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Abstract

This paper concerns a high-dimensional stochastic programming (SP) problem of minimiz-
ing a function of expected cost with a matrix argument. To this problem, one of the most
widely applied solution paradigms is the sample average approximation (SAA), which uses
the average cost over sampled scenarios as a surrogate to approximate the expected cost.
Traditional SAA theories require the sample size to grow rapidly when the problem dimen-
sionality increases. Indeed, for a problem of optimizing over a p-by-p matrix, the sample
complexity of the SAA is given by 9] 1) - 1;—22 . polylog(%) to achieve an e-suboptimality
gap, for some poly-logarithmic function polylog(-) and some quantity 0 (1) independent
of dimensionality p and sample size n. In contrast, this paper considers a regularized SAA
(RSAA) with a low-rankness-inducing penalty. We demonstrate that, when the optimal solu-
tion to the SP is of low rank, the sample complexity of RSAA is 5(1) . 6% - polylog(p, é),
which is almost linear in p and thus indicates a substantially lower dependence on dimen-
sionality. Therefore, RSAA can be more advantageous than SAA especially for larger scale
and higher dimensional problems. Due to the close correspondence between stochastic pro-
gramming and statistical learning, our results also indicate that high-dimensional low-rank
matrix recovery is possible generally beyond a linear model, even if the common assumption
of restricted strong convexity is completely absent.

Keywords Stochastic programming - Sample average approximation - Low-rankness

B Hung Yi Lee
hungyilee@ufl.edu

Charles Hernandez
cdhernandez @ufl.edu

Hongcheng Liu
liu.h@ufl.edu

Industrial and Systems Engineering, University of Florida, Gainesville, FL 32611, USA

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10898-022-01206-3&domain=pdf
http://orcid.org/0000-0001-8050-1742

258 Journal of Global Optimization (2023) 85:257-282

1 Introduction

As dimensionality inflates in modern applications of stochastic programming (SP) in order
to generate more comprehensive and higher-granular decisions, the sample average approx-
imation (SAA), which is traditionally a common solution paradigm for SP, sometimes tends
to be demanding for sample availability. The current SAA theories as per [19, 20, 22] and
[21] require that the number of samples should always be greater than the number of deci-
sion variables; for optimizing over a p-by-p matrix, the sample size n should grow at least
quadratically in p. Such sample size requirement may be undesirably costly in certain high-
dimensional applications. Recently, a regularized SAA with sparsity-inducing penalty has
been studied by [15], which shows that significant reduction of sample size requirement may
be achieved by exploiting sparse structures in the problem. This current paper then seeks
to substantially generalize the result therein to the settings where sparsity is replaced by a
low-rankness assumption. We will show that a similar level of success can be achieved.

The particular problem of focus is stated as follows: Let Z € W, for some VW C R and
g > 0, be arandom vector. Consider a measurable, deterministic function f : S; xW — R
where S is the cone of p-by-p (p > 1) symmetric and positive semidefinite matrices and
f (X, Z)isacost function with respect to parameter Z and a fixed matrix of decision variables
X. Then the problem of consideration is an SP problem given as

X* e argmin {FX): X e 57| ()

where F(X) = E[ (X, Z)] is well-defined and finite-valued for any given X € SIJ;‘ Assume,
hereafter, that omax (X*) < R for some constant R > 1, where omax () denotes the spectral
radius. With some abuse of terminology, we say that the dimensionality of this problem is
P, since the unknown is a p-by-p matrix. We refer to this optimization problem as the “true
problem” and X* as the “true solution”, as they assume the exact knowledge of the underlying
distribution and the admissibility of calculating the multi-dimensional integration involved
in evaluating the expected cost.

The problem of interest (1) falls into the general category of the stochastic version of
semidefinite programming (SDP), whose many applications have been found in science and
engineering (See more discussions in [1, 24, 25]). As compared to the traditional schemes,
the proposed RSAA is expected to result in substantial improvement in the efficacy and
efficiency of solving the stochastic SDP by reducing the need of simulation replications or
data collections. Though, admittedly, many of the SDP applications stipulates constraints
that are more sophisticated than our formulation in (1), we argue that this work can serve as
the underpinning to the development of more advanced schemes to address those additional
sophistication.

We would like to remark that the formulation in (1) subsumes the unconstrained problems
since any symmetric matrix can be represented by the difference between two symmetric
and positive semidefinite matrices. Furthermore, also subsumed by (1) are problems with
non-symmetric and non-square matrices X, since they can be transformed into symmetric
matrices by the self-adjoint dilation with X = |:X0T )é] for some all-zero matrices 0’s with
proper dimensions.

Hereafter, let Z| = (Z, ..., Z,) be a sequence of n-many i.i.d.random samples of Z.
To solve Problem (1), one of the most popular solution schemes, as mentioned above, is to
invoke the following SAA formulation as a surrogate:
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1 n
X544 ¢ argmin []—'n(X, ) = — Zf(X, Z):Xe s;] . 2)
n
i=1
According to the seminal results by [22], X544 well approximates X* in the sense that

F(X544) — F(X*) < O(1) - 3)

p?-Inn

n
with high probability, where 5(~) is some quantity that is independent of p and n. Thus, to
ensure the same suboptimality gap, it stipulates that the sample size, n, must grow qradrat-
ically if p increases. For an SP problem where X* is sparse and f is twice-differentiable
almost surely, we have shown in [15] that (3) can be sharpened, in terms of its dependence
on p, into:

V/In(np)
1A “)

FXRSA%) —F(X*) < 0(1) -
with high probability, where X®544 is an SAA scheme with sparsity-inducing regularization.
Similar (and potentially stronger) results than the above have been reported by [12, 13] in
the context of high-dimensional statistical and machine learning under a sparsity assumption
and/or its limited variations.

In contrast, this paper provides a substantial generalization to [12, 13, 15] by weaken-
ing the sparsity and twice-differentiability assumptions simultaneously to low-rankness and
continuous differentiability. Particularly, our low-rankness assumption is as below:

Assumption 1 The rank rk(-) of X* in the problem (1) satisfies s := rk(X*) <« p for some
s> 1.

The above low-rankness assumption is more general than the sparsity assumption of a vector,
since any vector x can be represented by a diagonal matrix, diag(x), whose diagonal entries
equal to x. Then, sparsity of x implies that diag (x) is of low rank. Furthermore, we generalize
the assumption twice-differentiability to Lipschitz continuity of the partial derivatives of f
w.r.t. the eigenvalues of the input matrix, as we will discuss in more detail subsequently.

For this more general problem, our solution paradigm modifies the SAA into the following
regularized SAA (RSAA):

p
XRSA4 ¢ argmin { Fua (X, Z1) = Fu(X, ZD + Y Paloj(X) ¢ ®)
XeSy j=1

where o (X) stands for the jth eigenvalue of X and P, is a penalty function in the form of the
minimax concave penalty (MCP) [26] given as P (x) = f(;r %d t, for some user-specific
tuning parameters @, A > 0.Here[ - ]+ = max{ -, 0}. The MCP is a mainstream special form
of the folded concave penalty (FCP) first proposed by [7].

Under the above settings, the RSAA formulation is nonconvex and its global solutions
are elusive. To ensure computability, this paper considers stationary points that satisfy a set
of significant subspace second-order necessary conditions (S?ONC), given as in Definition
6 in the subsequent. The SYONC herein is an extension to a similar notion presented by
[14, 15] and is a special case than the canonical second-order KKT conditions. Hence, any
second-order (local optimization) algorithm that computes a second-order KKT solution
ensures the SSONC. To add to the existing literature, we will present a new, highly tractable
S30ONC-guaranteeing algorithm.
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Let Xil be defined as
X! € arg ming . s+ F (X, Z) + 21X [, (©6)

with || - ||« denoting the nuclear norm. We show that, under a few standard assumptions in
addition to Assumption 1, for any S30ONC solution to the RSAA, denoted XXS44  which

satisfies 7, , (XR544) < 7, ; (X!) as., it holds that

2/3 1/3
~ s - s -
FXFSA4) — F(X*) < O(1) - (% - n{%) In(1p), ™)

with overwhelming probability, when our knowledge on the rank of X* is completely absent.
Furthermore, as a quick extension to (7), if we allow the penalty parameter to incorporate
knowledge on the rank s of X*, as in Assumption 1, then a better choice of A allows the
sample size requirement to entail a lower dependence on s. The above results are then the
promised, almost linear, sample complexity; from (7), n should only increase almost linearly
in p to compensate the growth in dimensionality. This indicates that the RSAA can be
provably much more advantageous than the SAA especially for high-dimensional problems
that satisfies p? > 5(1) - n.

To compute the desired solution X%544, one may invoke an S?ONC-guaranteeing algo-
rithm initialized at Xﬁ' . Meanwhile, the initial solution, Xi' , is often polynomial-time
computable when f(-, w) is convex for almost every w € W (although the convexity
of f(-, w) is not necessary to prove the almost linear sample complexity).

To our knowledge, our paper presents the first SAA variant that ensures a sample complex-
ity that is almost linear in dimensionality under low-rankness. Even though similar results
have been achieved previously, e.g., by [6, 17, 18] in the context of high-dimensional low-
rank matrix estimation, most of the existing results assume the presence of restricted strong
convexity (RSC) or its variations. While the RSC is deemed generally plausible for statistical
and/or machine learning, such type of assumptions are often not satisfied by stochastic pro-
gramming. Furthermore, due to the correspondence between the SAA and matrix estimation
problems, our results may also imply that high-dimensional matrix estimation is generally
possible under the low-rankness assumption; even if the conditions such as the RSC or alike
are completely absent, the MCP-based regularization may still ensure a sound generalization
error as measured by the excess risk, which coincides in formulation with the suboptimality
gap in minimizing the SP. In addition, our results do not assume a linear or generalized linear
model in data generation. Even though a few other likely more important error bounds are
unavailable herein but are presented by [6, 17, 18] (most of whom focus more on linear or
generalized linear models under RSC or alike), we believe that the excess risk is still an
important out-of-sample performance measure commonly employed by, e.g., [2, 5, 11].

The rest of the paper is organized as follows: Sect. 2 presents our assumptions and main
results concerning the sample complexity of RSAA. A highly tractable solution scheme
to compute a desired SSONC solution is presented in Sect. 3. Section 4 presents some
preliminary numerical experiments to show the consistency between our theory and the
corresponding simulation results. Section 5 then concludes our paper. All technical proofs
are presented in the appendix.

1.1 Notations

Throughout this paper, we denote by || - || the 2-norm of a vector, by omax(-) the spectral
norm, by || - ||« the nuclear norm, and by || - || the p-norm (with 1 < p < 00). Let 0 (X) be
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the jth singular value of matrix X. Denote by || - || 7 the Frobenius norm. S, and 8; are the
cone of symmetric and symmetric and positive definite matrices, respectively.

2 Sample complexity of RSAA

This section presents our main results in Sect. 2.3 after we introduce our assumptions in Sect.
2.1 as well as the definition of the S’ONC in Sect. 2.2.

2.1 Assumptions

In addition to the low-rankness structure as in Assumption 1, we will make the following
additional assumptions about continuous differentiability (Assumption 2), the tail of the
underlying distribution (Assumption 3), and a Lipschitz-like continuity (Assumption 4).

Assumption 2 The gradient of f(X, z) with respect to the singular values, denoted by

(83{7 (fx}) cj=1,.., p), is well defined and Lipschitz continuous with constant 2 > 1

for any X € S[;" : omax(X) < Rand z e W.

Assumption 3 The family of random variables, f (X, Z;) — E[f(X, Z;))],i =1, ..., n, are
independent and follow sub-exponential distributions; that is

If X, Zi) —E[f (X, ZD]1lly, =K,

for some K > 1 forall X € S;' : omax(X) < R, where || - ||y, is the sub-exponential norm.

Invoking the well-known Bernstein-type inequality, one has that, for all X e S;, it holds
that

|

forallt > 0,a = (q;) € N" and for some absolute constant ¢ € (0, %].

Y ai{fX, zi) —ELfX, Z)l}| > K(lallv7 + ||a||oot)> <2exp(=ct), (8

i=1

Assumption 4 For some measurable and deterministic function C : W — R with
E[IC(Z)1]1<Cy, forsomeC, > 1, therandom variable C(Z) satisfies that [|C(Z) — E [C(Z)]lly,
< K¢ for some K¢ > 1. Furthermore, | f (X1, z) — f (X2, 2)| < C(2)[IX| — X|| for all
X, X5 € S;, and almost every z € W.

Remark 5 Assumption 2 is easily verifiable and applies to a flexible set of SP problems.
Assumptions 3 and 4 are standard, and, by a close examination, it is essentially equivalent
to the assumptions made by [22] in the analysis of the traditional SAA. Examples of distri-
butions that satisfy 3 are Gaussian, x 2, exponential, and uniform distributions as well as any
distribution with bounded support. Assumption 3 essentially establishes the probability for
the average cost function to be Lipschitz continuous.

2.2 The significant subspace second-order necessary conditions

Our sample complexity results concern critical points that satisfy the SSONC as per the
following definition, where we notice that P, (¢) is twice differentiable for all r € (0, aX).
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Definition 6 For given Z7 € W", a vector Xe S;{ is said to satisfy the SSONC (denoted by
S3ONC(Z’1’)) of the problem (5) if the following inequality holds at X for all j=1,..,p:

2p (o
U + [3 P,\(UJ(X))]
X

90 X)2 >0, ifo;(X) e (0, an), ©)
J

=X
where U} is as defined in Assumption 2.

As mentioned, the above S?ONC is verifiably a weaker condition than the canonical
second-order KKT conditions. Therefore, any local optimization algorithm that guaran-
tees the second-order KKT conditions will necessarily ensure the SONC. Thus, many
schemes exist to compute such a condition. We will introduce a new, highly tractable S’ONC-
guaranteeing algorithm subsequently.

2.3 Main results on sample complexity

Introduce a few short-hand notations: Denote A := In (18R - (Ke + Cu)) and

2/3 o~ N
A(p) = \/SK(szr DS i B p) + K], (10)

c.a-n23

for the same c in (8) and a user-specific p > 0. Recall the definition of Xﬁl in (6). We are
now ready to present our claimed results.

Theorem 7 Suppose that Assumption 1 through 4 hold. Specify the penalty parameter A :=
Mp) and a = QL)™' Let XRSAY € SF : o1y (XRSA4) < R satisfy the SPONC(Z}) 1o
(5) almost surely. For any I' > 0 and some universal constants ¢, Cy > 0, if

3
F ~
n>Cy-sF. |:(K> +1:| r+C 'S'p'(ln(”l/Sp)""A)’ (11)
and fnYA(XRSAA, 7)) < Fuy(X*, Z) + T almost surely, then the excess risk is bounded
by

K-sp.pl/3.T
PRI —FX) <\ =————+T

+C1K -

sl_p-p2/3~(ln(n1/3p)+z) s-p-(ln(n1/3p)+Z) pl3.sp
1273 + " YR ’

12)
with probability at least 1 — 2(p + 1) exp(—cn) — 6 exp (—20(2p + 1)2/3n1/3).
Remark 8 Some explanations on the notations are below:

1. " measures the solution quality in solving the (in-sample) RSAA formulation; that is, I’
is the suboptimality gap of minimizing the RSAA, which is the surrogate model for the
true SP problem in (1). We refer to I' as “in-sample suboptimality gap” hereafter.

2. More important to us is a second type of suboptimality gap, which we refer to as the
“out-of-sample suboptimality gap”, calculated as F(X) — F(X*) for a feasible solution
X. The out-of-sample suboptimality gap measures how well the solution X optimizes the
true SP problem in (1).
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3. A is some logarithmic term independent of p and n.

4. K and K¢ are the upper bounds on the subexponential norm of the underlying distribu-
tions. They are alternative measures of the distributions’ variances.

5. An equivalent representation of the results in (12) can lead to the following sample size
requirement to achieve an out-of-sample suboptimality gap ¢ with probability at least
1 —o«,forany ¢ > I"and o € (0, 1],

o (21 P IR
(D - (8—F)6+(8—F)3+n&+?<n;> s

for some quantity %) (1) that is independent of, or at most logarithmic in, p, €, and «.

Remark 9 Some intuitions on the above theorem are as follows:

1. Theorem 7 ensures that all SSONC solutions to the RSAA formulation yield a bounded
out-of-sample suboptimality gap in minimizing the true problem (1). The out-of-sample
performance of these SONC solutions differentiates as their in-sample optimality gaps
vary; Eq. (12) indicates that the out-of-sample optimality gap is strictly increasing in the
in-sample optimality gap I".

2. When I is relatively large, the deterioration is dominated by a linear rate.

We may well control the in-sample suboptimality gap I" by properly initializing the search
for an SYONC solution. Indeed, as is shown in the corollary below, using Xfl defined in (6)
to warm-start any S?ONC-guaranteeing local optimization algorithm ensures the promised
sample complexity.

Corollary 10 Suppose that Assumption 1 through 4 hold. Specify the penalty parameter . =
1(0) (that is, p = 0) and a = (2Uy)~" in both formulations (6) and (5). Let XR®5AA ¢ S; :
Omax (XBSAYY < R satisfy the SSONC (Z3}) to (5) almost surely. For some universal constant
¢, Cy>0,if
n>Co-p-Up-[In(n3p)+Al-s2R2, (13)
and
Fua(XRSAA 7y < 7,5 (XS, ZD) (14)

almost surely, where Xﬁ' is as defined in (6), then the excess risk is bounded by

F(XRSAA) _ F(X*)

L =
p23 (1n(n§p)+A) pAR U\ inm p) + &
N | a3

n3

Wit

n
with probability at least 1 — 2(p + 1) exp(—cn) — 6exp (—2c(2p + 1)?/*n'/3).

Remark 11 We would like to make a few remarks on the above result:

1. Corollary 10 above establishes our claimed result of almost linear complexity at an
S*ONC solution generated with a proper initialization.

2. The same corollary considers the particular sublevel set that has a better objective value
(in terms of RSAA formulation) than Xi‘ .In sucha case, the suboptimality in minimizing
the true problem (1) explicitly vanishes as sample size n increases.
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3. Xﬁl is an initial solution often tractably computable under the common assumption that
f(-,2) is convex for almost every z € W. However, our results in Theorem 7 is not
contingent on the convexity of f(-,z), although generating Xil may be intractable
when convexity of f( -, z) is not in presence.

4. Corollary 10 above is consistent with the claimed sample complexity in (7), which is
almost linear in p. Indeed, for achieving an accuracy of €, the above bounds indicate
a sample complexity o(l) - e% - polylog(p, %), which is almost linear in p, for some
quantities 5(1) that is independent of n, €, and p.

5. One may equivalently represent (15) into the following sample size requirement to achieve
an out-of-sample suboptimality gap ¢ with probability at least 1 — «, for any ¢ > I' and

a € (0,1],
3
5(1)-(‘; +1n£+i2<1nl) ) (16)
& a p a

for some quantity 0 (1) that is independent of, or at most logarithmic in, p, €, and «.

We note that the dependence of sample size n on rank s of the true solution X* is cubic,
which means that the proposed approach is more powerful when the true solution X* is
of very low rank. The deterioration may be fast when s increases for certain applications.
Nonetheless, we believe it possible to significantly reduce the order on s if any further
information below is given: (i) If the F,, or [F satisfies strong convexity or its certain relaxed
forms, dependence on s is likely reducible, as it has been successful for [15] in stochastic
optimization under sparsity. (ii) If the value of s can be coarsely predicted in the sense that
O(1) - s for some universal constant O(1) is given, then one may also properly modify the
value of A to decrease the dependence on s. We will consider the relatively special case in (i)
in future study. Nonetheless, our claim in (ii) above is provided in Corollary 12 below.

Corollary 12 Suppose that Assumption 1 through 4 hold. Specify the penalty parameter ). =
A(3) (thatis, p = 3) and a = (2Up)~" in both formulations (6) and (5). Let XRSA4 € St
Omax (XRS AAY < R satisfy the S3oNC (Z7}) to (5) almost surely. For some universal constant
¢, C3>0,1if

n>Cy-p-U-[In(n3p)+ A]-52- R2, (17)

and (14) holds almost surely, where Xi' is as defined in (6), then the excess risk is bounded
by

1 ~ ~
§13 p2/3 (ln(nip) + A) $23pl/3 . R ,uz/z. /ln(n%p) L X
K

=< C3 : N 2 + 1 s (18)

ns3 ns3

with probability at least 1 — 2(p + 1) exp(—cn) — 6 exp (—20(2p + 1)2/3n1/3).

Remark 13 The Corollary 12, similar to Corollary 10, establishes our claimed result of almost
linear complexity at a computable SSONC solution generated with a proper initialization,
Xi‘ , which can be tractable when f( -, z) is convex for almost every z.

Remark 14 1Incontrast to Corollaries 10 and 12 yields a sample complexity with much reduced
dependence on s; quadratic instead of cubic in s. We suppose that this dependence is no longer

@ Springer



Journal of Global Optimization (2023) 85:257-282 265

improvable. This is because, even if we are given the exact knowledge to correctly reduce the
“redundant” dimensions of the problem, the traditional SAA to the reduced problem will still
require a sample size quadratically dependent on s. As a direct implication of (18), the sample
requirement follows the same rate as in (16) in terms of the dependence on p, out-of-sample
suboptimality gap ¢, and confidence level .

Remark 15 There is strong correspondence between the SP and statistical learning as formerly
noted by [15, 16]. More specifically, the SAA formulation (5) can be considered as an M-
estimation problem and the suboptimality gap F(X®S44) — F(X*) has the same formulation
as the excess risk discussed by [2, 5, 11]. We therefore argue that the results in Theorem
(7) and Corollaries 10 and 12 indicate that M-estimation with high dimensions is generally
possible under a low-rankness assumption. In particular, since our analysis does not assume
any form of RSC, we believe that our results then provides perhaps the first out-of-sample
performance guarantee for high-dimensional low-rank estimation beyond RSC.

Remark 16 We would like to remark again that, to obtain the desired results, the incurred com-
putational ramification can be reasonably small. This is because X®544 is only a stationary
point that satisfies (14). First, the stationarity can be ensured by invoking local optimization
algorithms. Second, the stipulated inequality in (14) can be ensured by initializing the local
algorithm with Xﬁ‘ . Such an initializer often can be generated within polynomial time under
the common assumption that f (-, w) is convex for almost every w € W, although the con-
vexity of f(-, w) is not necessary for proving the claimed almost linear sample complexity.

Remark 17 In practice, exact optimal solutions to the convex program (6) may be challenging
to compute. It is nonetheless easy to see that a good approximation to the optimal solution is
sufficient to ensure a comparable out-of-sample performance; in particular, one may easily
verify the following by the same argument as in proving Corollary 12: If Xﬁl incurs a sub-
optimality gap of § > 0 in solving (6), then the right-hand-side of error bound in (18) will

. o 5P /3. . .
need to involve an additional error term of ,/ ’“nli‘,g‘s + § in the worse case. Thus, if Xil

. ~ 173 . . .
isaO(1)2 nl/l?p -suboptimal solution to the convex problem in (6), then same error rate as
in (18) can be maintained.

3 A highly tractable S2ONC-guaranteeing algorithm

Below we introduce a computing procedure to generate an S>ONC solution. For convenience,
we consider a more abstract form than (5) given as:

p
Jmin G(X) := f(X) + D Piloj(X)). (19)
€S,

Jj=1

The pseudo-code of the proposed algorithm is provided below.
The (nonconvex) subproblem in (20) admits a closed form solution and provably generates
an SONC solution as shown in the theorem below.

Theorem 18 Let L satisfy that Uy, < L < % A closed form solution to (20) is that X =
Odiag({y;: j=1....p}) Q7" where

g = oI =1 VIXD) foj (X0 — - VIXD) 2 ak:
! 0 otherwise.
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Algorithm 1 An SONC-guaranteeing algorithm

1: Initialize a feasible X° (e.g., we may let X9 .= Xﬁl as in (6)).
2: Solve the following nonconvex (but tractable) optimization problem, and output its optimal solution X

Xe a;ign (Vf(XO), X — X0> n % ”X - XOHi +é Py(0;(X)). (20)

and QAQ~", with A = diag({Ar; : j = L, ..., p}), is the eigenvalue decomposition of the
matrix Y := X0 — %Vf(XO). Furthermore, X is an S*ONC solution to (19) and satisfies
that G(X) < G(X°).

Remark 19 Based on the closed form solution provided in (18), the proposed scheme is
equivalent to one iteration of an iterative hard thresholding algorithm, as discussed by, e.g.,
[3, 10, 17, 23], following the computation of a nuclear norm-regularized problem. Both
components have been studied previously. Nonetheless, existing theories on out-of-sample
performance (e.g., by [17, 23]) concerning each scheme assume conditions such as RSC or
its variations, which are not stipulated by our results. More on the RSC have been provided
in the introduction and in Remark 15.

Remark 20 1f one choses a different initial point than X, Theorem 7 still applies to the output
of the algorithm; the in-sample suboptimality gap of the solution generated by Algorithm 1
is then the value of I in Eq. (12)

4 Preliminary numerical experiments

Our numerical experiment was focused on a special matrix recovery problem using simulated
data formulated as:

min { EL(X,; — Tip*): X e S; ] @1

where 7j; is a randomly selected entry from a matrix 7' := T'"#¢ + W for some target matrix
T ¢ SIJ; and white noise W € MP>*P. The expectation is over both the random indices
i, j € {1,...., p} and the white noise W. Assume that T/"#¢ is of rank two. We can invoke
both SAA and RSAA to solve (21) and compare their performance. All the experiments were
implemented in Matlab and run on a PC with 2.2 GHz Intel Core i7 and 16 GB Memory.
The SAA in (2) and the convex problem (6) in Step 1 of Algorithm 1 are both solved by
invoking CVX 2.2 [8, 9] via Matlab. Then, Step 2 of Algorithm 1 invokes a closed form given
in Theorem 18.

To generate a low-rank target matrix T/"¢, we first simulated a random matrix A € R"*”
with i.i.d. entries following uniform distribution on [0, 1]. We then calculated a matrix
of AAT which admits an eigenvalue decomposition of Q4 ZQ;I. We set all the nonzero
diagonals of V to be 2 and obtained a new diagonal matrix V. Then, the target matrix was
generated by T/"#¢ = QAVQZI.

To generate the samples for both SAA and RSAA, we first simulated W as a random
matrix with i.i.d. normal gaussian entries. Then, we downsampled T := (T;;) = T + W
by selecting entries of T following a discrete uniform distribution repetitively. This process
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Fig. 1 Comparison between SAA and RSAA in terms of suboptimality gaps, when dimensionality p varies
and sampling rate is set as O.4/p2 - 100%

Table 1 Average computational

10 20 30 40 50 60
time (s) for solving SAA and P
RSAA formulations for different SAA 1.50 3.89 10.49 32.03 68.40 16051
values of p

RSAA 1.45 4.19 11.22 33.55 68.64 158.81

was replicated for a pre-specified n-many rounds and one entry was selected in each round.
Thus, we obtained n-many samples for both SAA and RSAA. We refer to ﬁ x 100% as the
sampling rate. In all our experiments, we seta = 1 and A = 0.01 - nllT for RSAA.

We report two sets of test results. The first involves a sampling rate of 40/ p*> x 100% and
various values of dimensionality p. Notice that, this way, the number of sampled entries is
fixed atn = 40 for any p. To see this, we note that 40/ p2 x 100% = ﬁ x100% <= n = 40.
For each combination of sampling rate and dimensionality, five problem instances were gen-
erated and solved by both SAA and RSAA. Figure 1 reports the average suboptimality gaps
(bad) achieved by both schemes. In the figure, each data point represents the average subop-
timality gap over the five replications of problem instances for the same n-p combination.
We see that as the dimensionality increases from p = 10 (100 unknowns) to p = 60 (3600
unknowns), SAA became unstable and may perform significantly worse than the RSAA. Yet,
the latter outperformed the former for all the combinations of n and p involved in the experi-
ment. Table 1 reports the average computational time on solving both SAA and RSAA out of
the five replications for different p. From this table, one may observe that the computational
effort incurred by the proposed RSAA is comparable to that of RSAA.

The second test set involves different sampling rates {2%, 4%, 6%, 8%, 10%, 12%, 14%,
16%, 20%, 50%, 80%} and a fixed dimensionality with p = 60. Thus, there are 3600
unknowns. Again, five random replications were done for each combination of settings.

Figure 2 reports the average of (logarithm of) suboptimality gaps. We can see that, when
the sampling rate is as low as 2%, the RSAA yields a significantly better performance.
Although the difference in performance reduces when the sampling rate increases, the RSAA
is consistently better than the SAA. Table 2 reports the average computational time spent
on solving SAA and RSAA when the sampling rates change from 2% to 80%. Again, we
observe that the RSAA yielded comparable computational cost with the SAA for all the
different sampling rates.

@ Springer



268 Journal of Global Optimization (2023) 85:257-282

10 P ; ;

Q.

:
5> 5 -o- RSAA
o£ 4

5
EE
£8 o -
8‘;, ———————— F========—= v

5 . .
50 80

Sampling rate (%)

Fig.2 Comparison between SAA and RSAA in terms of (the logarithm of) suboptimality gaps, when sampling
rate varies and dimensionality is set as p = 60

Table 2 Average computational

time (s) for solving SAA and Sampling rate (%) SAA RSAA

RSAA formulations for different 2 138.5 130.1

sampling rates 4 142.1 139.6
6 155.7 161.5
8 147.6 155.8
10 171.4 162.7
12 149.7 159.3
14 153.4 157.2
16 135.7 149.6
20 170.3 183.8
50 188.5 179.4
80 173.1 168.9

5 Conclusions

This paper proposes a regularized SAA (RSAA), which incorporates a low-rankness-
exploiting regularization into the traditional SAA framework, to solve high-dimensional
SP problems of minimizing an expected function over a p-by-p matrix argument. We prove
that certain stationary points ensure an almost linear sample complexity: the RSAA only
requires a sample size almost linear in p to achieve sound optimization quality, while, in
contrast, the required sample size for the traditional SAA is at least quadratic in p. The
reduced sample complexity can be obtained at certain stationary points without incurring
a significant computational effort, especially when the cost function f (-, z) is convex for
almost every z € W. Our RSAA theory also implies that, under the low-rankness assump-
tion, high-dimensional matrix estimation is generally possible beyond linear and generalized
linear models even if p, the size of the matrix to be estimated, is large and the RSC is absent.
Future research will focus on generalizing our paradigm to problems with general linear and
nonlinear constraints. Furthermore, we will investigate the (non-)tightness of our bound on
sample complexity.
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A Technical proofs
A.1 Proof of results on sample complexity
A.1.1 General ideas

The general idea of our proof is focused on addressing the question: how fo show that an
S3ONC solution has low rank. If this question is answered, then the desired results can
be almost evident by analyzing the e-net for all the low-rank subspaces. Such an analysis
is available in Lemma 3.1 of [4] and is restated (with minor modifications) in Lemma 28
herein. Proposition 22 then establishes a point-wise bound between the average cost and the
expected cost for all the low-rank subspaces.

To bound the rank of an S*ONC solution, we utilize a unique property of the MCP function,
which ensures that the SONC solutions X®544 must obey a thresholding rule: for all the
singular values, they must be either O or greater than aA, where a and A are hyper-parameters
of the penalty. Proposition 21 formalizes this thresholding rule.

By this rule and the definition of the MCP, for each nonzero singular value in the SSONC
solution X®S44  the total value of penalty incurred by the MCP-based low-rankness-inducing
regularization becomes Zle P;.(o; (XRSAAyy — pg(XRSA4y . % Now, consider those

S30ONC points whose suboptimality gaps in terms of minimizing the RSAA are smaller than
a user-specific quantity I'. These solutions should satisty

ar?
Fop (XRSAA g7y — F (XRSAA 7y 4 rk(XRSA4Y . - = Far X5, Z0) + T

By this inequality, we may observe that the rank of X®5$44 must be bounded from above. It is
also easy to see that this upper bound should be a function of T". This function is explicated by
Proposition 23. Then, the desired results in Theorem 7 immediately follows the combination
of Propositions 22 and 23. Finally, the value of " can be well contained and explicated by
proper (and tractable) initializations, as shown in and Corollaries 10 and 12. The proof of
these corollaries are based on Lemma 27, which shows that Xﬁ‘ yields a small value of I".

A.1.2 Proof of Theorem 7

Proof This proof substantially generalizes the argument of Proposition 1 in [13] from han-
dling sparsity to handling low-rankness. Meanwhile, much more flexible choices of penalty
parameters XA is enabled. We follow the same set of notations in Proposition 24 in defin-

18pR-(Kc+Cp) 1
€

ing py, €, and Aj(e) = ln( ) Furthermore, we will let € = Y and

A:=Mm(18-R-(Kc+Cp)). Then Aj(e) = In (W) = Inm'3p)+ A > 0

P 2/3. S—PK- 2/3 ~ .
and . = /S KEE T SRR a3 ) + A1 We will denote by

O (1)’s the universal constants, which may be different in each occurence.

To show the desired results, it suffices to simplify the results in Proposition 24. We
will first derive an explicit form for p,. To that end, we let Py := p, and T; :=
2P (a)) — %Al(e). We then solve the following inequality, which is equivalent

to (41) of Proposition 24, for a feasible Py,

T 2K [2Px - 2p+ DAy(e)

Py — —
2Xﬁ c

> I+ 2¢ 4+ s Py (ar), (22)

@ Springer



270 Journal of Global Optimization (2023) 85:257-282

for the same ¢ € (0, 0.5] in (8). Solving the above inequality in terms of Pyx, we

202K)2-2p+1)-Aj ()
2K 22p+1)-Aq(€) \/7”, +2T1[T+2e+s Py (ar)] )
have /Px > —Tlﬁ,/ . + T . To find a fea

2
sible Py, we may as well let Py > R2K7-2prD-Ai©) + 8T171[l" + 2¢ 4+ sPy(al)].

cT12-n
8K-s—P-A(e)-2p+1)2/3 8K-s—P-2p+1)2/3 R
For » = \/ g c-la(-;)Z/gp ) = \'/73 c-aﬁzfﬁ P n(n'Bp) + A] with A =
—p. 2/3
In(18- R - (Kc +Cp)), we have Py(ar) = %5 = *K52CpDT0 A (e). Further-
8K-s~P-2p+1)*3.A 4.5 PK-Ay(e)-2p+1)23 8K-(2p+1
more, 2P, (ah) = 5 (Lf’r;;/g 1© 5 s :;?/3( PO 4 (néH' DA1(e) as
per our assumption (i.e., (11) implies that n'/3 > 2sP). Therefore, T} = 2P (al) —
. 5P ) 2/3 . . .
%Al (€) > 4K s AC‘_;?B(ZPH) . Hence, if we recall € = n~'/3, to satisfy (22), it

2cn!/320 2cn?3sP .
A3 @p+1B KA (T )@t
[1" + nl% + 5Py (ak)] , which is satisfied by letting Py > p, with

suffices to let Py be any integer that satisfies Py >

- 2en'/3g2e 2en?3sP 2
Pu ‘= T + T '<F+ﬁ)+85‘ .
A3 -@p+ DB K- Ajn3) - 2p + 123 n
(23)

In the meantime, verifiably, p,, > s. Since the above is a sufficient to ensure (22), we know
that (41) in Proposition 24 holds for any p : p, < p < p. Due to Proposition 24, with
probability at least P* := 1 — 6exp (—]7” -C2p+1)- Al(n’%)) —2(p + ) exp(—cn) >
1 —6exp(—2c- 2p 4+ 1?3 - n'/3) —2(p + 1) exp(—2cn), it holds that

2K [2p,2p+ 1)

XM —F X <5 Prtan) + Al
4K 5,2p + 1
L IC) R N NP ) (24)
n Cc

in which p, is as per (23).
The following simplifies the formula while seeking to preserve the rates in n and p. Firstly,
we have

2pu - (2 1
\/ P CpED ok 25)
cn
4.Q2p+1)s2r 1 cnl/3 4cn232p + 1)sP 2 A1~ 3
< P7>1/31(,,3)‘ 4 @p >1<F+T3>‘¥
cn-@p+1 A(n™3)  KQ@p+1DYPA1(n73) & on

+\/£A1(n’%) CBs+1)-Q2p+1)
cn

3 \/4(2,; FIRB A0 (T ) @pt DI

2 |
n2/3 Knl/3 +\/$A1(”7§)'(85+1)'(2P+1),

(26)

whichisdueto /x +y < /x+,/yforanyx, y > Oandtherelations that0 < a < L{Zl <1,
0<c<05K=>1and A (n3) > In36.
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Similar to the above, we obtain

3pu . (2[7 + I)Al(n_%)
cn
4-@2p+1)*3s%
=< T
4.50 (T + )
K ,n1/3

2
+ %m(n—%) Bs+1)-2p+1)

-2p+ D' 27
2320 AT +—27)-2p+D)13sr
Since (11)and Ay (1~ 5) = In(np)+ &, we have 222D TR IT 2 < 01

and ”CAl(n ?) Bs+1]-2p+1) <0(Q). Therefore itholds that 2”“ Ar(n™ %)(2p +1) <
(T+—27)-Cp+1)1/3.50 -
o) \/@”*”“ R +0(1)-\/—A1<:C 285+ 1) 2p+ 1). Com-
bining the above with (26) and (27), the inequality in (24) can be simplified into F(XRSAAy _
(Tt ) p!se
Knl/3

ATy p23
FX*) < o'~ - KA D02 4 o) K - \/Pi/i/?” + +0q) -

K\*ZA1(n™%) + 25 + T Together with Aj(n™%) = In2, K > 1, and 0 < ¢ < 0.5,
the above becomes

F(XRSAA) _ ]F(X*)

=0 . A (n=1/3) . p2/3 1/3 . op Cp Ay (n—1/3

S n N ) n

<ox)- 1( )P p p - A )
n2/3 nl/3 n

K -sP - pl/3 .
+0(1) - #—FF, (28)
nli/3
which then shows Theorem 7 since Al(n_%) =1In (18n1/3(Kc +Cu-p- R). O

A.1.3 Proof of Corollary 10

Proof Lemma 27 implies that 7, ;, (XRS44, Z) < 7, 5 (X*, Z) + A||X* |« almost surely.
Below we invoke the results from Theorem 7 with I' = A||X*||,. and assumption that p = 0
and A = A(0). Note that it is assumed that

n>Cy-p-Up-[Innp)+Al-s>?R¥?* > 0(1)- p-a~" - [In(np) + A] - s3/>R3/2,
(29)

_ 23 ~
\\X*\|*'\/%[ln('ﬂ/3ﬂ)+A]

and % < A”’,‘:”* < z (as well as K > 1). In view of

(29), it then holds under Assumption 1 that L < Rs - \/%[ln(rzlﬂp) +A] <
3

o). \/ %S [In(n!/3 p) 4+ A]!/3. Therefore, (L) (0(1) \/ s [In(n'/3p) + A]1/3) <

O(1) - R3253/2,/a=1 . [In(n'/3 p) + A], for some universal constants O(1). Furthermore,
since a < Uy 1 < 1, it holds that, if n satisfies (13) for some universal constant C», then

n>0)-p-a[Inm'Pp)+Al-s32R¥? > 0(1)- p-R¥2s32\/a=1 . [In(n'Bp) + Al+
O() p+Cy-s-p-(In@'Pp)+A) = C; - [(%)SP +p+s-p-(n@Pp)+ Z)] :
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Therefore, Theorem 7 is met and thus (12) in Theorem 7 implies that

2/3 —-1/3 -1 1/3
RSAA sp7Ai(n” %) spA1(nT3) p
F(XRS44) _F(X*) < 0(1) - K - 7 + p +
[ Kp/3(MIX*|4)
+0Q) - T* + AIX 1,

with probability at least 1 — 2(2p + 1) exp(—cn) — 6exp (—2cn'/? - (2p 4+ 1)*/3). Note

= = TN
thata <1, K > 1,p > 1, [ln(n1/3p)+A] > 1 and APA]r(ln 3) < s@2p+1) 1/3A1(n 3)

n

23, ~
(due to (13) again). Hence, F(XRS44) — F(X*) < 0(1) - K - [”’%#JFA) + %] +

. ) 1/3 ~ . .. ..
o(l)- SRK-Qp+1) [ln(n 13p) + A] 1/2, which shows Part (ii) by further noticing that

min{a'/2n/3, a' Pn1 73}

_ 1
a =y and Uy > 1. O

A.1.4 Proof of Corollary 12

Proof The proof follows almost the same argument as in Sect. A.1.3 for proving Corollary
10, except that the choice of user-specific parameters are different. Again, Lemma 27 implies
that 7, ; (XRS44, Zh) < Fu(X*, ZY) + A|IX*|+ almost surely. As the same in Part (ii),
below we invoke the results from Theorem 7 with I' = || X*||. and assumption that p = 2/3
and A = k(%). Note that it is assumed that

n>Cs-p-UL-[In(np) + Z] s?R3? > o(l) - p~a_1 -[In(np) + Z] . s2R3/2, 30)

(as well as K > 1). In view of

2 p-1)2/35-2/3 ~
8@PADLs = [In(n 3 p) + A]

. 2/3..—2/3 ~

. (X5 [y | BECLEDTZS T (10 (4173 p) 4 K|

an2l

and T < AX
K — K — K

(30), it then holds under Assumption 1 that % < Rs - \/

IA

IA

- 5 3
0(1)-\/al%[1n(n1/3p) + AJ'/3. Therefore, (£)° < (0(1) : \/al%[ln(nlﬁp) + A]1/3)
O(1)-R¥%\/a=1 - [In(n'/3 p) + Al, for some universal constants O (1). Furthermore, since
a <U;' < 1,itholds that, if n satisfies (17), thenn > O(1) - p-a~" - [In(n'3p) + A] -
s2R3? > 0(1)-p-R*2s%\/a=1 - [In(n'Bp) + Al+0(1)-s>- p+Cis-p-(In(n'p) + A) >
Cy- [s2 (%)3 p+s>-pts-p-(Inn'Pp)+ Z)] . Therefore, (11) in Theorem 7 is met
and thus (12) in Theorem 7 implies that

F(XRSAA) _ ]F(X*)

13,213 A (n=1/3 -1 13 . 2/3

s p 1(n™7) spAj(nT3)  pTes

=0 K- 7 +4/ + 3
n<’- n n'/-

Kp'/3 23 - GuIX* 1)
+0(1)-\/ 7 A AX

with probability at least 1 —2(2p + 1) exp(—cn) — 6 exp (—2cn'/3 - (2p + 1)*/3). Note that

~ ! -1 1/3.,/ -1
a<lL,K>1,p=s=>1, [ln(nl/3p) + A] > 1 and APAlr(ln 3) < @2p+1) n1/3A1(n 3) (in
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§1/3 p2/3.
view of (17) again). Hence, F(XRS44) _F(X*) < O(1)-K - [ (l““”’)*A) + 3]+

2/3 . 1/3 ~ .
o {alllefl R s linn'p) + A]"2, which shows Part (iii) by further noticing that

a= O

1
22Uy
A.1.5 Pillar results for sample complexity

Proposition 21 Suppose that a < Uy ~'. Assume that the S30NC(Z1‘) is satisfied almost
surely at XRSAA ¢ Sp. Then,

P[{|o; (XR544)| ¢ (0, ar) for all j}] = 1.

Proof Since XRS44 gatisfies the S30NC(Z'1‘) almost surely, Eq. (9) implies that for any
jell, ..., plif o;(XRSA4) € (0, ahr), then

2P (lo; (X 1
Osum[ik('o"( Q)D} =U, — - 31)
[3Uj X)] X=XRSAA a
Further observe that 32; Az(’) = —a~! fort € (0, a)). Therefore, (31) contradicts with the

assumption that U, < é This contradiction implies that
P[{XR?SA4 satisfies the S* ONC(Z!)} N {|o; (XR54%)| € (0, ar)}1 =0
= 0> | — P[{X®544 does not satisfy the S* ONC (ZHY] — P({lo; (XRSA4) 1 ¢ (0, an)}].

Since P[{XRS44 satisfies the S* ONC (ZH} = 1, it holds that P[{|o; (XRSAAY| ¢
(0, ar)}] = 1forall j =1, ..., n, which immediately leads to the desired result. O

Proposition 22 Suppose that Assumptions 3 and 4 hold. Let ¢ € (0, 1], p : p > s,
Ar(e) = In (BECCIPR) g By 1= (X €S ¢ omn(X) = R, 1k(X) < ) Then
for the same ¢ € (0, 0.5] as in (8) and for some ¢ > 0,

K [2p@pt D )+K MAI(E)JFG
ﬁ c

with probability at least 1 — 2exp (—p(2p + 1)A1(€)) — 2 exp(—cn).

max
XEBﬁ R

Z X, Z) —F(X)| <

Proof We will fgvllow the “e-net” argument similar to [22] to construct a net of discretization
grids G(e) = XKy c Bp, r such that for any X € By g, there is X* e G(e) that satisfies
XK - X| < ﬁ for any fixed € € (0, 1].

Invoking Lemma 28, for an arbltrary X € Bp,r, to ensure that there always exists Xk e

G (¢) that ensures ||X Xk || m, it is sufficient to have the number of grids to be

181!e\/;.7-(1<c+c,u)<2”“)17
€

no more than ( . Now, we may observe

‘ Kt:|
<K,/)-+—

n n
lif(xk Z)—E Zf(XkZ) <K‘/ rL K
n T n

i=1
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t Kt
>1-— P K./—-+—1]. (32
el St e
Further invoking Eq. (8), for the same c as in (8), it holds that

X"eg(e)
P| max Zf(Xk Zi) — 1if(x",zi) < Kf—i— K
XkeG(e) |1 n = -

. @p+Dp
o 1= G(O)] - 2exp(ct) > 1 -2 (18Rﬁ (Kc +Cu)> exp(—et).
€

IS rxb 2y —E| LS rxt z,
- Xz E[ngf(X,Zz)}

i=1

Combined with Lemmas 25 and 26,

Zf(x Z>—fo(X’< Z)

i=1

E B Y X, zi)} ~E [i > zom
i=1 i=1

€

<2(Kc+Cpy) - 2Ke + 20, =k, (33)
with probability at least 1 — 2exp(—¢ - n) for some problem independent ¢ > 0 and
any fixed r > 0. Observe that for any X € Bp g and Xk ¢ G(e), it holds that
|7 (X, Z) — E[F (X, ZD]| < |Fa XK, Z0) — E[F (XK, ZD)]| + |7 (X, Z7) — Fu(XE,
2 |+|E[Fu (X, Z})] — E[F. (X, Z})]| . Therefore, with probability at least 1—2 exp(—-
n) for some positive constant ¢ > 0,

max
XeBjy r, XFeG(e)

max {|fn(X, 7 - E[F.(X, ZD)]| -
XeBj,r, XFeG(e)

Ak zh —E[Rx 2]} <.

(34)

Further invoking (32), we now obtain that
n t Kt
max |7 X, Z)) —FX)| <e+ K /- + —,

XeBp r, XkeG(e) non

with probability at least 1 —

: Cp+)F -
2 (w) -exp(—ct) — 2 exp(—Z - n). Finally,

we may lett := 2777 -2p+1)- Aq(e), where Aq(€) :==1In (w), and obtain the
desired result. m]

Proposition 23 Suppose that Assumptions 1 through 3 hold, the solution X®544 ¢ Sy
Omax (XBSAYY < R satisfies s3 ONC(ZY) almost surely,

Fur (XRSAA 70y < 7 (X, 20 4+ T, w.p.l. (35)

where" >0, ¢ € (0, 1], Aj(¢) :=1n (M). For a positive integer p, : Py > s,

if

2p-C2p+1)

(p—s)- Par) > 4£A1(6) (2p+1)+ Ar(e) + T + 2,

(36)

f
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forall B : Pu < P < p then PItk(XRSA4) < B, — 1] = 1 — 2pexp(—2n) —
dexp (—pu2p + 1)A1(€)) for the same c in (8) and some ¢ > 0.

Proof This proof generalizes Proposition EC.3 from [13] bounding the sparsity of an SSONC
solution to bounding the rank of an SSONC solution. Though the argument is similar, details
are quite different and thus the result is different. Define Bg := {X € S), : omax(X) < R}.
Define a few events:

& ={X. 2 e Br xW": Fuu X, Z) < Fus (X5, 2 + T},
& :={X eBg: lo;X)| ¢ (0, ar) forall j},
&5 = {XeBr: kX =p},

where ¢ in &5 5 is a universal constant defined to be the same as in (8) P <p=<p
and (thus p > s by the assumption that p, > s). For any (X Z”) € {(X Z”) e&in {X €
& N E&; p}, where Z" (Zl, . Zn) since X € &3,p N &, which means that X has p- p-many
non-zero singular values and each must not be within the interval (0, al), it holds that

-~ 1 ~
FuX,ZY) + pPi(ar) < ;fn(X*, Z)) +sPy(ar) + T, (37

Notice that X* € Bg : rk(X*) = s < p by Assumption 1. We may obtain that, for all
X € &3,p,

I rxn 70— Ly & 7
n i=1 n i=1

1< ~ o 1N~ o~ -
= [n Sz - IF(X*)] + [F(X) - Z F& Z,-)} +[Fx*) - F )]

=2 max | Z fX, Z) —FX)| +FX*) - F(X)
1 ~
< 2max |- gﬂx, Zi) —F(X)|, 38)

where the last inequality is due to F(X*) < F(X) for all X € S, by the definition of X*.
Define that

& =X, Z}) € Bg x W" : X satisfies > ONC (Z}))}

~ 2p2p +1
Espi= {Z’f eW':  max_ |FXZH-FX)|< 2P+ 4 )
XeBg:rk(X)<p ﬁ c
LK 2@p+ D)
n (&

A1(6)+6},

Now let us examine the following set:

A=(XZH: X ZHh e negn{XZH: Xe& ,n&EYNXZY) : 7 € & 5).

Combined with (37) and (38), A # # = (p — s) - Py(a)) < %,/MA](G) +

% . 21?(2671_7+1)A1(6) + 2¢ + I, which contradicts with (36) forall p: p, < p < p. Now
we recall the definition of X®544 ¢ B, which is a solution that satisfies the S30ONC (Z’l’),
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w.p.1., and F, ; (XRSA4 Z’;) < Fp(X*, Z’l’)+F, w.p.1. Invoking Proposition 21, we have
P[(XRSAA Z1) € £ N &y, XRSAA € &] = 1. Hence,

0=P[A]> 1 —P [XRSAA ¢ 53,,,] —P[2! ¢ & 5]
— {1 =P[Rz e g ngy, XM e 5]

forall p: p, < P < p. The above then implies that P [Z] ¢ & 5] > P[XRS44 € &3 ]
forall p : p, < p < p. Therefore, P[rk(X®S44) = p] < 1 — P[Z] € & 5] for all
P : Pu < p < p. Together with Proposition 22, we have that

Plrk(XRSAY) < B, — 1] = Plrk(XRS4) ¢ (B, P+ 1, ..., p)]

p
=1-P| | J rkX®¥) = p)
P=pu
p
1= Y PIrk(X®54%) = ]
=
14
>1- > (1-P[Z} €&s5))
=
> 1—2(p — pu+ 1) exp(—cn)

v

P
— > 2exp(—=p2p+ 1) Ay(e)). (39)
ﬁzﬁu

where ¢ > 0 is some universal constant. Observing that A (¢) = In (M) -
by observing that the above (39) involves a geometric sequence, we have
~ 2 —pu2 DA
]P’[rk(XRSAA) <pu—11>1 exp (—=pu(2p + DA (€))

= 1l—exp(—Qp+ DA(e)) 2p exp(—cn). (40)

. 2 exp(—Pu2p+ 1A ~
Further noting that 1?(£,Ep(,i((z,f+1))ml((:)))) < dexp (—pu(2p + 1)A1(€)), we then have the

desired result. O

18-(Kc+C,)-p-R
€

Proposition 24 Let Aj(€) :=1n ( . Assume that (i) the solution XRSAA g4

isfies 3 ONC(ZY) almost surely; (ii) Fy ;. (XRSAA 71) < Fu s (X*, Z})+T with probability
one; and (iii) for some integer py : p, > s, it holds that

R 4K -p-Q2p+1) 2K \/2ﬁ-(2p+ D [ +2¢
— A A , (41
P . MO e 1O+ 5y @V

forallp: py, < p < p,any >0, and any € € (0, 1]. It then holds that
]F(XRSAA) _]F(X*)
4K -p-(p+1 2K [2p-(Q2p+1
AP PHD ) 4 2K PR D A @ b T b 2e 4 sPi@n), @)
cn Jn c

with probability at least P* := 1 — 2(p + 1) exp(—cn) — 6exp (—p,2p + 1) A (¢)) for
some universal constant ¢ > 0.
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18-(Kc+Cy)-p-R
€

Proof We first observe that Aj(e) := ln<
Kc, Cy, R>1and0 < € < 1. By assumption,

) > In36 because p > 1,

Fus (XRSAA gy < 75 (X*, 20 4T,

w.p.Ll, P(t) = 0 for all # > 0, and rk(X*) = s, yields that 1 37 | f(XRS44,7;) <
1 ! f(X*, Zi) + sPi(ar) + T, a.s. Furthermore, conditioning on the events that

n

(@) rk(XRSA4) < B, (b) maxxesy, 5 |5 2ie) SX ZD) —E[1 Y0, (X, ZD)]| <
%,/Mm(e) + KPe@rtD Ay (e) 4 ¢, we obtain that F(XRSA4) — F(X*) <

s - Py(ar) + %,/ MA](G) + %KMANG) + 2¢ + I', a.s. Further invoking
Propositions 22 and 23, we have that both events hold simultaneously with probability at
least as in P*, which verifiably implies the claimed results. O

A.1.6 Useful Lemmata

Lemma 25 Under Assumption 4, it holds that, for some universal constant ¢ > 0, with
probability at least 1 — 2 exp(—c - n), it holds that

max Fu X1, Z1) — F,(Xo, ZD)|} < (2K Cu)-t.
X1.Xo€8, {| n( 1 1) n( 2 1)|}_( c+ ,u)
N{X: omax (X) <R,
X1 —Xoll <7}
for any given t > 0.

Proof This proof follows a closely similar lemma by [22]. Similar proof has also been pro-
vided by [13], but some subtle differences in the problem context present and thus we redo
the the proof herein. By Assumption 4, for some ¢ > 0,

t t
]P’( > K¢ <+1/>>§2exp(—ct), Vvt > 0.
n n

If we let ¢ := n and observe that E[C(Z;)] < C,, we immediately have that

P(ZC(HZ’) <2Kc¢ +Cu> <1—2exp(—cn). (43)

i=1

n

1
> - {ez) —Elez))

i=1

If we invoke Assumption 4 again given the event that {Z;’z , % <2Kc+Cy }, we have
that for any X, X; € S,

1 < | &
max — X, Z;)) — — X>, Z;
s an( 1 Z) an( 2. Zi)
N{X: omax (X)<R, i=1 i=1
[IX1 =Xz <7}

ln
s omax o =3 K Z) = f(X, Z))]

X] N X2 GSp i1
N{X: omax (X) <R, =
X=Xzl <7}

1 n
< max — C(ZHIX;1 —Xsll < 2K Cy) -1
T nZ (Z)IX1 — Xzl < K¢ +Cy)
NX: o X)<R, =1
IX) —Xz || <7}
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We have the desired result by combining the above with (43). O

Lemma 26 Under Assumption 4, for all
X1, X3 € §p 1 max{omax (X)), omax(X2)} = R,
it holds that
|ELF, (X1, ZD] — EIF (X2, ZD1| < Cp - X1 — Xa . (44)

Proof This proof follows a closely similar lemma by [22]. Again, a similar proof has also
been provided by [13], but some subtle differences make it necessary to conduct the repetition
herein. As per Assumption 4, it holds that

n

C(Z;
E (10X, Z)) — Fu (X, Z)1] sE[Z P, —in]

i=1

Due to the convexity of the function | - |, it therefore holds that

n

n n C(Zi)
UE[ﬂ(Xl,Zl)]—E[fn(xz,zo]\sJE[; . |IX1—X2II}

" C(Z;
ﬂ:[z = )]nxl—xzn.

i=1

n

Invoking Assumption 4 again, it holds that E [Z?:l &z )] = w < C, for all

i =1, ..., n, which immediately leads to the desired result. O

Lemma 27 Denote that X' € arg min Fy, (X, Z!) + 1 | X[\, , it holds that Fy 5 (X-', Z7) <
XeSP

Fu (X, ZY) + AIXF s

Proof This proof generalizes a similar one in [13] from sparsity-inducing penalty to
low-rankness-inducing penalty; that is, from £; regularization to nuclear norm-based reg-
ularization. As per Assumption 4, it holds that We first invoke the definition of P, to obtain

flar—6 " an
OSPA(t)zf Qd@s/ Y46 = -1, (45)
0 a 0o a

for all # > 0. Secondly, by the definition of Xi',
Fu XS Z) 4+ AIXS e < F(XF, Z) 4 A)IXF s (46)
Combining (45) and (46), it holds that
4 u Y4 4 a4 Y4
FaXS 2D + 3 P (10 XID1) = FuX 2D + Y 0oy (X))
j=1 j=1
P

< X5 ZD + Y P (o (X)) + AIXF
j=1

as desired. O
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Lemma28 Let S, g := {X € RP*P : rk(X) < r, omax(X) < R}. Then, in terms of the
F b . . - . - m Q2p+Dr

robenius norm, there exists an €-net S, obeying |S,| < ( - ) .
Proof The proof is closely similar to Lemma 3.1 of [4] with minor differences. We still
present the proof here for completeness and for ensuring the minor difference would not
result in a gap in our theory. Denote by X := UXV ' the singular value decomposition
(SVD) of a matrix in S, g. Let D be the set of rank-r diagonal matrices with nonnegative
diagonal entries and nuclear norm smaller than R, and thus any matrix within set D has the
Frobenius norm smaller than /7 - R. We take D be an %-net (in terns of Frobenius norm) for

- r
D with |D| < (WT’R) .
Let Oy, = {U ewr>xr . ytu = I}. For the convenience of analysis on O ,, we may

as well consider Qp Fi={X € R 1 | X]|l12 < 1} and [|X|1,2 = max; ||Xj |, where X ;
denotes the jth column of X. Verifiably, O, , C Q p,r- We may create an 3 fR -netfor Q, ,,

denoted by 0_p,r, which satisfies that IO_,,,,I < (9rR/e)P".

For any X € §; g, one may decompose X and obtain X = U LV T. There exists X =
UzvT e S,R with U, V € OI,,,and % € D such that ||U U||12 <¢€/BJrR), |V —
V2 <€/(3rR),and |Z—X||F < €/3.This gives || X — X || r = ||UEVT USVT|F =

||U2vT UsVT+0sVT—0svVT+05vT— USVTr < U=V p+10(Z—-
YWV F+ IUZ(V = V)||r. Since V is orthonormal matrix, ||[(U — O)EV T ||¢ = ||(U

U)E”F:\/lejs,—[aj(x)] ||U/_U/||2§\/”2”2 v - U||12_€/3 where U; is
the jth column of U. By a symmetric argument, we may also obtain that | UZ(V — V) T ||

€/3. To bound the second term, we also notice that [U(E — )V || = | — Z||F < €/3.
Combining the above provides the desired result. O

IA

A.2 Proof of results concerning the computation of an SONC solution

Proof of Theorem 18 To show the closed-form solution. Without loss of generality, we may
reduce (20) into the following problem: For a fixed Y € S, solve the minimization problem
of

P
min G(X) := = ||X — Y7+ Y Piloj(X)). 47)
XeS; =1

In fact, when Y := X° — 1V £(X?), we recover the exact form of (20).

We will divide the rest of the proof of the closed-form solution into three steps.

Step 1. This step shows a useful inequality ; ¢ (0, aA) forall j =1, ..., p, where G is
the optimal solution to (53).

Observe that the optimal solution must satisfy the second-order necessary conditions,
when the second-order derivative exists. In particular, when Ej € (0, a)), the second-order
32[%(0_,- (Y)fo'j)2+P)L(o*j)]

)
3aj

necessary condition is written as |: i| =L — % > 0. However,
O'/ =O’,

the last inequality here contradicts with the assumption that % > L. This contradiction
indicates that

G20, a-1), (48)

as desired in this step.
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Step 2. We will further derive a sequence of equivalent reformulations to (20). These
reformulations will eventually lead to the conclusion that (20) is equivalent to solving a
sequence of one-dimensional problems.

Because Y is symmetric, it admits eigndecomposition Y = Q Xy Q~'. By the orthogonal
invariance of the Frobenius norm, (47) is reformulated into

L _ a
min —[|Zy — 07 'XQ[F + ) Pi(o;(X)). (49)
XesS; 2 iz

In view of the results from Step 1 and the fact that P, (t) = % for all ¢+ > al, the reformu-
lation in (49) is equivalent to

L -1 2 N ak?
Jnin 512y - © X0l 7 +]§ 5 10 (X) #0). (50)
where I(0;(X) # 0) is the index function that outputs the value 1 if o';(X) # 0 and outputs
0, otherwise.

The optimal solution X is an element of S['," (that is, X must be symmetric and positive
semidefinite) and thus admits an eigendecomposition. We may verify that X = OAz o,
where the same Q is shared by both decompositions. This is because, for any feasible solution
X, we may write Q_IXQ = Ax + H, where Ax is a diagonal matrix and H is a hollow
matrix, and thus | Xy — Ax |3 = |2y — Ax || %+ H||%. If [|H || # 0, then one may always
construct a solution that has a smaller objective function value for (50). Therefore, (47) is
equivalently rewritten as

. | L 2 d
min {EHEY _ x4+ X} Py(0;(X)) :
=

Yx is a positive semidefinite and diagonal rnatrix}. (28]

If the optimal solution is g, then the optimal solution to (47) can be recovered as QX O~ L
By noticing that both Xy and X are diagonal matrices, we may further reformulate the above
problem into the below:

L 2w .
min EZ(O']'(Y)—O'J') +) Poj):0j=0,¥j=1..p¢. (52)
! j=1 j=1

Let 6j, j = 1, ..., p, be the optimal solution. Then, the optimal solution to (47) can be
recovered as Q diag({oj : j =1,..., p}) O~ !. Furthermore, (52) can be solved by solving a
sequence of one-dimensional optimization problems: For all j =1, ..., p,

. L 2
min {g(oj) = (0j(Y)—0j)" + Pi(0j): 0 > 0}. (53)
This completes Step 1 of our proof. This one-dimensional optimization formulation will be
essential to the rest of the proof.

Step 3. We now start proving the correctness of the claimed closed form solution. We will
consider three different cases.
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e Case3.1.1f 0;(Y) < ai, we will show below that it must hold that 5; = 0. Suppose the

otherwise; that is, Ej > (. Then (48) implies that aj > aX. Then (recalling g defined in
o~ o~ 2 ~ ~ 2
(53)) (@) —8(0) = 5(0;(Y)=5))* + %~ = §lo; (V) = 5§57~ Loj(¥) -5 + % >
~ ~ 2,2 ~ . .

%a}z —Lak -0; + ¢ )‘Z'L = %(oj — aX)?, where the second from last relationship is
due to 0;(Y) < ai and aL < 1 by assumption. To summarize, we have shown that
g('&j) > g(0), which means that we have identified a strictly better solution O than a
solution@; > 0. Further invoking (48) again, we know that the only choice of the optimal
solution is then &; = 0.

Case 3.2. If 0;(Y) > aX, we will show below that 5; = ¢;(Y). To that end, we
will first show that o;(Y) is a better solution than 0. This can be seen by observing
that g(o;(Y)) — g(0) = % — % . [q,-(Y)]z. Because o;(Y) > aA, we know that
g(0j(Y)—g0) = % — %az .22 > 0, where the last inequality is due to the assumption
thatal < 1.

Now that 0;(Y) is a better solution than 0, we can further verify the closed form that

0; = 0;(Y).Because 0; # 0, by (48), it must hold that 5; > a. In such a case, Problem

(52), is equivalent to the optimal solution to min { % (oj(Y) — 0,-)2 + % Do) > 0},

which can be further rewritten into min {% (oj(Y) — oj)z Do) > 0] by removing a
constant term. Therefore, the optimal solution must be ’o} =o(Y).

This then completes the proof of the closed-form solution.
To show the satisfaction of S*ONC. For the second part of the theorem, we observe that

the closed form solution obeys that o (i) ¢ (0, ai) for all j. By definition, it is an S30ONC
solution. m]
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