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ABSTRACT

The implicit bias of optimization algorithms such as gradient descent (GD) is be-
lieved to play an important role in generalization of modern machine learning
methods such as deep learning. This paper provides a fine-grained analysis of
the dynamics of GD for the matrix sensing problem, whose goal is to recover
a low-rank ground-truth matrix from near-isotropic linear measurements. With
small initialization, we that GD behaves similarly to the greedy low-rank learning
heuristics (Li et al., 2020) and follows an incremental learning procedure (Gissin
et al., 2019). That is, GD sequentially learns solutions with increasing ranks until
it recovers the ground-truth matrix. Compared to existing works which only an-
alyze the first learning phase for rank-1 solutions, our result is stronger because
it characterizes the whole learning process. Moreover, our analysis of the incre-
mental learning procedure applies to the under-parameterized regime as well. As
a key ingredient of our analysis, we observe that GD always follows an approx-
imately low-rank trajectory and develops novel landscape properties for matrix
sensing with low-rank parameterization. Finally, we conduct numerical experi-
ments which confirm our theoretical findings.

1 INTRODUCTION

Understanding the optimization and generalization properties of optimization algorithms is one of
the central topics in deep learning theory (Zhang et al., 2021; Sun, 2019). It has long been a mystery
why simple algorithms such as Gradient Descent (GD) or Stochastic Gradient Descent (SGD) can
find global minima even for highly non-convex functions (Du et al., 2019), and why the global
minima being found can generalize well (Hardt et al., 2016).

One influential line of works provides theoretical analysis of the implicit bias of GD/SGD. These
results typically exhibit theoretical settings where the low-loss solutions found by GD/SGD attain
certain optimality conditions of a particular generalization metric, e.g., the parameter norm (or the
classifier margin) (Soudry et al., 2018; Gunasekar et al., 2018; Nacson et al., 2019; Lyu & Li, 2020;
Ji & Telgarsky, 2020), the sharpness of local loss landscape (Blanc et al., 2020; Damian et al., 2021;
Liet al., 2022; Lyu et al., 2022).

Among these works, a line of works seek to characterize the implicit bias even when the training
is away from convergence. Kalimeris et al. (2019) empirically observed that SGD learns model
from simple ones, such as linear classifiers, to more complex ones. This behavior, usually referred
to as the simplicity bias/incremental learning of GD/SGD, can help prevent overfitting for highly
over-parameterized models since it tries to fit the training data with minimal complexity. Hu et al.
(2020); Lyu et al. (2021); Frei et al. (2021) theoretically establish that GD on two-layer nets learns
linear classifiers first.

The goal of this paper is to demonstrate this simplicity bias/incremental learning in the matrix sens-
ing problem, a non-convex optimization problem that arises in a wide range of real-world applica-
tions, e.g., image reconstruction (Zhao et al., 2010; Peng et al., 2014), object detection (Shen & Wu,
2012; Zou et al., 2013) and array processing systems (Kalogerias & Petropulu, 2013). Moreover,
this problem serves as a standard test-bed of the implicit bias of GD/SGD in deep learning theory,
since it retains many of the key phenomena in deep learning while being simpler to analyze.
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Formally, the matrix sensing problem asks for recovering a ground-truth matrix Z* € R%*4 given
m observations ¥1, ..., ¥n. Each observation y; here is resulted from a linear measurement y; =
(Ai, Z*), where {A;}1<i<m is a collection of symmetric measurement matrices. In this paper,
we focus on the case where Z* is positive semi-definite (PSD) and is of low-rank: Z* > 0 and
rank (Z*) = r, < d.

An intriguing approach to solve this matrix sensing problem is to use the Burer-Monteiro type de-
composition Z* = UU T with U € R?*", and minimize the squared loss with GD:
min  f(U) = = (3 — (A, UUT))? (1)
UGRdXTA‘ . 4m Pt K3 (2] .

In the ideal case, the number of columns of U, denoted as 7 above, should be set to r,, but r, may
not be known in advance. This leads to two training regimes that are more likely to happen: the
under-parameterized regime where 7 < r,, and the over-parameterized regime where 7 > r,.

The over-parameterized regime may lead to overfitting at first glance, but surprisingly, with small
initialization, GD induces a good implicit bias towards solutions with exact or approximate recovery
of the ground truth. It was first conjectured in Gunasekar et al. (2017) that GD with small initial-
ization finds the matrix with minimum nuclear norm. However, a series of works point out that this
nuclear norm minimization view cannot capture the simplicity bias/incremental learning behavior
of GD. In the matrix sensing setting, this term particularly refers to the phenomenon that GD tends
learn solutions with rank gradually increasing with training steps. Arora et al. (2019) exhibits this
phenomenon when there is only one observation (m = 1). Gissin et al. (2019); Jiang et al. (2022)
study the full-observation case, where every entry of the ground truth is measured independently
f(U) = 1=l1Z* —UU"||%, and GD is shown to sequentially recover singular components of the
ground truth from the largest singular value to the smallest one. Li et al. (2020) provide theoretical
evidence that the incremental learning behavior generally occurs for matrix sensing. They also give
a concrete counterexample for Gunasekar et al. (2017)’s conjecture, where the simplicity bias drives
GD to a rank-1 solution that has a large nuclear norm.

In spite of these progresses, theoretical understanding of the simplicity bias of GD remains limited.
Indeed, a vast majority of existing analysis only shows that GD is initially biased towards learning a
rank-1 solution, but their analysis cannot be generalized to higher ranks, unless additional assump-
tions on the GD dynamics are made (Li et al., 2020, Appendix H), (Belabbas, 2020; Jacot et al.,
2021; Razin et al., 2021; 2022).

1.1 OUR CONTRIBUTIONS

In this paper, we take a step towards understanding the generalization of GD with small initialization
by firmly demonstrating the simplicity bias/incremental learning behavior in the matrix sensing
setting, assuming the Restricted Isometry Property (RIP). Our main result is informally stated below.
See Theorem 4.1 for the formal version.

Definition 1.1 (Best Rank-s Solution) We define the best rank-s solution as the unique global min-
imizer Z of the following constrained optimization problem:

. 1 & 2
S o ; (yi — (A, Z))" st. Z >0, rank(Z)<s. (2)
Theorem 1.1 (Informal version of Theorem 4.1) Consider the matrix sensing problem (1) with
rank-r,. ground-truth matrix Z* and measurements {A;}".,. Assume that the measurements sat-
isfy the RIP condition (Definition 3.2). With small learning rate p > 0 and small initialization
Uyo=aU € RI*7the trajectory of Uth;t during GD training enters an o(1)-neighbourhood
of each of the best rank-s solutions in the order of s = 1,2,...,7 Ar, when o — 0.

It is shown in Li et al. (2018); Stoger & Soltanolkotabi (2021) that GD exactly recovers the ground
truth under the RIP condition, but our theorem goes beyond this result in a number of ways. First,
in the over-parameterized regime (i.e., # > r,), it implies that the trajectory of GD exhibits an
incremental learning phenomenon: learning solutions with increasing ranks until it finds the ground
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truth. Second, this result also shows that in the under-parameterized regime (i.e., ¥ < r,), GD
exhibits the same implicit bias, but finally it converges to the best low-rank solution of the matrix
sensing loss. By contrast, to the best of our knowledge, only the over-parameterized setting is
analyzed in existing literature.

Theorem 1.1 can also be considered as a generalization of previous results in Gissin et al. (2019);
Jiang et al. (2022) which show that Uth; . passes by the best low-rank solutions one by one in

the full observation case of matrix sensing f(U) = 15z||Z* — UU"||3. However, our setting
has two major challenges which significantly complicate our analysis. First, since our setting only
gives partial measurements, the decomposition of signal and error terms in Gissin et al. (2019);
Jiang et al. (2022) cannot be applied. Instead, we adopt a different approach which is motivated by
Stoger & Soltanolkotabi (2021); intuitive explanations of our approach is discussed in Appendix B.
Second, it is well-known that the optimal rank-s solution of matrix factorization is Xy (defined in
Section 3), but little is known for Z}. In Section 5 we analyze the landscape of (2), establishing
the uniqueness of Z} and local landscape properties under the RIP condition. We find that when
Ua’tU;: + = Z, GD follows an approximate low-rank trajectory, so that it behaves similarly to GD
in the under-parameterized regime. Using our landscape results, we can finally prove Theorem 1.1.

Organization. We review additional related works in Section 2. In Section 3, we provide an
overview of necessary background and notations. We then present our main results in Section 4
where we also give a proof sketch. In Section 5, we outline the key landscape results that we use
to prove Theorem 4.1. Experimental results are presented in Section 6 which verify our theoretical
findings. Finally, in Section 7, we summarize our main contributions and discuss some promising
future directions. Complete proofs of all results in this paper are given in the Appendix.

2 RELATED WORK

Low-rank matrix recovery. The goal of low-rank matrix recovery is to recover an unknown low-
rank matrix from a finite number of (possibly noisy) measurements. Examples include matrix sens-
ing (Recht et al., 2010), matrix completion (Candes & Recht, 2009; Candes & Plan, 2010) and
robust PCA (Xu et al., 2010; Candes et al., 2011). Fornasier et al. (2011); Ngo & Saad (2012);
Wei et al. (2016); Tong et al. (2021) study efficient optimization algorithms with convergence guar-
antees. Interested readers can refer to Davenport & Romberg (2016) for an overview of low rank
matrix recovery.

Simplicity bias/incremental learning of gradient descent. Besides the works mentioned in the
introduction, other works study the simplicity bias/incremental learning of GD/SGD on tensor fac-
torization (Razin et al., 2021; 2022), deep linear networks (Gidel et al., 2019), two-layer nets with
orthogonal inputs (Boursier et al., 2022).

Landscape analysis of non-convex low-rank problems. The strict saddle property (Ge et al., 2016;
2015; Lee et al., 2016) was established for non-convex low-rank problems in a unified framework by
Ge et al. (2017). Tu et al. (2016) proved a local PL property for matrix sensing with exact parame-
terization (i.e. the rank of parameterization and ground-truth matrix are the same). The optimization
geometry of general objective function with Burer-Monteiro type factorization is studied in Zhu
etal. (2018); Liet al. (2019); Zhu et al. (2021). We provide a comprehensive analysis in this regime
for matrix factorization as well as matrix sensing that improves over their results.

3 PRELIMINARIES

In this section, we first list the notations used in this paper, and then provide details of our theoretical
setup and necessary preliminary results.

3.1 NOTATIONS

We write min{a, b} as a Ab for short. For any matrix A, we use || A|| to denote the Frobenius norm
of A, use || A|| to denote the spectral norm || A||2, and use omin(A) to denote the smallest singular
value of A. We use the following notation for Singular Value Decomposition (SVD):
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Definition 3.1 (Singular Value Decomposition) For any matrix A € R¥*% of rank r, we
use A = VAEAWX to denote a Singular Value Decomposition (SVD) of A, where V4 €
R&XT W € R2XT satisfy VATVA =1, WAWX =1, and ¥ 5 € R"™™" is diagonal.

For the matrix sensing problem (1), we write the ground-truth matrix as Z* = X X T for some
X = [vy,v9, - ,v,,] € R¥"™ with orthogonal columns. We denote the singular values of X
as 01,02,...,0.,, then the singular values of Z* are 0,03,...,02 . We set o, 41 = 0 for

convenience. For simplicity, we only consider the case where Z* has distinct singular values, i.e.,
2

2 2 ... 2 — 0'1 1
oy > oy > > o0; > 0. Weuse x := TP to quantify the degeneracy of the
singular values of Z*. We also use the notatiowrite Xy = [v1,va, - - - , v, for the matrix consisting

of the first s columns of X . Note that Z* (Definition 1.1) does not equal X, X in general.

We write the results of the measurements {A;}™, as a linear mapping A : R4 sy R™,

where [A(Z)]; = =(A;,Z) forall1 < i < m. Weuse A : R™ — R A% (w) =

ﬁ 27;1 w; A; to denote the adjoint operator of A. Our loss function (1) can then be written
as f(U) = 1 ||A(Z" - UUT)H; The gradient is given by Vf(U) = A* (y — AUU ")) U =
AA(XXT-UU U,

In this paper, we consider GD with learning rate p > 0 starting from Uj. The update rule is

Uipr = U — pVf (Up) =: (I + pM;)Uy, 3)
where M, = A* A (X xXT -u,ufr ) We specifically focus on GD with small initialization: letting
Uy = aU for some matrix U € R?*" with |U|| = 1, we are interested in the trajectory of GD

when o — 0. Sometimes we write U; as U, ; to highlight the dependence of the trajectory on .

3.2 ASSUMPTIONS

For our theoretical analysis of the matrix sensing problem, we make the following standard assump-
tion in the matrix sensing literature:

Definition 3.2 (Restricted Isometry Property) We say that a measurement operator A satisfies
the (8,7)-RIP condition if (1 — 8)||Z||2 < | A(Z)||3 < (1 + 9)||Z||% for all matrices Z € RI¥*4
with rank (Z) < r.

Assumption 3.1 The measurement operator A satisfies the (2r, + 1,9)-RIP property, where 7, =
rank (Z*) and § < 10~ "k~ 4r L.

*

The RIP condition is the key to ensure the ground truth to be recoverable with partial observations.
An important consequence of RIP is that it guarantees A*A(Z) = £ """ (A;, Z) A; ~ Z when

—m

Z is low-rank. This is made rigorous in the following proposition.

Proposition 3.1 (Stoger & Soltanolkotabi, 2021, Lemma 7.3) Suppose that A satisfies (r,§)-RIP
with r > 2, then for all symmetric Z,

(1). ifrank (Z) <r —1, we have ||(A*A—I)Z||, < /rd||Z]||.
(2). [(AA-D)Z|, <4[|Z

« where || - ||« is the nuclear norm.
We also need the following regularity condition on the initialization.

Assumption 3.2 Forall1 < s < 7 A7y, Omin (V;SU ) > p for some positive constant p, where
Vx . is defined as Definition 3.1.

The following proposition implies that Assumption 3.2 is satisfied with high probability with a
Gaussian initialization.

Proposition 3.2 Suppose that all entries of U € RY*" are independently drawn from N (0, %)
and p = 6\/;_7 V\%\H > £ then omin (V; U) > pholds forall 1 < s < 7 Ar, with probability

— 27,

at least1 — 1 (C’e + e‘Cf’), where ¢, C' > 0 are universal constants.
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4 MAIN RESULTS

In this section, we present our main theorem, following the theoretical setup in Section 3.

Theorem 4.1 Under Assumptions 3.1 and 3.2, consider GD (3) with learning rate p < W
and initialization U, o = U for solving the matrix sensing problem (1). There exists universal
constants c, M > 0, a constant C (depending on # and k) and a sequence of time points T} < T2 <

<o < TEAT such that for all 1 < s < 7 Ay, the following holds when o = O ((pr*)

—CR

T *
U‘LTé Ua,Tg: - Zs

< Cawie?, 4)
F

where we recall that Z is the best rank-s solution defined in Definition 1.1. Moreover, GD follows
an incremental learning procedure: we have lim,_,g maxj<¢<rs 0s41(Uq) = 0foralll < s <
7 A 1y, where o;(A) denotes the i-th largest singular value of a matrix A.

Compared with existing works (Li et al., 2018; Stoger & Soltanolkotabi, 2021) in the same setting,
our result characterizes the complete learning dynamics of GD and reveals an incremental learn-
ing mechanism, i.e., GD starts from learning simple solutions and then gradually increasing the
complexity of search space until it finds the ground truth.

Now we outline the proof of our main theorem. In the following, we fix an integer 1 < s < 7 A7,

= 0. We then
F

and show the existence of 77 > 0 satisfying that lim,_, HUO"Té Ul,.—2Z:

show that 777 is monotone increasing in s for any fixed o.

Our first result states that with small initialization, GD can get into a small neighbourhood of Z7.

Lemma 4.1 Under Assumptions 3.1 and 3.2, there exists T; >0foralla>0and1 < s <7 AT,

F

such that lim, o max, ., s 0s+1(Uq,t) = 0. Furthermore, it holds that ’ Uj. U;S - Z7
O (s /781X ).

Proof sketch: The proof is motivated by the three-phase analysis in Stoger & Soltanolkotabi (2021)
but has some technical modifications. Starting from a small initialization, GD initially behaves sim-
ilarly to power iteration since U; 11 = (I + uM;)U; ~ (I + pM)U;, where M := A*A(XXT)
is a symmetric matrix. Let M = 22:1 6290, be the eigendecomposition of M. Then we have

d s
Up ~ (I+pM) Uy =Y (1+ po?) 00, Ug = Y (1 + po?) o9, Uy (5)
i=1 1=1
where the last step holds because it can be shown that 1 + &5 > 14 116541, causing an exponential
separation between the magnitude of the top-s and the remaining components.

When (5) no longer holds, we enter a new phase which we call the parallel improvement phase. We
consider the decomposition U; = U,W, W, + U,W;, LWJL, where W, := Wy, = 1, € R™% s

the matrix consisting of the right singular vectors of Vi Uy (Definition 3.1) and W, , € RF<(P=s)
is an orthogonal complement of W;.

Assume X = [o1ey,- - ,05€,] without loss of generality. The columns of W; is an orthogonal
basis of the subspace spanned by the first s rows of U;. Each vector in R” can be decomposed as a
parallel component and an orthogonal component w.r.t. this subspace. Intuitively, the row vectors of
U, W, are the parallel components of the row vectors in Uy; we call U; W the parallel component.
For similar reasons, U;W; | will be referred to as the orthogonal component. More discussions for
this decomposition are given in Appendix B.

By the end of the spectral phase we have o, (U;Wy) > ||[U;W, | ||. We show in Appendix C.2
s % grows exponentially in ¢, until the former reaches a constant scale, while
the latter stays o(1) (o — 0).

that afterwards

After omin (U:W:) = ©(1), we enter the refinement phase where we show in Appendix C.4

that || X, X — UU," ||, keeps decreasing until it is O (6x?,/r.| X ||?) (see Lemma 5.1). On
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the other hand, we can show that best rank-s solution is close to the matrix factorization min-
imizer ie. ||Z; — X, X]||, = O (k7| X|?). We thus obtain that | Z; — UU, |,

O (0k2\/r<|| X |?). Finally, since rank (U;W;) < s, we have 0,41 (U;) < [|[UW, 1| = o(1),
as desired. ]

Lemma 4.1 shows that U;U," would enter a neighbourhood of Z* with constant radius. However,
there is still a gap between Lemma 4.1 and Theorem 4.1, since the latter states that U;U," would
actually get o(1)-close to Z?. To illustrate our proof idea of this result, we first consider the simpler
setting where the model is under-parameterized, i.e., 7 < r* and show that Uy UtT would eventually
converge to Z7.

Proposition 4.1 (Convergence in the under-parameterized regime) Suppose that ©+ < r*, then
there exists a constant ¢ = ¢(7, k) > 0 such that when « < ¢, we have limy_, 1 o, U(MU(L =Z:.

Proof sketch: We can deduce from Lemma 4.1 by taking s = 7 that there exists a global minimizer
U} of (1) (equivalently, a matrix in R¥* satisfying U; *U*T Z™), such that H o7 -U;

O(k3\/r6|| X)) (cf. Corollary F.1). On the other hand, by taking s = # in Theorem 5.1, we
can see that within a neighbourhood of U} with constant radius, f satisfies a Polyak-Lojasiewicz
(PL) type condition with respect to the procrutes distance defined in Definition 5.1, and the global
minimizer of f is unique up to orthogonal transformation. When 4 is sufficiently small U, r- lies
in this nelghbourhood and the PL condition implies that GD converges linearly to the set of goiobal
minimizers, which yields the desired conclusion. ]

Now we turn to the over-parameterized regime, where f is not necessarily local PL, and thus we
cannot directly derive convergence as in Proposition 4.1. To proceed, we use a low-rank approxima-
tion for U, and associate the dynamics in this neighborhood with the GD dynamics of the following
under-parameterized matrix sensing loss:

Uy =1t 1Az - vUT)|., UeRr>S, 6)

It can be shown that when § is sufficiently small, the global minimizer of f is unique up to rotation,
ie., if U* is a global minimizer of f;, then any other global minimizer can be written as U*R for
some orthogonal matrix R € R**%, The main observation is that GD follows an approximate low-
rank trajectory until it gets into a small neighbourhood of Z, so that we can still use our landscape
results in the low-rank regime.

Proof sketch of Theorem 4.1: For all t > ffé, define Ua,t =U, 4T w, tids € R*5_ where

Wat = Wy , as defined in the proof sketch of Lemma 4.1. Note that Lemma 4.1 implies that

U, 1: is approximately rank-s, so within a time period after T; the GD trajectory remains close to
another GD initialized at Ua,o for the rank-s matrix sensing loss (6) until ¢ = © (log é) ,lLe

T
T3 +tUa,T;+t' 7

UCY tU +=U,
Again by Lemma 4.1, the initialization lAIa’o is within a small neighbourhood of the global min-
ima of f,(U). Furthermore, Theorem 5.1 implies that f;(U) satisfies a local PL-like condi-
tion, so that GD with good initialization would converge linearly to its global minima (Karimi
et al.,, 2016). We need to choose a time ¢ such that (7) remains true while this linear con-
vergence takes place for sufficiently many steps. We can show that there always exists some

~ ~ A, 1
t = t2, such that both HU‘X Ul —U, T5+tU(st+tH and HUa’t - U; B are O (QW>. Hence

|Ua,Us s — 22| <OéM*»2 fort = T5 :=T5 +t5.

Forall 1 < s < 7 A7y, since (7) always holds for ¢ < ¢5, and rank (Uu_,t> < s, we must

have maxi<i<7s 0541 (Uay) = o(1) as « — 0. Finally, || 27, — X,1 X[ 4| = O(0) (cf.
Lemma E.5), s0 0541 (Z7,,) = O(1). Therefore, U, U, ; cannot be close to Z7,, whent < T},
so we must have 757! > T'%. This completes the proof of Theorem 4.1.
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5 CONVERGENCE IN UNDER-PARAMETERIZED MATRIX SENSING

In this section, we analyze the properties of the landscape of the matrix sensing loss (1), which plays
a crucial role in proving results in Section 4. While the landscape of over-parameterized matrix
sensing (i.e. 7 > r*) is well-studied (Tu et al., 2016; Ge et al., 2017), few results are known for
the under-parameterized case. Our results provide useful tools for analyzing the convergence of
gradient-based algorithms for solving problems like low-rank matrix approximation and might have
independent interests.

To prove convergence results like Proposition 4.1, we first study the landscape of fs defined in
(6) near the set of global minimizers. One major difficulty here is that f; is not locally strongly-
convex, because if U € R** is a global minimizer of f,, then U R is also a global minimizer, for
any orthogonal matrix R € R**® . Nonetheless, we can establish a Polyak-Lojasiewicz (PL) like
condition, Theorem 5.1, which is the main result of this section.

Definition 5.1 (Procrutes distance) For any d,s € Nt and U;,U, € R%* we define
dist(U;,Us) = min {||U; — U2R|| : R € R*** is orthogonal}.

We note that the procrutes distance is well-defined because the s x s orthogonal matrices are a
compact set and thus ||U; — Us R)|| - is continuous in R. It can be verified that procrutes distance
is a pseudo metric, i.e., it is symmetric and satisfies the triangle inequality.

Theorem 5.1 (Landscape of under-parameterized matrix sensing) The global minimizer of f
is unique up to an orthogonal transformation, i.e. the set of global minimizers of fs is
{UXR : R € R°*5 is orthogonal} where U} is an arbitrary global minimizer. Moreover, let
U € R¥™ and U} be a global minimizer of fs such that |U — UZ||. = dist(U,U}). Sup-
pose that Assumption 3.1 holds and U — U?|| < 1072k X ||, then (Vfs(U),U —U}) >
0.17dist*(U, U?).

Remark 5.1 Recall PL condition means there exists some constant i > 0, such that |Vg(z)||* >
2p (g(x) — mingern g(y)) holds for all x. Since fs is locally smooth around U}, there exists a

constant ¢; > 0 such that fs(U) — fs(UF) < ¢ U — U:H; Moreover, Theorem 5.1 implies that
U = Uz < 10072 ||V f(U) [, s0 we have [V f5(U) [ > 10-27%ci" (f,(U) = f5(U7)).

In other words, Theorem 5.1 implies that the matrix sensing loss (1) is locally PL.

When § = 0, f, reduces to the matrix factorization loss F, : R¥* — R F,(U) =
= |[UUT -z~ i The following corollary immediately follows from Theorem 5.1.

Corollary 5.1 (Landscape of under-parameterized matrix factorization) The set of global min-
imizers of Fs is {X R : R € R%*% is orthogonal}. Moreover, under Assumption 3.1, given
U € R and let R be an orthogonal matrix such that |U — X R||, = dist(U, X). If
dist(U, X,) < 107257 X ||, then (VF(U),U — X,R) > 0.17dist>(U, X,).

We end this section with the following lemma that formalizes the intuition that all global minimizers
of the f; must be close to X, under the procrutes distance, which is used in the proof sketch of
Theorem 4.1 in Section 4.

Lemma 5.1 Under Assumption 3.1, we have dist(U, X ) < 400k|| X ||  for any global minimizer
U; of fs. Moreover, || ZF — XSXSTHF < 800K+ || X ||*

6 EXPERIMENTS

In this section, we perform some numerical experiments to illustrate our theoretical findings.

Experimental setup. Consistent with our theory, we consider the matrix sensing problem (1) with
d = 50,7 =5, a € {1,0.1,0.01,0.001}, m € {1000, 2000, 5000}. We will consider different
choices for # in the experiments. The ground-truth Z* = X X T is generated such that the entries
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(e) a = 0.001, 2000 measurements. (f) @« = 0.001, 5000 measurements.

Figure 1: The evolution of relative error against the best solution of different ranks over time.

of X are i.i.d. standard Gaussian variables. Throughout our experiments, we use the same ground-
truth to compare different choices of parameters. Fori = 1,2, - - - | m, all entries of the measurement
A; € R4 are chosen i.i.d. from the standard Gaussian N(0,1). When m > dr,d~2, this set of
measurements satisfies the RIP with high probability (Recht et al., 2010, Theorem 4.2).

We solve the problem (1) via running GD for T = 10* iterations starting with small initial-
ization with scale o.. Specifically, we choose Uy = alU where the entries of U € R¥*" are
drawn i.i.d. from standard Gaussian distribution. We consider both the over-parameterized and the
exact/under-parameterized regime. The learning rate of GD is set to be . = 0.005.

6.1 IMPLICIT LOW-RANK BIAS

In this subsection, we consider the over-parameterized setting with » = 50. For each iteration

. vU -x,xT|2

t € [T] and rank s € [r.], we define the relative error &;(t) = ”t”;(#“z’v to measure the
s<*s IIp

proximity of the GD iterates to X ;. We plot the relative error in Figure 1 for different choices of o

and m (which affects the measurement error §).

Small initialization. The implicit low-rank bias of GD is evident when the initialization scale «
is small. Indeed, one can observe that GD first visits a small neighbourhood of X, spends a long
period of time near it, and then moves towards X5. It then proceeds to learn X3, X, - - - in a similar
way, until it finally fits the ground truth. This is in align with Theorem 4.1. By contrast, for large
initialization we do not have this implicit bias.
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Figure 2: The evolution of the loss and relative error against best solution of different ranks in the
exact-parameterized case r = 5.

The effect of measurement error. For fixed «, one can observe the the relative error becomes
smaller when the number of measurement increases. This is in align with Lemma 4.1 in which the
bound depends on §. In particular, for the case s = r,, although GD with fixed initialization does
not converge to global minima, but the distance to the set of global minima scales as poly(«).

6.2 MATRIX SENSING WITH EXACT PARAMETERIZATION

Now we study the behavior of GD in the exact parameterization regime (r = r,). We fix m = 1000
and r = r, = 5 and run GD for 7" = 500 iterations. We plot the relative error in Figure 2. We
can see that GD exhibits an implicit low-rank bias when « is small. However, choosing a very
small o would slow down the convergence speed. This is because GD would get into a poly(«a)-
neighbourhood of the saddle point Z and spend a long time escaping the saddle. Also, convergence
to global minimizers is guaranteed as long as « is below a certain threshold (see Proposition 4.1).

7 CONCLUSION

In this paper, we study the matrix sensing problem with RIP measurements and show that GD with
small initialization follows an incremental learning procedure, where GD finds near-optimal solu-
tions with increasing ranks until it finds the ground-truth. We take a step towards understanding the
optimization and generalization aspects of simple optimization methods, thereby providing insights
into their success in modern applications such as deep learning (Goodfellow et al., 2016). Also, we
provide a detailed landscape analysis in the under-parameterized regime, which to the best of our
knowledge is the first analysis of this kind.

Although we focus on matrix sensing in this paper, it has been revealed in a line of works that the im-
plicit regularization effect may vary for different models, including deep matrix factorization (Arora
et al., 2019) and nonlinear ReLU/LeakyReLU networks (Lyu et al., 2021; Timor et al., 2022). Also,
it is shown in Woodworth et al. (2020) that different initialization scales can lead to distinct induc-
tive bias and affect the generalization and optimization behaviors. All these results indicate that we
need further studies to comprehensively understand gradient-based optimization methods from the
generalization aspect.
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The appendix is organized as follows: in Appendix A we present a number of results that will be
used for later proof. Appendix B sketches the main idea for proving our main results. Appendix C
is devoted to a rigorous proof of Lemma B.1 ,with some auxiliary lemmas proved in Appendix D. In
Appendix E we analyze the landscape of low-rank matrix sensing and prove our results in Section 5.
These results are then used in Appendix F to prove Theorem 4.1. Finally, Appendix G studies the
landscape of rank-1 matrix sensing, which enjoys a strongly convex property, as we mentioned in
Section 5 without proof.

A PRELIMINARIES
In this section, we present some useful results that is needed in subsequent analysis.

A.1 THE RIP CONDITION AND ITS PROPERTIES

In this subsection, we collect a few useful properties of the RIP condition, which we recall below:

Definition A.1 We say that the measurement A satisfies the (0, 1)-RIP condition if for all matrices
Z € R4 with vank (Z) < r, we have

(L=0)Z]7 < JAD)5 < (1 - 0] 2]

The key intuition behind RIP is that A*A ~ I, where A* : v = —= 371", v;A; is the adjoint of
A. This intuition is made rigorous by the following proposition:

Proposition A.1 (Siiger & Soltanolkotabi, 2021, Lemma 7.3) Suppose that A satisfies (r,0)-RIP,
then for all symmetric matrix Z of rank < r — 1, we have

I(ATA=T)Z|| < V7| Z].

A.2 MATRIX ANALYSIS

The following lemma is a direct corollary of Proposition A.1 and will be frequently used in our
proof.

Lemma A.1 Suppose that the measurement A satisfies (0,2r. + 1)-RIP condition, then for all
matrices U € RY*" such that rank (U) < ry, we have

[(AA-I) (XX -UUT)| <o (IX]°+U]?) .
In our proof we will frequently make use of the Weyl’s inequality for singular values:

Lemma A.2 (Weyl’s inequality) Let A, A € R4*¢ be two matrices, then for all 1 < k < d, we
have
lox(A) —or(A+A) < Al

We will also need the Wedin’s sin theorem for singular value decomposition:

Lemma A.3 (Wedin, 1972, Section 3) Define R(-) to be the column space of a matrix. Suppose
that matrices B = A + T, Ay, B are the top-s components in the SVD of A and B respectively,
and Ag = A — A1,By =B — By. If 6 = 0in(B1) — 0max(Ao) > 0, then we have

Jsin® ((4y), R(B1) | < 151

where ©(-, -) denotes the angle between two subspaces.

Equipped with Lemma A.l, we can have the following characterization of the eigenvalues of M
(recall that M = A*A(X X))
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Lemma A4 Let M == A*AXXT") and M = Zzzl 62910, be the eigen-decomposition of

M. For1 < i < dwe have 2

Proof :By Weyl’s inequality we have
lo? — 67| < [|[M - XXT| <5 X|?
as desired. O

A.3 OPTIMIZATION

Lemma A.5 Suppose that a smooth function f € R™ +— R with minimum value f* > —oo satisfies
the following conditions with some € > 0:

(2). There exists an open subset S C R™ such that the set S* of global minima of f is contained in
S, and for all stationary points x of f in R™ — S, we have f(x) — f* > 2e. Moreover, we also
have f(x) — f* > 2e on JS.

Then we have

{x eR™: f(x)— f*<e}CS.

Proof : Let * be the minimizer of f on R™ — S. By condition (1) we can deduce that * always
exists. Moreover, since any local minimizer of a function defined on a compact set must either be a
stationary point or lie on the boundary of its domain, we can see that either * € S or Vf(x*) = 0
holds. By condition (2), either cases would imply that f(x*) — f* > 2, as desired.

Lemma A.6 Let {xi}, {yr} C R" be two sequences generated by xy11 = ¢ — pV f(xy) and
Ypt1 = Yr — uV f(yr). Suppose that ||xy|| < B and ||yi|| < B for all k and f is L-smooth in
{x € R" : ||z|| < B}, then we have

ek —yull < (1+ pL)* [lzo — yol -
Proof : The update rule implies that
lTk+1 — Y|l = e — Yy — 1V f(2r) + £V f(ye) |l
< [l —yrll + w1V S (@) = fye)l

< (14 pL)lloy — yill
which yields the desired inequality. |

A.4 PROOF OF PROPOSITION 3.2
Proposition 3.2 immediately follows from the following result:
Proposition A.2 (Rudelson & Vershynin, 2009) Suppose that all entries of U € R4 are indepen-

dently drawn from ./\/( , \/;> and p = V=Vl fv , then omin (VX U) > p with probability at

least 1 — e=<" — (Ce)"~***. Here ¢,C' > 0 are universal constants.

By Proposition A.2, we have

P {Ell < s <7rArySt Omin (V;SU) < 2:}
TAT %
< 3% 8 o (.0 < L]
s=1 \[
TAT 4

< Z —cr CG r— s+1) Sr(e—cv'+06)

which concludes the proof of Proposmon 3.2.
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B MAIN IDEA FOR THE PROOF OF THEOREM 4.1

In this section, we briefly introduce our main ideas for proving Theorem 4.1. Motivated by Stoger
& Soltanolkotabi (2021), we decompose the matrix U, into a parallel component and an orthogonal
component. Specifically, we write

U = UWW, + UW, W, | (8)

parallel component  orthogonal component
where W; := Wy,r ;€ R™** is the matrix consisting of the right singular vectors of Vy U,
X t s

(Definition 3.1) and W, | € R7*("=5) is an orthogonal complement of W;. Our goal is to prove
that at some time ¢, we have Vi (UU,' — X, X) ~ 0 and [|[U;W; L[ =~ 0. As we will see

later, these imply that | U;U,"” — X, X || ~ 0. The remaining part of this section is organized as
follows: in Appendix B.1 we give a heuristic explanation for considering (8), and in Appendix B.2,
we present our proof outline.

Additional Notations. Let Vx| € R%*(@=%) be an orthogonal complement of Vx, € R4*.
Let X = diag(o1,...,05) and 25 | = diag(csi1,...,04). Weuse Ay := (A*A - I)( XX —
U,U,") to denote the vector consisting of measurement errors for X X | — U, U,".

B.1 HEURISTIC EXPLANATIONS OF THE DECOMPOSITION

A simple and intuitive approach for showing the implicit low rank bias is to directly analyze the
growth of V;S U, versus V;s LU 1deally, the former grows faster than the latter, so that GD only
learns the components in X.

By the update rule of GD (3),
Ve, U1 =Vx_ | [T+ pA"AXXT - UU)| U,
=Vx, T+ pXXT - pUU | U +p Vx| AU,

—Gia =Gy,
= G4,1 + uGya.
For the first term G ;, we have
Gy =T +p32,)Vx, U —uVyg  UUU,
=T+ Mzg,L)V)—(rs,LUt(I —p U + O(?),

where the last term O(p?) is negligible when p is sufficiently small. Since || X ||| = 0541, the
spectral norm of G ; can be bounded by

IGeall < T+ =2 L1 IV, LUl 1 = pUU, || + O(n?)

<(1+ MUEJrl)”V)—(Z,J_UtH +O0(p?).

However, the main difference with the full-observation case (Jiang et al., 2022) is the second term
G = V;S | A.Uy,. Since the measurement errors A, are small but arbitrary, it is hard to compare

this term with V; 1 Uit1. As aresult, we cannot directly bound the growth of || V;S LU

However, the aforementioned problem disappears if we turn to bound the growth of
I V; LU+1 W, 1 ||. To see this, first we deduce the following by repeatedly using V;S UW,, =
0 due to the definition of W, .

GiaW 1 =Vy | [IT+pXX" —pUU | UW, |
=Vx, \(I+pXX"HUW, | —uVyx  UUUW, |
= (I +u%; )Vx, [ UWi 1 —uVx, U (WW, + W, W[ U UW, |
= (I +pu%; )Vx, [ UW (I - pW, U UW, 1)
— uVx, JUWW, U UW, | + O,
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G oW, 1 =Vx  AUW, | =Vyg [ AVx, 1Vx. [ UW, L,
So we have the following recursion:
Vx, 1UaWi = (I + 32 | +uVx, | AVx, )Vx, \UWi (T = uW, U UW, 1)
— uVx, \JUWW, U UW, | +O(u?),

We further note that

Vi, UpiWip = Vx (U WiW, Wi +Vy (U W W, Wi, 9)
which establishes the relationship between V;S ’ L U1 W, and V;S ’ L Ui11 Wiy, 1. To complete
the proof we need to prove the following:

* The minimal eigenvalue of the parallel component UyW;W," grows at a linear rate with
speed strictly faster than o4y .

* The term HV)}: Vuw,

< 1, which implies that the first term in (9) is negligible.

B.2 PROOF OUTLINE

An important intermediate step of our proof is the following result:

Lemma B.1 Under Assumptions 3.1 and 3.2, if the initialization scale « is sufficiently small, then
Jorall1 < s <7 Ar, there exists a time T € Z such that

HX“,.XST —Ur:Uy7. oS K25 ]| X |16

We begin with the spectral alignment phase, where we can make the following approximation
Ut+1 ~ (I + MM)Ut (10)

since U, is initially small. At some time ¢ = Ty, U; would become approximately aligned with

the first s components, as long as there is a positive gap between the s-th and (s + 1)-th largest

eigenvalues of M. The choice of Tj is subject to a trade-off such that the alignment takes effect
while (10) does not induce large error.

We then enter the second phase which we call the parallel matching phase, in which the parallel
components grow to a constant magnitude and is well-matched with the ground-truth (the orthog-
onal components remain small). Specifically, for small constants ¢;, 1 < ¢ < 3, we show that the
followings are true in this phase:

(D). amin(V;S U, ) grows exponentially fast until it reaches c - o5 for some constant ¢ at some time
T. Specifically, we have
O—min(‘f)—(l—S Ut+1Wt) Z O—min(V)—(rs Ut) (1 + ,Uza'g —C1 — uafnin(V;s Ut)) .
(2). When t < T, the growth speed of |[U; W, 1 || is slower than o2, (V¥ Uy):

U1 Wi, 1| < (14 pofyy +c2) [UWe L.
3. Vi, Vow,

< c3 remains true until ¢t = T5.

These statements will be proven by induction. At ¢t = Ty, we have amin(V;S U;) = ©(1), and
we enter the refinement phase in which we show that the quantity |[Vy (UU," — X, X[)|| .
decrease exponentially until it reaches O(4). Note that in general GD would not converge to
an o(1)-neighbourhood of X, X as the initialization scale & — 0, because X, X is not the

rank-s minima of the RIP loss. As a result, in the refinement phase we can only expect to obtain
|UU," — X, X[ < poly(r) - 6.

To conclude the proof of Theorem 4.1, we prove in Section 5 that the landscape of the matrix
sensing loss with rank-s parameterization, though non-convex, satisfies a local Polyak-Lojasiewicz
(PL) condition within a neighborhood of constant radius. As a result, for sufficiently small §, GD
converges linearly to global minima with good initialization. We then show that within a time period
after the refinement phase, the GD trajectory is close to the trajectory of well-initialized GD for rank-
s parameterized matrix sensing. The length of this period goes to infinity when o« — 0, thereby
implying that GD finds the rank-s minimizer with o(1) error. The details are given in Appendix F.
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C PROOF OF LEMMA B.1

In this section, we give the full proof of Lemma B.1, with some additional technical lemmas left
to Appendix D. Appendices C.1 and C.2 are devoted to analyzing the spectral phase and parallel
improvement phase, respectively. Appendix C.3 uses induction to characterize the low-rank GD
trajectory in the parallel improvement phase. In Appendix C.4 we study the refinement phase, which
allows us to derive Lemma B.1.

C.1 THE SPECTRAL PHASE

Starting from a small Uy = alU, a < 1, we first enter the spectral phase where GD behaves similar
to power iteration. As in Stoger & Soltanolkotabi (2021), we refer to this phase as the spectral phase.
Specifically, we have in the spectral phase that

Upp1 = (T +p(A*A) (XX T -UU)) Uy = (I 4 p(A*A) (XX ) U,

The approximation holds with high accuracy as long as ||U;|| < 1. Moreover we have M :=
(A*A)(XXT) =~ XXT by the RIP condition; when ¢ is sufficiently small, we can still ensure
a positive eigen-gap of M. As a result, with small initialization U; would become approximately
aligned with the top eigenvector u; of M. Since |[M — XX "| = O(6,/r) by Proposition A.1,

we have [|[u1 — v1|| = O(8,/r%) so that ||V Vy,w,|| = O(5y/rx). This proves the base case for
the induction.

Formally, we define M = A*A(XXT), Z, = (I + uM)' and U, = Z,U,. Suppose that
M = Zrank(M) 629,;0; is the spectral decomposition of M. We additionally define M, =

mm{é rank(M)} 629;0;. By Lemma A.4 and §,/7, < 1073k as stated in Lemma B.1, we have
O Z os —0.017 and crs+1 > 0541 +0.017, where 7 = 04 — 0441 > 0. Additionally, let Lt be the
span of the top-s left singular vectors of U;. We make the following assumption on the initialization,
which holds with high probability when it is i.i.d. Gaussian:

Assumption C.1 The matrix VIJISU € R**" has full row-rank i.e. p = oy (V]\TIS U) > 0.
Let B _

t* := min {Z eN: HUi_l — Ui_lH > HUZ_IH} s
the following lemma bounds the error of approximating U; via l~Jt:

Lemma C.1 (Stiger & Soltanolkotabi, 2021, Lemma 8.1) Suppose that A satisfies the rank-1 RIP
with constant §1. For all integers t such that 1 <t < t* it holds that

1B = U - O <4672, (14 61) (14 063)™ U, (11)

Corollary C.1 We have
loga™! + 1o pal
s 8 8 AT +our.
B log (1 + po?)

Proof : By Lemma C.1 we have
1B, < 46720, (1+61) (1+ po?)™ U
for all ¢ < ¢*. On the other hand, we have
U = a||(T + pM) tU||

> a(l + péi)t UH
> (1 + #01) ap.
Thus, it follows from || By« || > ||Uy-|| that
. 5 loga™! + 1 log e
~2\t POy -1 * 4(1+401)rs
1+ pé? A = 2
(1+poy) > \/4(1+(51)T*U||3 - log (14 ué?)
as desired. O

19



Under review as a conference paper at ICLR 2023

Lemma C.2 There exists a time

52
2loga~! + log 74””(11%)

t= TO = ~ S t*
3log(1 + pof) —log(l + pé3,,)
such that
Ui =Y a(l+p62)' 90 U| < a7
i=1
where v =1 — 2log(144167)

3IOg(1+U&%)_10g(l+1L&§+1) ’

Proof : It’s easy to check that Ty < ¢* by applying Corollary C.1.

We consider the following decomposition:

Uy =Y ol +p6?) o0 U
i=1

When t < t*, the first term can be bounded as

<Joi-ai]

U -> a(l+ u&f)tijH .

B < 467203, (1+61) (14 p6?)™.

For the second term we have

T
> a(l+ps}) o, U
1=s+1

< <a(l+ue,)"

|ﬁt =3 a1+ ps}) e U

=1

In particular, the definition of Tj implies that
S
U, =Y a(l+p6)) 6,0, U

=1

-
Sa

as desired. O

We conclude this section with the following lemma, which states that initially the parallel component
U, W, would grow much faster than the noise term, and would become well-aligned with X.

Lemma C.3 The following inequalities hold for t = Ty when o < p~** is sufficiently small:

U < |1 X (12a)
1— 210'g(l+w?§)
i (Un,Wi,) > p-poly(r,) 4o oo st (120)
1 2log(1+u&2, 1)
||UT0WTO,J_|| < poly(r*) Ca 3log(1+p67) —log(1+pé2, ) (12¢)
VX, L Vi, wa, || < 2000 (12d)

Proof : We prove this lemma by applying Corollary D.1 to ¢t = Tj defined in the previous lemma.
The inequality (12a) can be directly verified by using Lemma C.2:
I < o (1+p67)™ +a7 S poly(r.) -0/ <||X].
For the remaining inequalities, we first verify that the assumption in Corollary D.1:
aos(Zy) > 10 (aos41(Zy) + || Ee]) - (13)
By definition of Z;, we can see that
. T
agsi1(Zr,) + | En | < o (1+pu62,0) " + | En|

1— 2log(1+u62)
¥ 3log(1+ué2)—log(1+ué2, )
<a” < 0.1pa 1 S+1

<0.lacs(Z1,)
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when o < poly(r,) ™1, so that (13) holds. As a result, we have
o5 (UW,) = 0400, (Zy) omin (VI U)

To

> 0.4poly(r,) " - ap (1 + u&f)

1— 2log(14u62)
a8 log(1+p61)—log(1+n62, )

(a0Z1 (Z:) [U] + || E:l)

2log(1+u&§+1) (14)

2P
[U:We, || <2

< al_310g(1+u6%)710g(1+u<’12+1)
aos11 (Z) U] + || E]|
Ve Vu,w,| <100 <5+ +
IVE Vo e

210g(1+;u§3)7210g(1+;u’7§+1)
<100 <5a 3log(l+;u§'%)—log(l+;u§z+1) > < 2008
The conclusion follows. O

C.2 THE PARALLEL IMPROVEMENT PHASE

C.2.1 THE SIGNAL TERM

In the following we estimate omin (Vy Up41W). We state our main result of this section in the
lemma below.

Lemma C.4 Suppose that V;SUt € RX" is of full rank, p < 1074 X|72, 3 < 107371,
[(AA-I)(XXT -UU,)| < 107371 X || and [Vx 1 Vu,w, || < c3, then we have
O—min(V)—(rS Uip) > O—min(V)—(rS U1 W)
> (14 p (02 — (5es 4+ 200)[| X [|?) — 50012 X[|*) (1 — popin (V. Up)) Omin(Vy, Up).

min

Proof : The update rule of GD implies that

Vx. U1 W,
=Vx, [+ pu(XX" —UU]) + pAy) U W,
=Vx, (I +u(X: X, —UU) + pAy) U W, (15a)
= (I +pu32)Vx UW, — yV¥ UU UW, + pVx A UW, (15b)
= (I +p=)Vx UW, — nVx UU, Vx Vx UW, — nVy UU, Vx 1 Vx.  UW,

+ uVy A UW,
= (I +pS2)Vx UW, (I — uW,'U,' Vx Vx UW,) + uVx AUW,

— uWVx UU Vx, 1 Vx UW, + *S2Vy UWW, U/ Vx Vg UW, (15¢)

where (15a) follows from V)—(FSXXT = V;}ZXSXST + V;sXS,LXL_ and V;SXS’L = 0
(15b) follows from V)}'—SXSX;r = V)}ZVXSESV;S = ESV}}'—S, and (15c) follows from
V;S U, = V;S UtWtWtT + V)}rs UW, | WJJ_ = V;S UtWtWtT by definition of W; and W, .

We now relate the last three terms in (15¢) to V;S U, W,. Since V;ﬁ U; W, is assumed to be invert-
ible, so is V;ﬁ Vu,w,, 2u,w, and Wy, w,, thus we have
U W, = UW,(Vx UW,) ' Vi U W,
= UW, (Vx Vu,w, Su,w, thwt)_1 Vx, UW, (16)
= Vuw, (Vi Vow,) Vi UW,.
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Plugging (16) into the second and third terms of (15) and re-arranging, we deduce that
Vx. Ui W,

= I+ w2+ P + P)) V. UW,(I — uW, U, Vx_ Vx UW,)
+ 12 (22 + P+ P) Vg UW,W, U, Vx Vx UW,

_ [I Fu(Z24 P+ P) + 12 (B2 4+ P+ P) VR UW,W, U, Vx, (I — iVy, UtWtWtTUtTVxS)fl} :
Vx UW,(I — uW,' U, Vx Vg UW,)

(17)
where we use the equation A = (I — pAAT)'A(I — pAT A) with A = V U;W; (when

1 < grxepe> I — pAAT is invertible), and
—1
P =V UU/ Vx, Vi Vuw, (V¥ Vuw,) .
-1
P2 = V;S AtVUtWt (V)—(rs VUtWt)

By assumption we have

2
>

1
Omin (V)—(rs VUt W, ) Z \/1 - H V;é L VUt W, ia

so that
1P < [V OO Vi, - [V Vow |- || (Vi Voawa) ™| < el X2 < 5112 19)
and by our assumption we have
1P, < H(V;SVUtWt)’IH A < 10725718 (20)
Moreover, note that ||Z4]|> = || X]|?, and when u < we have

H(I - MV,ISUtWtWtTUJVXS)’lH < 2. Thus

o] x]1?

H(z§ + P+ P) VR UWW, U Vx, (I - uv;gUtWtWJUJVXS)’lH < 500(|1 X%,

The equation (18) implies that
Omin(Vx, U1 W;)

> Ouin (1 4+ U524+ Py + Py + (824 P+ Po) VL UWW, U Vix, (1= uVE UWiW, U V) )

Tmin (Vi UW,(I — uW, U Vx_ Vi U,W,))
> (14 poin (Bs) = pll Prll = pl| Pol| = 5004° | X ||*) omin (Vi Up) (1 = p0in(Vx, Us))
— (14 10? = | Pil| - ull Pall = 50012 X11*) uain(VR, U2) (1 — 102, (V. UL))
Recall that P; and P, are bounded in (19) and (20) respectively, so we have that

Omin(Vx, Ur1)

> Umin(V;sUtHWt)

> (14 p (02 = (5e3 + 200)[| X [12) — 50012 X[[*) (1 = popnin (Vi Ut)) Omin(Vx, Us)-
The conclusion follows. ]
The corollaries below immediately follow from Lemma C.4.
Corollary C.2 Under the conditions in Lemma C.4, if o2, (Vx Uy) < 0.3(02 — 02,,) =
0.3x~ Y| X ||, then we have

Umin(V)—{l—SUt+1) > (1 +0.5u(02 + U§+1)) Umin(v)—frsUt)'
Corollary C.3 Under the conditions in Lemma C.4, if
Touin(Vx,Ut) < 02 = 50(cs + 0v/r) | X,

then we have that O’min(V;S Uirq) > o'min(V)—(: U,).
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C.2.2 THE NOISE TERM

In this section we turn to analyze the noise term.The main result of this section is presented in the
following:

Lemma C.5 Suppose that V;S U1 Wi € R¥%7 is of full rank,

IVx., . Vuw, |l < ez <1026

and
[(AA-D)(XXT -UU,)| <1073 es]| X |7,

then we have

U1 Weia, 1| < (14 poZyy +30ul| X [Pes + 0.167 | X ||*) U W L -

Proof : By the definition of W, , we have V;S UW,, = 0, thus |[UW, .| =
H V;S’ LUW; 1 H The latter can be decomposed as follows:
V;§7LUt+1Wt+1,L = V}IS7LUt+1WtWtTWt+1,L + V)—i:g,LUt—HWt,LWtTLWt-&-LL .
=(a) =(b)

In the following, we are going to show that the term (a) is bounded by c - ;1 where c is a small
constant, while (b) grows linearly with a slow speed.
Bounding summand (a). Since
0= V;S Uit iWit1,1 = V)Z Ut+1WtWtTWt+1,l + V);'rs Ut+1Wt,LWtTth+1,L
by definition, we have
-1
W, Wi =— (VR UaW,)  Vx U W, \W," W,y 1. 1)
Thus the summand (a) can be rewritten as follows:
Vx, Ui WiW, Wi 1
-1
~Vx, \UaW, (VX Ui W) Vx U Wy AW, Wi (22a)
-1
_V;s,lUt""th (V)—(rs VUt+1 W, 2Ut+1 W, WUt+1 Wt,) V}—(rs Ut+1 Wt,LWtTLWt+1,L
-1
(Vx.Vuaw)  Vx Ui W W, Wi 1 (22b)
—1 %
_V)—(FS,J_VUtJrIWt (V)—(:VUt+1Wt) V)—(rs (I + /~L~A A (XXT - UtUtT)) UtWt,J_WtTJ_WtJrl,J_

— Ve Vuw, (VE Viaw,) Vi [(XXT —UU) + A UW, W, W11
(22¢)

T
_VXS,J_VUt+1Wt

—1

=uVx.  Vuw, (VX Vuaw,)  Vx, [OU — AJUW, W, Wi
-1

=uVx  Vuw (Vi Vuw)  MiVY  UW, W, Wi 1,

where M, = V;S [UtUtT Vx,.1— AtVXS7L]. In (22), (22a) follows from (21), (22b) holds since
Suw, WJtHWt € R*** s invertible, and in (22¢) we use Vi U;W; 1 = 0. It follows that

l@) < [V, Vorawe |- || (VA Voeaow) ™ | IMINIVE, LOWL]. @3)

By Lemma D.4 we have HV;S,J_VleWt

< 0.01, which implies that

1
2

H(V)—CZVUt+1Wt)_1H = o-r;iln (V;SVUt+1Wt) = (1 - HV)}—S,J_VUwertHQ)i > (24)

1
5"
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Lastly, we bound M as follows:
My < ||Vx, UU Vx, 1|+ |[(AA-T) (XX T —U,U, )|
< ||V, UW| - ||Vx, LUW, ||+ 10726 o3| X |? (25)
< 10[| X ||%es.

where the second inequality follows from our assumption on ||(A*.A -I)(xXXT-UU,") H
Combining (23), (24) and (25) yields

(@)l < 204 X [|*es]|U W, 1 |-

Bounding summand (b). This is the main component in the error term. We’ll see that although
this term can grow exponentially fast, the growth speed is slower than the minimal eigenvalue of the
parallel component.

We have
Vi, UniWi
=Vx, [T+ pXXT-UU )+ p(AA-1T) (XX -UU,") | UW, . (26a)
= | IT+p22, —uVx, \UU'Vx 1 +nVx,  AVx, 1 | Vx. L UW, (26b)
= (T +p22, —puVx, ,UWW, U Vx, 1 +uM) Vx  UW,  (I-puW, U UW, )

(26¢)
+u? (B2, -V  UWW, U Vx, | + M) Vy  UW, W, U 'UW, | (26d)
where we recall that Zgﬁj_ = diag(azﬂ, <020, 70) e R(@=9)x(d=5) n (26), (26a) follows
from the update rule of GD, (26b) is obtained from V; XX T = Ei J_V;“ L and U W, | =
Vx. V;ﬁ UW,  + VXSYLV;s7lUtWt7J_ = VXS,LV);'FS,LUtWt,l’ and lastly in (26d) we use
Vx, \UUVx, VX  UW, |
=Vx, JUWW, U Vx, Vx UW, | +Vx UW, W, U'Vx Vx [UW,
=Vx, UWW, U Vx Vx [ UW,  +Vy UW, W, U UW,,.
It follows that
IV, LU Wi |
< (I = uVx, LUWW U Vi, 1|+ 0l B, L1 + | Ma]) [V, LUW (T = w0V, L UW L)
+ I UW L (0700 + U + 10726 e X|1P)
< (14 p0%y + | M) [UWe | (T = u| U W L 1?) + 0022 X [0 W |
< NOWe L] (1 4+ o2y + 10p8/7| X | + 0162 X 1)
To summarize, we have
|U 1 Wi | < (1+ o2y + 30u)| X |2es + 017 X|1*) U, WL |
as desired. (]

To bound the growth speed of the orthogonal component, we need to show that the quantity

HV;S,LVUtWt
ttot+ 1:

remains small. The following lemma serves to complete an induction step from

Lemma C.6 Suppose that ||[Vx_ .1Vuw,| < ¢ and ||[UWii1|| < co with
max {cs, c4| X |71} < 1073671 and ||[(ATA-T)(XXT -UU)|| < 10736 o] X||?
(where k is the condition number defined in Section 3.1) and p < 10~*k~1|| X || ~2c3, then we have
Vx., 1 Vo, wi |l < cs.
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Proof : Let M; = A*A(X X" — U,U,"), so the update rule of GD implies that

Uit aiWipr = (I + pM;y

= UWiia
= (I + puM;
(
(

(UW W, W, + UW,  W,| W, 1)
(Vo,w, Vu,w U W W, W1 + UW, . W,[, Wi4)
I+ P)\Vuw, Vy,w,UW:W, W1,

I+ M,

~— — ~— —

=2
where
P= UtWt,LWt,TLWt-H (VUTth UtWtWtTWtH)_l VIJT:‘,Wt
and VJt W, UtWtWtTWH_l is invertible since VUT5 w,UtW, is invertible by our as-
sumption that Vi U, is of full rank and rank (U;W;) > rank (Vy UW,) =

rank (Vi U;) = s, and W,' Wy, is invertible by Lemma D.6 and the assumptions on £ and
[(AA-T)(XXT —UU )|

The key observation here is that because the (square) matrix VJt W, UW, WtT W41 is invertible,
so that the column space of U, 1 Wy, is the same as that of Z. Following the line of proof of
(Stoger & Soltanolkotabi, 2021, Lemma 9.3) (for completeness, we provide details in Lemma D.7),
we deduce that

"V)}—S,J_VUt+1Wt+l|‘ = ’|V;3,LVZW;’|

1
< HV);Ql [(I +B - §VUtWtVl}rtWt (B+ BT)> Vu,w, — BVu,w,. Vd.w, (B+ BT) Vu,w, + D] H

1
<[V (14 B~ JVow Vo, (B4 B7) ) Vowe| + 21812 + D)
27
where B = (I + uM,;)(I + P) — I and | D|| < 100|/B||?. By assumption we have
IP| < [UWe || [[We, L Wi ||
- Umin(UtWt)Umin(WtTWtJrl)
<2(W, a Wi,
so that
|B-u(XX" -U,U,)
< u|My — (XX T = UU])|| + ||| + p| M| P
<pul|(AA-DXXT = UU,)|| +2|We . Wep ||+ 4u]| X | W, . W | 28)

<pl|(AA-D(XXT —UU, )| +6|Wi L Wi
< 18 (10u]| X |1° + ¢1) 3| X || + Tp (A A - TN XX T - UU, )|
< 184 (10| X || + €4) ea]| X || + 0.01 k™ ez || X |2

where we use Lemma D.6 to bound HWt]_WtHH. Let By = p(XX'" - UU,") and R, =
V)—(Z’L (I + B — VUtWtVl};WtB1> VUth then we have

Ri=Vx (I+p(I-VuowVyw,) (XXT-UU")) Vu,w,
=T +p22 ) Vx.  Vuw, - iVy,w, XX Vu,w,)
—uVx, . (I = Vow. Vu,w,) UW, . W, U Vx, Vx| Vuw,
+ N22§,LV;S,LVUtWt Vu,w, XX Vu,w,.

(29)
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By Weyl’s inequality (cf. Lemma A.2) and our assumption on cs,
Owin (Vo,w, XX Vo,w,) > 0uin (Vi w, X X Vow,) = [ Vdw, Xo t X Vow ||
2 Omin (VUTtWtXSX;rVUtWt) - 0§+1 HV);S,J-VUtWtHQ

2 T 2 2
Z Os HVUtWt Os+1C3

1
=02 (2 + 02 > 1 (02 4 02).

So we have
7
IRy < (1= 5002 = 020 [IVA, 2 Vow || + 3l X lleses + ]I X

It thus follows from (27) that

HV)—CZLVUHAWJHA
< |Ry|| + 2| B — By|| + 102] B|]®
< (15002 = 02) | VA, L Vorow || + 40pesca | X | + 0020k~ g X2 + 10%% | X |

< ¢z, it follows from our assumption on c3,cy and g that

: T
Since H Vx. . Vuw,

H V; Vu,, . w1 || < c3 as well, which concludes the proof. 0

C.3 INDUCTION

Let
Tg = min {t >0: 0 (VX Ua’tJrl) > 0.3 (a? — afﬂ) =: TS} .

In this section, we show that when T < ¢ < Tj, the parallel component grows exponentially faster
than the orthogonal component. We prove this via induction and the base case is already shown in
Lemma C.3.

_1
Lemma C.7 Let max{cs,ca||X||7}} < 107371, 6§ < 107*k . %c3 and p <

104k~ Y| X||=2. Then the following holds for all Ty < t < T(,g as long as o < poly(r)~!

Omin (VX Ups1) = 0min (Vx, Ui W) > (14 0.50 (02 + 02,1)) 0min (Vx,Uay) (30a)

U1 Wiga, 1 || <min{ (1 + p (0402 +0.602,,)) |[UW, 1 ||, ca} (30b)
IVx. . Vo, owi || < es. (30c)
rank (Vg Uyy1) = rank (Vx Uy W) = s. (30d)

Proof : The base case t = 1y is already proved in (12). Now suppose that the lemma holds for ¢,
we now show that it holds for ¢ + 1 as well.

To begin with, we bound the term ||A;|| as follows:
1A = [[(AA-T)(XXT —UU,)|
<|AA-D(XXT - UtWtWTUT )| + ||(A*A - DUW, . W, U/ ||
< 106\/7 || X|1? + 6 | UW,, LW,
<106 /r2 | X |2 + 6v/d (1 4 p(0.402 +0.602, 1)) |Uz, Wiy, 1 |

By induction hypothesis, it’s easy to see that

Omin (‘/)—(rQ Ut) N Omin (V}—(rs UT())
[UWe il — U, Wy, 1|l

> poly(r) -a™ 7 €2y
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where

s =

2(log (14 p62) —log (14 p624)) _ 1

3log (1 + p6?) —log (14 po2,,) ~— 4k

Since we must have omin (Vy Uy) < 0.37 = O(1) by definition of To.s. it follows that
A, < 115 /7| X |12 holds.

|[U:W, 1 || < poly(r)ai=, so for sufficiently small ov < poly ()1,

The above inequality combined with our assumption on § implies that the conditions on ||A;]| in
Lemmas C.4 to C.6 hold. We now show that (30a) to (30d) hold for ¢ + 1, which completes the
induction step.

First, since t < T°%, we have omin (Vx.Uis1) < 7. Moreover, the induction hypothesis implies that

HV Vu,aw, H < c3 and that V;S U, is of full rank. Thus the conditions of Corollary C.2
are all satisfied, and we deduce that (30a) holds.
Second, the assumptions on c3, ¢4 and §, combined with Lemma C.5, immediately implies
[Us+1Wegr, || < (14 p (0,402 +0.603,4)) [[UW: 1 || -
As a result, similar to (31) we observe that
Omin (V)—(ré Ut+1) > Omin (V)—(Z UTO)
[Ues1 Wil = [Ur,Wr,, ||

> poly(r) - o R

Since omin (V¥ Uit1) < || X, when o < poly(r) ! we must have that [|Uy11 Wiy 1 || < ca.
Finally, Lemma C.6 implies that (30c) is true, and (30d) follows from our application of Lemma C.4.
This concludes the proof. d

C.4 THE REFINEMENT PHASE AND CONCLUDING THE PROOF OF LEMMA B.1

We have shown that the parallel component o, (V)}r Ut+1) grows exponentially faster than the

orthogonal component ||[U;W,_| . In this section, we characterize the GD dynamics after T. We
begin with the following lemma, which is straightforward from the proof of Lemma C.7.

Lemma C.8 The following inequality holds when oo < poly(r)~" is sufficiently small:
“UTSWTS J‘H < poly(r) - aﬁ.

The following lemma states that in a certain time period after Té, the parallel and orthogonal com-
ponents still behave similarly to the second (parallel improvement) phase.

Lemma C.9 There exists ?fl =0 (log é) when o« — O (here we omit the dependence of Tas on o
for simplicity) such that when 0 < t — TS < t3, we have

Omin (V)—(T; Ut) Z Omin (UtWt) Z 0.37 (323)
IUW, | < (1+u(0402 +0.602,,)) " | Uz W, (32b)
1Vx. 1 Vuw.| <cs. (32c)

Proof : We choose tNZ = min {t >0: U1 Wigr, 1|12 < 05} where
cs =104 7k Les | X2 33)

We prove (32) by induction. The proof follows the idea of Lemma C.7, except that we need to bound
||A¢]| in each induction step. Concretely, suppose that (32) holds at time ¢, then

A = (A A-D(XXT -UU,)|
<||AA-D(XXT -UWW, U+ ||[(AA-TUW, W, U/
< 100\/r | X |2 + 6 |[UW, W, U ||,
<108/75 || X ||? + desVd < 1073k Leg|| X ||2

(34)
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where we used the definition of c5 in the last step. As a result, we can apply the conclusion of
Lemmas C.4 to C.6 which implies that (32) holds for ¢ + 1. Finally, combining Lemma C.8 and

(32b) yields T5 = w(1). 0

We now present the main result of this section:

Lemma C.10 Suppose that 0 <t — iﬁ < thl,
and p in Lemma C.7 hold, then we have

IV, XX = UinU)||

V;.AJ_VUt w, || < c3 and the conditions on c3, ¢4,

+20u]| X ||* (6 + 5es) + 200012 /]| X ||°.

1
< (1= or) IV (xx7 =0,

where we recall that T = miny<s<snr, ol — J§+1 > 0.

Proof : The update of GD implies that
XX -UnU/,
=XX" - (I+pM,)UU," (I + puM;)
= (I -p0U) (XXT -UU]") (I - pUU,) +p AUU,
=(i) =(ii)
+ uU U Ay 442 (E1 + Era)
=(ii1)

where
IVx.Eeallp = [Vx,UiU (XX - UL ) UL |
<V |V, UU (XX T - U0, ) U/ |,
< 10°y/r | X7
and

[V ol = VAL [(4°) (XX —007)| 007 [(A°4) (XX~ 00,
< V[ A) (XXT — 00| U7 [(A4) (XXT - 07|
< 10° /] X .

Note that we would like to bound ||V (XX T — U UJ,,)||. We deal with the above three
terms separately. For the first term, we have

|Vx, (I -pUU,") (XXT -UU") (I - pUU)| .
=|Vx, I - pUU,") Vx, Vx (XXT -UU,") (I - pUU])|,
+Vx, (I —pUU") Vx, 1 Vx, | (XXT -UU) (I - pu U] )|,

< - pVx, UU Vx, |||V, (XXT -UU,) || +1||Vx,UU Vx, 1 Vx, | (XXT -UU,)|,
(35a)
+100p|| X ||*cs  (35b)

IN

(1 - /’Lagnin(UtWt)UI%lin (V;bVUtWt)) HV);g (XXT - UtUtT) HF

< (1 — ;m> [Vx, (XXT —UU)|, + 100p) X ||*cs, (35¢)

where in (35a) we use ||I — pUU," || < 1, (35b) follows from
Omin (V)—(rs UtUtTVXS) = Omin (V}—(rs UtWtWtTUtTVXS) Z Omin (V)—(rs UtWt)2
> U?nin(UtWt)o—?nin (V)—(rs VUtWt>
and
VR, UU, Vx, 1| = [VX.UWW, U Vx, 1| < U |VX. L.UW|| < es]|U |,
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and lastly (35c) is obtained from
Jrzrlin (V)—(FSVUtWt) >1- HV)—(FS,J_VUtWtug >1- Cg.

For the second and the third terms, we have

I[(I = A4 (XXT - UU)| U, + UU] [(1- A A) (XX -U,U])]|

<016 teg)| X (36)
where we use the estimate in (34). Combining (35) and (36) yields
IV, (XX = Ui UL |
< (1 — ;m> |Vx, (XX T —UU,")|| +200u)| X |[*cs + 110p> /7. || X ||°.
]

To apply the result of Lemma C.10, we need to verify that ||Vx, | Viy,w,|| < cs still holds when
t > T5. In fact, this is true as long as t — T3 < O (log 2).

We are now ready to present our first main result, which states that with small initialization, GD
would visit the O(§)-neighbourhood of the rank-s minimizer of the full observation loss i.e. XX .

_1
Theorem C.1 When o < poly(r.) ! and § = 10~ 4k~ Lez with c3 < 10735711, 2, there exists a
timet =T, € Z, such that

XX —UU| <10°772| X||%/rxcs.
Proof : First, observe that for all £ > 0,

| XX - U] || < |(XXT = 0U7) Vi, VA | + [0 Vi VL

F
< |[(X.X] -UU") Vx Vx || + HV)ISLUtUtTVXSL .

2 2
< Vi (x.XT —uU)|, + Ve + Vi |V uw. |

< |z, (X.X] —UU) || + 9vrmlIX 1 1Vx,, . Vu,w, I” + VU W, L%
(37)

Vx UW,

We set § = 1073|| X || ~27¢c3 and
log (10721 X || "27¢5 ")

TS _ j:s _
* * log (1 — Fur)

) (38)

then for small o we have 7 < i‘; —i—f‘j (defined in Lemma C.9). Hence for i‘; <t < T¢ we always

have | Vx, 1 Vu,w,|| < c3. By Lemma C.10 and the choice of ¢3 and 4§, we have for fj <t<T,
that

1
Vi, (XXT = Uil < (1 B 2‘”8) [Vx, (XXT = 0U) || + 1500l X ||*/ries
which implies that
[Va, (XX —UrUL)||, < 4007 | X ||*/rzcs.

Meanwhile, by Lemma C.9 we have |[U;W, 1| < c¢5 and HV)—(I—NJ_VUf,Wt < cgatt =

Plugging into (37) yields

HXXT - U U HF < 4007 Y| X |4\ /racs + 9] X |23 /s + 2V,

By definition of c3 and c5 we deduce that HXé)Xgr ~U; U/ || < 10°772(| X% /Fucs, as de-
@ allF
sired. |
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Corollary C.4 There exists a constant Cy = C1(k, r) such that

max ||U,W,_| < Ciai~.
0<t<Ts

Proof : The case of :F;‘ directly follows from Lemma C.8. For ¢ > :F;‘, we know from Lemma C.9
that

TS

TiiTa

By (38), the second term is a constant independent of «, so the conclusion follows. O

D AUXILIARY RESULTS FOR PROVING LEMMA B.1
This section contains a collection of auxiliary results that are used in the previous section.

D.1 THE SPECTRAL PHASE

In the section, we provide auxiliary results for the analysis in the spectral phase.

Recall that Ny = (I + ,uM)t and U; = I}t + E; = N.Uy + E; and Uy = aU. Also recall
that M = S5 5,67 ; we additionally define M, = S mnlerank(MD} X5 6T Similarly,
let L; be the span of the top-s left singular vectors of U;. The following lemma shows that power
iteration would result in large eigengap of Uy.

Lemma D.1 Let p = oy (VJJIS U ) > 0, then the following three inequalities hold, given that the
denominator of the third is positive.

0o(U) = a (poy (2) = 01 (2) 1UI) = |l (39)
oui(U) < aoup (22) U] + 1Bl (39)
aouir (2:) U] + 1B

apo. (2:) =2 (aousa (2:) IUI + |1 E:])

.
[va: v

< (39¢)
Proof : By Weyl’s inequality we have
0s+1(Ur) = 041 (1 + pM) ' Up) + || E¢|
= aos1 (1+pM)'U) + || E|
aogi1 ((1+pM,)'U) +a||[(1+pM)" = (1 + uM)' | U + || Ed|
< a(l+ phs1)' [T + || B
Thus (39b) holds. Similarly,
0s(U1) = aos (N Var, Var,U) — a(1 + phsd)' U — | B
> a0, (NiVa,) 0uin (Vi U) — a(1+ phest) U] — |1 E:|
> ap(l+ pd,)" — a(l + pher)' U = || Bl
Finally, note that we can write
a(l+ uM)'U = Var, (1+ uEar) Vay, U,

IN

invertible

so that the subspace spanned by the left singular vectors of a(1 + puMy)'U coincides with the
column span of V)4_. Since L, is the span of top-s left singular vectors of U, we apply Wedin’s sin
theorem (Wedin, 1972) and deduce (39c¢). U

The next lemma relates the quantities studied in Lemma D.1 with those that are needed in the
induction. The proof is the same as (Stoger & Soltanolkotabi, 2021, Lemma 8.4), so we omit it
here.
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Lemma D.2 Suppose that HV; Vi,

< 0.1 for some t > 1. Then it holds that

0n (UW:) > Lo, (U), (402)
|‘V;S7¢VUtWt|‘ <10 HV)—(:,J_VLt |, (40b)
[UW, 1| < 20541 (Uy). (40c)
Combining the above two lemmas, we directly obtain the following corollary:
Corollary D.1 Suppose that acs(Nt) > 10 (aosy1(Ny) + || Et||), then we have that
os (UWy) > 0.4ao,, (Zt) Omin (VLTU)
IUWi sl <2 (a0e (20) U]+ 1B (1)
R P (LA AL

D.2 THE PARALLEL IMPROVEMENT PHASE
In the section, we provide auxiliary results for the analysis in the parallel improvement phase.

Lemma D.3 (Stoger & Soltanolkotabi, 2021, Lemma 9.4) For sufficiently small i and 6, suppose
that ||U¢|| < 3|| X ||, then we also have ||[Uy1 || < 3|| X

Lemma D.4 Under the assumptions in Lemma C.5, we have

IVx. . Vu.w. || <2 (cs + 10X %) < 0.01.

Proof : The proof of this lemma is essentially the same as (Stoger & Soltanolkotabi, 2021, Lemma
B.1), and we omit it here. O

Lemma D.5 Under the assumptions in Lemma C.6, we have

1
Omin (V)—(rsUt-ﬁ—l) Z iamin(UtWt)-

Proof : We have
Omin (V;S Uit1) > Omin (V;S U W)
= Omin (V; (I 4 pMy) UtWt)
Z Omin (‘/)—(rg (I + MMt) VUtWt) * Omin (V(;WfUtWt)
> [omin (Vx, Vu,w,) = il Mi] - 0min (U W2)

/ 1
> ( 1- C% - ]-0/14||X||2> Umin(UtWt) > iamin(UtWt)

where the last step follows from

omin (Ve Vow,) > 1- Ve Vo | >1- &

The conclusion follows. O

Lemma D.6 Under the assumptions in Lemma C.6, we have

W, Wi || <3 (10p]| X|1? + 1) es| X || + p||[(A*A-IN(XX T —TU, )|

Proof : The proof roughly follows (Stoger & Soltanolkotabi, 2021, Lemma B.3), but we include it
here for completeness.
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Since V;S U1 = Vi1 X011 Wiy and Vi 131 € R%%¢ is invertible, we have

_1
2

W, Wi || = HWt—,riUt—-rHVXs (Vx. U U/l Vx,)

Since
V);'rs Ui iWi o
=Vx, I+ pA"AXX " -UU,)) UW, |
=Vy (I+uXXT -UU,")) UW,; | +uVx AUW, |

= —uVy UU, UW, | + uVy AUW, | (42a)

= —uVx UWW, U UW, | +uVyx AUW; | (42b)

=H V)—(rs UtWtWtTUtTVXs,LVJS,LUtWt,L +p V;SAtUtWt,L (42¢)
=K =Ko

where (42a) follows from Vi XX TUW; | = %,Vy U;W; | = 0, and in (42b) and (42¢) we
use V;S UtWt)J_ =0.

For K, note that

(V& U0, Vi) 2 VR UL

_1 _1
< H(V)}rsUtHU;lVXs) 2 V;SUtHH Y H(V;SUMUJHVXS) PV ATAXXT - UtUtT)UtH
<1+ 10p)| X |Popin (Vi Uisa)

so that

1
H(V;sUtHU;lVXS) 2 K1H < [14+10p X |Pogk (VA Uid)] |V, LUW| [TW; L |

Plugging into (42), we deduce that
W, Wi |
< 3u (14100 X [Pod, (VR Uenr)) VX, L Vow | I XIITW L
+ 10t (VX Ueir) [UW | (A A= D)(XX T - UU, )|
< 3 (IUWe L]+ 10ullX11%) [V, Voo [ I1X]
+ 10 (VX,Ur) [UW, | [[(AA - D(XXT - UU, )|
< 3 (104 X |1 + ) 3| X || + p (A A= D(XX T U,
where in the last step we use Lemma D.5 and the induction hypothesis which implies that
Omin (Ut Wy) > |[UW; 1| 0

Lemma D.7 The matrix Z defined in the proof of Lemma C.6 satisfies the following:
1

ZA(ZATZA)_% = VUtWt + BVUtWt — 5

(I +B)Vu,w,Vu,w, (B+B") Vy,w, — D,
where | D| < 30|| B>
Proof : By definition of Z we have
AVAP AR
= (I +pM)I + P)Vu,w, (Vi,w, (I +P") (I +uM)*(I + P)Vy,w,)
— (I+B)Vuw, [Vidw, I+B™ +B+B B) Vu,w,] *

1
2

N

= I+ B)Vu,w, |I+Vy,w, (B" + B+ B'B) Vy,w,

=:A
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It follows from (28) and our assumptions on c3 and c,4 that

IBI| < p|| XX T = UU, || + 6 (csea| X || + 50[ X [|?6)
< 10| X% + 6pucs (ca + 1) | X || < 0.1

(note that this step is independent and does not rely on earlier derivations in the proof of Lemma C.6),
so by Taylor’s formula, we have

: 1
H(I+A)z —I+ 2AH < 3|A)2.

Hence,

PPN 1
Z(ZTZ)_% — (VUtWt + BVu,w, — 5(1 + B)VUtWtVL}EWt (B + BT) VUtWt) H

1
A— 2VUTtWtBTBVUtWt> H

_1 1
= H(I+B)VUtwt ((I+A) 2 T+ 3

1
<+ IBI) (3181 + 11 ) <3015l

as desired. O

E PROOF OF RESULTS IN SECTION 5

Theorem 1.1 states that GD approximately learns the rank-s constrained minimizer of the matrix
sensing loss. However, Theorem C.1 only implies that GD would get into an O(§) neighborhood of
X, X, . Asaresult, a more fine-grained analysis is needed. Note that it is not even clear whether the
rank-s minimizer of is unique. If it is not, then we may naturally ask which minimizer it converges
to.

In this section, we study the landscape of under-parameterized matrix sensing problem
1 2 s
fU) =5 |AUUT - xXT)|,, UeR™

and establish local convergence of gradient descent. Our key result in this section is Lemma E.6,
which states a local PL condition for the matrix sensing loss. Most existing results only study the
landscape of (1) in the exact- and over-parameterized case. Zhu et al. (2021) studies the landscape
of under-parameterized matrix factorization problem, but they only prove a strict saddle property
without asymptotic convergence rate of GD.

When the measurement satisfies the RIP condition, we can expect that the landscape of f looks
similar to that of the (under-parameterized) matrix factorization loss:

F,(U) = % |UUT - xXXT|%, Uer>®

for some s < r. Recall that X X T = >"7* | 02v;v;’. The critical points of F(U) is characterized
by the following lemma:

Lemma E.1 U € R%*? is a critical point of Fs(U) if and only if there exists an orthogonal matrix
R € R**%, such that all columns of UR are in {o;v; : 1 <i <r,}.

Proof : Assume WLOG that X X ' = diag(c?,02,---,02,0,--- ,0) =: X. Let U be a critical

? 79

point of Fy, then we have that (UU " — XX T)U = 0. Let W = UU ', then (X — W)W = 0.

Since W is symmetric, so is W2, and we obtain that XW is also symmetric. It’s then easy to
see that that if ¥ = diag (AL, -+, Aedp,,) with A; > A9 > -+- > A > 0, then W is also in
block-diagonal form: W = diag (W7, Wa, -+ , W;) where W; € R™i*™i_ Foreach1 < i < t,
we then have the equation (\;I,,, — W;) W; = 0. Hence, there exists an orthogonal matrix R;
such that R W, R; is a diagonal matrix where the diagonal entries are either 0 or /A; = o;. Let
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R = diag (Ry, Rs, -+ , R;), then RTW R is diagonal and its nonzero diagonal entries form an
s-subset of the multi-set {o; : 1 < ¢ < r.}. The conclusion follows. O

In the case of s = 1, the global minimizers of F are +01v1, and we can show that Fy is locally
strongly convex around these minimizers. Therefore, we can deduce that f is locally strongly-
convex as well. Since our main focus is on s > 1, we put these details in Appendix G. When s > 1,
F,(U) is not locally strongly-convex due to rotational invariance: if U is a global minima, then so
is U R for any orthogonal matrix R € R**°. Instead, we will establish a local PL property w.r.t the
procrustes distance:

Definition E.1 Let Uy, U, € R¥**, we define
dist(Uy, Us) = inf{HUl —UsR||: Re R s orthogonal} .

The following characterization of the optimal R in Definition 5.1 is known in the literature (see e.g.
(Tuetal., 2016, Section 5.2.1)) but we provide a proof of it for completeness.

Lemma E.2 Let R be the orthogonal matrix which minimizes |[Uy — UsR|| ., then U UsR is

positive semi-definite.

Proof : Observe that
Uy~ UeR|}: = tx (U] = RTU, ) (U1 - UzR))
= U5 + |07 — 2t (RTU, Uy -
Let U, U; = AXB be its SVD, then
tr (RTU, Uy) =tr (B'RTAS) < [[BTRTA[|tr () = tr (%),

where the final step is due to orthogonality of BT RT A € R***, and equality holds if and only if
B'TR"TA=Tie. R=AB". ThusU/ U;R = BXB is positive semi-definite. O

The following lemma states that the minimizer of matrix sensing loss is also near-optimal for the
matrix factorization loss. The main idea for proving this result is to utilize

Lemma E.3 Let Z be a best rank-s solution as defined in (1), then we have
|2: - XX < | XX - XXT|[ 105 | XX

Proof : Since U is the global minimizer of f, by the RIP property we have
|XXT -zl <10l A(XXT - Z)],

(1= A(XXT - x.x])];

1+6

1-9

[XXT - X, X%+ 1051 XX |2

as desired. |

IN

IN

2
lxxT - X X

IN

The next lemma show that Fj satisfies a local PL property:

Lemma E4 Given U € R and let R be an orthogonal matrix such that ||U — X R|| »
dist(U, X,).  Suppose that dist(U,X,) < 0.1||X||"'7 (where we recall that 7 =
min,e[r,] (Ug — 0'§+1) is the eigengap of X X ), then we have

(VF,(U),U — X, R) > 0.17dist*(U, X,).

Proof : Assume WLOG that R = I, then UTX,is positive semi-definite. Let H = U — X, then
VFE,(U)=UU" - XX"U
=[(H+X,)(H+X,)" - XX"]|(H+X,),
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so that
(VE,(U),U - X,)
=({[(H+X,)(H+X,)' - XX"|(H+X,),H)
—tr(H' [(H+X,)H+X,)' -XX'"|H+H (HH" + HX] + X,H") X,)
—tr (H' X, X] H) - 3|X|[|H|} +tr (HTHX, X,) (43a)
(03 —o20) |1 H| = 3| X1 H|F > 0.17(| H||% (43b)

AVALVS

where in (43a) we use tr ((H " X)?) > 0 (since H " X, is symmetric as noticed in the beginning
of the proof), and (43b) is because of

tr (H' HX/] X,) =tr (H HWx X% W)
=tr (Wx, H HWx %% )
>oltr(Wx, H HWx,) = o2 |H| %

and
tr (H' X, X, H)=tr (H'Vx, 1%, Vy  H)

<|Soill - [|H V. i[5 < 020 [ H %

Corollary E.1 Under the conditions of Lemma E.4, we have |V Fs(U)| > 0.17dist(U, X).

The following lemma shows that the rank-s global minima of matrix sensing must lie in an O(d)-
neighbourhood of the minima of Fj.

Lemma E.5 Suppose that Assumption 3.1 holds. Let U be a global minimizer of fs, then we have
dist(U;, X ) < 400k|| X || F-

where we recall that k = 7~ Y|| X|| is the condition number of X X ".

Proof : Define
S ={U e R¥ : dist(U, X,) < 0.1 | X ||} .

First we can show that U € S. The main idea is to apply Lemma A.5. Indeed, it’s easy to see that

lim  Fs(U) = +oo.
IUllp—+oo

Let U € dS ie. dist*>(U, X,) = 0.1 X | ~'7. Assume WLOG that dist(U, X;) = [|U — X||,
then by Lemma E.4 we have

F(U) — Fu(X,) = /01 HVE(U + (1 - )X.),U — X,) dt

1

2/ 0.178% |U — X, |5 dt
0

> 1073 X || 7273,

Recall that all the stationary points of F are characterized in Lemma E. 1, so that for all U ¢ S with
VF,(U) = 0, we have

Fy(U) = Fr > 05 (0% —ot,y) > 0.57°.
On the other hand, we know from Lemma E.3 that
F,(U}) — Fr <56r|| X||* < 0.572, (44)

so Lemma A.5 implies that U} € S.
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Inside S, we can apply the local PL property that we previously derived. Indeed, note that
VR, = |[(XXT - Uz )T Us

~|aa-n(xx"-u; (;;‘)T) Us

F
<ol xxT-ur )| oz
< 481X [ XX T -
Hence we have that
dist(U, X ) < 4007 | X ||| X || = 406x| X || .
0

Corollary E.2 Suppose that Assumption 3.1 holds, then we have oy ((U; )T U; ) > 02 —
800 k|| X || X || £

Proof : We assume WLOG that ||U;} — X|| = dist(U}, X;) i.e. R = I in Definition 5.1. By
Lemma E.5, we have that

| - X! x,

< | o - x!x,
< max {JUZ |, 1 X1} - U2 = X
< 809%]| X | X | .

O

Lemma E.6 Suppose that Assumption 3.1 holds. Given U € R*%, let U € R*** be a minimizer
of fs, and U} R be the rank-s minimizer which is closest to U (R € R**® is orthogonal). When
U -U:R| <1072x71|| X ||, we have

(V£,(U),U —U:R) > 0.17dist(U, U).

Proof : We assume WLOG that R = I, then U TU > is positive semi-definite. Let H = U — U],
then

Vi U)=(A"A)(UU" - XX"U
=UAA) [(H+UHNH+U)" - XX"] (H+U?)
= [ (BEE + U H + H@) )| (HUD - A A (XX U U)) H
where we use the first-order optimality condition
A*A (XXT _Ur (U:)T) U* = 0.
Since ||UZ|| < 2|| X || by Lemma E.5, we may thus deduce that

Vi) - [(BET+UuH +HOU) ) (H+U) - (XX U U)') H]|

< H(A*A ) (HHT YU'H +H (U;)T) H+U)| + H(A*A -1 (XXT —ur (U;)T) HH
< 506(| X ||| H ||
Hence

(V(U),U-U?)
> ((HHT+U:HT + HU) ) (H+ U2~ (XXT -0 (U)") HH ) — 506| X || H|}

2
> tr (H<H+U:>T<H+U:>HT +HTUCHTH + (U H)

* *\ T
_HT (XXT — U (UY) )H) — 500 X ||| H||%

> Jomn (U U7) = || XXT — Uz @) - 500112 - 3Oz HI - |1 H ] | H

36



Under review as a conference paper at ICLR 2023

By Corollary E.2 we have opnin ((US*)T US*) > o2 — 800k X|||X|r and
HXXT —Ur (U;)TH < 02, + 800k X 2. so that
(VI(U).U =U;) = (0f — 034y — 16006| X ||| X || — 503 X [|* = 3[U || H|| — [|E|*) | H|I%-

S S

1
When § < 1073r, 2,2 and || H|| < 10~27|| X || 7L, the above implies that (V f,(U),U — U}) >
0.57|| H||%, as desired. O

F PROOF OF THEOREM 4.1

With the landscape results in hand, we are now ready to characterize the saddle-to-saddle dynam-
ics of GD. We first note the following proposition, with is straightforward from Lemma C.9 and
Theorem C.1. In the following we use U, ; to denote the ¢-th iteration of GD when initialized at
Uo =aU.

Proposition F.1 There exists matrices ljmt, fT(fl <t < 0 with rank < s such that

U,.—U, Fz(’)(aﬁ) (a —0)

max ‘

. Ts+t
Tis <t<0 at

where T = is defined in Theorem C.1 (we omit the dependence on o there) and moreover
|00, — Z,|| < 10057 X |?r.6.
where Zy = U} (U;")T is the rank-s minimizer of the matrix sensing loss i.e.
1
Z, = arg min {2 HA(Z - XXT)Hz . Z € R¥™ s positive semi-definite and rank (Z)<s
(45)

Remark F.1 We omit the dependence on o for simplicity of notations, when it is clear from context.

Proof : 1t follows from Lemma C.9 that max, , 4. |[UW; | = O <o¢i). We choose

U, = Uz Wi HW;H, then rank (U;) < s and moreover by Theorem C.1 we have
|X.X] —UoU ||, < 26%|X||?\/r<6. On the other hand, similar to Corollary E.2 we have

that || Z, — X, X ||, < 806x|X||%. Thus |UoU, — Z,|| < 100x*(|X||*r.d as desired. 0

Let Uy, = U, W, € RIS, then it satisfies UgU, = UyUy . The following corollary shows
that U, ¢ is close to U} in terms of the procrutes distance.

Corollary F.1 We have dist(Up, U*) < 80k3r2 | X|0.

Proof : We know from Lemma E.5 that dist(U}, X,) < 400k||X ||, so it remains to bound
dist(Up, X).

The proof idea is the same as that of Lemma E.5, so we only provide a proof sketch here. It has been
shown in the proof of Proposition F.1 that

~ 1 A 2 R 2
Fy(00) = 5 HXXT - UOUOTHF <r|x.xT - UOUJH < drtr, || X||162 < 0.572.

Note that F, is the matrix factorization loss with X, X as the ground-truth, so the local PL property
(cf. Lemma E.4) still holds here, and by the same reason as (44), we deduce that dist(Up, X) <

0.1 X~ tr ie. Uy, is in the local PL region around X. Finally, it follows from the PL property
that

dist (U, X,) < 1071 HVFS(ID'O)HF <107 1|T, | HXSXST - UOﬁJHF < 40K°r2 || X |5,
The conclusion follows. O

Recall that matrix sensing loss satisfies a local PL property (cf. Lemma E.6). As a result, when § is
small, we can show that GD initialized at Uy converges linearly to the ground-truth.
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Lemma F.1 Let U, be the t-th iteration of GD initialized at Uy. Suppose that § < 10~ 2r, 23
and pp < 1073|| X || 72, then we have that

dist?>(Uy, U?) < (1 — 0.057p)" dist?(Up, UY).
Proof : We know from Corollary F.1 that
|0, < 117+ a0nrE x5

We will prove the following result, which immediately implies Lemma F.1: suppose that
dist(Uy, U7) < dist(Up, U), then

dist*>(Uy4 1, UY) < (1 — 0.057p)dist? (U, UY). (46)
Let R be the orthogonal matrix satisfying |U; — U} R|| = dist(Uy, U;). Assume WLOG that
R = I. We first bound the gradient V f(U;) as follows:

|vr@),

= |[aa(xxT-v07) U,

F

IN

’A*A (xxT-0.0]) H HUt U

(o~ wn o

< 20[ X |12 Hr)‘t —uUr

F
47)
N 1
where we use HUt‘ < || X|| + 40x3r2 | X||6 < 2||X || and the RIP property. It follows that
~ N 2
dist? (Ui, UY) < HUt+1 - U;RHF (48a)
~ N 2
= HUt —uVf(U) - U:RHF
N 2 “ N 9 N 2
= |0~ vzR| - u(Vr(@0), 0 - U R) + 12 ||V 50|
“ 2
< (1= 0.17p + 400|| X [|*22) HUt - U;RHF (48b)

where (48a) follows from the definition of dist, and (48b) is due to Lemma E.6 and (47). Finally,
(46) follows from the condition p < 1073k 72 O

We are now ready to complete the proof of Theorem 4.1.

Theorem F.1 (Restatement of Theorem 4.1) Under Assumptions 3.1 and 3.2, consider GD (3)
with learning rate u < W and initialization U, o = U for solving the matrix sensing

problem (1). There exists a universal constant ¢ > 0, a constant C (depending on 7 and k) and a
sequence of time points T, < T? < --- < TN such that for all 1 < s < # A 1., the following

holds when o = O ((pr*)_m):

T *
HUG,T(f Uoz,T; - Zs

< Cator, (49)
F

where we recall that Z is the best rank-s solution defined in Definition 1.1. Moreover,
GD follows an incremental learning procedure: for all 1 < s < 7 A 1., we have
limg o maxi<i<7s 0s41(Ua,) = 0, where 0;(A) denotes the (s + 1)-th largest singular value
of a matrix A.

Proof : Recall that HUAS — UOH = o(1) (o — 0) where T; is defined in Proposition F.1; we
« F

omit the dependence on « to simplify notations. We also note that by the update of GD, we have

UtUtT = U,gUtT forall t > 0.

By Lemma F.1, we have that dist?(U;, U*) < (1 — 0.057p)" dist?(Up, U¥) and, in particular,

Hﬁt < 2||X|| for all . Thus ||U;|| < 2||X|| as well. Moreover, recall that ||U; || < 3||X|| for all
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t. It’s easy to see that that the matrix sensing loss f is L-smooth in {U € R*" : ||U|| < 3| X]||}
for some constant L = O(]| X||?), so it follows from Lemma A.6 that

o710, = 0+

Uz; ~ UOHF ’
On the other hand, since dist?(U;, U*) < (1 — 0.057p)" dist®(Uy, U*), we can deduce that

|V, - 2 |+ |oor —ur w7

Ts+t

T T T
P "UT5+tUT;+t - U,

= [vzv

T T T * *\ T
;é-i't_UtUtTHF_F U, -Us () HF

< 31X (|Uz,.. - O

|+ dist(U3, U; ))

<3 X ((1+ L)'

Uz, —Us|  +(1- 0.0574) % dist?(U, U;“))

Since when o — 0, ||Up, — U, H = O(ai ), it’s easy to see that there exists a time ¢ = ¢, so that
-~ e e
we have MAX_fe yyo UT§+t - U, . =0 (a@) and HUT5+15U;5+15 —Z, . =0 (a@) as

well, where c; is a universal constant. Let T}, = Tj + t2,, then HUT; UTTS —Z

= o(1) holds.
F
Recall that rank (U;) < s, so that maxo<t<7s 0541 (Uy) = o(1). Finally, forall 0 < s < 7 A7y,

we need to show that 7% < T3*!. Indeed, by Corollary E.2 and the Assumption 3.1 we have
02,1 (Ur:) = 0541 (Zs31) —0(1) > 0.502, 1, so that TS+ > T, as desired. O

G THE LANDSCAPE OF MATRIX SENSING WITH RANK-1 PARAMETERIZATION

In this section, we establish a local strong-convexity result Lemma G.2 for rank-1 parameterized
matrix sensing. This result is stronger than the PL-condition we established for general ranks, though
the latter is sufficient for our analysis.

Lemma G.1 Define the full-observation loss with rank-1 parameterization
1 2
g(u) = 1 HuuT — XXTHF .

Then the global minima of g1 are u* = o1vy and —u*. Moreover, suppose that g(u) — g(u*) <

0.57 where T\ = 0} — 03 is the eigengap, then we must have

lu — | < 207" (91(w) — g1 (u?)).

Proof : We can assume WLOG that X X7 = diag (0%, e ,03* 0, ,O). Then

1 S
gi(u) = 5 (lul% 72;%%? + IIXTX||%> (50a)
1
> 7 (lullz = 207 ][5 + | X7 XIF) (50b)
1
> 5 (IXT X% = o1) (50¢)
where equality holds if and only if us = -+ = uy = 0 and ||[ul|> = 0% ie. u = Foie;.

Moreover, suppose that g1 (uw)—g1 (w*) < 0.574, it follows from (50b) that 7, Zfzz u? < 2(g1(u)—
g1(u*)) which implies that Z?:g u? < 2771 (g1(u) — g1 (u*)). Also (50c) yields [[[w]* = of| <

41/g1(u) — g1(u*). Assume WLOG that u; > 0, then we have
d
_ 2
lu —oren]* <oy ? (uf —0?)" + D u
i=2

<2077 ! (g1(u) — g1(u")).
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Lemma G.2 Let
z , uweR?

fi(u) = i HA(uuT —XXT)’

Suppose that 6 < 1073|| X || =271, then there exists constants ay and 1, such that fy is locally -
strongly convex in By = B(c1v1,a1) C R Furthermore, there is a unique global minima of f,
inside Bs.

Proof : Recall that we defined the full observation loss g1 (u) = 1 |luu” — XX T||2F Let hy =
fi — g1, then

|92k ()] = 5 (A" A~ ) (w” = XXT) 4 2(A A~ D) wd”|
<O (2ful?+1X117) -

When ||u — o101 ||* < 0.1min {07, 71} (recall 71 = 07 — 03),

Omin (Vg1 (u)) = %Umin (||| *I + 2uul — XXT) > 0.47;.
Hence we have
Omin (V2 f1(w)) > (V2g1(w)) = [[V?hi(w)]| > 0.471 — 4] X|]?5 > 0.27,
i.e. strong-convexity holds for a3 = 0.1 min {0%, Tl} and ¢ = 0.27.

Let u* be a global minima of f;, then we must have ||u*|| < 2||X || (otherwise f1(u) > f1(0)). We
can thus deduce that

g1(u*) < fi(u*) + i [(uu” — X X7 (A A= I)(uu” — XXT))|
< fi(u) +108] X1 < g1(u) + 205] X |2

It follows from Lemma G.1 and our assumption on § that min { w* = oyvr |2, |Ju* + ooy ||2} <
%a%. Moreover, by strong convexity, there exists only one global minima in 3;, which concludes
the proof. (I
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