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Abstract

The restricted isometry property (RIP) is a well-known condition that guarantees the
absence of spurious local minima in low-rank matrix recovery problems with linear mea-
surements. In this paper, for general low-rank matrix recovery problems with nonlinear
measurements, a novel property named bound difference property (BDP) is introduced.
Using RIP and BDP jointly, we propose a new criterion to certify the nonexistence of spu-
rious local minima in the rank-1 case, and prove that it leads to a much stronger theoretical
guarantee than the existing bounds on RIP.

1. Introduction

The low-rank matriz recovery problem plays a central role in many machine learning prob-
lems, such as recommendation systems (Koren et al., 2009) and motion detection (Zhou
et al., 2013; Fattahi and Sojoudi, 2020). It also appears in engineering problems, such as
power system state estimation (Zhang et al., 2018). The goal of this problem is to recover
an unknown low-rank matrix M* € R™ " from certain measurements of the entries of M*.

The basic form of the low-rank matrix recovery problem is the symmetric and noiseless
one with linear measurements and the quadratic loss. The linear measurements can be
represented by a linear operator A : R"*"™ — R™ given by

AM) = ((Ay, M), ..., (A, M))T.

The ground-truth matrix M* is assumed to be symmetric and positive semidefinite with
rank(M*) < r. The recovery problem can be formulated as follows:

1

min §||A(M) —d||?

s.t. rank(M) <,
M0, MeR™™

where d = A(M*). By factoring the decision variable M into its low-rank factors X X7
the above problem can be rewritten as the unconstrained problem:

min {;HA(XXT) - dH?}. (1)

XeRan
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The optimization (1) associated with different machine learning applications is com-
monly solved by local search methods, such as the stochastic gradient descent (Ge et al.,
2015), due to their ability in handling large-scale problems. Since (1) is generally nonconvex,
local search methods may converge to a spurious (nonglobal) local minimum. To provide
theoretical guarantees on the performance of local search methods for the low-rank matrix
recovery, several papers have developed various conditions under which the optimization (1)
is free of spurious local minima. In the following, we will briefly review the state-of-the-art
results on this problem.

Given a linear operator A, define its corresponding quadratic form @ : R™*" xR"*"™ — R
as

[QIK, L) = (A(K), A(L)), (2)
for all K, L € R"™".

Definition 1 (Recht et al. (2010)) A quadratic form Q : R™*™ xR"*™ — R satisfies the
restricted isometry property (RIP) of rank 2r for a constant 6 € [0,1), denoted as §-RIP5,,
if

(1= 8)IK|F < [QIUE, K) < (L +9)|IK|F

for all matrices K € R™™ with rank(K) < 2r.

Ge et al. (2017) showed that the problem (1) has no spurious local minima if the
quadratic form Q satisfies 6-RIP9, with 0 < 1/5. Zhang et al. (2019) strengthened this
result for the special case of r = 1 by showing that J-RIPgy, with § < 1/2 is sufficient to
guarantee the absence of spurious local minima for (1). It also provided an example with a
spurious local minimum in case of § = 1/2 to support the tightness of the bound.

The purpose of this paper is to study the existence of spurious local minima for the
general low-rank matrix recovery problem

. T
Jain fXXT), (3)
where f : R™™™ — R is an arbitrary function induced by nonlinear measurements. This
problem has immediate applications such as recommendation systems in which each user
provides binary (like/dislike) observations (see Davenport et al. (2014); Ghadermarzy et al.
(2019)). In this paper, f is always assumed to be twice continuously differentiable. The
problem (1) is a special case of (3) by choosing

FOM) = IAGM) — ] (@

In the case with linear measurements, note that f(M*) = 0 and therefore M* is a global
minimizer of f. In other words, there are often infinitely many minimizers for f, but the
goal is to find the ground-truth low-rank solution M*. Similar to the linear measurement
case, we assume that the problem (3) has a ground truth M* = ZZ7 with Z € R™*" that
is a global minimizer of f.

The Hessian V2 f(M) of the function f in (3) can be also regarded as a quadratic form
whose action on any two matrices K, L € R™ " is given by

0% f

V2f(M)(K,L) = ——— (M)K;;Lj;.
[VZF(M)I(K, L) Z.J%IOMU@MH( ) K L
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If f is considered to be equal to the special function in (4), then its corresponding Hessian
V2f(M) becomes exactly the quadratic form Q defined in (2). Therefore, we naturally
extend the definition of the §-RIPg, property for quadratic forms given in Definition 1 to
general functions f by restricting its Hessian.

Definition 2 A twice continuously differentiable function f : R™*™ — R satisfies the re-
stricted isometry property of rank 2r for a constant 6 € [0,1), denoted as 6-RIPy,, if

(1= OIK|E < [V*F(M))(K,K) < 1+ )| KlF (5)
for all matrices M, K € R™"™ with rank(M) < 2r and rank(K) < 2r.

It is still unknown whether the d-RIPs, condition could lead to the nonexistence of
spurious local minima. However, Li et al. (2019) proved that the problem (3) has no spurious
local minima under a stronger condition, named §-RIPy, 4, with 6 < 1/5, as defined below.

Definition 3 A twice continuously differentiable function f : R™*"™ — R satisfies the re-
stricted isometry property of rank (2r,4r) for a constant § € [0,1), denoted as 6-RIPy; 4y,
if

(1= O K|F < [V FMD)(K,K) < (1+6)| K[

for all matrices M, K € R™" with rank(M) < 2r and rank(K) < 4r.

For the general recovery problem (3) with r = 1, previous results in Zhang et al. (2019)
and Li et al. (2019) both have serious limitations. The bound ¢ < 1/2 given in Zhang et al.
(2019) is proved to be tight in the case when f is generated by linear measurements, but it
is not applicable to nonlinear measurements. The bound § < 1/5 given in Li et al. (2019)
can be applied to a general function f, but it is not tight even in the linear case. To address
these issues, we develop a new criterion to guarantee the absence of spurious local minima
in (3) for a general function f in the rank-1 case, which is more powerful than the previous
conditions. Unlike the bound given in Li et al. (2019), our new criterion completely depends
on the properties of the Hessian of the function f applied to rank-2 matrices, rather than
rank-4 matrices. Note that the rank-1 case has applications in many problems, such as
motion detection (Fattahi and Sojoudi, 2020) and power system state estimation (Zhang
et al., 2018).

Notations I, is the identity matrix of size n x n, and diag(aq,...,a,) is the diagonal
matrix whose diagonal entries are aq, ..., a,. A = vec A is the vector obtained from stacking
the columns of a matrix A. Given a vector A € ]R"2, define its symmetric matricization
mats A = (A + AT)/2, where A € R™ " is the unique matrix satisfying A = vec A. A® B
is the Kronecker product of A and B, which satisfies the well-known identity:

vec(AXBT) = (B® A) vec X.

For two matrices A, B of the same size, (A, B) = tr(ATB) = (vec A,vec B). |jv| is the
Euclidean norm of the vector v and ||Al|r = v/(A, A) is the Frobenius norm of the matrix
A. In addition, A > 0 means that A is symmetric and positive semidefinite.
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2. Main Results

To obtain a tight bound for the absence of spurious local minima in problem (3), it is helpful
to shed light on a distinguishing property of the function in (4) for linear measurements
that does not hold in the general case: the Hessian matrices at all points are equal. If a
general function f satisfies 6-RIPg,, (5) intuitively states that the Hessian V2 f(M) should
be close to the quadratic form defined by an identity matrix, at least when applied to rank-
2r matrices. Hence, V2 f(M) should change slowly when M alters. The above discussion
inspires us to introduce a new notion below.

Definition 4 A twice continuously differentiable function f : R™™ — R satisfies the
bounded difference property of rank 2r for a constant k > 0, denoted as k-BDPs,, if

[V2f(M) = V2 f(M))(K, L)| < & K|[pl|lLl|F (6)
for all matrices M, M', K, L € R"™ whose ranks are at most 2r.

It turns out that the RIP and BDP properties are not fully independent. Their rela-
tionship is summarized in the following theorems that will be proved in Section 3.

Theorem 1 If the function f satisfies 6-RIPs,., then it also satisfies 46-BDPo,..

Theorem 2 If the function f satisfies 0-RIPg, 4,, then it also satisfies 20-BDP,..

The bounds in the above two theorems are tight. In Section 3, we will construct a class
of functions f that satisfy the §-RIPs,. property but do not satisfy the x-BDPs, property
for some k with k/J being arbitrarily close to 4. Similar examples can also be constructed
for Theorem 2.

The main result of this paper is the following theorem, which is a brand-new criterion
for the nonexistence of spurious local minima based on the RIP and BDP properties jointly.
Its proof is given in Section 4.

Theorem 3 When r = 1, the problem (3) has no spurious local minima if the function f
satisfies the 6-RIPo and k-BDPqy properties for some constants 6 and k such that
2-6(1++v2)k
446(14+V2)k

In the case of linear measurements and the quadratic loss, the function f satisfies the
k-BDPy property with k = 0. Hence, Theorem 3 recovers the result in Zhang et al. (2019)
stating that the problem (1) has no spurious local minima if the operator A satisfies the 6-
RIP2 property with 6 < 1/2. On the other hand, by combining Theorem 1 and Theorem 3,
one can immediately verify that the problem (3) has no spurious solutions if f satisfies the
0-RIPy property with 6 < 0.0313. Theorem 3 is most valuable for functions f associated
with nonlinear measurements that satisfy 6-RIPy and x-BDPs for § < 1/2 and k being
relatively small. At the end of Section 3, we will construct problems with such function f
for which RIP3 4 property does not exist, and thus the condition in Li et al. (2019) cannot
be used. These are the examples for which the absence of spurious local minima can be
certified by Theorem 3 but not by any of the conditions in the literature.
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3. RIP and BDP Properties

In this section, the relationship between the RIPj3., RIP9, 4, and BDP», properties of a
given function f will be investigated. We will first prove Theorem 1 and Theorem 2, and
then show that the bounds in these theorems are tight. The following lemma will be needed.

Lemma 4 If a quadratic form Q satisfies 0-RIPo,., then
[QI(K, L) — (K, L)| < §||K||plILllr
for all matrices K, L € R™"™ with rank(K) < r, rank(L) < r.

Proof The reader could refer to Candes (2008); Bhojanapalli et al. (2016); Li et al. (2019),
presented in different notations, or see Appendix A. |

Proof of Theorem 2 Let M and M’ be two matrices of rank at most 2r. By the definition
of 6-RIPg; 4, of the function f, both V2f(M) and V2f(M') satisfy 6-RIP4.. After the
constant r in the statement of Lemma 4 is replaced by 2r, we obtain

V2 F(M))(K, L) — (K, L)| < 8| K| p|| Ll

V2 (MK, L) = (K, L)| < 0| K|[r||L||F,

for all matrices K, L € R™*" of rank at most 2r, which leads to (6) for x = 24. |

Proof of Theorem 1 We first prove that any quadratic form Q with §-RIPs,. satisfies
[QUEK, L) — (K, L)| < 20||K||rp|[ L] F,

for all matrices K, L € R™ " of rank at most 2r. Let K = UDV” be the singular value
decomposition of K. Write D = D1 + Dy in which D; and Ds both have at most r nonzero
entries, and let K1 = UD1VT, Ky = UDyVT. Then, K = K; + Ko, where rank(K;) < r,
rank(Ky) < r and (Kj, K9) = 0. Decompose L = L; + Lo similarly. By Lemma 4, it holds
that

[QI(K, L) — (K, L)| < |[QI(K1, L1) — (K1, L1)| + |[Q(K1, L2) — (K1, La)|
+ [[Q(K2, L) — (K2, L1)| + [[Q)(K2, La) — (K2, L2)|
<6(| Kallr + [[K2llp) (1 L1l P + || L2l )
< 25\ /1K1 + 1Kl /I L3 + Ll
= 20| K||r I Ll -

The remaining proof is exactly the same as the proof of Theorem 2. |

In what follows, we will show that the bounds in Theorem 1 and Theorem 2 are tight.
To this end, we will work on examples of function f with 6-RIPs, or §-RIPy, for a small §
whose Hessian has a large variation across different points.
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Consider an integer n > 4 and an integer r > 1. Let

1
A = —=diag(ay,...,an)

n

with a; € {—1,1} whose value will be determined later. One can extend A; to an orthonor-
mal basis Aq,...,A,2 of the space R"*"™. Define a linear operator A : R™*" — R-1 by
letting

A(M) = ((Ag, M), ..., (A2, M)).

Then, for every matrix M € R™*™ it holds that
MDD = MIF — (A1, M))* < [|M|F.

Now, assume that M is a matrix with rank(M) < 2r, and let o1 (M), ..., 09,(M) denote its
2r largest singular values. Observe that

(A1 M) < = STIMl < = Y oi(M) = ST
i=1 =1

which implies that

QDI = a1 - (A2 = (1= 2) o
Define a scaled linear operator A as

A(M) =4/~ N CA(M), VM e RV

Thus, the relation

(1= ) Il < AP < (1+ 25 arl )

holds for all M € R™*"™ with rank(M) < 2r.

After choosing A1 = (1/4/n)I, in the above argument, let A be the resulting linear
operator and Q be the quadratic form in (2) that corresponds to the scaled linear operator
A. By the same argument, another linear operator A’ and the corresponding quadratic
form Q' can also be obtained after choosing

1
A = %diag(l,l,—l,—l,l,...,1). (8)

Now, we select K = diag(1,1,0,0,0,...,0) and L = diag(0,0,1,1,0,...,0). Then,

n

1Q = QI(K, L)| = ——|{A(K), A(L)) — (A'(K), A'(L))]
= | (A1, K)(Ar, L) + (4}, K) (45, Z)] (9)
= 2 IKle L]
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In the case r = 1, it follows from (7) that both of the constructed quadratic forms Q
and Q' satisfy §-RIPy with § = 1/(n —1). If one can find a twice continuously differentiable
function f satisfying -RIPo such that

VEf(M)=Q, Vif(M')=¢

hold at two particular points M, M’ € R™*™ with rank(M) < 2 and rank(M’) < 2, then
by (9) the function f cannot satisfy xk-BDPy for k < 4. Since the design of such function
is cumbersome, we will use a weaker result that serves the same purpose. This result, to
be formalized in Lemma 5, states that for any ¢ > 0, one can find a twice continuously
differentiable function f with (6 +¢€)-RIP2 and two matrices M, M’ € R™*™ of rank at most
1 satisfying the following inequalities:

V2 f(M) = QUK. L)| < ellK|lFlILIlF,

2 n_ o <1O)
[IVEFL) = QUK L) < el K[FILF.

Combining (9) and (10) yields that
[V2F(M) = V2 F(M)](K, L)| < (46 + 2¢)| K| p[|L] p-

Therefore, the function f cannot satisfy the xk-BDPs property for any « < 40 + 2¢. Since
€ can be made arbitrarily small, this shows that the constant 40 in Theorem 1 cannot be
improved. Similarly, by choosing » = 2 instead of » = 1 and repeating the above argument,
one can show that the constant 26 in Theorem 2 cannot be improved either.

Lemma 5 Consider two quadratic forms Q, Q' satisfying the §-RIPs,. property. For every
e > 0, there exists a twice continuously differentiable function f : R™"™ — R and two
matrices M, M’ € R™ "™ with rank(M) < 1 and rank(M’) < 1 such that [ satisfies the
(6 + €)-RIPy, property and that (10) holds for all K, L € R™*™.

Proof Given € > 0, let f be given as

1., 1
F(V) = S[QIWVV) + SH(IVIE)AIV, V),
where A = Q — Q" and H : R — R is defined as
0, if t <0,
oo
exp(—1/t7), ift>0.

Here, v € (0,1) is a constant that will be determined later. It is straightforward to verify
that H is twice continuously differentiable and

H'(0) = H"(0) =0, (11a)

4
(tH' (1)) < g 2H" (1)) < % Vt € R. (11b)

The basic idea behind the above construction of f is that when v is chosen to be small,
the growth of the function H becomes so slow that it can be regarded as a constant when
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computing the Hessian of the above function f. As a result, the Hessian is approximately a

linear combination of two quadratic forms Q and Q' with the §-RIPs, property. Formally,

the Hessian V2f(V) of f at a particular matrix V € R™ " when applied to arbitrary

K, L € R"™" is given by

[V2F (V) L) = 2H"(|V ) [A](V, VIV, K)(V, L) + H'(|V [ ) [A](V, VK, L)

+2H(|VI[F) ([AJL, VIV, K) + [AI(K, V)(V, L)) (12)
+1Q + H(IV[})A(K, L).

By compactness, there exists a constant C' > 0 such that

[A](A, B)| < C||A]|¢|| Bl (13)

holds for all A, B € R"*"™. We choose a sufficiently small v such that 267C/e < e. By
(11b), (12), (13) and the Cauchy-Schwartz inequality, we have

13vC

IV2£(V) = @ = H(IVIR)AIK, D)) < == |Klp|Llr < SIKelLle.  (14)

To prove that the function f satisfies (0 + €)-RIPg,, assume for now that K = L and
rank(K) < 2r. The inequality 0 < H(||V||%) < 1 and the §-RIPs, property of Q and Q'
imply that

(1= OIK(E < [Q + HIVIF)AI(K, K) < (1+0)||K][3

By (14) and the above inequality, the function f satisfies the (6 + €)-RIPy, property. To
prove the existence of M and M’ satisfying (10), we select M’ = 0 and

M = diag(s,0,...,0).
For any K, L € R™*" it follows from (11a) and (12) that
[V2f(M') - Q)(K, L) = 0. (15)
Moreover, (13) and (14) yield that

V2 f(M) — QI(K, L)

IN

SIKIFILIR + 1[Q + H(IMI)A ~ QUK. L)

< (5 +@—HUMIC) IK| £l Llr.

Since H(||M||%) — 1 as s — +00, (10) is satisfied as long as s is sufficiently large. [ ]

The above argument also provides examples of the function f whose corresponding
recovery problem (3) can be certified to have no spurious local minima via Theorem 3,
while the existing results in the literature fail to do so. Following the above construction,
choose n =4, r =1, and let

V)= —=[QI(V.V) + Af(V),
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for some A € [0,1]. The Hessian can be written as
VF(V) = (1= NQ +AVZ (V). (16)

If A\ > 0, the Hessian of f is not a constant, and therefore the condition in Zhang et al.
(2019) cannot be applied. On the other hand, it follows from (15) that

[V2F(0)](A7, A}) = [Q](A), A7) =0,

for the matrix A} of rank 4 defined in (8). Thus, the function f cannot satisfy the 6-RIP5 4
property for any 0 < § < 1. This implies that the condition in Li et al. (2019) cannot be
applied either. In contrast, note that the quadratic form Q' satisfies the 1/3-RIPy property
and the function f satisfies the (1/3+¢)-RIPy property. Therefore, it can be concluded from
(16) that the function f also satisfies the (1/3 + ¢)-RIPy property. In light of Theorem 1, f
satisfies 4(1/3+¢)-BDP3 and thus f’ satisfies 4\(1/3+ €)-BDP3. Hence, Theorem 3 certifies
the absence of spurious local minima as long as A and ¢ jointly satisfy

1, <2—6(1+\/§)4)\(1/3+e)
37 S U 6(1+ vV2)AN(1/3 1)

4. Proof of Theorem 3

The proof of Theorem 3 consists of two major steps. The first step is to find a necessary
condition that the function f must satisfy if the corresponding problem (3) has a local
minimizer X such that X X7 # M*, where M* is the ground truth. The second step is to
develop certain conditions on § and « that rule out the satisfaction of the above necessary
condition.

Before proceeding with the proof, we need to introduce some notations. Given two
matrices X, Z € R™*", define

e =vec(XXT — 2Z7) e R,
and let X € R" X" be the matrix satisfying
XvecU = vec(XUT + UXT), VU € R™".
Similarly, let H € R"**"” be the matrix satisfying
(vec K)THvec L = [V2f(XXT)|(K, L),

for all K,L € R™ ™. The desired necessary condition for the existence of spurious local
minima in (3) is stated in the following lemma.

Lemma 6 Assume that the function f in the problem (3) satisfies the §-RIPy, and k-
BDPgy, properties. If X is a local minimizer of (3) and Z is a global minimizer of (3) with
M* = ZZ7, then

1. [|XTHe| < 2x]|X] pllell;
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2. 2I, ® matg(He) + XTHX = —2x||e[| I,

3. H satisfies the §-RIPq, property, i.e, for each matriz U € R"*™ with rank(U) < 2r,
it holds that
(1-6)|U|* <UTHU < (1+4)|U]?,

where U = vecU.

Proof Condition 3 follows immediately from the §-RIPj,. property of the function f. To
prove the remaining two conditions, define g(Y) = f(YY7T) and M = XX7. Since X is
a local minimizer of the function g, for every U € R™*" with U = vecU, the first-order
optimality condition implies that

0= (Vg(X),U) = (VF(M),XUT + UX"). (17)
Define an auxiliary function h : R"*™ — R by letting
V)= (Vf(V),XUT + UXT).

By the mean value theorem, there exists a matrix £ on the segment between M and M*
such that

[V2F(OUM — M*, XUT + UXT) = (Vh(E), M — M*) = h(M) — h(M*) = 0, (18)

in which the last equality follows from (17) and V f(M*) = 0. Since rank(M) < r and
rank(M*) < r, we have rank(§) < 2r and rank(M — M*) < 2r. Applying the xk-BDPg,
property to the Hessian of f at matrices M and &, together with (18), one can obtain

el HXU| = |[V2f(M)](M — M*, XUT + UXT)|
< K|M = M*|p| XUT + UXT||p
< 25| e[| X]|7[1U]-

Condition 1 can be proved by setting U = X" He.
For every U € R™*" with U = vec U, the second-order optimality condition implies that

0 < [Vi(X)(U,U) = [VEF(M(XUT +UXT, XUT + UXT) +2(Vf(M),UUT). (19)

The first term on the right-hand side can be equivalently written as (XU)TH(XU). A
similar argument can be made to conclude that there exists another matrix £’ on the segment
between M and M™ such that

(VF(M),UU") = (VF(M

vec U)T vec((W + WT)U) + kle|| HUH2
= UT(I, ® mats(He))U + &|le]||U||%, (20)

10
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in which W € R™ " is the unique matrix satisfying vec W = He. Condition 2 can be

obtained by combining (19) and (20). [ |

For given X, Z € R™*" and k > 0, one can construct an optimization problem based on
the conditions in Lemma 6 as follows:

min §
s.t. |XTHe| < a, 21)
21, ® matg(He) + XTHX = —bl,,,
H is symmetric and satisfies 6-RIP5,,
where
a=2x[X||Frllell, b= 2x[el. (22)

Let 0(X, Z; k) be the optimal value of (21). Assume that f in the original problem (3)
satisfies 9-RIPg, and k-BDPy,. By Lemma 6, if X is a local minimizer of (3) and Z is a
global minimizer of (3) with M* = ZZT, then § > §(X, Z; k). As a result, by defining

(k) =min 0(X, Z; k)
s.t. XXT+£z27,

the problem (3) is guaranteed to have no spurious local minima as long as § < §*(k).
The remaining task is to compute (X, Z; k) and 6*(k). First, by the property of the
Schur complement, the first constraint in (21) can be equivalently written as

I, XTHe
> 0.
(XTHe)T a2 =0

The major difficulty of solving (21) comes from the last constraint, since it is NP-hard
to verify whether a given quadratic form satisfies §-RIPg, (Tillmann and Pfetsch, 2014).
Instead, we tighten the last constraint of (21) by requiring H to have a norm-preserving
property for all matrices instead of just for matrices with rank at most 2r, i.e.,

(1-0)|U|]>? < UTHU < (1 4+ §)|U|?, VU eR",
which leads to following semidefinite program:

min 9§
T
A
(X" He) a (23)
21, @ matg(He) + XTHX > —bl,,,,
(1 =8I <H =< (1+8)1,.

s. t.

Similar to the case of linear measurements studied in Zhang et al. (2019), due to the
symmetry under orthogonal projections, the problems (21) and (23) actually have the same
optimal value.

11
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Lemma 7 For given X,Z € R™" and k > 0, the optimization problems (21) and (23)
have the same optimal value.

Proof See Appendix B. [ ]

Even if the value of §(X, Z; k) for given X, Z and k can now be efficiently calculated by
solving the semidefinite program (23), to further compute §*(x), an analytical expression
is still needed for §(X, Z;k). For our purpose, it is sufficient to find a lower bound on
d(X, Z; k). In the remainder of this section, we will focus on the problem of lower bounding
(X, Z;k) and §*(k) in the case r = 1.

When r =1, X and Z are vectors and henceforth will be denoted as x and z with

e=rR®r—2Rz2 Xu=zrQu+t+uR .

Moreover,
IXu|? = 2l|2]*|ull® + 2(zTu)?,  Vu e R™ (24)

Given two vectors x,z € R™ with 2 # 0 and z2” # 2z, one can find a unit vector
w € R™ such that w is orthogonal to x and z = c;x 4+ cow. Then,
e =Xy —C%(M@’UJ),
in which

R e
Yy = B r — C1CW.

Note that X7 is orthogonal to w ® w. Furthermore, since § # 0 by za? # 22T and thus
Xy # 0 by (24), one can rescale § into § such that || Xg|| =1 and

e = [le[(V1—a?Xj — a(w @ w)), (25)

with ) ) - )
9 _ 2P = @ 2/llz[)* (26)
e el

In addition, (24) also implies

IXgl 1
V2llz| - V2 |
Lemma 8 Let z,z € R" with xa’ # zz". The optimal value §(x, z; k) of (23) satisfies

1—mo(z,2) —2(1+V2)s

91l < (27)

O, zim) 2 L+ no(x, 2) + 2(1 +V2)k’
i which
1—+v1—a? if6> o
no(z, 2) = 1+v1—a? T 1+V1-a?
fa—1" T1+V1-a?

with o defined in (26)' and B = ||x||*/|e|.

1. When z = 0, « is defined to be ||z]|*/||e||.

12



ON THE ABSENCE OF SPURIOUS LOCAL MINIMA IN NONLINEAR LOW-RANK MATRIX RECOVERY

Proof Define n(z, z; k) to be the optimal value of the following optimization problem:

max n
Loy XTHe <0
(XTHe)T a? - (28)
2matg(He) + XTX = —bl,,,,
nl <H=<T 5.

s. t.

It can be verified that
1—96(z,2z;K)

> — 7 7 2
1+ 6(x,2;K)] (29)

n(z, 2; k)

because given any feasible solution (§, H) to (23), the point

1-46 1
S - |
1+6 140
is also a feasible solution to (28): The first and the last constraint in (28) are trivial to

verify, and the second constraint is satisfied since

1
1+

b
(2matg(He) + XTHX) = ———1,,, = —bl,,,.

1+

1
Qmats <1—+—5He> + XTX t

Therefore, to find a lower bound on é(zx, z; k), we only need to find an upper bound on
n(x, z; k).
The dual problem of (28) can be written as
min  tr(Us) + (XTX 4+ bI,, V) + a®X + tr(G),
S. t. tr(Ul) = 1,
(Xy —v)el +e(Xy —v)T =U; — Uy,

G -y
|:_yT )\ :| i 07

Ui =0, Us>=0, V>0, v=vecV.

By weak duality, the dual objective value associated with any feasible solution to the dual
problem (30) is an upper bound on n(z, z; K).
In the case when x # 0, fix a constant v € [0, o] and choose

_ V1= gl
|

g, v=-—(ww),

where g and w are the vectors defined before (25). Since || Xg|| =1, ||w ® w|| = 1 and Xy
is orthogonal to w ® w, it holds that

1
Xy =l = -
el

13



B1 AND LAVAEI

Combined with (25), one can obtain

e (Xy —v) = ¥(v),
with () is given by
Y(7) =y +/1-92V1-a2

Now, define
M= (Xy—v)el +eXy—v)"

and decompose
M = [M]; - [M]_,

in which both [M]; > 0 and [M]- > 0. Let 6 be the angle between e and Xy — v.
Subsequently,

tr([M]1) = [le[l|Xy — v[|(1 + cos0) = 1+ ¢ (v),
tr([M]-) = [[e[l|Xy = v[l(1 = cos0) =1 -4 (v)

(see (Zhang et al., 2019, Lemma 15)). Then, it is routine to verify that

. M .M

Ui = aon U woy
N A
T (M) or([M]+)

forms a feasible solution to the dual problem (30) whose objective value is equal to

tr([M]_) + (XTX +bl,,, V) + 2a|y|| ‘

31
(T, (31
By (24) and (27), one can write
(XTX +bI,,, V) = ﬁ(IIXwIIQ +b) = ”%H@HwIIQ +b) = 2(8+ k)Y, (32)
ol
2aly| < ﬁﬂj” < 2V3x, (33)

where a and b are defined in (22). Substituting (32) and (33) into (31) yields that
n(w, 2z 5) < V(y) +2(1+V2)x,

where

28y +1-9(y)
Yo =TTy P(y)

A simple calculation shows that the function W(y) has at most one stationary point over
the interval (0, a) and

oin W(y) =m0, 2).

14



ON THE ABSENCE OF SPURIOUS LOCAL MINIMA IN NONLINEAR LOW-RANK MATRIX RECOVERY

In the case when x = 0, we have ng(z, z) = 0, and

eeT ZZT

TINTG ) U2 = 07 V= YRR
e]|? 2|le|?
y=0, A=0, G=0

Ui

forms a feasible solution to the dual problem (30), which implies
n(z, z, k) < (bl,,V) = k.
In either case, it holds that
n(z, 2 k) < oz, 2) + 2(1 + V2)k,
which gives the desired result after combining it with (29). [ ]

Proof of Theorem 3 By Lemma 7 and the discussion after Lemma 6, we only need to
show that

2-6(1 2
§(,5im) 2 2O VD

44+6(1+v2)k
for all z, z € R™ with 2T # 227, By a similar approach used in proof of (Zhang et al., 2019,
Theorem 3), we can show that the 7g(z, z) function defined in the statement of Lemma 8

has maximum value 1/3 attained by any z and z that are orthogonal to each other with
llz|l/]|z]] = 1/2, and consequently (34) holds by Lemma 8. [ |

(34)

5. Conclusions

In this paper, we first propose the bounded difference property (BDP) in order to study
the symmetric low-rank matrix recovery problem with nonlinear measurements. The rela-
tionship between the BDP and RIP is carefully investigated. Then, a novel criterion for
the nonexistence of spurious local minima is proposed based on RIP and BDP jointly. It
is shown that the developed criterion is superior to the existing conditions relying only on
RIP.

Appendix A. Proof of Lemma 4

Without loss of generality, assume that ||K||z = ||L||r = 1. By the 6-RIPg, property of Q,
we have

(1=K — LIF < [QI(K ~ L, K — L)
(1= O)IK + LlF < [QI(K + L, K + L)

<(1+0)|K — L%,
< (1+90)||K + L|)3.
Taking the difference between above two inequalities, one can obtain
A[QUE, L) < (1 + )| K + L||E — (1= )| K — L} = 40 + 4K, L),
—4[Q)(K, L) < (1 +0)||K — L|F — (1 = 0)||K + L[ = 40 — 4(K, L),

which proves the desired inequality.

15
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Appendix B. Proof of Lemma 7

Let
OPT(X,Z) =min ¢
s.t. || XTHel| < a,
T (35)
21, ® matg(He) + X" HX = —bl,,,,
H is symmetric and satisfies 6-RIPo,,
and
LMI(X,Z) =min §
L, XTHe
.t >~
5.t (XTHe)” a® =0, (36)

21, ® matg(He) + X"HX > —bl,,,
(1=0)I,2 =H =< (1 + 6)1.

As mentioned in the paper, the first constraint in (35) and the first constraint in (36) are
interchangeable. Our goal is to prove OPT(X, Z) = LMI(X, Z) for given X, Z € R"*". Let

(v1,...,v,) be an orthogonal basis of R™ such that (v1,...,v4) spans the column spaces of
both X and Z. Note that d < 2r. Let P € R™*? be the matrix with columns (v1,...,vq)
and Py € R™ (=9 he the matrix with columns (vgy1,...,v,). Then,

pp=1, P'P =1,4 PlP=0 PP =0,
pPTy+p Pl =1, pPP'X=X PPlz=2

Define P = P ® P. Next, consider the auxiliary optimization problem:

LMI(X,Z) =min ¢
I, XTHe
-
(XTHe)? o |~ 0 (37)
21, ® mats(He) + XTHX = —bl,,,,
(1—0)Ip <= PTHP < (14 6)1.

s. t.

Given an arbitrary symmetric matrix H € R”2X”2, if H satisfies the last constraint in (36),
then it obviously satisfies 0-RIPg, and subsequently the last constraint in (35). On the other
hand, if H satisfies the last constraint in (35), for every matrix ¥ € R%*? with Y = vecY,
since rank(PY PT) < d < 2r and vec(PY PT) = PY, by §-RIPy, property, one arrives at

(1=0)Y[*= (1 -8)|PY[* < (PY)'HPY < (1+9)|PY|* = (1+4)[Y|?
which implies that H satisfies the last constraint in (37). The above discussion implies that

LMI(X, Z) > OPT(X, Z) > LMI(X, Z).

Let
X=prPTx, Zz=pP'z

16



ON THE ABSENCE OF SPURIOUS LOCAL MINIMA IN NONLINEAR LOW-RANK MATRIX RECOVERY

Lemma 10 and Lemma 11 to be stated later will show that

LMI(X, Z) < LMI(X, Z) < LMI(X, Z),

which completes the proof.
The following lemma will be used in the proofs of Lemma 10 and Lemma 11:

Lemma 9 Define &€ and X in the same way as € and X, except that X and Z are replaced
by X and Z, respectively. Then, it holds that
e = Pe,
X(I, ® P) = PX,
PTX = X(I, @ P)T.
Proof Observe that
e=vee(XXT - 22") = vee(P(XXT — 2ZT)PT) = Pe,
X (I, @ P)vecU = X vec(PU) = vec(XUTPT + PUXT)
=vec(P(XUT + UXT)PT) = PX vecU,
X(I, @ P)T vecU = X vec(PTU) = vee(XUTP + PTUXT)
= vec(PT(XUT + UXT)P) = PTX vecU,

where U € R™" and U € R¥*" are arbitrary matrices. [ |
y

Lemma 10 The inequality LMI(X, Z) > LMI(X, Z) holds.

Proof Let (4, I:I) be an arbitrary feasible solution to the optimization problem defining
LMI(X, Z) with § < 1. It is desirable to show that (J, H) with

H = PHP” + (1. — PPT)

n

is a feasible solution to the optimization problem defining LMI(X, Z), which directly proves
the lemma.
First,
H—(1-0)I,=PH-(1—-06)I)PT+4(I, — PPT),

which is positive semidefinite because

I —PPT = (PPT + P, PT)® (PPT + P, PT) — (PPT)® (PPT)
= (PP e P P+ (P P (PPT)+ (P P (P .PT) = 0.

Similarly,
H-(1+6)L,2 =<0,

17
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and therefore the last constraint in (36) is satisfied and H is always positive semidefinite.
Next, since
XTHe = XTHPé = XTPHeé = (I, ® P)XTHe,
we have
|XTHe|* = (X"He)" (I, ® PT)(I, ® P)(XTHe) = | X" He|?,
and thus the first constraint in (36) is satisfied. Finally, by letting W € R%*? be the vector
satisfying vec W = He, one can write

vec(PW PT) = Pvec W = PHe.
Hence,
21, ® matg(He) = 21, ® matg(HP&) = 21, ® mats(PHé) = I, @ (P(W + WT)PT)
= 21, ® (Pmatg(Heé)PT) = 2(I, ® P)(I, ® matg(He))(I, ® P)T.
In addition,
XTHX(I, ® P) = XTHPX = XTPHX = (I, ® P)XTHX.
Therefore, by defining
S := 21, ® matg(He) + XTHX + bl,,,,
we have
(I, ® P)TS(I, ® P) = 2I, ® mats(Heé) + XTHX + bl = 0,
(I, ® P)"S(I, ® P1) = (I, ® P )" XTHX(I, ® P1) + bl(;_a) = 0,
(I, ® P)TS(I, ® P) = 0.

Since the columns of I. ® P and I, ® P, form a basis for R™, the above inequalities imply
that S is positive semidefinite, and thus the second constraint in (36) is satisfied. [ |

Lemma 11 The inequality LMI(X, Z) > LMI(X, Z) holds.

Proof The dual problem of the optimization problem defining LMI(X Z ) can be expressed

as . .
max  tr(U; — Uz) — tr(G) — a®X — btr(V)

s. t. tr(f]l + Ug) =1,

(Xg — vec V; j)eT + Z e(Xg —vecV; )T = XVXT = U, — U,
j=1 j=1
A g (38)
|: C/TYT Ay:| t 07
Vit -+ Vi
U =0, Uy=0, V=]|: =0
v Vi
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Since
A 1 € A 1 € A N N )
U]_:TJZIdQ—§M, UQZTCpId2+§M, VZEIdT-7 G:Id’r’v )\:17 yZO,
where

M = r((vecI;)eT + &(vec I)T) + XXT,

is a strict feasible solution to the above dual problem (38) as long as € > 0 is sufficiently
small, Slater’s condition implies that strong duality holds for the optimization problem
defining LMI(X , Z) Therefore, we only need to prove that the optimal value of (38) is
smaller than or equal to the optimal value of the dual of the optimization problem defining
LMI(X, Z) given by:

max  tr(U; — Uz) — tr(G) — a®X — btr(V)
s. t. tr(Ul + UQ) =1,

T

Z(Xy —vecVj;)el + Ze(Xy —vecV; ;)T —XVXT =P(U; — Up)P7,
j=1

=1
_ (39)
[ GT y} = 0,
Vip - Vit
Uy =0, Us=0, V=1|: - :|=o0
‘/131 oo Vi

The above claim can be verified by noting that given any feasible solution

~

(Ula UQa Vv Ga 5‘7 :g)
to (38), the matrices

Ulzﬁl, UQZUQ, V:(Ir@)P)V(Ir@P)T,
G -y [LeP 0[]G —9][LeP)T o
-y x| 0 1 [=9T A 0 1

form a feasible solution to (39), and both solutions have the same optimal value. |
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