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Uncertainty Quantification for Nonconvex Tensor
Completion: Confidence Intervals,
Heteroscedasticity and Optimality
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Abstract— We study the distribution and uncertainty of non-
convex optimization for noisy tensor completion—the problem
of estimating a low-rank tensor given incomplete and corrupted
observations of its entries. Focusing on a two-stage estimation
algorithm proposed by Cai et al.,, we characterize the distri-
bution of this nonconvex estimator down to fine scales. This
distributional theory in turn allows one to construct valid and
short confidence intervals for both the unseen tensor entries and
the unknown tensor factors. The proposed inferential procedure
enjoys several important features: (1) it is fully adaptive to noise
heteroscedasticity, and (2) it is data-driven and automatically
adapts to unknown noise distributions. Furthermore, our findings
unveil the statistical optimality of nonconvex tensor completion:
it attains un-improvable £ accuracy—including both the rates
and the pre-constants—when estimating both the unknown tensor
and the underlying tensor factors.

Index Terms— Confidence intervals, uncertainty quantification,
tensor completion, nonconvex optimization, heteroscedasticity.

I. INTRODUCTION
A. Noisy Low-Rank Tensor Completion

ENSOR data are routinely employed in data and infor-
mation sciences to model (structured) multi-dimensional
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objects [3], [4], [5], [6], [7], [8], [9]. In many practical
scenarios of interest, however, we do not have full access
to a large-dimensional tensor of interest, as only a sampling
of its entries are revealed to us; yet we would still wish to
reliably infer all missing data. This task, commonly referred to
as tensor completion, finds applications in numerous domains
including medical imaging [10], visual data analysis [11],
seismic data reconstruction [12], to name just a few. In order to
make meaningful inference about the unseen entries, additional
information about the unknown tensor plays a pivotal role
(otherwise one is in the position with fewer equations than
unknowns). A common type of such prior information is low-
rank structure, which hypothesizes that the unknown tensor is
decomposable into the superposition of a few rank-one tensors.
Substantial attempts have been made in the past few years
to understand and tackle such low-rank tensor completion
problems.

To set the stage for a formal discussion, we formulate
the problem as follows. Imagine that we are interested in
reconstructing a third-order tensor T = [T ; x|1<ijk<d €
R4xdxd which is a priori known to have low canonical
polyadic (CP) rank [3]. This means that T admits the
following CP decomposition' 2

T

T =) ui @uf ©uf =) (u])*, M

=1 =1

where u; € R% (1 <1 < r) represents the unknown tensor
factor, and the rank r is considerably smaller than the ambient
dimension d. What we have obtained is a highly incomplete
collection of noisy observations about the entries of T* €
R¥*dxd: more precisely, we observe
T'c,)?,sk = Tifj,k + E’i’j;kv

(2

(1,5, k) € Q, )

where Q C [d] x [d] x [d] with [d] :== {1,--- ,d} is a subset
of entries, Tf?sk denotes the observed entry in the (4,7, k)-
th position, and we use Fj;;; to represent the associated
measurement noise, in an attempt to model more realistic
scenarios. The presence of missing data and noise, as well
as the “notorious” tensor structure (which is often not as

!For any vectors u, v, w € R?, we denote by u ® v ® w € R4xdxd
a three-way array whose (i, 7, k)-th element is given by the product of the
corresponding vector entries u;v;jwy.

2We focus on symmetric order-3 tensors for simplicity of presentation.
The results in this work generalize to the asymmetric case of higher order
(c.f. Remarkl11)
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computationally friendly as its matrix analog), poses severe
computational and statistical challenges for reliable tensor
reconstruction.

B. Review: A Nonconvex Optimization Approach

A natural reconstruction strategy based on the partial data
in hand is to resort to the following least-squares problem:

(4,4,k)€Q
Here and in the sequel, we use U = [uq, - - - , u,] to concisely
represent the set {u; }1<;<,. Unfortunately, owing to its highly
nonconvex nature, the optimization problem (3) is in general
daunting to solve.

To alleviate computational intractability, a number of
polynomial-time algorithms have been proposed; partial exam-
ples include convex relaxation [13], [14], [15], spectral meth-
ods [16], [17], [18], sum of squares hierarchy [19], [20],
alternating minimization [21], [22], and so on. Nevertheless,
most of these algorithms either are still computationally pro-
hibitive for large-scale problems, or do not come with optimal
statistical guarantees; see Section IV for detailed discussions.
To address the computational and statistical challenges at once,
the recent work [2] proposed a two-stage nonconvex paradigm
that guarantees efficient yet reliable solutions. In a nutshell,
this algorithm starts by computing a rough (but reasonable)
initial guess U” = [u},---,u?] for all tensor factors, and
iteratively refines the estimate by means of the gradient descent
(GD) update rule:

Ut = U - ViU, t=

2

—T°% | . (3)

mim i,k

UcRdxr JU) =

.3,k

0715"' (4)

See Algorithm 1 (note that the initialization scheme is
more complex to describe, and is hence postponed to
Appendix A-A). Encouragingly, despite the nonconvex opti-
mization landscape, theoretical guarantees have been devel-
oped for Algorithm 1 under a suitable random sampling and
random noise model. Take the noiseless case for instance:
this approach converges linearly to the ground truth under
near-minimal sample complexity. Furthermore, the algorithm
achieves intriguing /o and /., statistical accuracy under a
broad family of noise models.

Algorithm 1 A Nonconvex Algorithm for Tensor Completion

Initialize U° = [u{,--- ,u] via Algorithm 2.
Gradient updates: for t =0,1,...,tp — 1 do

Uttt =u' -, VU. (3)
Output U = [uq, - ,u,] = Ue,

C. Uncertainty Quantification for Nonconvex
Tensor Completion

In various practical scenarios (e.g. medical imaging),
in order to enable informative decision making and trustworthy

prediction, it is crucial not only to provide the users with
the reconstruction outcome, but also to inform them of the
uncertainty or risk underlying the reconstruction. The latter
task, often termed uncertainty quantification, can be accom-
plished by characterizing the (approximate) distributions of our
reconstruction, which can be further employed to construct
valid confidence intervals (namely, giving lower and upper
bounds) for the unknowns. In particular, two questions are
of fundamental importance: given an estimate returned by
the above nonconvex algorithm, how to identify a confidence
interval when predicting an unseen entry, and how to produce
a confidence region that is likely to contain the tensor factors
of interest?

Unfortunately, classical distributional theory available in
the statistics literature, which typically operates in the
large-sample regime (with a fixed number of unknowns and a
sample size tending to infinity), is not applicable to assess the
uncertainty of the above nonconvex algorithm in high dimen-
sion. In fact, due to the nonconvex nature of the algorithm,
it becomes remarkably challenging to track the distribution of
the solution returned by Algorithm 1 or other nonconvex alter-
natives. The absence of distributional characterization prevents
us from communicating a trustworthy uncertainty estimate to
the users. While the statistical performance of Algorithm 1
has been investigated in [2], existing statistical guarantees —
which hide the (potentially huge) pre-constants—can only
yield confidence intervals that are overly wide and, as a result,
practically uninformative. In contrast, one should aim for valid
confidence intervals that are as short as possible.

Furthermore, an ideal procedure for uncertainty quantifica-
tion should automatically adapt to unknown noise distribu-
tions. Accomplishing this goal, however, becomes particularly
challenging when the noise levels are not only unknown but
also location-varying—a scenario commonly referred to as
heteroscedasticity. In fact, there is no shortage of realistic
scenarios in which the data heteroscedasticity makes it infea-
sible to pre-estimate local variability in a uniformly reliable
manner. Addressing this challenge calls for the design of
model-agnostic data-driven procedures that are fully adaptive
to noise heteroscedasticity.

D. Main Contributions and Insights

We now give an informal overview of the main contributions
and insights of this paper. To the best of our knowledge,
results of this kind were previously unavailable in the tensor
completion/estimation literature.

1) A distributional theory for nonconvex tensor completion.
Despite its nonconvex nature, the distributional repre-
sentation of the estimate returned by Algorithm 1 can
be established down to quite fine scales. Under mild
conditions, (1) the resulting estimates for both the tensor
factors and the tensor entries are nearly unbiased, and (2)
the associated uncertainty follows a zero-mean Gaussian
distribution whose (co)-variance can be accurately deter-
mined in a data-driven manner.

2) Construction of entrywise confidence intervals. The above
distributional characterization leads to construction of
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entrywise confidence intervals for both the unknown
tensor and the associated tensor factors. The proposed
inferential procedure is fully data-driven: it does not
require prior knowledge about the noise distributions, and
it automatically adapts to local variability of noise levels.
3) Optimality w.r.t. both inference and estimation.
We develop fundamental lower bounds under
ii.d. Gaussian noise, confirming that the proposed
entrywise confidence intervals are in some sense the
shortest possible. As a byproduct, our results also reveal
that nonconvex optimization achieves un-improvable /o
statistical accuracy —including both the rates and the
pre-constants — for estimating both the unknown tensor
and its underlying tensor factors.
All in all, our results shed light on the effectiveness of
nonconvex optimization in noisy tensor completion, which
enables optimal estimation and uncertainty quantification all
at once.

The rest of the paper is organized as follows. Section II
formulates the problem settings. Section III presents our distri-
butional theory, discusses construction of confidence intervals,
and develops fundamental lower bounds. Section IV provides
an overview of related prior work. The proof outline of our
main theory is supplied in Section V, with the proofs of
auxiliary lemmas provided in the appendix. We conclude the
paper with a discussion of future directions in Section VI.

E. Notation

For any matrix M, we use |[M]|| and | M||r to denote
the spectral norm (operator norm) and the Frobenius norm of
M, respectively, and let M;. and M. ; stand for the i-th
row and i-th colomn, respectively. We denote by || M ||2,0c =
max; || M|z (resp. | M|/ := max; ; |M; ;|) the {5 o norm
(resp. entrywise £, norm) of M. In addition, let \; (M) >
A2(M) > --- denote the eigenvalues of M and o (M) >
o9(M) > --- denote the singular values of M. For any
matrices M, N of compatible dimensions, we let M ©® N
stand for the Hadamard (entrywise) product.

For any tensor T € R¥*9*d  denote by Pq(T) the
Euclidean projection of T' onto the subset of tensors that
vanish outside the index set 2. With this notation in place,
the observed data (2) can be succinctly described as

Po(T°*) = Po(T* + E), (6)
where T° := [T ]i<ijrk<a and E = [E;jkli<ijh<d-
Here and throughout, we let Tf?sk = 0 for any (4,7,k) ¢ €.

In addition, we use wu; ; (resp. “z*,i) to denote the ¢-th entry of
u; € RY (resp. uf € RY).

For any tensor T' € R4X4Xd et T;..c R%*? denote the
mode-1 i-th slice with entries (T';..);r = Tijk, and T, ; .
and T'. . ; are defined analogously. Let unfold(T") represent the
mode-3 matricization of T, namely, unfold (T') is a matrix in
R?*4* whose entries are given by

(unfold(T)) Tk 1<, 5,k<d. (1)

kd(i—1)45
For any tensors T € RIxdxd  the Frobenius norm of T'
2. . We use

is defined accordingly as [|T'[|r = />, ;1 T3 1

IT)|co := max; ;x |Ti x| to denote the entrywise ¢, norm.
For any vectors u,v € R?, we define the vector products
T x5 u € R¥>*? and T x1 u X9 v € R? such that

[T xsul; ;= Tijwur,
[T x1 u X2 v, = Zij T 5 kU5,

1<i,j<d; (8a)

1<k<d (8b)
The products T x5 u € R>¥4 T x3u € R T x,
ux3v € RY T xqu x3v € RY are defined analogously.
In addition, the spectral norm of T is defined as ||T|| :=
SUPy 4 wesa—1 (T, 4 ® v @ w), where we denote by S%~ 1 :=
{u € RY|||u||2 = 1} the unit sphere in R%.

We use [a & b] to denote the interval [a — b, a + b], and we
shall often let (7, j) denote (i—1)d+j whenever it is clear from
the context. We denote by [d] := {1,2,---,d}. The notation
7(d) S 9(d) or f(d) = O(g(d)) (resp. f(d) 2 g(d)) means
that there exists a constant Cy > 0 such that | f(d)| < Cop|g(d)]
(resp. |f(d)| > Colg(d)|). The notation f(d) =< g(d) means
that Co|f(d)| < |g(d)| < Cy]f(d)| holds for some universal
constants Cp, C1 > 0. In addition, f(d) = o(g(d)) means that
limg—o f(d)/g(d) = 0, f(d) < g(d) means that f(d) <
cog(d) for some small constant ¢y > 0 and f(d) > g(d)
means that f(d) > cog(d) for some large constant ¢y > 0.

II. MODELS AND ASSUMPTIONS

In this paper, we shall consider a setting with random
sampling and independent random noise as follows.

Assumption 1 (Random Sampling): Suppose that Q is a
symmetric index set.> Assume that each (i,7j,k) with i <
j < k is included in Q independently with probability p.
Throughout this paper, we shall define

Xi,jk = 1{(17]5 k) S Q}a

Assumption 2 (Random Noise): Suppose that FE =
[Eijkli<ijk<a is a symmetric tensor.* Assume that the

1<ij,k<d ©)

noise components {E; ;rti<i<j<k<qd are independent
sub-Gaussian random variables satisfying E[F; ;] = 0
and Var(E; ;) = U?’j’k. Denoting oin = min ;i 0 jk

and opmax = max; ;i 0 k. We assume throughout that
Umax/gmin =0 (1)
Next, we introduce additional parameters about the

unknown tensor of interest. Recall that
i i
T = Zu? Q@uf @u; = Zu?m € Rdxdxd
=1 =1

To begin with, we define the strength of each rank-one tensor
component as follows

* .
min °

and \X

— . *113 L 13
- 11%1[1; llurl; ax = 112122{7" luils, (10

allowing us to define the condition number by

R = A/ A

min* (11)
3This means that if (7,7, k) € Q, then (4,4, k), (3, k, 5), (§, k,4), (k,3,7),
(k,j,4) are all in Q.
4This means that Ei,j,k = Ej,i,k = Ei,k,j = Ej,k,i = Ek,i,j = Ek,j,i
forany 1 <i,j5,k <d.
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To enable reliable tensor completion, we introduce the fol-
lowing incoherence definitions regarding the tensor T and
the tensor factors {u}}.

Definition 1 (Incoherence): Define the incoherence para-
meters of T and {u}} as follows

& |||
_ET . !00, (12a)
1T |5
)
j1 = max 7‘1”"*1'”;0, (12b)
rsisr lugl;
2
d{ur,u}
o = < 1 ]> (12C)

I
1255 T T3 Tl 2

Informally, when both o and p; are small, the /5 energy
of both T* and u; (1 <1 < r)is dispersed more or less
evenly across their entries. In addition, a small po necessarily
implies that every pair of the tensor factors of interest is nearly
orthogonal to (and hence incoherent with) each other. Finally,
the well-conditionedness assumption guarantees that no single
tensor component has significantly higher energy compared to
the rest of them. For the sake of notational simplicity, we shall
combine them into a single incoherence parameter

p = max {10, p1, p2} - (13)

The focal point of this paper lies in obtaining distributional
characterization of, and uncertainty assessment for, the non-
convex estimate (i.e. the solution U returned by Algorithm 1)
in a strong entrywise sense. In particular, we set out the goal
to

1) establish distributional representation of the estimate U;

2) construct short yet valid confidence intervals for each
entry of the tensor factor {uj }1<;<, as well as each entry
of the unknown tensor T.

To cast the latter task in more precise terms: given any
target coverage level 0 < 1 —a < 1, any 1 <[ < r and any
1 <14, j,k <d, the aim is to compute intervals [c1 4, ¢2 ,,] and
[c1,1, c2,7] such that

IE”{ul*z Clu,CQM]}:].—Oé—f'O(].)
]P{ jkE ClT,CQT]}:l—a+O(1).

Here, (14a) is phrased accounting for global permutation,
since one cannot possibly distinguish {u;}1<;<, and any
permutation of them given only the observations (2). Ideally,
the above tasks should be accomplished in a data-driven
manner without requiring prior knowledge about the noise
distributions.

(14a)
(14b)

IIT. MAIN RESULTS

This section presents our distributional theory for non-
convex tensor completion, and demonstrates how to con-
duct data-driven and optimal uncertainty quantification. For
notational convenience, in the sequel we denote by U =
[ug, -+ ,u,] € R the estimate returned by Algorithm 1,
and let T € R¥**4 indicate the resulting tensor estimate as
follows

r
T .= Zul X u X uy.
=1

15)

In addition, recognizing that one can only hope to recover U™
up to global permutation, we introduce a permutation matrix
as follows
IT == argmin |[UQ — U* ||,
Qcperm,.

(16)

where perm,. represents the set of permutation matrices in
R"*". Additionally, in order to guarantee reliable convergence
of Algorithm 1, there are several algorithmic parameters
(e.g. the learning rates) that need to be properly chosen.
We shall adopt the choices suggested by [2] throughout this
paper. Given that our theory can be presented regardless of
whether one understands these algorithmic choices, we defer
the specification of these parameters to Appendix A-B to avoid
distraction.

A. Distributional Guarantees for Nonconvex Estimates

We now establish distributional guarantees for the noncon-
vex estimate. For notational convenience, we introduce an
auxiliary matrix U € RT*" as well as a collection of
diagonal matrices D}, € R4*%4* (1 < k < d) such that

*
l<i,j<d

Jul @ul] e REXT(17)

(D*)< i), Gnf) Uzz,j,kv (18)

here, we abuse the notation (i,j) to denote (i — 1)d + j
whenever it is clear from the context. In words, I}* lifts the
tensor factors to a higher order, and Dj, collects the noise
variance in the k-th slice of E. To simplify presentation,
we begin with the case with independent Gaussian noise.

Theorem 1 (Distributional Guarantees for Tensor Factor
Estimates (Gaussian Noise)): Suppose that the Fj ;;’s are
Gaussian, and that Assumptions 1-2 hold. Assume that
i, Kk, = O(1) and that to = ¢plogd,

e 10g5 d 62 < Omin Omax cs pd3/2
=T T = T~ ®Y log*d
(19)

for some sufficiently large (resp. small) constant cg, ca,c3 > 0
(resp. ¢ > 0). Then with probability at least 1 — o (1), one
has the following decomposition:

U].-.[ — U* = Z + W’
WHQ,OO =0 )\*02'/"-3“ p), and for
any 1 < k < d one has Z, . NN(O,EZ) with
* 2 ~*xT ~% * 1

Remark 1 As an interpretation of Condition (19): (i) the
sample complexity is pd® > d®/?poly log(d), which is widely
conjectured to be computationally optimal (up to some log
factor) [19]; (ii) the typical size of each noise component (as
captured by {o; ;1 }) is allowed to be substantially larger than
the maximum magnitude of the entries of T under the sample
size assumption stated here.

In words, Theorem 1 reveals that the estimation error of
U can be decomposed into a Gaussian component Z and
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a residual term W. Encouragingly, the residual term W is,
in some sense, dominated by the Gaussian term and can be
safely neglected. To see this, recall that o; j 1, > Omin, leading
to a lower bound?

2 ~
Umm (U
p

(2 — 0(1))01211i11 . =

Tdla@;([“'ui 2 4] 1§i§r)

2 2,
p>\*4/3
This tells us that the typical ¢, norm of each row Zj .

exceeds the order of ”I"“;‘z//i, which is hence much larger

EZ - *Ti_j*)_l

Y

1Y

(1—=o(1))

max

than ||[W||2,cc (by virtue of Theorem 1). To conclude, the
nonconvex estimate U is—up to global permutation—a
nearly un-biased estimate of the true tensor factors U™, with
estimation errors being approximately Gaussian.

As it turns out, this distributional characterization can be
extended to accommodate a much broader class of noise
beyond Gaussian noise, as stated below.

Theorem 2 (Distributional Guarantees for Tensor Factor
Estimates (General Noise)): Suppose that {E; ; ;} are not
necessarily Gaussian but satisfy Assumption 2. Then the
decomposition in Theorem 1 continues to hold, except that
Z is not necessarily Gaussian but instead obeys

[P{Z). € A} —P{g, € A} =0 (1),

for any convex set A C R". Here, g, ~ N (0,X}) with
covariance matrix 3} defined in (20).

Before continuing, there is another important point that is
worth making (which is not included in Theorems 1-2 but
will be made precise in the analysis): our theory is capable
of characterizing not only the distribution for a single row
of the tensor factor matrix, but also joint distributions of
multiple rows of the tensor factor matrix; this will in turn
help provide simultaneous coverage for multiple rows of the
tensor factors (which we omit in this paper though for the sake
of conciseness).

As it turns out, for any three different rows 1, j, k, the
corresponding errors Z; ., Z ;. and Z, . are nearly statistically
independent. This is a crucial observation that immediately
allows for entrywise distributional characterizations for the
resulting tensor estimate 7", as summarized below.

Theorem 3 (Distributional Guarantees for Tensor Entry
Estimates): Instate the assumptions of Theorem 2. Consider
any 1 <i¢ < j <k <d obeying

Hﬁzm),:Hz+Hﬁjm);Hz‘LHﬁ;’,k»:Hz -
1T 12,00 -

1<k<d

Omax 1og3 d
T o | d2p

21

5To see why the penultimate inequality holds, note that under our assump-
tions,

~xT ~ % T
U U =|(ur u§)2}1§i,j§r
=< diag([||uf||§} 1§i§r) + rmax#j(u;'ru;‘.yb

= (1+ 0 (1)) diag ([t [14], -, )-

for some large constant c5 > 0, with U defined in (17). Then
the estimate 7' defined in (15) obeys

P{Togn < Ty + 7ol ) — 80| =0(), @2

where ®(-) is the CDF of a standard Gaussian random variable.
Here, the variance parameters {v} j .+ are defined such that for
any three distinct numbers i, j, k,

sup
T€R

k= Ul St O00.) + Ul S5 ()|
r7* * (775 T
+UG5H 2 U0 (23a)
* rr* * (17 T ~ % Y T
Vg =AU () 25 (U(i,k),;) +U ), 2k (U(i,i),:) ,
(23b)
Vi = 9000 . S (U 0a.) s (23¢)

where X7 is defined in (20).

In short, the above theorem indicates that: if the “strength”
of a tensor entry 77, , is not exceedingly small, then our non-
convex estimate of this entry is nearly unbiased, whose estima-
tion error is approximately zero-mean Gaussian with variance
vf ik To see this, note that when (19) holds, the right-hand
side of Condition (21) is at most O (d_1/4/\/10g d), which is
vanishingly small. In other words, the Gaussian approximation
is nearly tight unless the energy ||l~]:j7k)7:||2 + Hf];k) ||2 +
||U(Z i) ||2 is vanishingly small compared to the average size.
This entryw1se distributional theory allows one to accommo-
date a broad family of noise models.

B. Confidence Intervals

The preceding distributional guarantees pave the way for
uncertainty quantification. However, an outstanding challenge
remains in computing/estimating the covariance matrices
{2} } and the variance parameters {v; ; , }. In particular, these
crucial parameters are functlons of both the ground truth {u}}
and the noise variance {o? ;& }» Which we do not have access to
a priori. To further comphcate matters, in the heteroscedastic
case where {O’,i j, »p are location varying, it is in general
infeasible to estimate all variance parameters reliably.

Variance and Covariance Estimation: Fortunately, despite
the absence of prior knowledge about the truth and the
noise parameters, we are still able to faithfully estimate these
important parameters from the data in hand, using a simple
plug-in procedure. Specifically:

1) Rather than estimating all {c; ;  } directly, we turn atten-
tion to estimating the noise components {Ez j,k,} instead,
with the assistance of our tensor estimate 7" as follows

T — Tijw,  (ir4,k) € Q. (24)

Eijn =
We then construct a diagonal matrix Dy, € R4 xd 1<
k < d) obeying

(Di) gy, 67 =P
Note that Dy, is not really a faithful estimate of the Dj,
defined in (18) but it suffices for our purpose.
2) Estimate U (cf. (17)) via the plug-in estimator U :
[Uus @ Usli<s<r € R x,

B i Ggneny (29
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3) Substitute the above estimators into the expressions of the
variance parameters to yield our estimate. Specifically, for
any 1 < k < d, we compute

2 ~T~ ~ T ~ T~
> =-(U U)"'U D,UU U)™*
p
as an estimate of X3} (cf. (20)). We also compute the
estimates for {v;,,} such that: for any three distinct
numbers 1 < 4,75,k < d,

(26)

~ ~ L - .
Vigk = UGn,Zi(UGr,) +Uaw,:Z5(Ugn,)

~ ~ T
+ U, ZeUg).:) s (27a)

Vi =4 ﬁ(i,k),:Ei(ﬁ(i,k),:)T + f](i,i),:zk’ (ﬁ(“)(z);;

Vi = YU (4,24 (U(i,i),:)T~ (27¢)

Confidence Intervals: With the above variance/covariance
estimates in place, we are positioned to introduce our uncer-
tainty quantification procedure, which consists in constructing
entrywise confidence intervals for both the tensor factors and
the unknown tensor as follows.

e Foreach 1 < k < dand 1 <[ < r, we construct a
(1 — a)-confidence interval for the k-th entry of the I-th
tensor factor (up to global permutation) as follows

C'if,? = ure £/ (S - e (1-a/2)], (28)

where ®~1(-) is the inverse CDF of a standard Gaussian,
[a £b] :=[a—b,a+b], and Xy is constructed in (26).

e For each 1 < 4,5,k < d, we construct a (1 — «)-
confidence interval for the (i,7, k)-th entry of T as
follows

Cly, = [Tojn £ Vg - @7 (1—a/2)], (29

where v; ;1 is constructed in (27).
As it turns out, the proposed (entrywise) confidence intervals
are nearly accurate, as revealed by the following theorem. The
proof is postponed to Appendix E.

Theorem 4 (Validity of Constructed Confidence Intervals):
Instate the assumptions of Theorem 2. There is a permutation
m(+) : [d] +— [d] such that for any 0 < o < 1, the confidence
interval constructed in (28) obeys
P{ur, € Cllt} =1-a+o(1), VI<i<nl<k<d

ul, K

In addition, for any 1 < 4,7,k < d obeying (21) and any
0 < a < 1, the confidence interval constructed in (29) obeys

P{T7, e Qo b =1-a+o(1).

This theorem justifies the validity of the uncertainty quan-
tification procedure we propose. Several important features are
worth emphasizing:

o “Fine-grained” entrywise uncertainty quantification. Our
results enable trustworthy uncertainty quantification down
to quite fine scale, namely, we are capable of assessing
the uncertainty reliably at the entrywise level for both the
tensor factors and the tensor of interest. To the best of

our knowledge, accurate entrywise uncertainty character-
ization for tensor completion is previously unavailable.

o Adaptivity to heterogeneous and unknown noise distrib-
utions. The proposed confidence intervals do not require
prior knowledge about the noise distributions, and auto-
matically adapt to noise heteroscedasticity (i.e. the case
when the noise variance varies across entries). Such
model-free and adaptive features are of important practi-
cal value.

o No need of sample splitting. The whole procedure stud-
ied here—including both estimation and uncertainty
quantification — does not rely on any sort of data split-
ting, thus effectively preventing unnecessary information
loss due to sample splitting.

Remark 2: In practice, the rank r of the true tensor is
often unknown a priori, and needs to be estimated first.
Fortunately, rank estimation can often be accomplished in
a data-driven manner. For instance, under the assumptions
imposed in this paper, the largest r eigenvalues of the matrix
Poff_diag(AAT) are provably much larger than its remaining
eigenvalues (see [17], [18]). As a result, one can simply
examine the eigenvalues of Poff_diag(AAT), and utilize the
eigen-gap of this data matrix to obtain a faithful estimate
of r.

Lower Bounds: One might naturally wonder whether the
proposed confidence intervals can be further improved; con-
cretely, is it possible to identify a shorter confidence interval
that remains valid? As it turns out, our procedures are, in some
sense, statistically optimal under Gaussian noise, as confirmed
by the following fundamental lower bound.

Theorem 5 (Entrywise Lower Bounds): Consider any unbi-
ased estimator u; for wj (1 < [ < r) and any unbiased
estimator 7' for T*. Suppose that {E; j i} are ii.d. Gaussians
and that Assumptions 1-2 hold. If y, x,7 = O(1) and

log®d
2

for some sufficiently large constant cg > 0, then the following
holds with probability at least 1 — O (d~1°):

C6

Var[igi] > (1-0(1)) (25),,, 1<k<d;

Var[T; 1] = (1—o0(1) v}, 1<ijk<d

Taken collectively with Theorems 2 and 3, the above result
reveals that our nonconvex estimators {u;} and T' achieve
minimal mean square estimation errors in a very sharp man-
ner at the entrywise level. Recognizing that the proposed
confidence intervals allow for accurate assessment of the
uncertainty (by virtue of Theorem 4), we conclude that the pro-
posed inferential procedures are, in some sense, un-improvable
under i.i.d. Gaussian noise (including both the rates and the
pre-constants).

C. Back to Estimation: {5 Optimality of Nonconvex Estimates

Thus far, we have established optimality of the estimators
ur 1 <1 < rl1l <k < d) and T;; (for those
i,7,k obeying (21)) in an entrywise sense. These results
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taken together allow one to uncover the {5 optimality of the
nonconvex optimization approach as well. Our result is this:

Theorem 6 (Optimality w.r.t. {5 Estimation Accuracy):
Instate the assumptions of Theorem 2. With probability
exceeding 1 — o (1), the estimates returned by Algorithm 1
obey

(2-+0(1)) 72
2
p [zl
(6+0(1) oRaxdr
p
for some permutation 7 (-) : [d] — [d].

In addition, if {F;;} are ii.d. Gaussians, we have the
following lower bound:

Theorem 7 (Lower Bound w.r.t {5 Estimation Accuracy):
Instate the assumptions of Theorem 5. The following holds
with probability at least 1 — O (d’lo): any unbiased estimator
u; (resp. IA”) for wj (resp. T™) necessarily obeys

ey = uill; = . VI<I<r (30a)

T —T*||p = (30b)

- 2—o0(1 2. d
E {Hul _ u;Hﬂ > %; (3la)
K% ||2
~ — 2.
B[|7 -] > =%

Here, the characterization of the /5 risk (37a) for u; is a
straightforward consequence of Theorems 1-2, and the lower
bounds (31) follow immediately from Theorem 5. Establishing
the {5 risk (30b) for T' requires more work, as Theorem 3
is valid only for a set of entries obeying (21). Fortunately,
a majority of the entries of T satisfy (21), thus allowing for
a nearly accurate approximation of the Euclidean risk of T". All
in all, Theorems 6-7 deliver an encouraging news: when the
noise components are i.i.d. Gaussian, nonconvex optimization
is information-theoretically optimal when estimating both the
unknown tensor and its underlying tensor factors.

D. Numerical Experiments

To validate our theory and demonstrate the practical applica-
bility of our inferential procedures, we perform a series of
numerical experiments for a variety of settings. Specifically,
we set d = 100, p = 0.2, and generate the ground-truth
tensor T = Y/, u} in a random fashion such that u} RS
N(0,1,). Regarding the algorithmic parameters for noncon-
vex optimization (i.e. Algorithm 1), we choose L = 72, € =
0.4, n, =3 x 10’5/p, and ¢ty = 100. The noise components
are independently drawn from Gaussian distributions, obeying

Eijk~ J\/'(O,of_jk,)7 1 <i<j <k < d with variance ‘712]'.1«

constructed as follows. We generate wj j i S5 Unif[0,1],1 <
1,7,k < d and let

2,8 3
2 _ TW; ;. k d
Tijke = I

/8 )
Licicjch<d Wijk
where 3 represents the degree of heteroscedasticity. The noise
becomes more heteroscedastic as /3 increases, and setting 3 =
0 reduces to the homoscedastic case where the noise variances
are identical across all entries. In what follows, we set 3 = 5.

ical quantiles of R,

Enmpir

Fig. 1. Q-Q (quantile-quantile) plots of Rll{l, Rll{Q and Rll{S vs. a standard
Gaussian distribution (where » =4, p = 0.2, 0 = 0.1 and 3 = 5).

TABLE I

EMPIRICAL COVERAGE RATES OF TENSOR FACTOR
ENTRIES FOR VARYING  AND o

(r,o) Mean(CR) | Std(CR)
(2,1072) 0.9481 0.0201
(2,1071) 0.9477 0.0228

2,1) 0.9478 0.0215
(4,1072) 0.9450 0.0218
(4,107 1) 0.9472 0.0231

4,1) 0.9462 0.0234

a) Tensor factor entries: We begin with inference for
the entries of the tensor factors of interest. Consider the
construction of 95% confidence intervals (i.e. = 0.05).
Define the normalized estimation error as follows

u ._
Ry =

(wp—uiy), 1<i<r1<k<d

k)i

Foreach 1 <[ <rand 1 < k < d, we denote by CR; ;, the
empirical coverage rate for the tensor factor entry uj, over
100 independent trials. Let Mean(CR) (resp. Std (CR)) denote
the average (resp. the standard deviation) of {CR;;} over
all tensor factor entries. Figure 1 displays the Q-Q (quantile-
quantile) plots of Rll{l vs. a standard Gaussian random vari-
able, and Table I summarizes the numerical results for varying
p,r and o. Encouragingly, the empirical coverage rates are
all very close to 95%, and the empirical distributions of the
normalized estimation errors are all well approximated by a
standard Gaussian distribution.

b) Tensor entries: Next, we turn to inference for tensor
entries. Similar to the above case, we intend to construct 95%
confidence intervals. Define

1
Tt (Tige = Tj)

1<i<j<k<d

For each 1 < i < j < k < d, we record the empirical
coverage rate CR; ; i, for the tensor entry 77", , over 100 Monte
Carlo trials. Denote by Mean(CR) (resp. Std(CR)) the average
(resp. the standard deviation) of {CR; ; » } over entries 1 < i <
7 < k < d. Figure 2 depicts the Q-Q (quantile-quantile) plots
of R{,,, R],, and R, 3 vs. a standard Gaussian random
variable. Table II collects the numerical results Mean(CR)
and Std(CR) for a variety of settings. Similar to previous
experiments, the confidence intervals and the Q-Q plots match
our theoretical prediction in a reasonably well manner.

¢) Uy estimation accuracy: Finally, let us verify the
Euclidean estimation guarantees we develop for Algorithm 1.
Figure 3 plots the Euclidean estimation errors of the tensor
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nantiles of R},

Empirical quantiles of R, ,

()

Q-Q (quantile-quantile) plots of R-1r,1,1a R-l'—,1 5 and R-|1—2,3 vs. a

Fig. 2.
standard Gaussian distribution (where » = 4, p = 0.2, o =0.1and B =05).

TABLE II

EMPIRICAL COVERAGE RATES OF TENSOR ENTRIES FOR
DIFFERENT 7 AND o

(r,o) Mean(CR) | Std(CR)
(2,107%) | 0.9494 0.0218
(2,10°0) | 0.9513 0.0218
2,1) 0.9475 0.0222
(4,1072) 0.9434 0.0225
(4,10-T) | 0.9494 0.0220
(4,1) 0.9494 0.0219
g g
2 2
BB A0
é — Oracle lower bound é — Oracle lower bound
2 + Estimate 2 + Estimate
& 10 SR

109 107 107 10° 0% 102 10" 100
o: noise standard deviation

(a) (b)

Fig. 3. (a) 2 estimation error of w; vs. the Cramér-Rao lower bound;
(b) Euclidean estimation errors of 1" vs. the Cramér—Rao lower bound (where
r=4,p=0.2and g =0).

o: noise standard deviation

factor estimate w; (resp. the tensor estimate 7°). In this
series of experiments, we focus on the homoskedastic case,
iie. § = 0. As one can see, the empirical ¢ risks are
exceedingly close to the Cramér—Rao lower bounds supplied in
Theorem 6.

IV. PRIOR ART

Much progress has been made in the past few years
towards understanding and solving low-rank tensor comple-
tion. Inspired by the success of convex relaxation for matrix
completion [23], [24], [25], [26], [27], an estimate based
on tensor nuclear norm minimization was proposed by [28]
and [29], which enables information-theoretically optimal
sample complexity. Unfortunately, the tensor nuclear norm is
itself NP-hard to compute and hence computationally infea-
sible in practice. To allow for more economical algorithms,
a widely adopted strategy is to unfold the tensor data into
a matrix [11], [13], [30], [31], thus transforming it into a
low-rank matrix completion problem [23], [32], [33]. However,
unfolding a third-order tensor often leads to an extremely
unbalanced matrix, thereby resulting in sub-optimal sample
complexity when directly invoking matrix completion theory.
To address this issue, a recent line of work [19], [20] suggested
the use of sum-of-squares (SOS) hierarchy, which performs

convex relaxation after lifting the data into higher dimension.
The SOS-based algorithms achieve a sample complexity on
the order of rd3/2 for third-order tensors, which is widely
conjectured to be optimal among all polynomial-time algo-
rithms. However, despite their polynomial-time complexity,
the SOS-based methods remain too expensive for solving
large-scale practical problems, primarily due to the lifting
operation.

Motivated by the above computational concerns, sev-
eral nonconvex approaches have been developed, which
often consist of two stages: (1) finding a rough initial-
ization; (2) local refinement. Existing initialization schemes
include unfolding-based spectral methods [2], [16], [17],
[18], [22], [34], [35]. tensor power methods [21], tensor
SVD [36], and so on. To improve the estimation accuracy,
the local refinement stage invokes nonconvex optimization
algorithms like alternating minimization [21], [22], gradient
descent [2], [7], manifold-based optimization [35], block
coordinate decent [37], etc. These were motivated in part
by the effectiveness of nonconvex optimization in solving
nonconvex low-complexity problems [32], [38], [39], [40],
[41], [42], [43], [44], [45], [46], [47], [48], [49], [50], [51],
[52], [53], [54], [55], [561, [57], [58], [59], [60]; see an
overview of recent development in [33]. Various statistical
and computational guarantees have been provided for these
algorithms, all of which have been shown to run in polynomial
time. In particular, (unfolding-based) spectral initialization
followed by gradient descent converges linearly to an accuracy
that is within a logarithmic factor from optimal [2]. It is
also worth noting that the leave-one-out analysis framework
adopted herein has been adopted in obtaining sharp analysis
of these nonconvex optimization algorithms (e.g., [2], [18],
[45], [47], [61], [62]) as well as other statistical and learning
problems (e.g., [63], [64], [65], [66], [67], [68], [69]).

However, none of the above results suggested how to eval-
uate the uncertainty of the resulting estimates in a meaningful
way. Despite a large body of work on statistical estimation for
noisy tensor completion, it remains completely unclear how to
exploit existing results to construct valid yet short confidence
intervals for the unknown tensor. Perhaps the work closest to
the current paper is inference and uncertainty quantification for
noisy matrix completion and matrix denoising [70], [71], [72],
which enables optimal construction of confidence intervals on
the basis of nonconvex matrix completion algorithms. Infer-
ence for singular subspaces has also been investigated under
both low-rank matrix regression and denoising settings [73],
[74]. While these results might potentially be applicable here
by first matricizing the data, the resulting sample complexity,
as discussed above, could be pessimistic. Recently, inference
for low-rank tensor models has been studied including Tucker
low-rank tensor PCA [75], [76] and tensor regression [75].
Howeyver, the results therein did not consider the effect of
missing data. Finally, we remark that construction of confi-
dence intervals has been extensively studied in a variety of
high-dimensional sparse estimation settings [77], [78], [79],
[80], [81], [82], [83], [84], [85], [86], [87], [88]. Both the
inferential approaches and the analysis techniques therein,
however, are drastically different from the ones employed
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to perform inference for either tensor completion or matrix
completion.

Finally, we would like to note that our results have been
presented in part in ICML 2020 [1]. In comparison to [1]
which was restricted to the case where r, u = O(1), the current
paper accommodates the more general case where both r and p
are allowed to grow with the problem dimension d. In addition,
the current paper includes full analysis details that were not
included in the short ICML version.

V. ANALYSIS

This section outlines the proof for our main theorems.

A. A Set of More General Theorems

We begin by presenting a set of more general theorems that
allow both r and p to grow with the dimension d. As can be
straightforwardly verified, the theorems stated below subsume
as special cases the main theorems presented in Section III.

Theorem 8 (Distributional Guarantees for Tensor Factor
Estimates (Gaussian Noise, General (1, 11))): Suppose that the
E; ji’s are Gaussian, and that Assumptions 1-2 hold. Assume
that x =< 1, and that ty = cglogd,

> e /1‘47A4 10g5d C2 Omax 63\/1_7
P=A—m5m 0 g0 = Ao T 32/ 102 d
(32a)
d 1/6
r <y <W> (32b)
16 1og

hold for some sufficiently large (resp. small) constant
co,c1,¢c2 > 0 (resp. c3,cq4 > 0). Then with probability at
least 1 — o (1), one has the following decomposition:

Ul-U*=2Z+ W,

where II is defined in (16), [W ]|, = 0(/\;2(1/)(3\/5), and for

any 1 <k <d, Zj. ~N(0,X}) with covariance matrix X}
defined in (20).

Remark 3: Theorem 8 subsumes Theorem 1 as a special
case.

Theorem 9 (Distributional Guarantees for Tensor Factor
Estimates (General Noise, General (r,p))): Suppose that
Assumption 1 holds, and that {E;;;} are not necessarily
Gaussian but satisfy Assumption 2. Then under the condition
(32), the decomposition in Theorem 8 continues to hold,
except that Z is not necessarily Gaussian but instead obeys

P{Zy.c A} —P{g, € A}|=0(1), 1<k<d

for any convex set A C R". Here, g, ~ N (0,X}) with
covariance matrix 3} defined in (20).

Remark 4: Theorem 9 subsumes Theorem 2 as a special
case.

Theorem 10 (Distributional Guarantees for Tensor Entry
Estimates (General (r, 1))): Instate the assumptions of Theo-
rem 9. Consider any 1 < ¢ < j < k < d obeying

~ % ~ % ~ %
Wik = UGl #1060l + 0w, 33
Omax | /1457“3 10g3 d *x2/3
> C5 )\:nin dp )\max (34)

for some large constant c5 > 0, with U defined in (17). Then
the estimate 7' defined in (15) obeys

sup P{ka ST+ /vhk} _ q»(T)} —0(1),
TR

where ®@(-) is the CDF of a standard Gaussian random variable.
Here, the variance parameters {vj j,  are defined in (23).

Remark 5: Theorem 10 subsumes Theorem 3 as a special
case.

Theorem 11 (Validity of Confidence Intervals (General
(r,u)): Instate the assumptions of Theorem 9. There exists
a permutation 7(+) : [d] — [d] such that for any 0 < o < 1,
the confidence interval constructed in (28) obeys
P{ur, € Cliff=1-ato(1), VI<I<r1<k<d
In addition, for any 1 < 4,75,k < d obeying (34) and any
0 < a < 1, the confidence interval constructed in (29) obeys

P {T;j,k e C|1T;jfk} —l-a+o(l).

Remark 6: Theorem 11 subsumes Theorem 4 as a special
case.

Theorem 12 (Entrywise Lower Bounds (General (r,u)):
Consider any unbiased estimator u; for uj (1 <! < r) and
any unbiased estimator T' for T*. Suppose that {E; ;;} are
i.i.d. Gaussians and that Assumptions 1-2 hold. Assume that
k=1 and that

2rlog? d d
2657H ng r<cr log d

hold for some sufficiently large (resp. small) constant cg > 0
(resp. ¢y > 0). Then the following holds with probability at
least 1 — O(d~19):
Var[ﬂhk,} > (1 — 0(1)) (
Var[T 0] = (1 - v

i), 1<k<d

o(1)) W7,k

Remark 7: Theorem 12 subsumes Theorem 5 as a special
case.

Theorem 13 (Optimality w.r.t. {5 Estimation Accuracy
(General (r, )): Instate the assumptions of Theorem 9. With
probability exceeding 1 — o (1), the estimates returned by
Algorithm 1 obey

1<i,j,k<d.

2
Jesny — [} = LDy <<y
p i,
||T _ T*Hi‘ _ (6 +o (1)) O-rznaxdr
p

for some permutation 7 () : [d] — [d].

Remark 8: Theorem 13 subsumes Theorem 6 as a special
case.

Theorem 14 (Lower Bound w.rt (s Estimation Accuracy
(General (r,p))): Instate the assumptions of Theorem 12.
The following holds with probability at least 1 — O (d*m):

any unbiased estimator w; (resp. T) for w} (resp. T™)
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necessarily obeys

2—0(1))o2. d

E [l - uil] > b,
’ plluil;

T * (6 —0 (1)) J?nindr
|7 - 7[2] > E oW ohud

Remark 9: Theorem 14 subsumes Theorem 7 as a special
case.

The rest of this section is dedicated to establishing The-
orems 8-11. The proof of Theorems 12 and 14 (resp. Theo-
rem 13) is deferred to Appendix G (resp. Appendix F). Before
continuing, we introduce several notation for simplicity of
presentation. First, we rescale the loss function as follows

o) = o 10) = & [pa( S w7
i=1

throughout the rest of the paper. By defining U =
[u(lm] 1<i<r € R4 %" as before, we can express the gradient

of g(U) as follows

Vg(U) =

i
—1 ®3 *
77( u; —T—E)xuxu}
{p Q ; i 1 U X2 l1§z§d

= unfold (p_lpg(i: uP T - B))U, (5
i=1

where we recall the tensor vector products x; and Xo are
both defined in Section I-E, and unfold (-) denotes the mode-
3 matricization of a three-order tensor. Here and throughout,
for any matrix A = [ay, ..., a,] € R*", we denote

11 = [a1 Xai,...,a, ®a,«] S RdeT,

alb

(36)

where for any a,b € RY weleta®b:= S RY,
adb

In addition, we define an event £ on which several impor-
tant properties (59)-(63) (which we defer to Appendix B
to streamline presentation) hold. In what follows, we shall
primarily work with this event £, which happens with proba-
bility exceeding 1 — o (1) as guaranteed by Lemmas 11-14 in
Appendix B.

Remark 10 (Sub-Optimality in r and x): Before moving
on to the analysis details, we briefly remark on the dependency
of our theory on the rank r and the condition number « of the
ground truth. To begin with, our theory is only optimal when
the rank r is a constant independent of the ambient dimension
d, and becomes loose if r is allowed to grow with d.
This suboptimality arises since the state-of-the-art analysis
framework for nonconvex algorithms remains suboptimal in
this aspect [2], [22], [35]. For instance, our local convergence
analysis relies heavily on (restricted) strong convexity and
smoothness of the objective function, but the present theory
is only able to establish these desirable geometric properties
within a neighborhood around the truth of radius o(1/r).
Improving the rank dependency requires more refined analysis
ideas, which forms an important future direction.

Remark 11 (Extension to Asymmetric Tensors): In this
paper, we focus on symmetric tensors for simplicity of
presentation. The statistical inferential procedure can be
generalized to accommodate the asymmetric case. Briefly
speaking, one can run Algorithms 7-8 in [2] to obtain
nonconvex estimates for all tensor factors of an asymmetric
tensor (which enjoy similar theoretical guarantees as those in
the symmetric case). Then one can apply the same analysis
framework in Section V to characterize their distributions and
construct the corresponding confidence intervals in the same
manner. The interested readers are referred to [2, Appendix E]
for more details about how to extend the estimation algorithms
to handle asymmetric tensors.

Remark 12 (Extension to High-Order Tensors): Finally, let
us briefly discuss how to generalize the algorithmic idea
proposed herein to accommodate higher-order tensors. In fact,
one can see from the analysis in Section V that the key for
accomplishing the task of uncertainty quantification lies in
deriving entrywise distributional guarantees for the nonconvex
estimates of tensor factors. Therefore, the primary step reduces
to how to adapt the nonconvex algorithm here to recover an
order-k symmetric tensor T with low rank (r < d). Towards
this end, one can first unfold the observed tensor into a
d x d*~' matrix and invoke the spectral initialization algorithm
as Algorithm 2 to obtain the estimates of the subspace spanned
by the tensor factors. Then we can generate random vectors
from the estimated subspace and use them to project the
observed tensor onto the matrix space, and then apply the
spectral method to retrieve all tensor factors as in Algorithm 3.
After obtaining the initial estimates, we can run gradient
descent to further refine them, and show that the estimation
error of the nonconvex estimates are statistically optimal in
both /5 and /., senses. Once these theoretical guarantees
are in place, the inferential procedure is exactly the same
as that in the order-3 case. In addition, one can repeat the
analysis framework as that in Theorem 6 to show that with
high probability, the noconvex estimates satisfy

2+ 0(1)) 02, d

2
min || w, ) —suj ||, = max_ Vi<Ii<r
i = e
(37a)
2

p

for some permutation 7(-) : [d] — [d]. Here, it is worth
noting that when the tensor order is even, one can only
hope to retrieve tensor factors up to global signs. It is also
straightforward to apply the same argument as in Theorem 7
to demonstrate that the estimation error above matches the
information-theoretic lower bound.

B. Proof Outline for the Distributional Theory

We now outline the proof strategy for our distributional
theory, namely, Theorems 8-10.

1) Distributional Theory for Tensor Factors: Recall the
definition U = [u®?, .-+, u®2 € RT %" We start by making
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note of the following crucial decomposition of UTI:

UTI = unfold (p~'Pq (E)) UIL((UTL) TUTIL) "

+ U on(omTom)
+ unfold (Z—p~'Po) (T—T*))UTL((UTI) " UTI)

+Vg(U) (U U)'II, (38)

-1

where IT is defined in (16), Z stands for the identity operator,
and Vg(U) is given in (35). As a result, we arrive at the
following key decomposition

UTL-U* = unfold(p ' Po(B) T (T T " + 3 W,
" 1<i<4
(39)
where the W ;’s are given by
W, =U* (0" OI(0mTom) ' - 1,); (40a)
W5 := unfold (p™ ' Po(E))
(om(@omTom) -0 O U Bk
(40b)
W == unfold (Z—p~ 'Po)(T—T"))UTL((UTI) T UT)
(40¢)
W, = Vg(U)(U U) 'IL (40d)

Remark 13: Let us make a few remarks about the quantities
in the key decomposition of UII in (38) and (39). The
first term X in (39) consists of a collection of sub-Gaussian
random variables, which leads to the main uncertainty term.
In comparison, W and W, are both expected to be small
when the estimate U is close to the ground truth U”*. The third
term W 3 is concerned with the missing data, which disappears
when we have full observations (i.e. the case with p = 1).
Finally, the last term Wy is related to the gradient of our
nonconvex estimate U, which is also vanishingly small due to
the contraction property of the Eucilidean norm of the gradient
of a locally strongly convex and smooth loss function.

In what follows, we shall demonstrate through a set of aux-
iliary lemmas that UTI — U™ is approximately characterized
by the term X defined in (39). More specifically,

o Lemma 1 reveals that, under Gaussian noise, each row of
X is approximately a Gaussian random vector.

o« Lemma 2 extends the above (approximate) normality
result to the case with non-Gaussian noise.

o Lemmas 3-6 deliver upper bounds on the /5 ., norms
of the remaining quantities W, Wy, W3 and Wy,
respectively (in particular, they are provably negligible
compared to the typical size of each row of X).

Theorems 8-9
Lemmas 1-6.
Lemma 1: Instate the assumptions of Theorem 8. Condi-
tional on the event £ where (59)-(63) hold, with probability
at least 1 — O (d*w) we can decompose X = Z + W, such
that (i) for any 1 < k <d, Zj,. ~ N(0,X}) with covariance

then follow immediately by combining

matrix X7 defined in (20), and (ii)

2
Omax urlog”d urlogd
1%% <
[Woll2,o < )\;21413 { NG VT .41

Proof: See Appendix C-A. 0
Lemma 2: Instate the assumptions of Theorem 9. Condi-
tional on the event £ where (59)-(63) hold, with probability
at least 1 — O (d_lo), the decomposition X = Z + Wy in
Lemma 1 and (41) continues to hold, except that Z is not
necessarily Gaussian but instead obeys

312

N

for any convex set A C R? Here, g, ~ N (0,%}) with
covariance matrix X defined in (20).
Proof: See Appendix C-B. 0

Remark 14: We pause to make an observation regarding
the statistical dependency across the rows of Z. As will
be made clear in the proof, the randomness of Zj . arises
from the random components {E; ;r}i<i<j<q. Given that
E is assumed to be a symmetric tensor (in the sense that
Eijx = Ejir = Eikj = Ejki = Egij = Bk, for any
1 < 4,7,k < d), one can easily see that: for any k # [, Zj, .
and Z;. are not statistically independent and instead share
some source of randomness. Fortunately, each Z, . is a sum of
around d2 independent random vectors, whereas the number of
overlapping terms between Zj, . and Z; . is only on the order
of d and hence accounts for a vanishingly small fraction of
the total amount of randomness. Therefore, this allows one to
justify that Z, . and Z; . are “nearly” statistically independent
for any k # [.

Lemma 3: Instate the assumptions of Theorem 9. Condi-
tional on the event £ where (59)-(63) hold, the matrix W1
defined in (40a) obeys

|P{Zy,. € A} —P{g, € A}| <

UIII ax C

oo S =575 —-
N2 B

min

W1 (42)

with probability at least 1 — O (d~'°), where  is defined as

C= 22 10g"/% d 2121003 d N [u2r?logd
o d3/2p d\/p d
Omax | pr3dlog?d
43
+ )\;;1111 p ( )
Proof: See Appendix C-C. 0

Lemma 4: Instate the assumptions of Theorem 9. Condi-
tional on the event £ where (59)-(63) hold, the matrix W
defined in (40b) obeys

Omax Omax /M”Qd 10g d
*2/3\/— )\* D
with probability at least 1 — O (d~17).

Proof: See Appendix C-D. 0

Lemma 5: Instate the assumptions of Theorem 9. Condi-
tional on the event £ where (59)-(63) hold, the matrix W

W
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defined in (40c) obeys

Omax | 1312 log?d
Wl S Sy 1010
with probability at least 1 — O (d~'7).
Proof: See Appendix C-E. (]

Lemma 6: Instate the assumptions of Theorem 9. Condi-
tional on the event £ where (59)-(63) hold, the matrix W4
defined in (40d) obeys

Omax 1
[Wally,oo S
TNV
with probability at least 1 — O (d~'°).

Proof: See Appendix C-F. (]

Before we move on to the distributions of the tensor entries,

we make note of the following observation that will play a
useful role later. Define

W =Wy+W;+Ws+ W3+ W,. (44)

Taking Lemmas 1-6 collectively, we obtain

< UIIlaX =0 UIIlaX ) , 45
s lEs) @
where ( is defined in (43). The last relation holds true due to
our assumptions (32) on the sample size, the noise level, and
the rank.

2) Distributional Theory for Tensor Entries: As it turns out,
the theoretical guarantees for the tensor factors enable us to

characterize the distribution of tensor entries. Towards this, let
us first define

A=UN-U", A:=[A}] e R¥xT,

1<i<r
and recall the decomposition in (39), (40), Lemma 1, and (44),
ie. A = Z + W. With these in mind, we can expand
: (UL T)
= (A0 Uny ) + (850U, + Bk T,
+ (UL A + (UG Bs) + (UL B )
+ (A Ajin,)
= (Zi;, Ugja) +

Tijk =Tk = (Ui.., ﬁ(j,k),:> -

(Zj.:, ﬁa,m,) +(Zn,, ﬁ(*m>7:>

=Ygk

+ Rk (46)

for any 1 <4, 5, k < d, with the residual term R; ;. given by

Ri,j,k = <Wi,:) ﬁ:j7k)7;>+<Wj,:7 ﬁzi7k)7:>+<wk’,:) i—jz?,,_]),>
+ (U AGaw,) H(US s Adw),) Uk Adg)s)
+ <Ai,:7 A(]k)> 47)

Armed with the distributional characterization for Z
(cf. Lemma 2), we can show that Y; ;. is approximately
Gaussian, as formalized by the lemma below.

Lemma 7: Instate the assumptions of Theorem 9. On the
event £ where (59)-(63) hold, one can decompose Y; jr =
Gi gk + H; jy for each 1 < 4,5,k < d such that

s [F{Guan <y} 00| £ 5

where ®(-) is the CDF of a standard Gaussian random
variable; further, with probability at least 1 — O (d’lo) one

has
prlogd — prd/?\/logd
+ d + p .

|Hijkl p/rlog” d
NCIREN.
Proof: The key step boils down to proving that Z; ., Z; .
and Zy . are nearly statistically independent (as alluded to
previously). See Appendix D-A. U
In addition, given the /3 ., bounds of the residual term
W (cf. (45)) and the estimation error A (cf. (59b)), we can
demonstrate that R; ;. (cf. (47)) is negligible in magnitude,
as stated in the following lemma.
Lemma 8: Instate the assumptions of Theorem 9. Condi-
tional on the event £ where (59)-(63) hold, one has

(48)

(49)

R; ik Omax u3/2rlogd 1
S (50)
vk T NS Vdp o wigk

for any 1 < i, j,k < d with probability at least 1 — O (d~'°),
where ¢ and w; ;. is defined in (43) and (33), respectively.
Proof: See Appendix D-B. 0
Proof of Theorem 10: With Lemmas 7 and 8 in place, one
can readily prove Theorem 10. Applying the union bound
yields that: for any 7 € R and any €1,e9 > 0,

]P’{ka —Tijn < T\/“ngk}
< P{Gi’j’k < (T +e1+ 62), /v;j’k}
+P{[Higi| > 21 [0l + B{|Rui] > 22foi;0f

<P(r+er+e2)+0(1)

+P{‘Hi’j’k‘ > £ /v:,j,k’} + ]P{|Ri’j7k| > €94 /vzj7k},

where the last line results from (48) and the sample size
condition that p >> p?rd—3/2. By setting

_ /7 log? d n [urlogd n ur3/?\/logd
- d d ’

€

1 avp

=+ Omax u3/2rlogd 1

2 X - ,
IVl i

min

one sees from (49) and (50) that
P{|Higul > o1y o1, } a7
P{|R¢7j7k| > €94 /UZ:j,k} S a—1°.

In particular, in view of the assumptions (32) and (34), one
has max{ey,e2} = 0(1). Consequently, we can obtain

]P){Ti,j,k_lek <T,/U,ij} (I)(’T)
S O(T+e1+e2) — (1) +o(1)
<erterto(l)=o(l)
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for any 7 € R, where the last step arises from the prop-
erty of the CDF of a standard Gaussian The lower bound

on ]P’{T,jk — ”k < T./v } — ®(7) can be obtained
analogously. These taken together lead to the advertised claim

sug P{Tid?k =17k S TyJ75, k} ‘I)(T)‘ =o0(1).
TE

C. Proof Outline for the Validity of Confidence Intervals

With the above distributional guarantees in place, the valid-
ity of our confidence intervals can be established as long as
the proposed variance/covariance estimates are sufficiently
accurate. Before proceeding, we make note of the following
crucial observation:

max |E;ix — B ix max TS T 0 — F.
ke Ik ik = (i, k)eQ| 2ok = Tige = Ei i
<|T-T7,
< Omax /1437"2 logd \* (51)
~ X
A‘I’;lln d2p ma

where Em-?k is defined in (24). Here, we have used the
relation (59c) provided in Appendix B. As we shall see
momentarily, this simple fact plays a crucial role in ensuring
that our procedure returns faithful variance estimates.

1) Confidence Intervals for Tensor Factors: We start with
the tensor factors. Foreach 1 <! <rand 1 < k < d, we can
decompose

Ul k — uik .

VR

Uk — u?k Uk — u?k Uk — u?k

VEOL VEDL

=: Jl,k

V(DL

(52)

As it turns out, the approximation error term J j, is quite small,
as formalized in Lemma 9 below. The proof is postponed to
Appendix E-A.

Lemma 9: Instate the assumptions of Theorem 11. Con-
ditional on the event £ where (59)-(63) hold, the following
holds simultaneously for all 1 <! < r and 1 < k < d with
probability at least 1 — O (d~10):

pir3log® d . Omax p3r2dlog? d, (53)
d*p Anin p

Proof of Theorem 11 (the part w.rt. uf): Fix arbitrary 1 <
Il <rand 1l < k < d. By virtue of Theorem 9 and the
continuous mapping theorem, we know that

B/RABS

sup P{ul,k —ufp <7 (EZ)U} — @(7)‘ =o0(1). (54
T€R

Given the decomposition in (52), one can use the union bound
to find that for any 7 € R and any € > 0,

P{uhk, — ul*,k <T (Ek’)l,l} - @(T)

< P{ul k—uiy < (T+e) (EZ)U}
+P{|Ji k| > e} — ®(7)

(i)
<P(1+¢)—

(ii)
<e+o(l)+P{|Jik| >e},

O(1)+o(1) +P{|J1x| > ¢}

where (i) follows from (54), and (ii) arises from the property
of the CDF of A/(0,1). Set

urrd 1og d omax r2dlog d
a2p

where the last identity is valid as long as p > ur3d—2 log?d

and Tpax /N < \/p/(1372dlog® d). By Lemma 9, we have
P{|Ji x| >e} < d 0. Applying a similar argument for the
lower bound, one arrives at

itelg P{ul E— ul ST (Ek)l,l} - @(T)‘

<eto()+P{Jiul >} =o(1)

as claimed.

2) Confidence Intervals for Tensor Entries: Next, we turn
to the constructed confidence intervals for tensor entries.
As before, let us decompose

* *
Tijk — Tz',j,k - Tijre — T3 i,5,k

\/ Vi,j,k A ,] k

* . _ *

T,J,k Tz,j,k Tw,k Ti,j,k
+ - = (55)
VVij.k VvV Vi gk
=:Kijk

for each 1 < 4,7,k < d. The following lemma reveals that
the residual term Kj ;1 is considerably small; the proof is
deferred to Appendix 10.

Lemma 10: Instate the assumptions and notation of Theo-
rem 11. Conditional on the event £ where (59)-(63) hold, the
following holds simultaneously for all 1 < 4,5,k < d with
probability at least 1 — O (d’lo):

1 Omax | pPr3log?d . pirdlog® d
Wi jk )\*1/3 dp d2p ’
Proof of Theorem 11 (the part w.rt. T, ): Fix arbitrary
1 <i<j <k <d. Recalling the decompos1t10n in (55), we
can apply the union bound to show that: for any 7 € R and

any € > 0,

FIERNADS

]P){Ti’j’k — Tifj,k < T\/Ui,j,k} - @(T)

<P{Togo = Thju < (400l )

+P{|Km7k’| >e} —®(7)

Q)
< (7 +¢e) = (1) +o (1) + P{|Ki | > e}

(i)
< ce+o(l) +P{|Ki x| > ¢},

where (i) follows from Theorem 10, and (ii) arises from the
property of the CDF of a standard Gaussian. Set

1 Omax 5r31og? d 4p3 1003 d
*1/3 g i + ! 2 5 o(1),
Wi, ik \ dp d p

min

ex
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where the last equality holds due to our conditions p >
pir3d—21og*d and (34). Then Lemma 10 guarantees that
P{|K; ;i > e} < d'0, allowing us to reach

P{Tijx —Tij 5 < T/Oigk f — ®(7)
<e4o(l)+P{|Kijrl >} =0(1).

The lower bound can be obtained analogously. The proof is
thus complete.

VI. DISCUSSIONS

This paper has explored the problem of uncertainty quan-
tification for nonconvex tensor completion. The main con-
tributions lie in establishing (nearly) precise distributional
guarantees for the nonconvex estimates down to an entrywise
level. Our distributional representation enables data-driven
construction of confidence intervals for both the unknown ten-
sor and its underlying tensor factors. Our inferential procedure
and the accompanying theory are model-agnostic, which do
not require prior knowledge about the noise distributions and
are automatically adaptive to location-varying noise levels. Our
results uncover the effectiveness of nonconvex optimization,
which is statistically optimal for both estimation and confi-
dence interval construction.

The findings of the current paper further suggest numerous
possible extensions that are worth pursuing. To begin with, our
current results are only optimal when both the rank r and the
condition number ~ are constants independent of the ambient
dimension d. Can we further refine the analysis to enable
optimal inference for more general settings? In addition, our
theory falls short of providing valid confidence intervals for
tensor entries with very small “strength”. This calls for further
investigation in order to complete the picture.

Further, the current algorithmic and analysis frameworks
rely heavily upon the assumption of uniform random sampling.
In practice, there is no shortage of applications where the
sampling patterns are highly non-uniform. It would of great
interest to accommodate more general types of sampling
patterns with heterogeneous missingness mechanisms.

APPENDIX A
MORE DETAILS ABOUT ALGORITHM 1

A. The Initialization Scheme

For self-completeness, we record in this section the detailed
initialization procedure employed in the two-stage nonconvex
algorithm proposed in [2] (namely, Algorithm 1). This is
summarized in Algorithm 2, with auxiliary procedures detailed
in Algorithm 3. As a high-level interpretation, Algorithm 2
estimates the subspace spanned by the tensor factor {u} }1<i<,
via a spectral method (similar to PCA-type methods [16], [17],
[89]), whereas Algorithm 3 attempts to retrieve estimates for
individual tensor factors from this subspace estimate Upace.
Here and throughout, we denote T°% := (TP 1<i jk<ds
where we set T2, = 0 for any (i,j, k) ¢ Q.

Remark 15: In practice, the rank r of the true tensor is often
unknown a priori, and needs to be estimated first. Fortunately,
rank estimation can often be accomplished in a data-driven

Algorithm 2 Spectral Initialization for Nonconvex Tensor
Completion

1: Let Us,oaceAU_;Lace be the rank-r eigen-decomposition of
Poff_diag(AAT), where A = unfold(p*1T°bs) is the mode-
1 matricization of p~'T°", and Posr-diag(Z) extracts out
the off-diagonal entries of Z.

2: Output: an initial estimate U° € R on the basis of

Uspace € Raxr using Algorithm 3.

Algorithm 3 Retrieval of Low-Rank Tensor Factors From a
Given Subspace Estimate
1: Input: number of restarts L, pruning threshold e, sub-
space estimate Uspace € R?*" given by Algorithm 2.
cforr=1,...,L do

Generate an independent Gaussian vector g7 ~
N (0, I).

(v, \r, gap,)

@ N

»

« RETRIEVE-ONE-FACTOR (T, p, Upace, g7).-
5: Generate tensor factor estimates
{(wlv )‘1)7 SERE) (wTa )‘T)}
L
— PRUNE({ (VT, Ars gapT) }T=1’ €th)-

6: Output: initial estimate U° = [)\}/3101, ce )\},/310”]

manner. For instance, under the assumptions imposed in this
paper, the largest r eigenvalues of the matrix Pofr_diag(AAT)
(cf. Algorithm 2) are provably much larger than its remaining
eigenvalues (see [17], [18]). As a result, one can simply
examine the eigenvalues of Poff_diag(AAT), and utilize the
eigen-gap of this data matrix to obtain a faithful estimate of
r.

Remark 16: Let us take a moment to elucidate the role of
the initialization stage. To begin with, it is widely observed that
careful initialization plays a crucial role in many nonconvex
tensor estimation algorithms [90]. As has been discussed
in [2], delicate initialization is critical in enabling fast con-
vergence and optimal statistical accuracy of the nonconvex
estimator. In addition, it is natural to wonder whether one
can perform statistical inference based solely on the initial
estimate returned by Algorithm 2. As one can see from
[2, Section 5.3], however, the statistical error of the initial
estimates might be substantially larger than that of the final
nonconvex estimates, thus resulting in a much higher degree
of uncertainty. Consequently, the nonconvex refinement stage
is essential in achieving statistically efficient inference.

B. Choices of Algorithmic Parameters

To guarantee fast convergence of Algorithm 1, there are a
couple of algorithmic parameters — namely, the number of
restart attempts L, the pruning threshold ey, in Algorithm 3,
as well as the learning rates 7, — that need to be properly cho-
sen. Unless otherwise noted, this paper adopts the following
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1: function RETRIEVE-ONE-FACTOR(T', p, Usspace; g)
2. Compute

0 USpaCeUspaceg7
M =p~'T° x3 6,

(56a)
(56b)

where x3 is defined in Section I-E.

3:  Let v be the leading singular vector of M obeying
(T°%, v®3) >0, and set \ = (p~ ' T°, v®3),

4 return (v,\,01(M) — 02(M)).

Algorithm 4 The m-th Leave-One-Out Estimate

Initialize U*(™) = [u)(™), ... |
Gradient updates: for t = 0,1, ...,

u?’(’”’] via Algorithm 5.
to — 1 do
Ut+1,(m) _ Ut,(m) _ ntvf(m)(Ut,(m)).

u&"”] =

(58)

yto-(m),

Output U™ = [ugm), e

Algorithm 5 The m-th Leave-One-Out Sequence for Spectral
Initialization

function PRUNE({ (v", A-, gap,) }le, €th)
Set © = {(v", A, gapT)}f:1
fori=1,...,r do
Choose (7, A;,gap,) from O with the largest gap.;
set w' =v7 and \; = \,.

—_

Bl

5: Update
0 —0\{(v",Ar,gap,) €O : (LT, w')| > 1 —en}.
6:  return {(w', \1),..., (w", A}
choices suggested by [2]:
)\*4/3
L= 047"2'"‘ log®/%d, N = €5 Amin_ *‘g‘}‘;

max

rlogd O'mm rdlog? d rlod
eth:%{u g |rdlog [ rlog L 57)

where ¢4 > 0 is some sufficiently large constant, and cs, cg >
0 are some sufficiently small constants. The interested reader
is referred to [2] for justification.

APPENDIX B
PRELIMINARY FACTS

In this section, we gather a few preliminary facts that prove
useful throughout the analysis.

A. Leave-One-Out Sequences

To facilitate the analysis and decouple statistical depen-
dency, we introduce the following set of auxiliary tensors and
loss functions for all 1 < m < d:

Pa_,, (T%) +pP(T"),

0) = [pa. (Yust - )|
3 g 2
+pHPm<;u? T)

Tobs,(m) —

f(M)

)

F

where Pq_, (resp. P,,) is the Euclidean projection onto
the subspace of tensors supported on {(i,7,k) € Q:1i #
mandj # mand k # m} (resp. {(i,5,k) € [d*:i =
m or j =m or k =m}). We shall denote by U™ the leave-
one-out estimate returned by Algorithm 4.

1: Let Ug;’;?: A(m)Ugg;ZeT be the rank-r eigen-
decomposition of Pofr_diag(A(m)A(m)T), where

A — unfold(p*1T°bs’(m)) is the mode-1 matricization
of p~lT°(™)  and Pofr-diag(Z)  extracts the
off-diagonal entries of Z.

2: Qutput: an estimate U™ ¢ R on the basis of
U™ e R using Algorithm 6.

space

out

Algorithm 6 The m-th Leave-One-Out Sequence for Retriev-
ing Individual Tensor Components

1: Input: number of restarts L, pruning threshold e, sub-
space estimate U}, € Réxr given by Algorithm 5.

2:.for r=1,...,L do

3:  Recall the Gaussian vector g7 ~ N (0, I;) generated in
Algorithm 3.

& (0 A gapt™)

« RETRIEVE-ONE-FACTOR(T"™ ,p, U{") . g7).

5: Generate tensor factor estimates
{(wlmm),/\gm)),m,( r,(m) /\(m))}
- PRUNE({( 7,(m) )\(m) gap(m))}T 176th)
6: Output: an estimate
Uo(m —

[4)

L () gr ]

While the algorithms look somewhat complex, the idea is
very simple. In words, the new estimate U™ is obtained by
dropping all randomness from the m-th slice (namely, those
data from the index set {(i,j,k) € [d*: i = morj =
m or k = m}). This means that U™ is statistically inde-
pendent from the data coming from the m-th slice. These
leave-one-out sequences enjoy several useful properties that
have been established in [2], which we shall present in the
next subsection.

B. Properties of the Nonconvex Estimates

We now collect several important properties of our tensor
estimates as well as the associated leave-one-out estimates,
most of which have been established in [2]. To begin with,
Lemma 11 quantifies the estimation error of U and T
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Lemma 11: Instate the assumptions and notations of Theo-
rem 9. With probability at least 1 — o (1),

jm -, < G PR o

Jom -l 5 Fo RS o
* Omax | 1312 logd .

IT =Tl £ 5550 =, e (5%

The next lemma demonstrates that the leave-one-out

sequences {U(m)}1 cm<q constructed in Algorithm 4 are

sufficiently close to the true estimate U. As a result, U™
(resp. T™) also serves as a faithful estimate of the ground
truth U™ (resp. T™), where

T = Z (ul(m))®3.

1<i<r

(60)

The results are summarized as follows.
Lemma 12: Instate the assumptions and notation of Theo-
rem 9. With probability at least 1 — o (1), for all 1 <m < d

one has
v v, 5 G B e
Jeom v, s e PRSI )
[ -ur, < %\/%Aﬁﬁ; (61c)
7 S R et

In addition, Lemma 13 collects several simple properties
about the true tensor factors and their corresponding estimates.
The proof can be found in Appendix H-A.

Lemma 13: Instate the assumptions and notation of
Theorem 9. With probability at least 1 — o (1), there is a
permutation 7(+) : [d] — [d] such that

* * T *
10y < V7 10 00 < )/ 55 Ml
(U") = N2 (1+0(1), 0,(U") = Ny (1+ 0 (1)

max

)\*1/3

max ’

(62a)

(62b)
gy —wf||, =0 (1) uflly, 1<i<m (62¢)
[ty —uill, =o0() ufll, 1<i<r; (62d)
Ml S lwilly, S AEL 1<i < (62¢)

1 .. .
\/g/\mli{f)) S luill S \/EATQJ,?, 1<i<mr (62f)
L Omax [Tdlogd «2/3
. . < =
1§I?;§JX§T |<U7,,’Ll/j>| ~ {\/; + Afnin p } )‘maxa
(62¢g)

a1(U) = Al (1 +0(1)), r(U) = A (1 +0(1)).-
(62h)

In addition, these results hold unchanged if we replace u,; with
ugm) forall 1 <m <d.

Finally, L,fimma 14 summarizes several useful llounds
regarding U = [uf®1c<, € RTX" and U =
[uP?]i<i<, € R4 X" The proof is deferred to Appendix H-B.

Lemma 14: Instate the assumptions and notation of
Theorem 9. With probability at least 1 — o (1),

10 < BEN20 (07 < VAN (63w)

o1 (T") = N2 (1 +0(1), 0,(T") = \il? (1 +0(1));
(63b)

o1 (U) = X231 +0(1), 0,(U) = X222 (14 0(1));
(63¢)

HT}H— ﬁ*HF < UTaX [rdlogd )\;12&/3; (63d)

Amin p
e < Omax [u2rlogd «2/3
HUH U HQ,oo ~ Afnin dp Amax . (636)

In addition, the above results continue to hold if U is replaced

by T = [uf™ @w™],_,_, forall 1 <m <d.

C. A Berry-Esseen-Type Theorem

The distributional guarantees are built upon the Berry-
Esseen-type inequality [91, Theorem 1.1], which will be used
multiple times in the analysis.

Theorem 15: Let {x;},,., be a sequence of independent
zero-mean random vectors in R%. Denote by 3 the covariance
matrix of », ., @;, and let z ~ AN(0,X) be a Gaussian
vector in R?. Then one has

sup IP’{ Z wiéA}—]P’{zéA}‘gdl/‘lp,

AecC 1<i<n

(64)

where C is the set of all convex subsets of R%, and p is defined

as follows
p= 3 B[]

1<i<n

(65)

APPENDIX C
PROOF OF AUXILIARY LEMMAS: DISTRIBUTIONAL
THEORY FOR TENSOR FACTORS

Given a symmetric random tensor, we can always partition
it into six sub-tensors such that the entries within each
sub-tensor are independent. Therefore, whenever orderwise
bounds are sufficient, we shall treat {E; ;x}1<; jr<a and
{Xi,j,k}1<ijk<a (see the definition in (9)) as independent
random variables in order to simplify presentation.

A. Proof of Lemma 1
Fix an arbitrary m € [d]. Let us define a sequence of random
vectors {z; j i }i<ijk<d i0 R™ as follows:

I R o ~ % ~ k| ~ % 1
Zijk =P Ez,j,sz,j,kU(i,j),:(U u), (66)
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where we recall the notation (4, j) ==
Section I-E. Then we can express

=) Ziim+2 ) Zigm

1<i<d 1<i<j<d

(i — 1)d + j defined in

as a sum of independent zero-mean random vectors in R". Let
us further define a matrix Z € R?*" whose k-th row is given
by

(67)

=V2 Z Ziik +2 Z Zi ks

1<i<d 1<i<j<d

and let W := X — Z. Straightforward calculation gives

E[(Xm,)TXm,}

~ % ~ %

1 ~%T ~% ~ %
- @'y ot uo oy

p
E[(Zn.) Zo.]

(2D, - Ci)U”

Y T~ T
— o'oYy oot oy =,

p
where we recall that Dj, (resp. X)) is defined in (18)
(resp. (20)), and C, is a diagonal matrix in R4 *4* with
entries

0, if i# 7.

In what follows, we will prove (i) X,,. and Z,,. are
sufficiently close, i.e. the {3 oo norm of W, is considerably
small; (ii) Z,, . is a Gaussian vector with mean zero and
covariance matrix X with high probability.

We begin with the first claim. Observe that

* 0‘2' 9 lf Z:jv
(Co)i i) = { R

~ % |~ %
(\/_ 1 Zp Ezszzsz(lz) (U U)
1<i<d

(Wo)m,

is a sum of independent zero-mean random vectors in R".
By (63a) and (63b), it is straightforward to compute

By = 'R, Ul (O T
1= 112?<Xd ||P i,i,m Xii,m (7;71')7;( ) ||,¢1
2/3
S%WWMWW%Wﬂ¢M’WW“,
D ,00 D d/\*4/3
min
1 T ~
Vi = Z pQE[Ezsz'Lzm”|U(zz) U* U* 1H2
1<i<d
0’2 < ~ % ~*T~* 2
S Sl o ARl
1<i<d
< Jr2nax . MT)‘:I?W/E
T gl
where || - ||y, denotes the sub-exponential norm, and we use

the following bound in the second line:

D TGadls= 3 3 wit < ax I 107

1<i<d 1<i<d 1<I<r
ur
)\*4/3

max

2/\

We then invoke the matrix Bernstein inequality
[92, Corollary 2.1] to find that with probability exceeding

1-0(d ),
urlogd
oyfed)

H(WO)m,: ||2 S Bi 10g2 d++/Vilogd
(68)

< _ Omax uﬁlogzd
Tonve L dvp

where we have used the assumption x =< 1.

We move on to consider the distribution of Z,, .. Con-
ditional on {x; jm}1<ij<d, the vector Z,, . is zero-mean
Gaussian with covariance matrix

2 2
Swmi="3 > (Ui,j,mxz‘,j,m
P <ij<a
~xT ~
. (U* U*)_l
which satisfies

E[S:] = 7.

m m*

Lemma 15 below demonstrates that S, and X7 are, with
high probability, sufficiently close in the spectral norm; the
proof is deferred to the end of the section.

Lemma 15: Instate the assumptions of Lemma 1. With

probability exceeding 1 — O (d_lo),
o2 u2rlogd o?
max S* ‘:’n S max =0 matx .
e I Vo e

(69)

In what follows, we shall work on the high-probability event
where (69) holds. From the definition of the covariance matrix
3%, it is easily seen that

2min (7T )1 < 337, < 2mex (T
D D
Additionally, it follows from (63b) that
0_2 2
Amin(25,) = A4—/3p and Amax(37,) € <35 (70)

We then know from Weyl’s inequality and the conditions
Omax/0min < 1 and k =< 1 that

O min
*4/3 °

max

)\min(S:n) > )‘min(zjn) - ||S:n ” 2

(71)

This implies that S, is positive semidefinite and, therefore,
Sy 172 4 well- deﬁned As a result, Z,, .S}~ 1/22*1/2 is a
zero-mean Gaussian vector with covariance matrix X, .

With slight abuse of notation, we will treat Z,,
Zm,;S:n_l/QEfnl/Q + Wy as the residual term for the
Gaussian approximation. Hence, it remains to show that
ZT,,,7:S;_1/22;1/2 and Z,, . are exceedingly close in the /3
norm. To this end, we observe an upper bound

1Zm.: = Zom, 851225
= [1Zm S5 2 (S0 =202 |,
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SN2l S 2]l S5 =

By the perturbation bounds for matrix square roots
[93, Lemma 2.1], one knows from (69), (70) and (63b) that

1S5 — 20l

=072

*1/2  §w%1/2
HSm Ern || — Amln(S;}/Q) +Am1n(2:r}/2)
Omax | p2rlogd
- /\;21{13\/1_) d’p

where we use the conditions oyax/0min < 1 and & =< 1.
In addition, Z,, . is a sum of independent zero-mean random
vectors with bounds

~x ] ~
Bs ::1£3§de E,JmXUmU(H) U U 1”#}1
Umax 1 Omax M\/_A;i{’?
||U ||200||U U H< p d}\;ﬁ{ls ’
Vi = 2 LBIE i) [0, 0
1<ij<d
max ~ *T ~ * 0-12nax r)\;;il/)?
2 [T @ T s =

which rely on (63a) and (63b). It then follows from the matrix
Bernstein inequality that

| Zm,:|ly < B2 log?d + /Valogd
- Tmax Ml (/7 log? d
_ Omax VT 1ogd
- )\*2./3\/}—7
with probability at least 1 — O (d*n), as long as p 2
u2d*2 log3 and x =< 1. Therefore, we arrive at

+ s/rlogd}

(72)

HZm, _ Zrn S*—l/Qz*l/QH
O—max\/rlog ;?a{)?p Omax M TlOgd
*2/3 *2/3 d2

Jm ax

;u" log d
Tl B AP
Combining (68) and (73) and then taking a union bound over
1 <m < d, we reach the advertised bound on the {3 .. norm
of the residual term W .
1) Proof of Lemma 15: Recalling the definitions of S, and
3%, we can express

« o 2 kT ke _
Sm - m = _(U U ) ! Z (o—zj,m(p lXi,j,m - 1)
p 1<i,j<d

(O(i)) T (O T

(73)

as a sum of independent zero-mean random matrices in R%*9,
By (63), it is straightforward to bound

B = D) Ui, H

2 -1
max ‘Ui,j,m(p Xi,j,m —

1<i,j<d

2 . 2

< O max HU ||2 < Umax M TA*4/3

= 2.00 "~ 2 “‘max ’
p <~ p d

and

V= H Z aﬁj’mE[(

1<i,j<d
~ % T ~ % T~
(Ui, U(z‘j>~(U<:j>') Ui, >H

maxHU H ||U*T~*|| < ax ﬂ KTy wa/3  \x4/3
2,00 P

_ 1)2}

d2 max max

Invoke the matrix Bernstein inequality to reveal: with proba-
bility at least 1 — O (d*n),

— ~ % ~
S 020 N — V(U )) U

1<id,j<d

< Blogd+ +/Vlogd

o

< 42 *4/3 ILLQT. 1Ogd ,U'QT 1Ogd

~ O—Inax max de de
\#4/3 w?rlogd

= Inax max d2p ’

where the last line holds as long as p 2> p?rd=2logd.
Combined with (63b) and the condition x =< 1, we conclude
that

*4
e Pyl @)
p
< U?nax IU‘QTIOgd =0 < Jr2nax )
~ 4/3 2 - 4/3 ’
)‘x*ni{lp d*p A;iép

where the last step arises from the assumption that p >

p2rd=2log? d.

B. Proof of Lemma 2

As before, let us use the notation Z and Wy = X — Z
as defined in (67) in Lemma 1. It is easily seen that (68)
continues to hold in the non-Gaussian noise case (using the
same proof). Therefore, it suffices to show that Z,,, . converges
in distribution to a Gaussian random vector g,, ~ N (0,X7))
in R", towards which we resort to the Berry—Esseen-type
theorem in Appendix B-C. In order to do so, we need to upper
bound the quantity p defined in (65), which we proceed as
follows

Ps D

_ ~x T ~*, —1 3
[H Jszij /QUUJ) (U U) HQ]

1<i4,5<d
1 ~ % ~ % ~% .
T2 > E[Euyml] UG, O T2,
1<i4,5<d
) Ur3nax ~x T ~ % .
<7 S Tl l@ o) P
p 1<i,j<d

max Fox T ook *— :

o LA S0 17 e S A >
(H) Jmax . M\/_A*Q/B )\*4/3 1 Afr?axpg/z (2) IU‘TS/Q
N p2 d max max )\*4 0_3 . ~ d\/]_) °

Here, (i) follows from the property of sub-Gaussian random
variables, (ii) arises from (63a), (63b) and (70), whereas
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(i) results from the assumptions omax/Omin < 1 and £ < 1.
Therefore, invoke the Berry-Esseen theorem in Appendix B-C
to conclude that: for any convex set A C R4,

(312

/d3/2

where g,,, ~ N (0,3)) is a Gaussian random vector in R”.

P{Zn,: € A} ~Plg,, € A}| <

C. Proof of Lemma 3

Without loss of generality, assume that IT = I, to simplify
presentation. Fix an arbitrary m € [d]. One can use (63a)
and (63b) to upper bound

3T~ ~T ~
||Um (U U(U U)il_I’")HQ
= ~ ke~ T~
=|Un.(U-U)"UU U™,
~ ~ % ~ ~ T ~
[U* ||y 00 [[(TU =T U, @ T

< iy S @ - 0o

min

IN

e~
It then suffices to bound the spectral norm of (U — U )" U.
For notational convenience, we define

Ay =us—ul, 1<s<r; (74a)
A=U-U" (74b)
Let us decompose
U-UHYU=U0-U)U"
+U-UHY(U-U), a5
and look at these two matrices separately.

1. We begin with the first term (U — TNJ*)TI?* in (75), whose
entries are given by

(U - ﬁ*)Tﬁ*)m = (ug, )’ —

= (u} + Ai,u§>2 — <uf,u;>2

=2 (uf, ul) (A, ul) + (A, u) (76)

for all 1 < 4,5 < r. Here, we have used the fact that

<a®2, b®2> = {(a, b>2 for any a,b € R?. Therefore, one can
express

(ufuf)’

U-U)U =20""Uo (A TUY
+(ATUN) o ATUY), (77)
where we recall that ® is the Hadamard (entrywise) product.
In the sequel, we shall treat these two terms individually.

o With regards to (ATU*) ®
bound

[(ATU*) oAU

S H(ATU*) ® (ATU*) .
()
<

(ATU*), we can simply

ATU*

HATU*
00

F

(ii)
< max [|Aql, max Jluf], || Al 1T

425
(m) Omax rdlogdamax rdlogd \x4/3
N A:Vl'lln A:Vl'lln p e
) & rdlogd
< IIlaX
~ /\;121{13 » (78)
Here, (i) is due to HA o AlZ = Do Al <

max;,j A Z” 2; < IIA|Z || Al|% for any matrlx A;
(ii) arises from the inequality that ||AB||r < || Al/||B||r
for any matrices A, B; (iii) uses (59); and (iv) arises from
the condition that x < 1.

Bounding the term (U*'U*) ® (ATU™) turns out to
be more challenging. Towards this, we shall look at its
diagonal and off-diagonal parts separately. For the off-
diagonal part, by the incoherence condition (12c), one
can bound

[ Potrdiag (U*TU*) © (ATT))]|

< || Potiding (U TU) © (ATUY))
H,Poff—diag (U*TU*) ’oo HATU*
u)| Al 107

I

IN

F

A

max |<u:
1<i#j<r

[H Hoyx2/3 Omax rdlogd A¥L/3 . \*1/3
N max )\:nln p max max
<o\ | prlogd
~ Omax max P ’

where we also use (59) and x =< 1. Turning to the
diagonal part, one observes that

[Paag (U*'U%) © (ATT)|

= fgax H'u,ZHQ (A, uy)l

< max (A uf)| AT

As result, the key step lies in upper bounding
maxi<;<r [(A;, u})|, which will be accomplished in the
lemma below. The proof is deferred to the end of this
section.

Lemma 16: Instate the assumptions of Lemma 3. With
probability at least 1 — O (d~'?), one has

Omax [d ¢
<
1rg§<xd|<Auu )N S E o
where we recall the definition of ¢ in (43) and the
definition of A; in (74a).
With the above results in place, we conclude that

(79)

< || Pofrciag (U TU*) @ (ATU)) ||
+ | Paiag (UXTUY) © ATU*)H

*1/3 ,urlogd Omax [d G /3
<O—max>‘mux ;11{13 p ,—MTAmax

- *x1/3
-~ UrrxaxAm{X \/_
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where we use the condition x =< 1, as well as the defin-

ition of ¢ in (43) (which indicates that ¢ > y/7lad)
in the last step.
o Combining the bounds above demonstrates that

@ -o")'T|

5 H(U*TU*) o (ATU*) + H(ATU*) ® (ATU*)
< N3 [ LS 4 e rdlogd

VR

d ¢
= Omax N3 (80)

\/_
r3dlog2d

where we have used the fact that ¢ 2 Spe
In particular, we obtain the following upper r bound for the
spectral norm of U-U":

|0-0"| =)@ -T)TT|
<|lo" @ -7 TT
*2/3

(81)

< UIII&X d A
~ )\* max ?
min

where we use the conditions that p > p3r3d=3/21log® d,
Omax/Nin < V/p/(r2d3/2) and r < d/(plogd).

2. Turning to the second term (U — ﬁ*)T(ﬁ - ﬁ*) in (75),
one can use (81) and x < 1 to upper bound

2
T 1" Omax | d *2/3
@ -0 @ -0 < (Amm\/;Am> .82

3. Taking (78) and (80) together leads to

H(ﬁ—ﬁifﬁj! ) S
<2/ -T)TT |+ |0 -0)(U-T)|

< a3 [ 2 ((Tmax [y
DT Ao D
)\*1/3 é C
= mux max )
D \/uT

where the last step arises from the definition of { (cf. (43))

that ¢ = %1 / ”de. Therefore, one can use the condition
k = 1 to establish that

« ~x [~  ~T~
HUW:(U U(U U) 1_17“)"2
< 1 //”/\*1/3 T N3 §L< Omax
~ )\:’i{f max max p\/ﬁ ~ )\;21{13 D

as claimed.

1) Proof of Lemma 16: Fix any 1 < ¢ < r. Recall the
decomposition in (39) and (40) as well as the assumption IT =
I, (without loss of generahty) Left multiplying it by U™ and

right multiplying it by U U, we arrive at
~T ~
U U-UnU U

- -U""UrU-U)"U" +B, (83)

where we use the following fact:
vur (0" O 0) - 1)
—uTUr 0 U0 'U)" -0 OO 0))
Ut U -0 O U)
and B is given by
B=-U"U"U-U)(U-U)

:ZBl

+U*Tunfold (p~'Po(E)) U

=: B2

+U*unfold ((Z — p~'Pg) (T — T*)) U

=: B3

+U*"Vg(U).
=B

(84)

~T ~
One can compute the (i,i)-th entry of U*" (U — U*\U U
on the left-hand side of (83) as follows

—wT(U-UU U,

= 3l AL (ue ),

1<s<r

T w-vHu'0),,

where we recall that A, = u, — u* In view of (76), the
(i,i)-th entry of U*'U*(U — U )TU on the right-hand
side of (83) is given by

UUr U -0,

)

= (U*TU*)IL7;(I7 - i}*)—rﬁ*’z

= D {ulud) (2(ul ) (A ul) +

1<s<r

<AS7’U’:>2 )’

Therefore, substituting these into (83) and rearranging terms
lead to

(lwilly +2Juflly) (A, ul)

= — Z us;uz +2<’U,:,’Uz:>2) <A87u:>
s:87£1
= D (uluf) (A i)’ + By (85)
1<s<r

It then suffices to control the quantities on the right-hand side
of (85).

For the first term of (85), apply the Cauchy-Schwartz
inequality to yield

|3 () + 2 (ulu)?) (As )|
S:8F1
)}zl Y 1A,

< max{ (us, uz
s:8F£1 oy
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< mae { (v + ()} o V7 U = U

() dlogd dlogd
I max T Og *4/3 JmaX T g *2/3
<JE A . =Rl
~ {d + A1*:1’1211'1 p } e \/F A‘I’;lln p e
(1<‘) o\ w?r?logd . o2 .rdlog d

dp P

Here, (i) is due to the incoherence condition (12b) as well
as (59a) and (62g), whereas (ii) arises from the noise condition
Omax/Apin < /p/(r2dlogd). Turning to the second term
of (85), the Cauchy-Schwartz inequality tells us that

> Gt (A )|

1<s<r

2 2
wi)l lluily Y 1Al

2 2
< Jlufll (A, uf)” 4+ max [(ug,
s:87£1 ot

3 4 2
< Al [l (A ui)| + max [[ufl, [U - U™g

4 o2 rdlogd
S 0 (1) [[uf |l [{AG uf)| + Ands - SR e
min p

where we use (59a) and (62c). Substituting these into (85) and
using (62e) and x < 1, we arrive at

. 2r2)ogd
NS 1AL U] S TmacN o %
rdlog d
7g+|Bm|. (86)

+ max
p

It remains to bound |B; ;|. Towards this end, we claim for
the moment that

d
Bl £ O [ ==
where ( is defined in (43). If this were true, then one could
use (86) and the condition x =< 1 to obtain the advertised
bound

(87)

o d
(A )| 5 2 /S
min

¢ ,uh/log amax r2d10g d
Lot \f
/147’ mln

— Jmax d C
*1/3 qn
IIllIl
where the last step holds due to the fact that ¢ 2
‘3/2 3/z\/log + annx p,r3dlog2d

The remamder ofn the proof is thus devoted to proving the
claim (87). Recalling the decomposition in (84), we shall
control (Bj);;, 1 < j <4 separately.

o For B, using (62b), (63d) and x < 1, we can simply
upper bound

|(By),, | <|[U"Ur @ -0 (0 -U)|

<o *|o - 0| < o |*ljo - 07

2

)\*1/3 P

min

<>\*1/3 Omax |rdlog d)

IIlaer log d
p

2/\

(88)

o Regarding B>, we can decompose

(Bs), ;= (p""Pa(E), u} @ u; ® u;)
< 1739( ) *®3>
=m
+ (P Po(B) ul © A; © u;)
=72
+ (P Pa(E), uf @ uf @ Ay),

=73

leaving us with three terms to control.

— For Y1, observe that T =
E1gj,k,zgdp_lEj,k’,lXjk’lUf,jquuZl is a sum of
independent zero-mean random variables. Applying

the Bernstein inequality shows that with probability at
least 1 — O (d*QO),

log?d logd
|71|§JmaX{ D [|u zH D [|u 1”2

3/210g% d logd
< Umux)\;mx M Og + Og
d3/2p D

= Omax M log d

p

where we use the incoherence condition (12b), and the
last step holds true as long as p > p2d 3 log® d.

— Regarding 2 and ~3, we know from [2, Lemma D.4]
that with probability at least 1 — O (d~2°),

Hp*IPQ(E) X1 ujH

log®/? d dlogd
Somax{ il oo [T [P
<o )\*1/3{10%/ d\/7 dlogd}
= oaeil/s, [dlogd
p

where we use the incoherence condition (12b) and the
assumption that p > pud~2log* d. Consequently, we
can use (62¢) and (59a) to obtain

72l + sl
< lp™ Pa(B) xy | (lually + lluflly) 1A,

< /dlogdilfax /rdlogd.
min p
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— Combining the bounds above and using the condition
k=<1, we find that

St logd N Ufmx\/?dlogd.
p p

(89)

| (B2),;] S

Turning to B3, we can upper bound

(B3)ii| = [{(Z = p"Pa) (T — T*) ,u; @ uf?)|

< ||~ Pa = T) (T — T*)|| ufl, w3

Hence, it boils down to upper bounding the spectral norm
of (p~'Pq —I) (T — T*). Towards this, we decompose

T-T"= ) A0u’+ul®A, @u+u*’®A,.
1<s<r
Applying Lemma 21 in Appendix I, one obtains
ICe 17’9 ~D(T -1
< o= P - |

3 I\Aslloo(

1<s<r
St Pa —

2 2
s 15+ 13l sl o+ lluaslIZ, )

max |lu?|’

I)1®3||7" max || Ag|l
1<s<r 1<s<r

where we use (62d) that ||A;]| < [Ju}]],
from [2, Lemma D.2], we know that

|Pq (18%) — p1®3|| < log®d + /dp log®* d

with probability at least 1 — O (d’QO). Consequently, we
obtain

. In addition,

[(p™"Po = I) (T — T*)]|

r Omax [prlogd p
—(log®d log®/? q) —2ax  [E 67 BNk
p( og” d++/dp log )Afmn o g e
- \/E{Mg/zr?,/z log”/2d  13/23/2 log?’d}
~ Omax - .
p

d3/2p d\/p

Together with (62e), this enables us to conclude that

|(B3 11‘~/\max|| LPQ_I)(T_T*)H
d
S Umax)‘;lax\/j
p
' M3/27“3/2 1og7/2 d M3/27“3/2 1Og3 d -
d3/2p d\/p '

o It remains to look at B,4. As shown in [2], the loss
function g(U) is locally strong convex and smooth with
respect to the initial estimate U, By the standard result
of convex optimization, we know that the Euclidean norm
of the gradient undergoes contraction at each iteration,
in the sense that

V(U™ < || Va(U") |,

I

for some constant 0 < p < 1. By the construction of our
estimate U = U and the assumptions omax /A%
d=1% and ty < logd, one has

s |d 1
|WM)U<%WM$V;d

Consequently, we can upper bound

| (Ba);; | = [ui "V, g(U)] < |luill, Vo)

d1l
< Umux)‘;nax \/ja :
p

o Taking collectively (88), (89), (90) and (92) yields that
|Bi,i| < } (Bl)m } + | (B2)m | + } (B3)11 } + | (B4)m |

d
< O'max/\:nax \/;

min N

oD

92)

/i3/27"3/2 1og7/2 d M3/27“3/2 1Og3 d
d3/2p d\/p
logd  Omax |r2dlog?d 1
+ d + AEI&X p + E
d
< Umax)‘:nax C
\/_

where we recall the definition of ( in (43).

D. Proof of Lemma 4

Without loss of generality, we assume that IT = I, for
simplicity of presentation. For any fixed m € [d], it is
straightforward to decompose

~ k| ~ %

el unfold (Po (E)) (U(U O)' — U (@ T"))
= e unfold (P (E)) (U - U")(U ' U)~!
=i
+ e unfold (Po (E)) U™ (U T)~! -
=: 02
In the sequel, we shall upper bound 3; and (3, separately.

1) Controlling B:: From the fact (63¢) that Amin (U U) =
)\I*néli{f, one has
e unfold (Po(E)) (U — U@ )Y,
- ~ % ~T ~
< ||e unfold (Po(E)) (@ — T )|, ||(@ ' T)|

e, unfold (Pq(E)) U - ﬁ*) -

@ ThH.

= <73 ®3)

Hence, it suffices to control the ¢5 norm of the m-th row of
unfold (P (E)) U - ﬁ*)
= [Pa(B) x1 us %2 us = PoB) i ul ]

which admits the following decomposition

[PQ(E) X1 s X2 us — Po(E) X1 4’ Xo u;L< j
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:{ﬁh(E)xlu?”xQzém)—ﬁb(E)xluzxzuj
1<s<r

=7

+ [PQ(E)X1 Us X2 US—PQ(E)X1Ugm)X2u‘gm)}1< <r
<s<r

=72

Here, we recall the leave-one-out matrix U™
[u§m>]1<8<r € RY" returned by Algorithm 4. In what
follow, we shall control v; and ~- separately.

o Let us start with ~;. For notational convenience,

we denote A, = wu, —ul, A = ul™ — uy,
A = (Ay), and Ag?) = (Ag’”’))i foreach 1 < s <r
and 1 < ¢ < d. With this notation in place, for each

1 < s < r we can expand

(PQ (E) X1 ’u’gM) X2 ’u’gM) - PQ (E) X1 ’U/: X2 U:)m

= ul™ T (Po (E)).. mul™ —uT (Pq (E)).. mul

S

= QA(sm)T(PQ(E)):,:,mu;+A(;n)T(PQ(E)):,:,mA(;n)v

where R. . ,, € R%*? denotes the m-th mode-3 slice of
a tensor R € R4X4%4 a5 defined in Section I-E.

We first look at Agm)T(PQ (E)).. mul. By construc-
tion, Agm) is independent of the m-th mode-3 slice
of Pqo (E). Consequently, AT (Pq (E)),, u’ =

sm S
N :
Y i<ij<a BijmXijmAg; us ; is a sum of independent

zero-mean random variables (conditional on Pq_, (E)).
Using the incoherence condition (12b), straightforward
calculation gives
o (m)
Bii= max | B gimXigm sy s,

(m) *
S omax [ A |

* H m
< oty 1A

Vi= Y BB ] (A7) ul?

1<i,5<d
S o2 [|A5 ] uzf;
< o2 N2 AM|.

We then apply the Bernstein inequality to find that with
probability at least 1 — O (d~2°),

AT (Po (B))...,,, i

< Bylog?d++/Vilogd
< Umax/\:nla/j{\/gng d ||A-gm) Hoo
+«/—plogdHAgm)||2}. (94)
Applying a similar argument, we can also upper bound

AT (Po (B)). .., A
< e {log” @ ALV + Vologd ALV}

<€ Omac Nl {ﬁ logd | ALl
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+ s/plogdHAgm)HQ}, (95)

where we utilize (62) in Lemma 13 that ||A§m)||OO <
Vi AN and |alm |, < A3 in the last inequality.
Combining (94) and (95), and summing over s € [r],
we obtain

HerTn, [PQ(E)Xl uf{ﬂ) X9 ’ugM)—PQ(E)X1 Ul Xo u:h )
* 1% ,
Somily {0 F a7
+Vilogd U - U}

max 21 d
5 O'Inax/\;}a{f : {\/gIOgQ d - i*( \/@)\ﬁa@

+ /plogd - i\max rdlogd, s }
;ﬂn p e
max dl 2 d
= U*il;z{ﬁamax &7 (96)
A p

min
where the last step holds as long as p > p2rd=2log®d
and k < 1.
Turning to 72, we can decompose

(Pa (E) x1 us X2 us — Pa (E) x1 ul™ x5 ul™)
=2 (uy —u{™) " (Po(E))..,, ul™
m T m
+ (us - u(q )) (PQ (E)):7:,m, (us - ’U,(g )) (97)
For the first term, we use the Cauchy-Schwartz to derive
[ (s = ul™) " (Pa (), ul™]
< Jlus =™, || (P (B))
This motivates us to bound the ¢9 norm of
(PQ (E));,;,m ugm) = Zlgi,jgd Ei,j,mXi,j,meie;’ru:(;M)
— which is a sum of independent random zero-mean
matrices. By Lemma 13, it is straightforward to calculate

m

(M)H
LnLm Uy 2°

— T, (m
By = max [[Bugxisneie] wl™],,

S e [, < ol

Vo= 3 BB 0] ()
1<i,j<d

< 0raxdp [[u{™|[; £ 02 N dp.
In view of the matrix Bernstein inequality, we show that
with probability exceeding 1 — O (d*QO),
| (Pa (). .., ui™||, < Balog®d + v/Valogd

S JmaxA;}g{f {\/glogQ d+ +/dplog d}
= Omax N3 /dplog d,

where the last step holds as long as p > ud~2log® d.
Consequently, we reach

|(us — 'u,((g"”))—r (Pa(E)) “(em)|

LnL,m
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S Omax At \/dplogd ||us —

For the second term of (97), invoke [44, Lemma 11] to
demonstrate that: with probability at least 1 — O (d~2°),

ul™ I, (98)

max [ (Pa(B), .|| S omax(Vdp +logd). (99)
This enables us to bound
|(us = u{™) " (Pa ()., (us — ul™)]
)12
< [[(Pa(®)), ., | [[ws — ™
< Omax (V/dp + log d) ||us —ug"UHj (100)

Taking together the bounds (98), (100) and summing over
s € [r], we obtain

He,T,, [Pa(E)x1 us x2 us—Pa(E)x1 wl™ x, ugm)}

< oLV T U - U,
+ Umax(\/_p +logd)||U — U(m)H2

S Oma A Vaplog d - J2 [ fg priogd s
+ O—max(\/% + 10g d)

- O—max\/}_j
~ )\*1./3 Omax D

min

Sll2

mln

mux l“n 1Ogd *2/3
*2 max
)‘mln

prdlog® d

(101)

where we have used the conditions that oyax /AL, <
B/ A4, p> prd=3/?log” d and K < 1.
o Putting (100) and (101) together and substituting them

into (93) yield

min

e unfold (p~' Po(B)) (U — T*) (T T) |,

< Omaxy/D Omax | pirdlog? d

2) Controlling (32: Recognizing that

P (E)U(U'0) " - <ff”ff*>‘1>ug
Po(E) T, (T T (@ T,

it suffices to control the ¢ norm of emunfold(PQ(E)fJ*).
Let us express

(102)

||e,,unfold (p

§||e%unfo|d(

enunfold (Po (E)U = > EijmXijmU ).

1<i,j<d

as a sum of independent zero-mean random vectors in R”".
By (63a), it is straightforward to compute that

Bj = 1gga;§d||Eum><umU<*m>7:|lwl S e [0 .o
)\*2/3M\/_
N Omax max d
Z E[E JmXUm ||U(ZJ HQN mapoU HF

1<i,5<d
)\*4/3

N IIlaX max rp?

where || - ||, denotes the sub-exponential norm. Applying the
matrix Bernstein inequality yields that

e unfold (p~'Po(E))U || < Bslog?d + \/Vs logd
< O—mza4)(>\*2/(3 {,LL\/_ log_d + /TP 1og d}

max d

= Jmax)\r*na/)f v/ rplogd

with probability at least 1—O (d~2), where the last line holds
as long as p > p2d—2log® d.
In addition, we can use (63b) and (63c) to upper bound

H(i_jTi_j)_l B (ﬁ*Tﬁ*)_ln
~ T ~ ~T  ~ ~ %
<@ oo O -T)
+(O0- o) o0 T

~ % ~ %

<||U Oy @0 T - 70" + 1)

O‘III X d
N )\*2 ||U U || ~ )\*3& \/7/\

where we use (81) in the last step.
Taking together the above bounds, we arrive at

*2/3

max ’

(103)

He unfold “Po(E )) ((U U) 1 (ﬁ*Tﬁ*)il)H

< Tmaxy/P Omax |rdlogd
~ )\;21{13 A?nin p .

3) Combining (31 and (32: Putting (102) and (104) together,
we conclude that with probability at least 1 — O (d’QO), one
has

[[unfold (p=2 P (B)) (U (T U)
Omax Omax ‘LLT'd IOg d
?;121{13 \/_ )\IIllIl p .

E. Proof of Lemma 5

Without loss of generality, assume that II = I, for
simplicity of presentation. Fix an arbitrary 1 < m < d. From
(63c), we can upper bound

2

(104)

_1_6 (U U HQoo

He%unfold((p71779 —I)(T — T*))ﬁ(ﬁTﬁ)AHQ
< |l unfold((p=2Pa — T)(T — T)T |, || (T T) |
1
B /\*4./3||elunfo|d((p_1”PQ— IN(T - T*)U||,. (105)

As a result, it suffices to upper bound the £ norm of the m-th
row of unfold((p~ Py — Z)(T — T*))U. Observe that this
matrix can be decomposed as follows

unfold ((p~'Pq — I)(T — T*))f]
= unfold ((p~'Pq — Z)(T"™ — T*))ﬁ(m)
=:f1
+ unfold ((p~'Pq — I)(T — T*)) (U U(m))

=: 2
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+ unfold((p~Pg — T)(T — T) T

=: 33

where 7" = [u,™ @u{™],_,_ . In what follows, we shall

control these three terms separately. To simplify presentation,
let us define

éém) = Us
1) Controlling 3;:

—ul™,  1<s<r (106)

By construction, we can express

e unfold ((p~'Pq — 7)(T™ — T*))ﬁ(m)
~(m)

= 2 (@ =T, 07 Xigm = WUy,
1<i,j<d

as a sum of independent zero-mean random vectors. We claim
for the moment that

Z (T(m) T*) i S Arr;x

1<i,j<d min

prlogd .,

max*

(107)

Combined with (61d) and Lemma 14, it is straightforward to
compute that

Bi= max (T —T*), (0 Xijm — )U(m) Iy,
1 ~( )
< S -2 5l
<l Omax ;’-1137”2 logd * M\/_/\:HQW/)?
P N dzp e d
and
N _ ~( )
S E(T™ -T2, 0 X — DU i[5
1<i j<d
’V(m) *
< - H ||2,oo Z (T(m) T ) ,J,m
1<i,j<d
< 1 . /J/QTAEZS . mux pur 1Ogd)\*2
~ P d2 )\,I;lgm P max*

In view of the matrix Bernstein inequality, one has with
probability at least 1 — O (d_QO),

Jefunfold(p Pa(T™) — 1) — (1 — )T,

< Blog?d+ /Vlogd

1372 pa/r log®? d N 1312 log? d
d?p d\/p d2p

- Umax)\me{x 12 32 10g d
N

where the last step holds as long as p > p2rd=2log®d and
K=< 1.

Now we are left with justifying the claim (107). Observe
that

*5/3
OmaxAmax

)\:(nin\/}_j

A

(108)

S -1,
1<i,5<d 7

= Ut pemy T

U*F*U*Tuia

where F"™) and F'* are diagonal matrices in R”*" with entries
F = (u“”'))m and F}, = (u}),, . Note that | F"™)|| <
maxicisy 26" - P < maxacic, uf]| and [P
F*H HU U*H2 . By the triangle inequality, it is
stralghtforward to bound

o™ FpmutmT U U,
< H(U( ) _ U*)F(M)U(m)THF
[0 E ) - P
+ U P Ut = U |
_HUM—wamewww
[P - F )]

+ T IF U™ U

< HU(m) U ||F 11’I<la<Xr ”u(m)H ||U(m)H

+ U™ = U,
10| poax . [T

) Umax | rdlogd A*I/S
4A2/3 Omax | prlogd \+1/3
max A:nln p max

o™
_U*HF

A*l/?) A*l/?)

max max

g B S [T
Awin || P
< i‘:ax m log d )‘:naxv
min p

where (i) results from Lemmas 11-13.
2) Controlling [33: For each s € [r], we can further
decompose

(unfold ((p~Pa — 2)(T — ) (0~ T"))
=) (p""Po—I)(T-T") us
—ul™ T ((pPo — )T~ TY), ,, ul™
=M T ((p™ P —I)(T - T%)). . us

2y

+u™T((p~Po — I)(T — T%))

where we recall that ggm> = ug — uFJ”). Let us first upper
bound the spectral norm of the m-th mode-3 slice of (p_lPQ—
Z)(T —T™). Recalling the notation A :=U —U”* and A, =
us —uj, 1 <s <r, one can express

Y (Aceutul @ A @ uul e A,),
1<s<r

m,s

€(M)

.. ?
LL,m>S

T-T=

and consequently,
(T —T*)..,, =AFU" +U'FA" +U'F*AT,
where F' and F* are diagonal matrices in R"*" with entries

F, ;= (u;)m and Fryo= (u}),, - Applying [94, Lemma 4.5]
yields

[ ((»

“Po —I)(T - T7))

:,:,mH
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< (7 Pa1®) =19%) 1A«
(IUFlly o + U Fly o + U F5 )

The matrix Bernstein inequality then reveals that with proba-
bility at least 1 — O (d*QO),

log d
og+

B || < dlogd.
Lnm D D
Moreover, we know from (12b), (62a) and (62f) that

|| (p71PQ(1®3) o 1®3)

e H Uy 5 Y2

~ max

[UF| o + U

Combining this with (59b), we demonstrate that
(™ Po =TT —T7)), |l

< logd+ dlogd UT@X MTIOgd/\;}{fM\/_/\ff{f
p p )\IIIIII p
3
< Omax | logd L dlogd %
TN P p

As a result, one can use (61a) and (62¢) to bound

€T (07 P~ T)(T ~T)
< (@' Pa =)@ = T7), 1€l |2

3r2logd | logd dlogd
S omw il {Oﬁ 2 s }||s£m>||2~

Clearly, the upper bound also holds for ugm)T((p_lpg -
I)(T -T")).. mgg’"). Summing over s € [r], we conclude
that )

Hellunfold((pflpﬂ —I)(T —-T")) (ﬁ - ﬁ(m)) ||2

3r2logd [logd dlogd
< max>\*1/‘3 rr U- U(m)
o max dgp ) + D H ||F
< G \L/3 u3r2logd | logd . dlogd
d? p p
) Omax | 1T 10gd>\*1/3
A:»nln p max
maxA;laX
<Z (109)

u3r2 1ogd
VP Pp
Here, the last inequality holds due to our assumptions p >

(2d=3/? log® d and oyax/ Ny < /p/d%* and k< 1.
3) Controlling [33: For each s € [r]|, we have

u|

(unfold((p71PQ —17) (T - T(m)))ﬁ(m))m}s

= ugm)T((pﬂPQ -I)(T - T(m))) wlm,

Lnmo S
Recall the definition of ﬁg"”)(cf. (106)), we decompose

> ((ulm + €)% - (ufm)*?)
1<s<r

> (e @ ul™ @ ul™ 4 ul™ @ e @ ul™

1<s<r

T-T" =

+ul™ @ul™ @£ + ¢ @ "M @ ul™
+EM wul™ @€ +ul™ @ g @ g™
+eM e oem). (110)

In view of the triangle inequality, it suffices to control these
terms separately.

o Let us first consider the terms which are linear in terms

of €™ For M, = Y oi<s<r ¢ @ ul™ @ ul™, one
can write o
u™ T {(p™ ' Pa ~T) M1}, ul™
= > {wm),
1<s<r
> (€M) () (@) N — 1)) |-
1<i,j<d

We shall use the Cauchy-Schwartz inequality to upper
bound the absolute value of the quantity above. By con-
struction, '™ is independent of {Xi,j,m }1<i,j<d. Apply-
ing a similar argument in [2, Lemma D.9], we know that
with probability at least 1 — O (d~2°),

> ),
1<i<d 1<j<d

1 m m
< > a5

) 2
(ul™) (b Xegom = 1)|
This leads to the following upper bound

|20 €M), 2 (@) @) (0 X~ 1)

1<i<d 1<j<d

< > (em);

1<i<d

Y Y

1<i<d 1<j<d

1 201 (m) 112 my 4
S S Kl Rl

m)) (p Xl,j m — ]_)

It then follows that

R L R

YT |

w™Y (™ 2
), (™) (P Xagom — 1)\
1<s<r 1<i,5<d

IR

£(m)

1<s<r
<— D7 e ISl I el - D (u™)y,

1<€<7‘ 1<s<r

m m m) |14 m)|12

SJ;IIU( .00 o [fesl™ 2 [l [ U0
< 1 M?"A:r?a/)? /J/A:r?u/j /B o2 prlog d)\I*nQa/,f
~ P d d max )\;ngm »

2 *10/3 r2
S O'm;)iAm;x dQIOgd7 (111)

where we use Lemmas 12 and 13 in (12b). Clearly, the
upper bound is also valid for >3, . u{™ e gul™.
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In an analogous manner, one can show that for M, :
= Y i<s<r (ugm)) ® (ugm)) ® €™ with probability
exceeding 1 — O (d*QO),

2
| L N
" s

2

S| X @) 0 e 1)
1<s<r 1<4,5<d
D0 (e,
1<s<r ( "

<— > Julm Ll 2 €,
1<s<r 1<s<r
1 m 2 m) |12
< o =T max [l |l
o1 R prlogdAnll 2l s s
p )\;;’121 N D d2 max max
a;aXA;}S,{?’ 3r2logd

SR @ 4

where the last step arises from use (61) and (62).

o Next, we turn to the quadratic terms with respect to & Q”)
in (110). For M5 = Y. £/ @ ¢/™ @ ul™, we
can expand -

Ugm)—r{(p_lpﬂ— )Mg}
= > {@m), 5 ((éé””)i(s.i""))j

1<s<r <
(™), (™), 0 s - 1) -
Use the Cauchy-Schwartz inequality and the Bernstein
inequality again to yield

‘ Z (égm))i (sgm))j (ugm))z (ugm))j (p_lXi,j,m - 1)}2
1<i,5<d
< 3 (e
1<i,5<d
> (ufm)? (u(m>) (0 i gm — 1)°
1<i,5<d

1 )4 NP
< Ll

with probability at least 1 — O (d’QO). Consequently, we
find that

H [T (p" Po ~ T) M}, ul™)] |

S5 DI W il 13l Ml
plgsgr 1<s<r
1 m m

S ST mas [lul™

m m 2

~1@3§J!us—u N2 o -u™|;
LR s pAae 0% prlog AR

N p d )‘max d : )\;;,2111 D
a;aXA;}S,{?’ w3r?logd

STNEw Ep e
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where the last line holds true due to Lemmas 12 and 13,
and [[us—ul™ || < [fuslloot[ul™ oo S VoA Nk
Using a similar argument for (111) one can verify that
for My =3, .., &™ @ul™ ®¢™ with probability
at least 1 — O (d=29) ,

H [UW{( CPo DM} ]

Sll2
- (m) (m)
IIU U ||zoof§§§r||um I%,
~1@3§THU [T =T
1 . MTA;I?{E . u)\ang{,‘f /3 Urmx urlog d/\:fa/f
N p d d max )\;’in p
2 *10/3 3 2
< UmjiAHZX Td;;gd, (114)

where we use (61), (62) and [|[U — U™y, <
1U]l2.00 + U™ |l2.00 < VorJd e in the last step.
Note that the same bound also holds for ), ., ™ @
6("1) ®£(m) o

o As for the cubic term Ms = >, ., (ﬁ(m)) in (110),

arguing similarly as in (113), we know that with proba-
bility greater than 1 — O (d’QO) ,

[ {7 o~ )M}, ul™)]

sll2

1 o 2 m) 4 4
S5 2 @) 20 e i,

1<s<r 1<s<r

—IIU U5 max [lul™];
'1@§§TH€WII lo -

L A g A O prog AN
Np d max d )\?;12111 p
afnm)\,*,}g,{?’ wir?logd
S T (115)

where we use (61), (62) and HU U™ ||y <

(U200 + 1T |[2,00 S v/ JdNsads in (115).
o Putting the results (111)-(115) together with the condition
r = 1 reveals that: with probability at least 1—O (d~%°),

He;lum‘old((p—lpQ —I)(T — T(m)))fj(m) H2

- Tmax el [u3r2log? d
~p d*p

4) Combining the Bounds on 31, (32 and [33: Substitut-
ing (108), (109) and (116) into (105), and taking the union
bound over m € [d], we conclude that

(116)

|[unfold((p~"Pe — T)(T — T*)U (U T) "

||2,oo

w312 log? d

UIII ax

min

with probability at least 1 — O (d~'?), provided that r = 1.
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F. Proof of Lemma 6

Without loss of generality, assume that II = I,.. By (91),

it is straightforward to invoke (63c) to obtain

~ T ~ ~ T ~
[Ve@) U ), . < [[VaO)l, . [IT O
< [Vo@)| @ D)7
s 11
< O'max>\mQu/)§\/7 d )\*4/3
Omax (1 1
~ *2/3 \/_

where the last step follows from the condition x =< 1.

APPENDIX D
PROOF OF AUXILIARY LEMMAS: DISTRIBUTIONAL
THEORY FOR TENSOR ENTRIES

A. Proof of Lemma 7

Fix arbitrary 1 < m < n <[ < d. In what follows, we shall
focus on the case m < n < [. The analysis naturally extends
to the case where n=n<Ilm<n=lorm=n=1.

Before we embark on the proof, we remind the readers
of the definitions of z (resp. Z) in (66) (resp. (67)). While
Zy., Zy,. and Z;. are not mutually independent due to
the symmetric sampling, we can show that the dependence
between them are extremely weak. This in turn allows us
to invoke the Berry-Esseen theorem to prove the advertised
distributional guarantees.

We now begin to present our analysis. To decouple the weak
dependence, we define the following auxiliary random vector:

Do = Z 8 P12

)

(117)

with

iriFEn,l it i#Em,n,l
+ 2 E Zi,j,mv
(ir§): i, g7mn,l
1<i<j<d
o o Ts
2:m, = E[(Zm,) Zm,:} .
The vectors Z,,. and Z,. are defined in a similar manner.

By construction, it is easy to verify that Zm,:, 2n and 211: are
mutually independent. Moreover, Lemma 17 as stated below
reveals that the constructed auxiliary vectors are sufficiently
close to the original ones.

Lemma 17: Instate the assumptions and notation of
Lemma 7. With probability at least 1 — O (d~'?), one has

Tmax {uﬁlog2d+ [urlogd
d

<
71H2 ~ /\*2_/3\/1_) d\/]_)

N ur3/2\/logd}
— [

H(Z_ Z)m

In addition, the upper bound continues to hold for (Z — Z In,:
and (Z — Z);,..

With these in place, we then define random variables

Crnint = Zmis Uy +{Znin Ul
+ (21U (.. );

Hpymg =Ymmni— Gmn

- <(z - Z)m ,ﬁzn l),:> +

~ ~ %

<(Z - Z)nm U(m,l),:>

By construction, G, ,; is a sum of independent zero-
mean random variables with variance vm nl defined in (23).
In the sequel, we shall apply the Berry -Esseen theorem
[91, Theorem 1.1] (cf. Appendix B-C) to show that G, ,,; is
close in distribution to a Gaussian random variable. As before,
we need to control the quantity p defined in (65). From (63a)

and (63b), it is straightforward to upper bound

1
Ly

1<i,j<d

~ % ~ % ~ % ~ %
E[lEivjvk"SXivjvk} ‘U(%J)v (U U )71 (U(nvl)#)—r |3

3
< Omax
~Y

) max
p? 1<ij<d

~ % ~x [ ~%
'U(nz) U U)

~ % ~x T ~x ~ *
UGy @ T (Tgpy) |

! (ﬁz(n l),:)T

IIl X e rr* :

< = |0, J@ TP (O, 3
Ug’lax ‘LL\/_ * *

S pg d )‘11123{)? ( mlrjl/g) || (" 1),: HQ
Um X max M\/_

5% 71 (Ol

min

In addition, we can use (70) to lower bound the variance as
follows

’U:n,,n,l > Amin (2;1,) Hszml)# ||§ + Amin (2
+ Aunin (S 1T .

(||U<nl> 15+ 10y ol + 10 Gy [ )

(118)

Tl

2
> _%min
~ \x4/3
max

Combining these two bounds, we arrive at

—3/2 U?nax)‘;i‘{)? /T
N
' (Hﬁ?n,n,:HZ + [Ty Il + ||l7?m,n>,:H§)
< T
~ d\/]—)7
using the conditions opax/0min < 1 and £ =< 1. As a conse-

quence, invoke the Berry-Esseen-type theorem in Appendix B-
C to derive
< VT

itelg P{Gmnl<7—1/vmnl}—¢>( N < SN

where ®(-) is the CDF of a standard Gaussian random variable.
We then move on to the residual term Hy, .
Recall the definition of w,,,,; in (33). By Lemma 17

P S (U:nm,l)
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and the Cauchy-Schwartz inequality, one can easily

upper bound

|Hm,n,l|
S wnnit (12 = D]l + 1(Z = Z)us ], + 1(Z = D],

\/_log d /urlogd_’_ur?’/Q\/logd OmaxWm,n |
5 d\/_ d )\*2/3\/2_)

- /7 log? d /,urlogd ur? \/1og

where the last step arises from (118) and the conditions
Omax/Omin < 1 and k =< 1.
1) Proof of Lemma 17: By the triangle inequality, we have
12 = 2)l, < (2~ 2,1,
_,_/

—1/2 (2;{2 B Efnl/z)
=: B2
We shall upper bound these two terms separately.

1) For (31, observe that (Z — Z)m,7: = \/izmmm +
V22zi1m + 2> iigng (Zinm + Zigm) is a sum of
independent zero-mean random vectors. From (63a)
and (63b), straightforward computation gives

mnl7

2, 2 I5-

) ~ % ~ % 1
B = 1gga;§d||p 'Eigaxianl .0 T,
O—max

7
Omax ,LL\/_XQ/B . 1

D 4 max s

min

*T~* 1||

Z/\

2,00 /1T

AN

and

Vi= > p’E

1<i<d

o2 T -
e [((Z0 20 R [ W LT
p 1<i<d

2
Inax U U —1
e I

3
< Tmax 1

p )\*8./3 " max
Applying the matrix Bernstein inequality reveals that with
probability exceeding 1 — O (d’QO)

1(Z-2),, .|, < Blog?d+ \/Viogd
- O’maxAm@x u\/_log d n [urlogd
Toniive Lodve d ]

In particular, we can combine it with (72) and x < 1 to
obtain

~ % ~ % ~ %
I:Eijvkxz’]’k]HU(zv])v(U U )_1H§

\ /\

I /\

max. 113 10715,

*2/3 ﬁ”“ )\*2/3

d max

Zm,:”g S ”Zm#' 2 + ||(Z - Z)m,:HQ

max log® d logd

<_C py/1 log L JHrlogd TTogd
AL dVP d

_ Omax /1T 1log d
Ain /D

with the proviso that p > u2d~2log®d and p < d.

(119)
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2) ”l:urning to ﬁug, we invoke the independence between (Z —

Z),,,. and Z,, . to derive
Sh = Sn =E[Zn.Z0.] ~E[(Zn.) Zm,]
- E[(Zm, - Zm,:)T(Zm,: - Zm,:)]
4 2 ~xT ~x 1, ~%T ~ %
= = Z Ui,n,m(U U ) (U(z,n) ) U(zn (U U )
pi:i;ﬁn,l
4 ~ T~k 1,0k ~ % ~ % T ~ %
+]_) Z U?,l,m(U U) 1(U(i,l),:)TU(i,l) (U U)
ii#£n,l

~ % T ~ %

(U(n,n),:)TU(n,n) (U U )

* T ~ *

+2cfnnm(U U)~

~ % T ~ %

2 ok ~
+;O’l,l,m(U U) 1(U(l’l),:)TU(l,l) (U U)

One can then use (63b) to upper bound

12, - Sl % I;?*Hw”ﬁ* |

| Oy T+ X Tl T

zz;él zz;én
1211 < *T~* ~ % ~ %
< 22| @ T Y (100w o+ 1060.03)
1<i<d

< 0—12nax . 1 . & *4/3
~ p )\*8/3 d max

min
2 2
T max & O min
~ \x4/3 *4/3 7
Aminp d max P

where the last line arises from the assumption that
Omax/Omin < 1, K < 1 and r < d/u. Combining this
with (70) and Weyl’s inequality, one arrives at

2 2

o g < ag
Amax (Em) S )\*‘Z‘/a;‘ and Apin (X) 2 )\*4m/1§ )
min P max P

Applying the perturbation bound for matrix square roots
[93, Lemma 2.1] yields

Hvl/2 2*1/2}’ < — Hzm_ = H
Ao () + Al (8m)
- At P o2 wr
Omin /\:ri{l?’ d

This taken collectively with (119) implies that

1208, (E07 - 2002,

y 71/2 . 1/2 .
1Zm 1% W1 = 202
Omax /1 logd A:nQu/)?\/I_) . AN 02 ax ur
)\;21{13\/]_) Omin Omin )\*4/31) d
2/logd

min
d )

A

A

Omax MT3/
RN

where the last line follows from the conditions

Omax/Omin < 1 and k =< 1.

3) Putting the above bounds together yields the advertised

bound in Lemma 17.
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B. Proof of Lemma 8

We shall bound the terms in (47) separately, followed by the
triangle inequality. In what follows, we denote uj ; = (us);
and A ;= (Ag), forany 1 < s <rand1<i<d.

1) Regarding the first three terms involving W, combine the

Cauchy-Schwartz with (45) to show that

|<Wm7!a U(n,l),:> + <Wn717 U(m,l),:> + <Wl7!’ U(m,n),:>‘

O-Hl X
< NWlg00 wimnit S Cw/i;w (120)

min

m,n,ls

where we recall the definition of ¢ (resp. Wy, »,1) in (43)
(resp. (33)). _

2) We  now turn  to  (Uj, ,Aq.) =
D i<s<r Ws mAsnls . By virtue of (12b) and (59b),
one can invoke Cauchy-Schwartz to bound

‘ 2 WimBandai] < \/ > Az,l\/ > witAZ,

1<s<r 1<s<r 1<s<r
<AL oo max ulla
2
S (%1/@%{3) @A;,zf. (121)
Clearly, this upper bound also holds for both

<U:z,:a A(m,l),:> and <UZ:7 é(m,n),:>-
3) As for the last term (A, ., A(,,,;),:), we know from (59b)
and (62d) that

Z As,mAs,nAs,l

1<s<r

2
< (G i) e
)‘min p

4) Combining (120), (121) and (122), we arrive at the
advertised bound

(Rl S €

2
< IAJ . max A

(122)

Um ax
*2/3

min

2
Omax ur IOgd *1/3 M *1/3
Tmax [ OBE By
+ <)\Elin P max J “max

(i) 3/2
<(c+ O-Hia); w*rlogd 1 o
A;li{l dp Wm,mn,l

(i)

= o(1) /vl
Here, (i) arises from the lower bound on v:n’n}l (cf. (118))
and the conditions oyax/0min =< 1 and k =< 1, whereas
(ii) makes use of the assumptions (32) and (34).

Wm,n,l

APPENDIX E
PROOF OF AUXILIARY LEMMAS: CONFIDENCE INTERVALS

A. Proof of Lemma 9

Fix arbitrary 1 < [ < r and 1 < k£ < d. Before

proceeding, we pause to introduce some notation for simplicity

~ %
of presentation. Recalling the notation U = [uf®2] 1<1<r €

R and U = [uf?]
matrices as follows

2
L<1<n € R %" we define two d2 x r

~x ~%T ~ ~ ~T ~
V=U(U U, Vv=UU U 123
These allow us to express the covariance matrix as X; =
V*D;V* (tesp. ¥ = V.D,V), where Dj, (resp. Dy,) is

defined in (18) (resp. (25)). In addition, let us define

sip =/ (B and sy = /(e

Lemma 18 below collects several useful properties regrading
V., and v ;» the proof is deferred to the end of this section.

Lemma 18: Instate the assumptions and notation of
Lemma 9. For each 1 <[ < r, one has

Vi, = %OE) (124)
Vil S MT\/FA*;/?,, (125)
1S§k:§d‘/<§?k>,z < %ﬁ (126)
Ve = Vi, s 55 \/gﬁ (127)
Vvl s e R s o

With these in place, we are ready to control J; 5, which can
be expressed as

Uk U — Uy,

*
Sk

*
- — Uy
Jik = -

81,k
*2 2
Sik — SLk 1

SlJi’S?,k S?Jc + Si.k

= (uk = ufy)
This suggest that we control both u; ; — u}, and s7% — s7,.

o Regarding the estimation error of v, ;, combining (124)
with the assumptions oyax/0min =< 1 and k < 1 allows
us to lower bound

1 1
52 = }_j(V:*’l)TDzva >~ Amin(D}) vl

2
T min

z —— (129)
pllufll,

Hence, we know from (59b) and the conditions

Omax/0min < 1 and k =< 1 that

s =] < [0 -0, 5 S R A
/ min p
< sl eV urlogd.

o Next, we claim that

3r210g? d « |u2rdlogd
sia—stil S \/‘” 8 4 Jme \/‘” w2
l l dp Amin p l

< i3 (130)
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if this were true, then one would further obtain
Stk 2 i = 5Lk = Sigl R Sk
« Putting the above bounds together reveals that

lur i — iy | |15 — st

J, <
| Tkl S o
p3r2log?d  opax | p2rdlogd
< \/urlogd
~ OV HTIog { 2p +>\;11np »
as claimed.

Hence, the remainder of the proof boils down to establishing
the claim (130). Towards this, our starting point is the follow-
ing decomposition

5 (7 —sit) = (V) ' DuVa = (Vi) DLV,
- (V:,l)T(Dk - ﬁk)V:,l

=:
+ (Vo))" DpVoy — (VE) DRVE,

=:f2

(131)

fa 2 2, . . . . .
where Dj, € R¥ ¥4 is a diagonal matrix with entries given
by

(D)) gy =0 "Bl axige  1<ij<d. (132)
In what follows, we shall control 3; and (5 separately.
1) Bounding f31: To begin with, let us decompose

B = SViz)T(Dk—ﬁk)Vil +2£V:l)T(Dk_ﬁk)(V:,l -V

'e v~

=171

2

+ (V. —Vi) (D) - Dy)(V., —V75).

5
~

\— |

=:73

o With respect to v, the triangle inequality yields

_ 752 2 1 2
71| = ‘ E , (Ei,j,k - Ei,j,k)p Xz,mv(i,j),z‘
1<i,j<d
2 2 —1 *2
< A B2 — Bl D 0 xaaw Vi
7 1<ij<d

From (51), we know that

3,2
~ o w3r?logd
max |Ejjx — Eijr| < —— A
(m,k)}éﬂ‘ i = Bie| 5 Afin dzp e
< OmaxV/10g d,

where the last inequality arises from the conditions p >
13r2d=2 and k < 1. By the standard results of the sub-
Gaussian random variables, one also has

HEHOO sgmax\/ logd (133)
with probability at least 1 — O (d*QO). This reveals that

2 2
A By = Bl

< max Eiip—FEi i) E;ir+FE;;
> (i,j,k)eﬂ‘( 1,5,k mJﬂ)( 1,5,k w,k)|

3121002 d
S T\ gy (134)

In addition, apply the Bernstein inequality to find that
with probability at least 1 — O (d*QO),

> p NV S vl +P_110gdHV:*,l||io

1<i,j<d
+Vp ogd|[ Va2Vl

D v+ osa V2L

(2) 1 wirlogd
SEE 1+ 2p

min

Gi) 1
= NS (135)

where (i) follows from the AM-GM inequality, (ii) makes
use of (124) and (125), and (iii) holds true as long as p >
1?rd—?log d. Combining the above bounds, we arrive at

2 3,.2 2
|’Yl| 5 Umax /’[/ r log d
ISRl

with probability at least 1 — O (d*QO).
Turning to -9, one can use the triangle inequality and
Cauchy-Schwartz to obtain

72| = ‘ Z ((Efjk - Eiz,j,k)pilxﬁj’k
1<i,j<d
Vi Vgt — Vé,m))‘

< s 1B = Bl IV - VL,

> | sl
1<i,j<d
< max (B = EL | [V = Vil

- (g k)EQ
D PV D P

1<ij<d 1<i,j<d

It is straightforward to apply the Bernstein inequality to
find that, with probability exceeding 1 — O (d~'?),

Z P Xije Sd®+p tlogd+ \/d?p~llogd
1<i,5j<d
= d?, (136)

with the proviso that p > d 2logd. Taking this
with (128), (134) and (135) collectively, we conclude that

02 Omax | P13 log3 d
|'72| S *4/3 \* dp2 ’
Amin min P

Regarding ~3, we can develop an upper bound in an
analogous manner:

fal=] D (ke — B u)p s

1<id,j<d

2
Vet = Viad)'))|
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Bl [Vea=Vil%

> Xk

< max |E”;C

(i,5,k)EQ 1<i5<d
2
(2 52 p3r2log?d [ omax [p2rlogd 1 e
oo d?p Ahin dp  \2/3
(i) o2, Urmx uors3 1og3 d

Here, (i) uses (128), (134) and (136), whereas (ii) holds
as long as omax/Apin < /p/(1?rdlogd).
o Taking these bounds together we demonstrate that with

probability at least 1 — d 12
1] < o2 1312 log? d Urmx o3 log d
e~ NEE d2p
Oy 112 log? d
- /\*4_/3 d2p

where the last step relies on the noise condition
Tmax/ Anin < \/p/(u2rd3/2 log d).
2) Bounding (3»: Next, we move on to the term (o defined
in (131), which admits the following decomposition

V.) DV.,—(V

V*I)Tﬁkv* . (V* )TD*V*

= ( 2 DV
+
—9

o

~-
=74 =75

+ (V:I)T(ﬁk - DZ’)V:I .

=76
In the sequel, we shall upper bound each of these terms
individually.
o To begin with, invoke the Cauchy-Schwartz inequality to

bound
|74|:‘ > Ef,j,kp_lxz‘,j,k‘/(?j),z(V(z;j),l—V@,m)‘
1<i,j<d
<IVa=Villo- | 20 Bl eanVid

1<id,j<d

Z P~ X k-

1<i,j<d

Applying the Bernstein inequality yields that, with prob-
ability at least 1 — O (d’l?’),

> Bl gk VG
1<i,5<d
< mx{IIV*zHﬁp Mog?d ||V |17,

Vo TIogd VALV,
(i)

= O {1Vl 2 0g?a V21 }

i) & rlog?d) (i) o
e
Amin dp )‘min

(
(Vi) Dp(V., - V! )+(V. L= VI DV, - V) e As for 5, ~we can

where (i) is due to the AM-GM inequality, (ii) uses (124)
and (125), and (iii) holds as long as p > p2rd=2log®d.
This combined with (128) and (136) further leads to

Omax [M2rlogd 1 o2
| s Tmex | JEZE d-
Mo Vo dp XS NS

_ 020 Omax | p2rdlogd
)\:;11{13 AIIllIl p

o Next, we turn to the term ~5. By (128), (133) and (136),

the following holds with probability at least 1—O (d~'3),
_ . 2
V5 = Z EZj,kp lXi,j,k(Wi7j)7l - V(i,j),l)

1<i,5<d
B2 Vo= VEIL S p i
1<i,j<d

IA

2
Omax | p2rlogd 1 5
< Tmax log - <>\* a yes) d

min min

020 Omax | p2rdlogd
< s P
min mln

where the last step holds as long as opax/AX
p/(i2rdlog? d).

<

min

express g =

3 V2 (p7'E?. ijx — 02..) as a sum
1<ij<d V(i) \P 0,5,k X1,k W5,k

of independent zero-mean random variables. With the
assistance of (125), one derives

Bi= max, V%™ B2 jaxign — i),
2 2 2
Jmax * 2 < O—IIlaX /‘L r
< P HV:,lHoo ~ )\:ri{lg d2
D VELGEI0T B i — ofin)’]
1<i,j<d
4 4 2
< Qmaxfly |7 vy | < S L

)\*8/3 d2p'

min

Applying the matrix Bernstein inequality, one has with
probability at least 1 — O (d’QO),

Iv6| < Blog®d + +/V logd

< Omax | #Prlog’d  [pPrlogd
~ )\;41{13 d2 d2p
_ Tmax | rlogd

N d?p

min

where the last step holds as long as p > p2rd =2 log® d.
« Putting the bounds above together, we reach

o2, [ 2 rlogd O’max |2 rdlogd
|ﬁ2| S *48;3 { d2
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3) Combining 31 and (B2 to Establish the Claim (130):
Taking the bounds on 3 and o collectively yields that, with
probability exceeding 1 — d 10

9 02 1312 log? d amax 1 rdlogd
Stk — S, & *4/3 2p
p3r2log? d O’max i rdlogd
a2p

where we have used the lower bound on s} (cf (129)) as
well as the conditions oyax/0min =< 1 and K x 1 in the last
step.

4) Proof of Lemma 18:

1) We first consider the ¢ norm of Vil. Let A* € R™*"

be a diagonal matrix with entries A}, = ||uf||§ for all
1 <4 < r. We can then decompose

V= (U A+ (@ Ty - AT

~%T ~
= il w2+ T (O T ) = A

One can use the assumption (12b), as well as the condi-
tions (63b) and « =< 1, to bound the second term

~ ok o~k |~k .
HU (U U) f-A 4/3) sz

<07 I@T T OTT" - A A
o : s w2
St e gl

L pr o(1)
SN d ) (137)
A ]

where the last step arises from the condition » = o (d/u 2
Therefore, we obtain that HV*lH2 (14+0(1)) [lur]l,

2) Regarding the /o, norm of V7, we can use (63a)
and (63b) to upper bound /

~T~
Vil < 1071 @ T

<u\/7_">\x*r12a/f L _py/r 1
~ d )\*4/3’\‘ d )\*2/3

min min

3) Moreover, for any 1 < ¢ < d, one can apply (63a)

and (63b) again to demonstrate that

~ % ~ %
SooviR= Y U0 UH)

1<k<d 1<k<d
~ % ~% 2
< S UG EI@ T
1<k<d
< Y WP
)‘min 1<k<d 1<s<r
1
< 5575 10" 2,00 [
min

< 1 )\*2/3 ILLTA*Q/?) < ‘LLT' 1
~ )\*8/3 max d max ~v d *4./37

where the last line holds due to x < 1.

4) Regarding the /5 loss, invoke (63c), (81) and (103) to
upper bound

~ o~ T ~ ~ Kk o~k ~ %
|(Va=-Vl,<llvw o)~ -v @ U)"|
~ ~ % ~T ~
<|uv-vlllw o)™
~ % ~ T ~ ~ %[ ~%
+|U @ o)t -w v)

© N V2N
ol A—f o
min
< Omax \/E 1
~ A | PN
which holds as long as xk =< 1.

5) Finally, combining (63e), (63c), (63a) and (103) allows
us to upper bound the /., loss by

Vo=Vl < [T -0, |I@ )
~ % ~ T ~ ~ k| ~ %
o (Al a7

< Omax ,U'QTIOgd )\*2/3 . 1
)‘;;nn dp e )\*4/3

M\/_ «2/3 Omax [d\,o/3
d Amw/x A*3 \/7)\1118{)(

min

_ Omax w2rlogd 1
A dp )\*2/3’

min min

where the last step arises from s =< 1.

B. Proof of Lemma 10

Fix any 1 <1i < j <k < d. In order to control K; ; 1, we
will apply an almost identical argument as in Appendix E-A
for Lemma 9. We omit some details of proof for the sake of
conciseness.

By definition, one can express

Ko = Tijk — Tifj,k B Tijk — Tifj,k
tik = 1/2 *1/2
Vi j.k Vi gk
’j k — Vigk 1
= (Tirjvk - 7, k)
\/Uzjkvz]k \/U'L]k + \/U'LJ
Recall the definitions A = UTI — U*, A [A®2] j<i<r €
T

R and wig = U o+ [Tl + 10l in
(33). In view of the decomposition in (46), it is straightforward
to bound

|Ti,j,k =155 k| S Al o0 Wi,k
+ (U7, AN(j,k>,:>| + (U3, é(i,k>7:>|
+ (Ui Aw )|+ (A Ag .|

() Omax | prlogd
> prosc /\:nlw/)? 5,k
)\IIIIII p
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2
Omax /j,T’lOgd *1/3 *1/3
ol RICCE

(ii) 3/2rlogd 1
prlog
< log d *
- { priosd Vdp wm‘,k} RS
(iii)
S Vprlogdy fvr g,
where (i) uses (59b), (121) and (122); (ii) follows from the
lower bound of v} ik in (118) and conditions oyax/Tmin, K =

1; and (iii) arises from the assumption (34).
Then the claim (138) would immediately follow as long as
|U1}j k i,j k|

we could show that
= UE - [ 1372 log d Omax | pir2logd
U;,j,k ~ d*p Wz ik )\;11{13 dp

= (138)

Omax
*1/3
min

Indeed, one can apply the triangle inequality to show that

Vi k X UF j.k» and consequently obtain
* *
FIERNADS *3/2 ‘Tu k=175, kHUz‘Jvk - ”m‘,k|
Yi g,k
[ putr3 1og d Omax | p°13 1og2 d
d2 w *1/3 d
N )‘mln P

as claimed.

Therefore, it remains to justify (138). For notational conve-
nience, we define the following d? x d? matrices:

~ ~T ~ _1~T « ~ % ~% | ~% _1~*T
P=UU U)"'U , P =0T U)'U . 139
We can then express
* 2 *
“z',j,kzz—,( (.90 DeP i) T Pli DiFin)
+ Pl DiPl ), (140)
2
Vigk = (P(i,j),:Dk’P:,(i,j) + P, D;P: ik
+ P, DiP. i), (141)

where Dj; (resp. Dy) is defined in (18) (resp. (25)) for each
1 <k <d. Lemma 19 summarizes several bounds regarding
P and P*, whose proof can be found at the end of the section.

Lemma 19: Instate the assumptions and notations of
Lemma 10. For any 1 < 4,5 < d, one has

1

1Pl = @Hﬁ(i,mug’ (142)
1P = 5 sl Pl 09
[P = P*)ijp.ll, < ima: \/@“dﬁ, (144)
1P =Pl S 55 dl(;gd%. (145)

With these in mind, we are positioned to upper bound

Vijk — v ;- By (140), (141) and the triangle inequality,

we will show below how to upper bound P; jy . D P. (; ;) —
Py, ., .D; P The other two terms can be controlled
(4,5), k41, (0,5)
analogously.
Recall the auxiliary matrix Dk (cf. 132). One can then
expand

P ) DiP. i) — Pfi ) . DiPl )
=P j)(Dr — Di)P.
=:f1

+ P j).DiP. i) — Pl ;) . DiPl ) -
=: 2

In what follows, we shall control 3; and (5 individually.

o For 31, one decomposes it as follows

B = Pl (D = Do)Pl)

=M

2(P — P").ij(Dr — Di)P7;

=72

+ (P = P"). (i) (D = Di)(P = P). (i.5) -

=73

The term ; can be bounded by

2 —1 2
k= B2k E P X Lk P05 5.1
1<s,l<d

< E
< e [B,

Using (142) and (143), we know from the Bernstein
inequality and the AM-GM inequality that with proba-
bility at least 1 — O (d*13),

Z P Xk P (o)
1<s,1<d
|P* (4,).: ||2 +p_110gd||P?i7j)7:||io

+Vptogd || P ) |l 1Pl

”HP(M) ||2—|—p 110gd||P (4,3): H

1 wirlogd

S \4/3 {1+ d?p }H (i,9): ||2
n’]l-IH

= )\*4/3HU(LJ')7:H27

min

~ |

(146)

where the last step arises from the condition p =
1w?rd=2logd. This combined with (134) leads to

w3
nl S Af;‘”;é .

min

2log?d | ~
QOg || (i:j)r:HQ'

As for ~ys, invoking Cauchy-Schwartz and applying (134)
and (146) give

|72] < max }E Lk Ef,z,k}||(P_P*)(i,j),:||oo

(s,l,k)e
Z P Xs 3 kP, (,L j) (s,0) Z p_lx.s,l,k'
1<s,1<d 1<s,1<d

< U?nax Omax legdu r
~ )\I*rif A5 P H (M) Hz’
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as long as p > p®r2d~2log? d. Regarding 3, we can

upper bound

sl € max B2, — B2 ] [P = PP

(s,1,k)EQ

Z P Xk

1<s,i<d
2

(i) 3r2 1002 2
< U?nax wir iog d O’Tax dlogdu_;’ e
d?p Al in p d
2
(2) 52 Omax | dlogd u_Qr
~ max )\;nln p d )

where (i) uses (134), (136) and (145); (ii) holds as long as
p > p3r2d—2log? d. Taking the above bounds for i, o
and 3 together indicates that

o2 3r2log%d | ~
161 Ty [E2E |
A d*p

min

+ O-Iznax Omax legd/_j, ’r|| H
)\:1121{1‘3 )\;1 D (w 2
2
+ 02 Omax [dlogd /L27“
g -
e )\;;nn p d

o Regarding (35, we start by decomposing it as follows

(ivj)ﬁHQ

By = P ;). DiP. i j) — Pl j) .DiPl )
+ P ;). DiPl ) — Pl DiPl)
_2P(1j) Dk(P P )’(7])

=:v4
+ (P = P*) ). (D, — D)(P = P*). (i ;)
- ’YO
+ P ). (D — D})P? (irg) °
I

To bound 74, we can combine (142), (145) and (136)
with the Cauchy-Schwartz inequality and the Bernstein
inequality, to obtain with probability at least 1—O (d~'3),

l=| >

1<s,1<d
: Pé,j),(s,l) (P(i,j),(s,l) - P(:,j),(s,l))) ‘

<NP=PYanll | D P sk
1<s,1<d

4 —1 *2
Z EouxP™ Xs k0 (o)
1<s,i<d

(P = P*) gl
e {IPlyall, + 02 hogd | P L)

02 i Tmax dlogdu r
)\;21{13 PR P H (m) ||2

2 —1
(Es,l,kp Xs,l,k

IN

A

441

as long as p > p2rd2log?d. As for 75, combin-

ing (133), (136) and (145) shows that with probability
at least 1 — O (d713),

2 N 2
Y Bl eaw(Pagsn = Plgsw)

1<s,l<d
<EIZ (P~ Pan . S e
1<s,l1<d

2
<2 [ omax dlog®d p*r
~ max )\* p d
min

Finally, observe that 74 is a sum of independent random
variables. By (142) and (143), invoking the Bernstein
inequality reveals that with probability at least 1 —
10 ( d713) ,

log? d
IVGISUéax{ L)

log "
AP Pl
020 | w?rilog®d wirlogd | |~ 2
S NE { d2p + d2p }||U(i:j):?H2
_ Tmax [ rlogd
- \4/3 H (m) ||27

as long as p > p2rd=2log® d. Therefore, we combine
bounds for 74,75 and g to conclude that
|ﬁ2| < Inax I Tlogd”

*4/3
min

L Ufmx Omax dlogdu r || H
)\;21{13 A p (w 2
2
g Omax lede/LQT’
o [l
T Min p d

o Putting the above bounds for 3; and (3, together reveals
that

(m) ||2

P j).DiP. 5 — Pl 5 . DiPl ;)

(ivj)ﬁHQ

Omax [HPr?logd | -
~ )\*4/3 d2 ||

min

+ 0'1211ax Omax legdu TH~* ||
A:HQI{]B )\:(mn p (.7),: 12
2
4 0_2 Omax d10g2 d ‘LL_27“
max /\:mn » d

o Clearly, we can apply an analogous argument
to bound P(Z k),: D P (i, k) (,L k), D P (k)
and P . DiP. r — P(] k),: .D;P? Gk Taken
collectively with the lower bound of v} ik (cf. (118))
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and the conditions oyax/0min < 1 and k < 1, we obtain

Vijk — Uzﬁk‘ - u3r?logd
U gk d*p
1 Omax dlog d u27"
Wi ik )\*1/3

min

1 Omax dlog d,u T
Wi, j,k /\:nll{l?’
| pdr? logd 1 omax 1ogdu o
- d2p Ww & )\*1/3 -

where the last line holds due to the assumptions (34) and
p > pPr2d—2log? d.

1) Proof of Lemma 19: Fix any 1 <i,5 <d.

o We start with the norms of the rows of P* (cf. 139).
By (63b), it is straightforward to deduce that

~ % ~ % ~ %
1Pl < [T L IlT T[T
1
S;JﬂwaM
~ % ~ % ~ %
1Pyl < 10 LI@ THIT, .
e Y
~Ta )\*2/3 (m) 2°

min

o Next, we move on to the ¢ norm of (P — P*)(i7j)7:,
which can be decomposed as

(P - P*)(’i,j),:

— U0 00 -0, (@ 00"
= (U -T0"),.(0' 0)'T

U (OO - @ T T
+ﬁ@w@ﬂﬁWWﬁ—ﬁw_ (147)

By the triangle inequality, we shall control these three
terms separately. From (63e), one has

~ ~ % ~ T ~ ~ T
U =T )iy U U)U |,
~ ~ % ~T ~ ~
<@ =T ). lLI0 O)U]

< Ymax Omax ,U'QT 1Ogd )\*2/3 . 1
~ )\:nln dp max )\

L \*2/3
*4/3 max *
min

As for the remaining two terms, from (63a), (63c)

and (103), one has

et ~ T ~ ~ % ~%
TG LIC ) =@ T

Omax [ d N
I L)

min

ag.
< ::;;f Tl
min

ol

Combining (63a), (63b) and (81) yields

~ % ~ %

|Ta @ T IT -7

1 o d
SR f ATl
IIllIl

ag.
< r;%f 1l
min

The above bounds taken collectively allow us to obtain

[P = P*) .,
Omax uvrlog * I
\*5/3 \/; ( >‘rr12a/)f + ||U(i,j),:H2>

min

_ Omax d log d IU‘\/F
T XN op d

where llle last step arises from the incoherence condition
that U [|2,00 < M\/_/\;Qu/f/d and k =< 1.
o Finally, let us look at the /., norm of (P — P* )(w) .

Armed with the decomposition in (147), we can bound

A

(P = P*) i, |l
~ ~% ~ T~ ~

~x T ~ %

~ ~ T~ _ ad
T IO O =@ T YO, .

~ x| ~*%

TG MLI@ TH O -T |,

() Omax | p?rlogd A*2/3 1 pu/r \*2/3
N )\:(nm dp max A*4/3 d mux

Omax | d P
+>\*3 \/;)‘:;123()? /\n?a/EHU(ZJ Hz

min

1 Omax | 2rlogd o5y~ *
+ \4/3 OV dp )‘Ine{x HU(iJ’)ﬂ ||2
W) gax [p2rlogd [T a3 ~
S A;i{]g dp ( )‘me{x + ||U(i7j)7:H2>
(2) Omax | 21 logd pu~/r
~ )\‘IA;IIH dp d .

Here, (i) relies on (63) and (103), (ii) is due to the
condition k =< 1, whereas (iii) arises from (63a) and
k= 1.

APPENDIX F
PROOF OF {5 ESTIMATION GUARANTEES (THEOREM 13)
As before, we assume that IT = I,. for simplicity of notation
throughout this section.

A. Ly Risk for Tensor Factor Estimation

Fix an arbitrary 1 < [ < r. Recalling the decomposition
in (39), (40) and (44), we can write u; —u; = Z.; + W. .
In what follows, we will first prove that Z.; converges to a
Gaussian random vector in distribution. Then we can use the
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standard Gaussian concentration inequality to show that the
{5 norm of the Gaussian random vector concentrates around
its expectation. Combined with the observation that the /o
norm of W.; is negligible as shown in (45) (established in
Lemmas 3-6), this implies the advertised bound on the ¢5 norm
of u; — uj.

Now we begin the proof. For convenience of presentation,
we adopt the notation in (123) that V* := ﬁ*(ﬁ*—rﬁ*)fl.
Then we can express

—1
Z,=V2 E P EiikXiik Vi i) i€k
1<i,k<d
—1 *
+ > p T Eijaxi sV ek
1<i,j,k<d

as a sum of independent zero-mean random vectors in R?. Let
us first compute the covariance matrix S} :=E|[Z.,(Z.;)"].
Straightforward computation yields that for each 1 <1 < d,

>

1<k, ka<d

and for each 1 < i # j <d,

(57);: =2 P ks Vi a5 (148)

(S7)i; = 2V2p~ 0t Vi Vi
-1 _2 *
+2V2p7 ol VG ) Vi

1,5,J ,5),1
-1 _2
+ Y Aol Vi Vi
ketkoti,j

— 2 * *
=4 > p707 i ViV
1<k<d

-1 _2
—(A=2V2)p ol Vi Vi

,%,7
—-1_2 *
—(A=2V2)p ol VG Vi (149)
Lemma 20 below collects several properties of S} and the
proof is deferred to the end of this section.
Lemma 20: Instate the assumptions of Theorem 6. One has

0'2 0'2»
Amax(‘stz() ,S mix4, )\min(S;) Z mln47
pllugll, plluglly
(2+0(1))02,.d o2..\Vd
tr(S7) = Ty g Tmesl
pllufll, pllufll;

Recall that we want to show Z.; converges to a Gaussian
random vector g; ~ N(0,S}) in distribution. By the
Cramér—Wold theorem, it suffices to prove that for any a =
(a1, ,aq)" € R4 a'Z., converges to a'g, in distribu-
tion. Towards this, we apply the Berry-Esseen theorem [91,
Theorem 1.1] (cf. Appendix B-C) again and upper bound
p defined in (65). Without loss of generality, we assume
||al]]2 = 1. We can compute

_ 3
> E“akp "B ik Vi gl }
1<i,j,k<d

1 .

<slal Vol Y. aREEk xisk] Vi3
p 1<i,j,k<d

) o3

< 75l allz V2L V2l

~

@ opax VT 1 1
AP WA Wi

where we use the property of sub-gaussian random variables in
(i), and (ii) follows from (124), (125) and |||, < |la|, = 1.
Moreover, from Lemma 20, it is easy to see that

Var(a"Z.;) = a" Sfa > M\uin(S}) |all;
> Jr2nin > Jr2nin
*4/3"

4
~ p HU;HQ ~ p/\max

One can then bound p

1 1 3
p=—— E[ arp B kX k Vi), }
Var3/2(aTZ;,l) 1<i%?k<d | ’ ' (z/j),l|
3/2 \*2 3
< p >‘max . Tmax /1’\/77 < M\/F = 0(1)
~ I3nin A:nQin dp2 - d\/ﬁ

where we use the condition that 0yyax/0min, £ < 1 and p >
p2rd=3/2. Therefore, we justify the claimed distributional
convergence of a'Z .,1» which further implies the convergence
of Z.; by the Cramér—Wold theorem.

Given that Z. ; converges to g, in distribution, we now apply
the Gaussian concentration inequality [95, Proposition 1] to
demonstrate the squared /2 norm of g; is tightly concentrated
around its mean with high probability. By Lemma 20, we can
use the Gaussian concentration inequality [95, Proposition 1]
to find that with probability at least 1 — O (d~'1),

2 *
lgully —tr(S7) S 11S7llp v/logd + || 57| log d
< o2, (Vdlogd +logd)
~ 1
pluill,
O—IQI'laXd

)
pllufl;

and consequently,

max

2(1+0(1)02,.d

2
lg:ll5 < d
plluill

Moreover, we know from the continuous mapping theorem that
HZ:,l”g converges to Hgl||§ in distribution because || - ||3 is a
continuous function. Therefore, we find that with probability
at least 1 — o (1),

2(1+o0(1)) 02, d

max

1Z.4]2 < (150)

4
plluil;

It remains to upper bound ||W_ |, which is easily accom-
plished with the help of (45). Indeed, it is straightforward to
find that with probability at least 1 — O (d~'1),

2 2
g . <d- o (1*)47;1&)( _ o (1) Jmaicd
’ A plluglly

min

2
IWealls < Y Wl
1<k<d

where we use the assumption that £ =< 1 in the last step. Taken
collectively with (150) finishes the proof.



444 IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 69, NO. 1, JANUARY 2023

1) Proof of Lemma 20: To begin with, let us consider the
trace of S}. From (148) and (124), it is straightforward to

calculate
tr(S)) = > (SN <2 D p otV
1<i<d 1<i,j,k<d
— ZUrrlaxd H ZH — 2(1 +O( )) ?naxd
p T2 ||ul ||2

As for the Frobenius norm of S}, we note that it is an
immediate consequence of the claim for the spectrum of S7}.
Indeed, since Sl* is a positive semidefinite matrix, we know

that
ISFIF =tr(S7%) = D> X(SP*) = > A(S})
1<i<d 1<i<d
2 d
<d 02, (8)) S mm
P [luflly
as claimed.

Hence, the remainder of the proof amounts to controlling
v ok
the eigenvalues of S}. Let us decompose Sy = ZSl S, €
R4*4_ where the entries of S; and S, are given by

(8)). . = Yk ka<d P Ok ko Vi o 1=
2Zlfk’fdpilgzj,kv(zk)’lv(;?k)?l, if 2 7£ 7

(S’;)i,j =

(4 - 2\/5)}77 ( 05 jv(z i), lv(%J) l

+ Uij,jV(?j),zV@i%l)’ isigjsd
and

(Sl)m‘ =0, V1<i<d.

Our proof strategy is to show that the spectrum of S} is mainly
determined by Sl (since H.S’l || is a negligible term). One can
then invoke Weyl’s inequality to establish the conclusion.

Now we start the analysis. Note that by the symmetric
sampling pattern, one equivalently express o2 . ik = 82828%
for each 1 < 1,7,k < d with maxi<i<q ;i < o}ngf’x. We then
can decompose

S, = 24A7 + Pyng(8; —24A7),

where Pyiag(Z) extracts out the diagonal entries of a matrix
Z, and A € R%™? js a matrix with entries Ai =
V1/p s?skVé_k)_l. Let us first control the spectral norm of
’Pdiag(g’l* - 2AAT). From (126), it is easy to see that for all
1< <d,

(87 —2447), |

IN

2 2
%HV?UH;JF% > Vi

1<k<d
< (1 +0(1)) Jr2nin 201211ax l“n 1

pllufll; pood ol
1 1)) o2
_ M (151)
pllurll,
2 2
~* T O min 2Jmax *2
(S; —244T), > ==in vy |~ > Vid

P <a

(1 —0 (1)) 01211111

= — - (152)
1 )
pHu?HQ

where we have used the condition that oy /Omax < 1, £ < 1,
and r = o (d/u). It then suffices to focus on the spectrum of
AAT, whose entries are given by

(447)

—-1.2.2

=psisy ) siViwVome 1Sids<d

7 1<k<d

Recalling the definitions V* := (U o )" and uj; =
(uy); foreach 1 <1 <r 1 <4 <d, we can decompose

~ % ~
Vi = Lhzk) ([7 U )

~ kT ~x _

,U(Z,c VLU (O T ) -A 4/3):71
- “ ~ k] ~ Kk —

= Jluflly* lfu,k%l*‘lf(@k);((lf U)'-A 4/3):J
=4 % % ~ % ~ K[ ~ % —

= [|u7|l, ul,iul,k+U(i,k),:((U U)'-A 4/3)111-

=:04,k
(153)

We will show shortly that V (k)L is extremely close to
[luf H2 uj ;uf . Then we obtain that for each 1 <4,j <d,

p(AAT) =lufl," (X stui}) (sPui) (shud,)

1<k<d

+’HU?H2 57 fui) EE: Skulk S5 d]k)
1<k<d

+HWH2 SWJ }: %UM 5&@
1<k<d

+ D i (5700k) (s7058),

1<k<d
=:Ty,;

or equivalently,

pAA"T =aa’ Z sku 24+ab’ +ba + 7,
1<k<d
where a,b € R? with entries a; = s?uf,/ |uflly, b =

Zlgkgd siu;k (525%;@) and Y = [Tm]lSde € R¥¥4 Tt is
straightforward to see that aa' Y., .., ssu;3 is a rank-
1 matrix with the non-zero eigenvalue

ol T 2. %2 on
Imin /\max(aa 3 su ;k) < Jme (154
lurlly 15h<d urlly

In addition, the remaining three terms are all small with respect
to the spectral norm. Indeed, recalling the decomposition
in (153), we can use (137), x =< 1 and the condition r =
o(+/d/ ) to show 0; j, is sufficiently small, i.e.

Z 52 ~ % ~ %

<O pll@™ Tt = AP
1<i,k<d

2
43 = o(1)
max - )\*4/3'

min

N 1 pr
Sl <A*8/37 (155)

min
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It then follows from the Cauchy-Schwartz inequality that

2
1ol3 = 32 | D0 shuii (sPu) |

1<i<d 1<k<d

2 Urrlax M r3 w12

max s E uy E < u .

1<z<d ”“ ik S “4/3 g2 l[uilly s
1<k<d 1<i,k<d min

Il =

S| X s () () |

1<i,j<d 1<k<d
2
2 2,.3
< UII!&X /J’ r
~ *4/3 2 :
N3 d

> 6

1<4,k<d

max S
1<7,<d

This combined with the condition r = 0(\/d/ u) and Kk <
1 reveals that

lab™ +ba ™ + Y| < 2 lall, b, + | Tl

0'1211/a3x 0—;41’1/5)( /LT3/2 J?nax /1‘27A3
Sulias d it e
u, 2 ‘min min
0(1) Ofhax
- 4
[l [l

Taken collectively with (151), (152) and (154), we conclude
that

2 2
Amax(‘s;) S Timax )\min(S;) Z, O—min 4"
plluilly’ p llugll,

Applying a similar argument, one can easily show that

o x o o2 pr_o(1) o2,
1871 5 Tmae S v, S Tne 1 00D i
1<k<d )‘I*m{l p d pllurl;
o~k
=0(1) Amin(S;)-

Therefore, the advertised bound of the eigenvalues of S} =
28, — S, immediately follows from Weyl’s inequality.

B. {5 Risk for Tensor Estimation
To begin with, we recall the notation A; = u; — uj,1 <
I < r, allowing us to expand

T-T"= Y Aou®+ Y ueodou

1<I<r 1<I<r

+ ) WP eA+ ) ue AP
1<i<r 1<i<r

+ ) Aeu oA+ Y APou+ Y AP
1<I<r 1<I<r 1<i<r

By symmetry, straightforward calculation yields

Ir-rE =3 3 avew|

1<i<r
=:f1
+3H 3 uf ®A®2HF+H Z A®3H
1<i<r
=: 2 =: 4
+6< Z A @ ur®?, Z ul*®2®Az>+ﬁ57
1<i<r 1<i<r

=:B4

where
G=6( Y uwioaP Y APou)

1<i<r 1<i<r

+6< uf @ AP Y Al®3>
1<i<r 1<i<r

+6< Yo oAeu®, Y ul*®Af<)2>
1<I<r 1<I<r

+6( X A, 3 A7)
1<i<r 1<i<r

+12( Y Aew® Y AP eur)

1<i<r 1<i<r

In what follows, we shall control the [3;’s separately. In par-
ticular, we want to show that the ¢ loss of interest is
mainly controlled by 31, with the remaining four terms being
negligible with high probability.
1) We start with ;. Recalling (39), (40) and (44) that JAN
=U-U"=2Z + W as well as the notation U :=
[u;®? e RY*7, we can easily see that

u; ]1gzgr

~ % T ~ % T
pr=At" | = Izu

2(zU0" WU ).

Iz I

One can apply an analogous argument as in Appendix F-

A to show that the distribution of ZU converges to a
multivariate normal distribution, whose Euclidean norm
concentrates around its expectation with high probability.
We omit the detailed proof for conciseness. One can
verify that with probability exceeding 1 — o (1),
Ty (240(1) 0Bl T

Ik =—— —==llv @ )"0 |
(24 0(1)) 02, rd

max
p

In addition, we know from (63b) and (45) that

|zU

~ max

2
=0 (1) O—IIlaX ,
p

which further implies that

WO o < 1O W g < X0t WS

F —

~ %1 ~ %1 ~ %1 ~ % T
[(zu WU )| <||zU | [[wU |

=o0(1) Lﬂaxrd.
p

e

As a result, we find that

|3 aou], -

1<I<r

2
(240 (1})7) Umax’l“d. (156)

2) Next, let us look at (5. We denote by A =

[A®2}1<Z<T IS R %7 whose Frobenius norm can be
bounded by
4
1Az = > a2l = > llad;,
1<I<r 1<i<r
< max [|A2 A2

1<i<
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<|U-UE L U-UtE. as)

Consequently, we use (59a) and (59b) to obtain
B = [T A" |} < oI |A 1
ST P U - U5 o U - U*I3

< A28 Toax 1T 1ogd>\*2/3 O Td10g d 53

max A*Q P max A*Q P max
d
= o(1) Zmax" Tinaxd (158)
p
where the last step holds as long O'mux/)\mm <

\/p/(urlog?d) and k= 1.
3) In a similar way, we can use (59) and (157) to upper
bound (3 as follows

Bs = |AA |2 < |A2|AlR

* 12 * 112 *112
<||U—U IFIU = U3, IU = U

< max rd logd *2/3 0—12nax ,LLT' logd *2/3
~ /\:ngm P max /\:an D max

. Inax rd log d)\*2/3
A;?m p e

o2 rd

=0 1 max ,
(==

(159)

where the last step follows from the conditions that

Omasx/ Ny <€ \/D/(prdlog® d) and & = 1.
4) As for (4, one can apply the triangle inequality and
Cauchy-Schwartz to upper bound

Bal =] D2 (A i) il

1<i<r
+‘ Z (A uy) (uy, Ag) (uf, uy)
1<l#s<r
2 2
S > (Anu)? uil
1<I<r
+ e i)l (3 1A i)

1<i<r
< max (A, uf)? |U*|5

1<i<r

2 2
max |(uj, u))| U = U [U"[[g -

1<i#s<r

We then use the incoherence condition (12¢), Lemma 16
in Appendix C-C, (62a) and (59a) to find that

o2 d 9/
— 2 \2/3
|54| - 0(1) )\:ngi{lg P max
\/7 A*2/3 Jm;x rdlog d/\*z/?, FAR2/3
max )\Enn max max
UIQnaxrd
= o(1) Zm (160)

where we use the assumption that 7 = o ( d/(rlog® d))
and k =< 1.

5) It remains to bound (5. Given the Cauchy-Schwartz
inequality [(A, B)| < ||A| || B, it immediately fol-
lows from (156), (158) and (159) that

2
mls| X uioad
F

1<i<r
| X woad | 2 ar],
1<i<r 1<i<r
2 3
| X wrear| ]| X ar
1<i<r 1<i<r
+ Z uf®A1®2‘F Z u*®2®AlHF
1<i<r 1<i<r
2
oz .rd
= o(1) max
p

This taken collectively with (160) finishes the proof.

APPENDIX G
PROOF OF LOWER BOUNDS (THEOREMS 12 AND 14)

In this section, we establish the lower bounds claimed in
Theorems 12 and 14 (which subsume Theorems 5 and 7
as special cases, respectively). Recall the assumption that
{E; jr} are independent Gaussians. For the sake of notational
s1mphclty, we shall assume throughout this proof that o

ohi forall 1 <i4,5,k <d.

Given that the noise components {E; ; 1 | (¢,7,k) € 2,1 <
i < j <k < d} are assumed to be independent Gaussian,
the probability density function (conditional on ) can be
computed as

z]k_

b r 2
f(TobS) — ¢ H exp <_ (Ti?j,sk_Zl 1 uZ:iu?,jqu) )
1<i<j<k<d 20 0in

(g k) e

for some normalization constant ¢ > 0. Here, we abuse the
notation f(-) to represent the probability density function
whenever it is clear from the context. Denote by vec(U™)
the vectorization of U* = [u}, - - - ,u}], namely,

uj
vec(U™) = € R,

*

u,

By virtue of the Cramér-Rao lower bound, any unbiased
estimator U for U™ necessarily obeys

t (Iﬂ)ila

where Z € R4 denotes the corresponding Fisher infor-
mation matrix (conditional on ) as follows

Cov [vec(fj)}

IQ = IQ(U*)
=K |:vvec(U*) IOg f(TObS) (vvec(U*) IOg f(TObS)) T}

a5t |

1<ly,l2<r

(161)
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It then suffices to compute the Fisher information matrix.
Towards this end, we start by observing that

* T * * *
T _ N~ OUriur W
* - *
8“1,5 — 8ul’5

= jup L pimsy +upuf p Lg—sy +uguf L=y,
(162)

and

dlog f(T°) Eiir, « «
— = > 57 (] jul i Lizs)

our .
Ls (i,4,k)€Q, i<j<k ~  min

+ gl =gy + Uz*,iw*,j]l{ks})) (163)
forany 1 <[ <r and 1 < s <d. In addition, let us define a

collection of vectors {h; ; x}1<i<j<k<a in R with entries

hiji(l8) = hije (= 1) x 7+ )
= uzjuzkﬂ{izs}—l—uziuzkﬂ{jzs}—|—uziuzj]l{k:8}
(164)

forany 1 <[ <7 and 1 < s <d. One can then express

! T
Ta=0 Y. E[EL ] hijrhi
Wi (5 k)eQ, i<j<k
1 T
= o2 Z Xi,j,khi7j7khi7j7k7 (165)
1 <i<j<k<d
where we recall the notation x;jr = Ly jreq). Let us
further define
T =Eq[To] =2 Y hiuhl,  (166)

g-..
min 1§Z§j§k)§d

where the expectation is taken over randomness of
{Xi,j,k}1<ijk<a- In what follows, we shall compute the
spectrum of Z, and show that Zq is, with high probability,
sufficiently close to Z in the spectral norm. In addition, denote
(ls)=(l—-1)xr+dforall1 <l <r1<s<d.

a) Spectrum of Z: First, it is straightforward to calculate
that for any 1 < s < d and any 1 <1,l> <d,
0—12nin * * * *
2T, (1a,s) = Z Ugy iUy iUy U,

b (i.5):i<]
*2

+3ul1 GUZQ S § : ull 1ul2 1 + 5ul1 Gulz S

1<i<d
1 1

o * * \2 *x2  x2

= (uj,,uj,) +§ § up, Uy

1<i<d

2

*2
+3uf, up, (uf,ug,) + 5“11 sUly s

and for any 1 < s1 # 50 < d, 1 <ly,l5 <d,
Jr2nin

R * * *
D I(l1781),(l2782) = Uy 5o Ul sy <ullaul2>'

As a consequence, one can exXpress

2
UIIliIlI: Jl 4 o
p

(167)

where J; is a block diagonal matrix in R4 9" whose i-th
block is equal to

Hu*H21d +lutluiur”, 1<i<nr (168)

® is a matrix in R¥>9" with all-zero diagonal blocks and

(I1,12)-th block equal to (u} ,u; )uf ur'; ¥ is a matrix in
? 2 1 2 1
R4 %47 wwith entries as follows: if {1 = Iy = l,51 =89 =35,

Z ui't + 2ui|[uf |13 + 5uily;
2,52,

W(11,50),(12,82) =

ifll#l2,8125228,

1
\Il(ll s),(l2,s) — <ul17ulz + By Z ulh ulb
1<’L<d

*2
+2uf, sup, (uf,up,) +5 Ul1 sy, s

otherwise,

\11(11,31)702782) =0.

In the sequel, we shall control the spectral norm of ® and ¥
separately.

e For @, we can bound

2
@] < l|®[lr < wi Iy

>

1<l #l2<r

< max <ull,ul2>2 E
1<li#l2<r

<UZ(1 ’ ufz >2 ||’u’;2

Il 1311w, 113
1<ly,l2<r

* (|4 __
<y e 14 = o min i 1),

where we have used the incoherence condition (12¢) and
the assumptions r = 0(\/d/u) and k=< 1.

o As for ¥, we note that each block of W is a diagonal
matrix. By the incoherence conditions, its entries can be
bounded by

S H
| 10,00 S NuilZllur |3 < 7 ax [[wi 13,

and
W00, S (i ui)? + lluf (2], |l
+ 2 [|uf, [loollwf, oo 1w, ll2]wf, [I2

W
< & max w1,

thus indicating that
1L
19 S & max o 3

Given the special structure of ¥, one can easily permu-
tation its columns and rows to arrive at another matrix
¥ = [V, ;]i<i j<r such that (1) ¥ is a block diagonal
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matrix; (2) ¥ contains d x d blocks each of size 7 x r;
(3) each diagonal block W; ; of ¥ has spectral norm at

most
o~ o~ Hr
1%l < [ Falle < 71 S B ma 3
Consequently, one can derive
ur
1) = 1% < max ||¥] < 112

1<i<r d

— o (min ui13).

provided that » = o(d/p) and k < 1.
o Putting the above two estimates together, we conclude
that

1<i<r

T =

(@l + 1) Lar

Umll’l

IIll n

(169)

min

b) Controlling || Lo — I||: By construction, Zg, — Z =

= Zigjgk(th,k —p)h;j kh” , is a sum of independent

zero-mean random matrix in . By the incoherence
conditions, it is straightforward to bound

Rdr xdr

—_ L. _ o T
Bi= _max |56 = P)Pij b
<
1<1<J<k<d H 1,7, kHQ

1)

Sr max ||ul |4, < =5 max
T

= d2 1<1<

where (i) arises from the definition of h; ;. in (164). In addi-
tion, we also have

Viz | 3 Eltas - o] Ihssl3hoshl
i<j<k
= plgf_%%’igd”hm”gu 1<i§;k<d i jshis ’“H
Sor o i oo il
< i

Here, the second inequality arises from (164) and (169),
whereas the third comes from our bound above for Z. Invoking
the matrix Bernstein inequality, we conclude that with proba-

bility at least 1 — O(d~19),
Blogd+ +/V logd
[Ze -ZI < 7
2rlogd vrlogd

S —— max [uff 3 B0+ B
UIIIIII 1<l d2 d\/]_)

- D

=o(l) 5— min uill5, (170)

min

where the last step holds as long as p > p2rd=2log?d and
K= 1.

c) Combining the spectrum of Lq and the bound on
—Z/||: Combining (169) and (170) with Weyl’s inequality
O(dfm),

yﬁisgals that with probability exceeding 1 —
Io=(1 +0(1))02L.J1,
where we recall the definition of J; in (167) and (168). By the
Woodbury matrix identity, it is straightforward to check
2u

( - -1 2 e
—Hu*|| Id+|\u*|| uiu; ) ——<Id——#>.
° ([ l3 3 [lurll3

Hence, for any unbiased estimator U of U* we have
o
- (IQ)_l - (1 — O(l))ﬂJg.
p

Cov|vec(U)] (171)

where J5 is a block matrix in R%" <47 whose i-th block equals

to
2 2’U,* *T
— (I, — ), 1<i<r.
[yl ( 3 Ju fl\z

A few consequences from the above Cramér-Rao lower
bound are in order.

(172)

o For each unbiased estimator u; of uj, one necessarily

has
E[(@e—ui )] = (Za)™")wr).wr
202, 2 ujj
> (1—o0(1))—min_(1_=__Lk
PH“sz 3||“l”2
20050 2 [Juf|%
> (1-o(n) oy (13 s
pllujlls urll3
(1) 20’2. ( 2#)
> (1—o0(1 min 1—-—=—
(0 =oM) s '~ 34
(i) 20—2,
> 1_0(1) min
(1 =oM) il

=(1=o(1))(ED,
where (i) arises from the incoherence definition 1 and (ii)
holds as long as p = o(d). This further implies that

d

> B[k —uiy)?]

k=1

E[lla — i3]

20I2nind

> (1— .
( N

o(1))

e Any unbiased estimator ﬁ%k of 17,
obeys [96]

E{(ﬁjk - Tifj,k)Q}

;) necessarily

Ty 1" ot}
> | Lbk —1_ gk
- [8vec(U*)} (Za) 8vec(U*)

(i) 1_0 Z Z

1gsgd 1<i<r

D (1-001))ur,,,

mll’l

pl\uz 12

2
T 1
8uz s
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where (i) uses (171), and (ii) follows from (162), (23)
and direct algebraic manipulations.
o Any unbiased estimator T' of T necessarily satisfies

BT - T3] = Y E| Tk - T50)°

4,4,k
1 — 0 Z v ik
4,4,k
(i)
(1= of Z Z Z ||uml|T4 Sy,
1<i<d 1<4,k<d 1<I<r Pl
6 d
= (1-0(1)) 6 Tl
p
where (i) arises from the definition of v ik in (23).

APPENDIX H
PROOF OF AUXILIARY LEMMAS: PRELIMINARY FACTS

A. Proof of Lemma 13
1) To begin with, by the incoherence condition (12b), it is
easy to derive

10l < v/ pmase [y < Vi N2
SIST

max ’

/ ‘LLT' *1/3
< A
= g (max:

2) Regarding the properties about the spectrum of U™, we
refer the reader to the proof of [2, Lemma D.1].

3) From Lemma 11, it is straightforward to show that: there
exists a permutation 7(-) : [d] — [d] such that

10"l e < V7 e ]

max ||u) —uf|, < UL —-U"||p

7

1<i<r
< O rdlogd \FL/3 (/\*1./3)
~ )\:nm P max min ?
max [|uny = wi < JUTE= U,
*x1/3
< 0 urlogdxd/?, —0 (Ami{I >7
~ A:(]mn p e \/E

where we have used the conditions that oy, /X

\/p/(prd®/?logd) and k =< 1. Recognizing that )‘111123 <
lul, < Akl and thae VIZAND < il <
v 1 )\max for all 1 < ¢ < r, one immediately
obtalns (62¢)-(62f) by invoking the triangle inequality.

4) For any 1 < i # j < r, applying the triangle inequality
and the Cauchy-Schwartz inequality yields

[wisug)| < [(ufuf)| + [(wi —uf,uy)
+ [(u}, u, —uj)|
< | (uf, ul )|+ lws = wf |y g2

+ llwg = w2 [[uill,

\/7)\;24? Tmax rlegd)\;?;f.
- Noin p

5) Next, we move on to the spectrum of U. In view of (59a)
and the conditions that oyax /A5, < /p/(rd3/?logd)
and s =< 1, one can deduce that

max dl d *
JUTT— U < UL - U* | 5 T [ T2 s
A1’1’111’1 p
=0 ()‘:1111{13) .

Therefore, (62h) is an immediate consequence of Weyl’s
inequality and (62b).

6) Finally, we know from Lemma 12 that the estimation
error bounds for |[UIl —U"[|p and |[UIL-U"|, .
continue to hold if we replace U with U™ . Hence,
the above results are also valid for U™ and 'u,l(m)

a<sign.

B. Proof of Lemma 14
1) To begin with, it is straightforward to compute
1T = > lluseuly= > lluilly <.
1<s<r 1<s<r

2) For any 1 < 7,5 < d, the incoherence condition (12b)
yields

X2, X2 N 7")\*4/3
us is,j — d2 max
1<s<r

H (w ||2

This leads to the claimed bound regarding HU 12,00 -

3) Regarding the spectrum of U’ and U, we refer the reader
to the proof of [2, Lemma 4.1 and Lemma D.1].

4) Next, we turn to ||ﬁH—ﬁ* |l#. Without loss of generality,
assume that II = I,.. Using the fact that (a®?, b®?) =
(a,b)® for any vectors a,b € R%, we can straightfor-
wardly calculate that

Jug? = ™2
= [ 5 + flsz®]; ~ 2

4 4
= [luslly + lluslly =

(ud?, ul®?)

2 (uy, ul)?

1 2

4 4 2 2 2

= |\u5|\2+||u;|\2—5( s 5+ lwslls —[lws =]y )
1

= 5 (sl = 2 3)
(”“'?”2 + ||u*|| ) [lus —

From the triangle inequality and the Cauchy-Schwartz
inequality, we know that

2 2\2
(llwslly = 13l )
2
= (llslly + lluglly )™ Cllusll, -
2 2
< 2( [l + fluelll) llus —

ull;

— 5 s -

N
lully)

%112

s H2 :

The above two results taken together with (62) reveal that

2 w3

— w22 <2 (Yl [ ]2) [y

SN s — w3,

max
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and consequently,

|00l = 32 Jlus® - w®,

1<s<r
D s —wll

*2/3
1<s<r

max

= Nl U = U
Then the advertised bound on ||U — T}*HF follows
immediately from (59). B .

5) We proceed to the term |[UIL — U ||2,00. Again, let us
assume II = I, and recall the notation u, ; == (us)i and

uy ;= (u}), forany 1 < s <r,1 <4 <d. Then we can

S,

upper bound

®2 _ , «®2)2
> (- i)
1<s<r
2
§ * %
= (uSviuSvj - us,ius,j)
1<s<r

< Z (us,i — u:z)2 uf] + Z uﬁ (us,; — u;j)2

1<s<r 1<s<r

2 2
masx [l |2, U - U3
for any 1 < 4,5 < d. This taken collectively with (62f)
and (59b) yields the claim.
6) Finallgf, we note that all bounds for u; are also true
for ulm) . Hence the above-mentioned results continue to

hold for U™ and ul(m) a<i<r).

A

APPENDIX I
OTHER AUXILIARY LEMMAS

Lemma 21: Let T € R¥¥94%d pe an order-3 tensor with
decomposition T = >, u; ®v; @w;. Here, {u;,v;,w;};_,
is a collection of vectors in R?. Then for any index subset
Q c [d)® and any ¢ € R, one has

[Po (T') — 4T

T
< [[Pa (1%9) = 12| 3 lluill il il
i=1

where 1 € R? denotes the all-one vector. Here, € can be
arbitrary.

Proof: Fix arbitrary vectors z,y,z € R? with [|z|, =
lylly = [lz[l; = 1. We have

[(Po(T) —tT, x @ y @ z)|
= (P (19%) ~ 1%, T 0 (z @y © 2))]
< ||Pa (1%%) —t1%¥|||T 0 (z 2y ® 2) |,

where we denote by ||-||,, the tensor nuclear norm [28]. By the
linearity of the Hadamard and tensor product, we can express

TO(zRy®z)= (Zuz@vi@wi)@(ﬂc@y@z)
=1

T
:Z(Ui®’vi®’wi)®(w®y®z)
=1

:zr:(“i@f")éb(”i@y)@(wi@z).

From the triangle inequality, we can upper bound

[To(xoy®z)|

*

< Z||(ui®a:)® (vi Oy) ® (w; © 2)|,

< lui ol llvi © yly lwi © 2|,

1=1
T
< il il lwill o -
i=1

Here, the second inequality holds due to the fact that
lawboc| = llawbacdl, = |al,|bl,lel, for any
vectors a,b,c € R, whereas the last inequality follows by
observing the following inequality

d

d
2 2 2 2
lus © &ll; =) (wi); o < il D af = il
j=1 j=1

and similarly ||lv; © y||, < [|villoo and [|w; © 2z, < ||w;||oo-
Consequently, one arrives at

|(Pa (T) —1iT, z ® y @ z)|

T
< [[Pa (12%) = 13| > [l o [0l oo il -
=1

Given that this holds for arbitrary x, y, z € R? with ||z||, =
llylly = [|z|l; = 1, we finish the proof by the definition of the
spectral norm. O
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