value of (B.35) is 0, and for all feasible solution (d,w) of (B.35) with
r* —r+d >0 it holds that d > r — r* > 0, and hence H(d,w) < 0. Then (S1) holds.

m>r>r*>0and L > u (ie, k > 1). Ifﬁ:%:?),thenwehave—Lu—i—L(ii;”)z:
Lu(@ — 1) = 0. Therefore, (B.35) is equivalent to that:

_ )2
sup (T*,T)MU,Z

st.w>0, r—r* <d<min{r,m—r"}.
wER, deNy 4p
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In this case, we clearly see that the optimal value of (B.35) is 0, and is achievable if and only
if r=r* If r > r*, then (S1) holds. If r = r*, then any feasible solution to (B.35) is optimal.
Since r = * < m, for d := min{r,m —r*} and any w > 0, the point (w,d) is feasible (because
min{r,m — r*} > 0), and in this case we have 7* — 7 + d = d > 0, which means (S2) holds.

Next we assume k # 3. Let a := If*’:: =1 “4’”:2 . We now rewrite H in (B.34) as:
(e=1)2 T@-w?
L(L — p)?
H(d,w) = (—Lud+ (r* — r+d)7( I ) > w?
L
L(L—p)? ([ —4p’d o L(L—p)? ( —4d 2
— *_ d = *— d
N R A T\ E b

_ L(L4;“)2 ((1—w>d+r* —r) w? = W (1— (/fl)Q> (d — a)w?.

Then, we can rewrite (B.35) as:

L(L — p)? 4
sup KL =p)” (1 - 2) (d — @)w?
weR, deNg 4#’ (H - 1)

r—r*

L=

s.t. w>07r—7’*§d§min{7’,m*'f*},O[:

If Kk <3 and r > r*, then a < 0, and we see that the optimal value of (B.35) is 0. Moreover,
for all feasible solution (d,w) of (B.35) with r* —r +d > 0, we have d > r — r* > 0 and
H(d,w) < 0. Then (S1) holds.

Finally, we assume k > 3. If @ > min{r,m — r*}, then the optimal value of (B.35) is 0,
and for all (d,w) that is feasible to (B.35), it holds that H(d,w) < 0. Then (S1) holds. If
a < min{r,m — r*}, then we can select d = min{r,m — r*} and any w > 0, which is feasible
for (B.35) and r* — r + d = min{r*,m — r} > 0, and we have H(d,w) > 0. Then (S2) holds.

In summary, note that we have argued that we have either (S1) or (S2). Moreover, (S1) holds if and
only if any of the following is true, and (S2) holds otherwise.

(1) r=morr*=0.

(2) m>r>r*>0and Kk =1.
B)m>r>r*>0,k>1, k=3 and r > r*.

4G m>r>r*>0,k>1, k<3

(5) m>r>r*>0,k>1, k>3 and o > min{r,m — r*}.

Upon integrating (1) into the other conditions and regrouping (2), (3) and (4), we can further rewrite
the above conditions as follows:

(1) r=morr*=0.
(2) r>r* and kK = 3.
(3) r>7r* and k < 3.
(4)

4) r > r*, k>3 and o > min{r,m — r*}.
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C Proof of Theorem 5.3

The development here is similar to Section B. First, we would like to transform the r-factorizability
of f to a more concrete problem.

Proposition C.1. Let r* € [m] U {0},r € [m], ¢ € [0,m —r*], and L,M € (0,00). Then the
following statements are equivalent.

(i) There exists an h € &(L,0,7*, M, q) (see Theorem 5.1) such that f in (1.4) is not r-factorizable.

(ii) There exist x,g,y,v € R™ with ||g|lcc > A and T € Py, such that

Z(Lx1 + gz) Vr(i) + Zgz Lyr(z + Ur( ) Z Lxl =+ gz i Z(Lyz + Uz')vi >0, (Cla)
i=1 i=1 i=1 i=1
and
Vier], ©; >0, gg=\ Vie[r], 0<y; <M, v;=A\ Z vj; < Ag, (C.1b)
j=r*+1
Vi€ [m]\[r], zi =0, g € [0,A+ Lminz;], Vie[m]\[r'], yi =0, v; €[0,A]. (C.1c)

JElr]

Proof. Assume (i), we can argue as in the proof of Theorem B.1 to get (B.3) with p = 0, and
(z,9,y,v,7) = (diag(X,), diag(D1), diag(X2), diag(D2),T) as defined in the proof of Theorem B.1.
m

The additional constraints y; < M and Z 41 Vi < Ag come from the conditions | X2|l2 < M and
IVA(X )]« < A(r* + q) (see Theorem 5. 1(11)) and the observation that (see (B.2))

IVAX)]l = tr(D2) =M™+ 37 vy,
j=r*+1

This proves (ii).
Assume (ii), we can construct h as in the proof of Theorem B.1, and we note that (B.10) holds
with p = 0, which corresponds to (C.1a). O

Similarly, we would introduce a new variable w to decouple x and ¢ as in Section B.

sup Z(in + 9i)vr(iy + Z 9i(Ly-(i) + vr(iy)
z,9,y,vER™ 7 i=1
TERm,wER
- Z(L% +9i)gi — Z(Lyz + vi)v;
i=1 i=1
s.t. Vie[r], z; >w >0, g; = A, (C.2)

Vie[r*]’0<yi§M,vi:)\, Z ng)\q,
j=r*+1

Vi e [m]\[r], ; =0, gi € [0, + Lw],

Vi€ [m]\ [r*], yi =0, v; € [0,A].

Moreover, we similarly have the next result.
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Proposition C.2. There exists a (x,g,y,v,T) with ||g]lcc > A satisfying (C.1la)—(C.1c) if and only
if there exists a feasible solution (z, g,y,v, T,w) with ||¢g]lcc > A to (C.2) having nonnegative objective
function value.

The next lemma considers how to solve (C.2) when w and 7 are fixed. We note that here we also
set A = 1 to simplify the calculation.

Lemma C.3. Let 7* € [m] U {0},r € [m], ¢ € [0,m —*] and L, M € (0,00). Let T € B, and
w > 0. Let {J] }iepa) be defined in (B.13). Consider the following optimization problem:

m

sup Z(sz + gi)UT(i) + ZgZ(LyT(l) + v'r(i)) - Z Ll’l + gl i Z Lyl + vl
.9y, vER™ T i—1 i—1 i—1
e (C.3)

s.t. Vielr], z; >w, g;=1, Vié€elrr], 0<y; <M, v =1, Z v; <gq,
j=r*+1
Vie m]\[r], z; =0, g; €[0,14+ Lw], Vi€ [m]\[r"], yi=0, v; €[0,1].

Then, the optimization problem (C.3) has optimal solutions, and the optimal value is

{mmxmu i) + 12— minfo, N1 /2)) minfoe, 12} i€ g < \TFL

|75 | L3(M — min{w, M /2}) min{w, M /2} otherwise.
Moreover, the following statements are equivalent:
o |77 >0.
e For all the optimal solutions (Z,g,y,v) of (C.3), we have ||g|lcc > 1.
o There exists one optimal solution (Z,3,,v) of (C.3) such that ||g|lec > 1.
Proof. Recalling the definition of {J; };c[4) in (B.13), we can decompose (C.3) into two separate

problems:

sup Z [(Lx; + 9:)vr(iy + 9i(LYr (i) + vr())

{®i:9i,y70)vr (i) Yieaguag i€TFUTT
(sz + gz) 9i (LyT(z) + UT(Z)) T(z)]
s.t. VieJy, xi >w, gi=1, y-q) =0, vy €[0,1], (C.5)
Vi € \7477 Ty = 07 gi € [07 14 Lw]ay‘r(i) = 07 UT(i) € [07 1]a

> v <a

JEITTUVIT
sup o [T+ gi)vriy + 9:(Lyriy + vrii))
{zisgiyr)vriy biegyuar i€JT T
—(La; + 9:)gi — (Lyr(i) + vr(i))0r (i) (C.6)
s.L. Vie J7, x> w, gi=1, 0 <y <M, vy =1,

VieJs, =0, g; € [0,1+ Lw],0 < Yr(i) < M, Ur(i) = 1.

where in (C.5) we have used 7(J7 U JJ) = [m] \ [r*] by (B.13) to transform the constraint
Z;n:r*ﬂ v; < ¢ to the constraint Zjejzfujz vr() < -
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We first try to solve (C.5). Denote the objective function in (C.5) by Sa4. Using the constraints
in (C.5), we see that for all ({z;, gi, Y7 (i), V() iegyugy) feasible to (C.5), we have

Soa({Zi> 9i» Yr(i)» Vr (i) Yieggyuar)

(a)
= Z [(Lﬂﬁi + Dvrgy + vry — (Lai + 1) — vf(i)} + Z |:giv7—(i) + 9ivr () — 9 — Uﬁ(i)}

ey €Tf (C.7)
= > [Lai(vray = 1) = (0r) = D] = D (g5 — vr(0)?
ieJy gy

where in (a) we have used the following constraints in (C.5):
VieJy, 9i=1 9@ =0 VieJ/, =0, y,q =0. (C.8)

By performing maximization with respect to {g;}ic7; over the constraint set of (C.5), we see that

Gos({wi, vr i) Yiegy, (v bieay) == sup S2a({wi: 9is yr(iys vriiy hiegz vy )
VieJ], gi€[0,1+Lw]

(a) (C.9)
= Z [in(v.,-(i) - 1) - (’U.,.(i) - 1)2] 5

i€Jy
where in (a) we have used the fact that v,y € [0,1] for all i € JJ to show that the optimal value
is achievable; moreover, this optimal value is achieved if and only if:

Vie J), 9i=vr@)- (C.10)
Consequently, (C.5) is equivalent to that
sup Z [Lzi(vry) — 1) = (vr@) — 1)7]
{@ivryYieay Avey ieag iy
s.t. Vie Jy, i > w, v € [0,1]. (C.11)
Vie Il vem €10,1], Y v <q
JETTUTT

Notice that the objective function in (C.11) is irrelevant to {v,(; }ic7r. Performing maximization
with respect to {v,(;)}iesr, we see that (C.11) is equivalent to that

sup Z [in(vf(i) —1) = (vr@) — 1)2]
{ﬂci,UT(i)}iEJzT ieJy (C 12)
s.t. Vie Jy, x; > w, v € [0,1], Z vy < Q. '
JjeJs
Moreover, this is achieved if and only if:
Vie J7, vem €10,1; > v < q. (C.13)

JETTVI]
Next, performing maximization with respect to {z;}ic7; in (C.12), we see that (C.12) is equivalent

to that
sup Z [Lw(vriy — 1) = (vey) — 1)7]

{U'r(i)}iE]zT €Ty

s.t. Vi € j{, Vr@) € [07 1]7 Z Ur(4) = ¢
jedy

(C.14)
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This is achieved if and only if:

i = if i) <1,
weap {Toy e 1)

z; € [w,00) if vy =1
Denote the objective function in (C.14) by V5. Notice that when J7 # 0, V5 can be rewritten as:

@) | 7 _ _
Val{vr(y biegg) = |T5 | Lw(@ — 1) = Y (vry — v+ 0 — 1)

ieJy
=75 [Lw(® = 1) = |TF (0 = 1)° = 3 (vriy = 0)* =20 = 1) D _ (vs) = 0)
€Ty €T3
= |TF[Lw(® = 1) = |TF|(0 = 1)> = > (v, — 0)°,
€Ty

where in (a) we set v = ﬁg\ D ic 75 V(i) This motivates us to introduce an auxiliary variable v € R,
to transform (C.14) to the following problem:

sup sup TG [Lw(@—1) = |TF|(0=1)* = Y (vr) — 0)%,
vER {v (i) hieag icJy

s.t. Vie ‘-727—’ Ur() € [Oa 1]7 Z Ur(i) = |j27—|777 |J2T|1_} <gq.
ieJy

(C.16)

By solving the inner problem of (C.16), we see that (C.16) is equivalent to the following problem:

sup |75 | Lw(v — 1) — |5 |(0 - 1)%,
seR 0 ? (C.17)
st. vel0,1], |J5]v <q.
Moreover, the optimal value of the inner problem is achieved if and only if
Vl c jQT, UT(i) = 7. (018)

The optimization problem in (C.17) is an elementary univariate quadratic optimization problem.
We can directly see that the optimal value V5" of (C.17) is

_ |77 _ 4y T
Vo= (¢ — T3 D(Lw+1 |j27|) ?f q <771, (C.19)
0 if ¢ > |\727—|a
and it is achieved if and only if
2 if ¢ < |TT|,
s {m Ha<IZ] (C.20)
1 if ¢ > |J7|.

Combining (C.10), (C.13), (C.15), (C.18) and (C.20), we see the optimal solution ({Z;, §i, Ur(s), Or(s) iegy U7 )
to (C.5) is given by

i 4 VA .
{w} lf ‘- |j27|, gl =1, gr(i) =0, {}T(i) = ! 1J71 lf q< |‘72 |7
[w,00) if ¢ > |T5], 1 ifq> 177,

Vie J[, 2 =0, §i = Ur@y, Jri) =0, U7y €[0,1]  s.t. Z V) < G-
JETFUT]

VieJy, &; € {
(C.21)

Next, our goal is to solve (C.6). Since (C.6) is separable, we would solve it for each fixed i.
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1. i € J7. Then (C.6) has the following form:

sup  (La; +1) + (Ly;) + 1) — (La; + 1) — (Ly) + 1)
Tt Yr (i) ) (C.22)
s.t. x> w, 0<y, ) <M,
Denote the objective function in (C.22) by S;. We see that
and every feasible solution to (C.22) is optimal.

2. i € J7. Then (C.6) has the following form:

sup  gi + gi( Ly, + 1) — 9 — (Ly-@y +1)
9isYr(i) “ (0'24)
s.t. gi €[0,1+ Lw], 0 < Yr(i) < M,

Denote the objective function in (C.24) by Ss. By direct calculation we can rewrite S3 as
S3(2i,yriy) = (9 — DLy — (9 — 1)°

When g; < 1, we see that S3(z4,y,(;)) <0, and when g; > 1, we see that S3 is increasing as a
function of y.(;) when fixing g;, this means when g; > 1 it holds that

sup  S3(wi,y-(i) = (9i — LM — (g — 1),
Yr (i) €(0,M]

Moreover, this is achieved if and only if y, ;) = M. Maximizing with respect to g; € (1, 1+ Luw),
we see that the quadratic function on the right hand side of the above display is maximized
at g; = 1 + Lmin{M /2,w}. Consequently, the optimal value (C.24) is

L2(M — min{w, M/2}) min{w, M /2}. (C.25)

and is attained at . .
Yriy =M, gi =1+ Lmin{M /2, w}. (C.26)

The optimal value of (C.3) is obtained by summing the optimal values given in (C.19), (C.23) and
(C.25), and the characterization of the optimal solution follows from the optimal solutions given in
(C.21), (C.23) and (C.26). Moreover, every solution (Z,g,y,v) of (C.3) satisfies ||g|lcoc > 1 if and
only if |J7| > 0, according to the structure of g given in (C.21), (C.23) and (C.26). O

Lemma C.4. Let r* € [m]U{0},r € [m], 0 < ¢ < m —71* and L,M € (0,00). Let the objective
function of (C.2) be G. Suppose that W* is the optimal value of the next optimization problem:

q, (q—d+LM(@r* —r+d)/\)?
-4+
sup (q—d)1-7) pTC—
sit. max{r—r*+1,1} <d <min{r,m —r*}, g—d+ LM(r* —r+d)/\ > 0.

Ifr, r*, L, M, q, W* satisfy any of the following conditions, then (C.2) has no feasible solution

(1) r*=0.
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(2) r* >0, r>r"+|q|, and W* <0.
Otherwise, such a feasible solution exists.

Proof. The whole proof is similar to Theorem B.4, but since the optimization steps are different, we

here present all the details. First, we do the variable change (x, g, y, v, 7,w) < (z/X\, g/ N\, y/ A, v/ X, T,w/\)

for (C.2), and then get the next optimization problem:

sup )‘Z(Z(Lwl + g’L UT )+Z gi Ly'r(z + UT (2) Z sz + gz 7 Z(Lyz + vi)”i)
=1

f’egfﬁ/:,iﬂik i=1 i=1 i=1
. m (C.27)
st. Vier], x; >2w>0, g;=1, Vie[r’], 0<y;, <M, v; =1, Z v; <gq,
Jj=r*+1
Vi€ [m]\[r]v xi:()a 9:i € [071+Lw]7 Vi e [m]\[r*]a yi:()a v; € [Oa 1]7
where M = % Next, define the following function H : Ny x Ry — R:
—d)(L 1— %)+ Hy(d if d
H(d7’LU) — (q )( w + d)+ 0( ,’U)) Iq< .7 (028)
Hy(d,w) otherwise.

where Hy(d,w) := (r* —r + d)LQ(M — min{w7M/2}) min{w,M/Q}. Then in view of (B.14) and
(C.4), the optimal value of (C.3) is given by H(|J7 |, w).

Using Theorem C.3 and the definition of H in (C.28), upon dropping A? in the objective function
since it would not affect the sign of the function value, we can consider (C.29) instead because our
claim only concerns the feasible set of (C.2) and the sign of its objective value:

su H(d,w st.w>0, r—r"<d<min{r,m—r*},
wER, dpeNo (d,w) { } (C.29)

where the constraint on d comes from the requirement that |77 | > 0 for all i € [4] (see (B.14)).
We consider the following scenarios:

(S1) The optimal value of (C.29) is nonpositive, and (C.29) has no feasible solution (d, w) satisfying
H(d, w) >0and r*—r+d>0.

Suppose such a fea51ble solution (Z,g,7,v,7,w) of (C. 2) exists, then either (Z,g,7,0)/\ is
optimal for (C.3) with 7 = 7 and w = @/, or (Z,g,y,v)/\ is not optimal. In the latter case,
the optimal value of (C.29) must be positive. In the former case, we see from Theorem C.3
that |77 | > 0, and hence (C.29) has a feasible solution (d, @) := (|j{|, w/\) with H(d,w) > 0
and r* —r+d=1*—r+|JJ| = |J{| > 0 (see (B.14)). Both cases yield a contradiction.

(S2) There exists a feasible solution (cz u?) of (C 29) satisfying H(cz w) > 0and 7 —r +d > 0.

Consider the following cases:

Case 1: r* = 0. In this case, we see that every feasible solution (d,w) of (C.29) satisfies d = r and
hence r* — r 4+ d = 0, and the optimal value of (C.29) is nonpositive. Then (S1) holds.
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Case 2:

Case 3:

r* >0 and r <r*+ [g] — 1. In this case, we can set d = r — r* + 1 and w = M /2, which is
feasible due to that r —r* +1 <rand r—r*4+1 < |q] <m —r*. Thenr* —r+d=1 and
d < |q] < gq. Thus,

H(d,w) = Ho(d,w) = (r* — r + d)L*(M — min{w, M /2}) min{w, M/2} = LQMQ.

Hence (S2) holds.

r* >0 and r > r* + |[¢]. Consider the following problem:

sup (¢—d)(1+wLl— g)—&—LQ(T* —r+d)(M—min{w, M /2}) min{w, M /2}
weR,deNo d (C.30)
st. r—r"+1<d<min{r,m—r"}, w > 0;

notice that d > r —r* +1 > |¢q] + 1 > ¢ for all (w,d) feasible for (C.30), and hence the
objective of (C.30) equals the H(d,w) defined in (C.28). Observe that (C.30) is obtained by
excluding d = r — r* from (C.29), and we have by direct computation that H(r — r*,w) <
Hy(r — r*,w) = 0. Thus, if (C.30) has a feasible solution (d,w) with H(d,w) > 0, then (S2)
holds; otherwise (S1) holds.

%, o0) as a function of w when d is fixed.
Hence, it holds that (C.30) has a feasible solution (d,w) with H(d,w) > 0 if and only if the
following optimization problem has a feasible solution (d,w) with nonnegative objective value:

Note the objective in (C.30) is nonincreasing on [%

q 2/ % 9 2
sup Hi(d,w):=(@—d)(1+wL—=)+L*(r"—r+d)(Mw-—w
weR,deNg 1{d w) = i d) ( . ) ) (C.31)
s.t. r—r*+1<d<min{r,m—r*}, we (0,M/2].

q7d+L(r*7r+d)]\;I

SL(—rid) and we note that o < M/Q since d > q. We rewrite H; as follows:

Let o =
Hy(d,w)=(¢—d)(1— %) + L(L(r* —r + d)M + (¢ — d))w — L*(r* — r + d)w?
=(g-d)(1- )~ L0 —r+ d(w - a)’ - a?]
We can now rewrite (C.31) as:

sup  Hy(dw) = (g = d)(1 = 9) = 120" =7+ d)[(w - a)* — ”]

weR,deN,
s.t. r—r*+1<d<min{r,m—r"}, we (0, M /2], (C.32)
oo qg—d+Lir*—r+d)M
2L(r* —r+d) '

If the choice of d makes a < 0, then we have (w — a)? — a? = w? — 2aw > 0, which together

with r* —r +d > 1 > 0 implies that

mi(dw) < (- )1 -5 Co,

where in (a) we have used d > ¢. Therefore, (C.32) has a feasible solution with nonnegative
function value if and only if it does so when o > 0. This leads us to consider the following
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problem:
sup  (q—d)(1— L)~ L2 —r + d)[(w — a)? - 0

weR,deNy d ~
s.t. r—r*+1<d<min{r,m—r*}, we (0,M/2], (C.33)
oo g—d+L(r*—r+dM S0
2L(r* —r+d)

Maximizing with respect to w and noticing that a < %, we see that (C.33) and the follow-

ing problem must have or do not have a feasible solution with nonnegative function value
simultaneously:

sup (¢—d)(1— g) + L2(r* —r + d)o?
deNg d

- C.34)
A4 L —r+ )M (
_ g AL o r M

2L(r* —r+d)

st. r—r"+1<d<min{r,m—r"}, «

Simplifying this problem, we obtain

q,  (q—d+LM(r* —r+d))>
—d(1-2
sup (@=d)1 - 1 —r+d) A (C.35)
st. r—r"4+1<d<min{r,m-—r"}, g—d+ LM@* —r+d) > 0.

)+

The problem (C.35) is compactly discrete, and hence optimal value can be always achieved
as long as it is not negative infinity. Therefore, (C.35) has a feasible point with nonnegative
function value if and only if the optimal value of (C.35) is nonnegative, in which case (S2)
holds, and otherwise (S1) holds.

O
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