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This work considers a super-resolution framework forovercomplete tensor decomposition. Specifically,
we view tensor decomposition as a super-resolution problem of recovering a sum of Dirac measures on
the sphere and solve it by minimizing a continuous analog of the £{ norm on the space of measures. The
optimal value of this optimization defines the tensor nuclear norm. Similar to the separation condition
in the super-resolution problem, by explicitly constructing a dual certificate, we develop incoherence
conditions of the tensor factors so that they form the unique optimal solution of the continuous analog of
£1 norm minimization. Remarkably, the derived incoherence conditions are satisfied with high probability
by random tensor factors uniformly distributed on the sphere, implying global identifiability of random
tensor factors.
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1. Introduction

Tensors provide natural representations for massive multi-mode datasets encountered in many applica-
tions including image and video processing [6], collaborative filtering [31], array signal processing
[52], convolutional networks design [27] and psychometrics [53]. Tensor methods also form the
backbone of many machine learning, signal processing and statistical algorithms, including independent
component analysis [14], latent graphical model learning [2], dictionary learning [3] and Gaussian
mixture estimation [51]. The utility of tensors in such diverse applications is mainly due to the ability
to identify overcomplete, non-orthogonal factors from tensor data as already suggested by Kruskal’s
theorem [35]. This is known as tensor decomposition, which describes the problem of decomposing
a tensor into a linear combination of a small number of rank-1 tensors. The identifiability of tensor
factors is in sharp contrast to the inherent ambiguous nature of matrix decompositions without additional
assumptions such as orthogonality and non-negativity.
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In addition to its practical applicability, tensor decomposition is also of fundamental theoretical
interest in solving linear inverse problems involving low-rank tensors. For one thing, theoretical results
for tensor decomposition inform what types of rank-1 tensor combinations are identifiable given full
observations. For another, a dual polynomial is constructed to certify a particular decomposition, which
is useful in investigating the regularization power of the tensor nuclear norm for tensor inverse problems,
including tensor completion, tensor denoising and robust tensor principal component analysis. We
expect that the dual certificate constructed in this work will play an important role in these tensor
inverse problems similar to that of the subdifferential characterization of matrix nuclear norm in matrix
completion and low-rank matrix recovery [13, 50].

1.1 The tensor decomposition problem

In this work, we focus on third-order nonsymmetric tensors that can be decomposed into a linear
combination of unit-norm, rank-1 tensors of the foormu @ v @ w € R" @ R™ @ R". More precisely,
consider the following nonsymmetric tensor decomposition

,
T =D uy@vsw. (1.1)
p=1

Through this work, we assume the rank-1 tensor factors {(ul*,, v;, w;)} are living on the unit spheres and
might be overcomplete, that is, r is potentially greater than the individual tensor dimensions n,, n, and
ns. Without loss of generality, we assume that the coefficients {A}} are positive as their signs can be
absorbed into the factors.

ProBLEM 1.1 The tensor decomposition problem is the inverse problem of retrieving those ground-truth
rank-1 tensor factors {(u;, v;, w;‘,)};:1 from the tensor data 7 in (1.1) [36].

1.2 The super-resolution framework

Tensor decomposition is an extremely challenging problem [29]. This is because we lack proper
theories for basic tensor concepts and operations such as singular values, vectors and singular value
decompositions. To address these challenging issues, we will consider a super-resolution framework
for tensor decomposition. More precisely, we can view tensor decomposition as a problem of measure
estimation from moments. This is because we can rewrite the tensor decomposition (1.1) as a integral
on the unit spheres K := S =1 x 271 x g1,

T:/u@v@wdu*. (1.2)
K

and then the problem of retrieving the rank-1 tensor factors {(";’v;’w;)} from the observed tensor
entries in T is equivalent to recovering a linear combination of Dirac measures defined on the unit

spheres K:
,
W= ZA;S(u—u;,v—v;,w—w;) (1.3)
p=1

Several advantages are offered by this super-resolution framework. First, it provides a natural way to
extend the ¢; norm minimization in finding sparse representations for finite dictionaries [20] to tensor
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A SUPER-RESOLUTION FRAMEWORK FOR TENSOR DECOMPOSITION 3

decomposition. By viewing the set of rank-1 tensors A = {# @ v @ w : (u,v,w) € K} as a dictionary
with an infinite number of atoms, this formulation allows us to find a sparse1 representation of T~
by minimizing the £, norm of the representation coefficients with respect to the dictionary .A. More
precisely, we recover u* from the tensor 7 by solving a continuous analog of £; norm minimization
(a.k.a. the total mass minimization over the space of measures)

minimize , ¢ v, k)#(K) subject to T = / u@veEwdu (1.4)
K

where M, (K) is the set of (non-negative) Borel measures on K, and 1 (K) is the total measure/mass
of the set K measured by the Borel measure 1 € M_ (K). Second, the optimal value of the total mass
minimization defines precisely the tensor nuclear norm [25, Proposition 3.1), which is a special case
of atomic norms [15, Eq. (2)) corresponding to the atomic set .A. The tensor nuclear norm is useful in
many tensor inverse problems, such as tensor completion [10] and robust tensor principal component
analysis [45].

2. Main results

The main focus of this work is on characterizing the conditions when the tensor factors {(ul’;, v;, w;)}l’7=1

correspond to the unique optimal solution of the continuous analog of £, norm minimization (1.4), which
is extension of the incoherence condition in matrix completion problem [13], the minimum separation
condition in mathematical super resolution [12] and the wrap-around distance condition in line spectral
estimation [54]. More precisely, we develop the following three assumptions, namely incoherence
condition, bounded spectral norm condition and Gram isometry condition. For ease of exposition, in
what follows, these assumptions and the main result of this work will be presented for square tensors
withn =n, =n3 =n.

Assumption I: Incoherence condition.

. * ok * Kk * * T (log l’l)
A= r;l;;cmax{lw,,,uqﬂ, (v, v, Kws, wod [} < VA (2.1
where 7(-) is a polynomial function of its argument.>
Assumption II: Bounded spectral norm condition.
;
max{[[U[l, VI, W]} = 1+ c\/; (2.2)
for some constant ¢ > 0, where U := [u} --- u}], V:=[vi -+ v}],and W:=[w} --- w}].
Assumption III: Gram isometry condition.
IUT0) © (VIV) 1) = cogm L, (2.3)
n

! The decomposition (1.1) is sparse, because in most practical scenarios, r is much smaller than the product n71,13.
2 That being said, 7(-) is of the form 7 (x) = amx™ + apy_ 1 X"~ + ... 4+ apx® + ax + ag with some (positive) real numbers
a’s being the coefficients of the polynomial and some positive integer m being the degree of the polynomial.
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4 Q.LI ET AL.

where « (-) is a polynomial function of its argument. Similar bounds hold for U, W and V, W.

THEOREM 2.1. Suppose the target tensor 7 € R™"*" admits a decomposition (1.1) with the
normalized tensor factors {(u;, v;, wl*,)};:1 satisfying Assumptions I, II, IIT and

n17/16

r< —
= 32¢2, /15t (logn)

with the polynomial t(-) given in (2.1), the constant ¢ given in (2.2), and n being large enough. Then

the true factors {(u},, vy, w;)},’,: | correspond to the unique optimal solution of the continuous analog of
£, norm minimization (1.4) up to a sign ambiguity.

2.4

A few remarks follow. Firstly, since r = O(n”/ 16 /+/T(log n)) > n, total mass minimization
is guaranteed to recover overcomplete tensor decompositions. Secondly, the incoherence condition is
reasonable as we argue in the following. Tensor decomposition using total mass minimization is an
atomic decomposition problem. The latter determines the conditions under which a decomposition
in terms of atoms in an atomic set A achieves the corresponding atomic norm. For example, the
singular value decomposition is an atomic decomposition for the set of unit-norm, rank-one matrices.
Finally, if the incoherence bound in Assumption I is further strengthened to O(Wogn)) for some
polynomial «(-), then Assumptions II and III are consequences of Assumption I. So if the rank-one
factors of an overcomplete tensor are incoherent enough, without needing Assumptions II and III, its
CP decomposition can always be uniquely identified.

We note that Assumptions I, II and III hold with high probability if the tensor factors are generated
independently according to uniform distributions on the unit spheres ([1], Lemmas 25, 31).

COROLLARY 2.1. If the true tensor factors {(u;, v[*,, w[‘;)};:1 in (1.1) are uniformly distributed on the
unit spheres, and if r satisfies (2.4), then with high probability, the true tensor factors correspond
to the unique optimal solution of the continuous analog of £; norm minimization (1.4) up to a sign
ambiguity.

3. Prior art and inspirations

Despite the advantages provided by tensor methods in many applications, their widespread adoption
has been slow due to inherent computational intractability. Although the decomposition (1.1) is a multi-
mode generalization of the singular value decomposition for matrices, extracting the decomposition
from a given tensor is a nontrivial problem that is still under active investigation (cf. [18, 34]). Indeed,
even determining the rank of a third-order tensor is an NP-hard problem [29]. A common strategy used to
compute a tensor decomposition is to apply an alternating minimization scheme. Although efficient, this
approach has the drawback of not providing global convergence guarantees [18]. Recently, an approach
combining alternating minimization with power iteration has gained popularity due to its ability to
guarantee the tensor decomposition results under certain assumptions [1, 33].

Tensor decomposition is a special case of atomic decomposition, which is to determine when a
decomposition with respect to some given atomic set .A achieves the atomic norm [15]. For finite atomic
sets, it is now well-known that if the atoms satisfy certain conditions such as the restricted isometry
property, then a sparse decomposition achieves the atomic norm [11]. For the set of rank-1, unit-norm
matrices, the atomic norm (the matrix nuclear norm), is achieved by orthogonal decompositions [50].
When the atoms are complex sinusoids parameterized by the frequency, Candeés and Fernandez-Granda
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A SUPER-RESOLUTION FRAMEWORK FOR TENSOR DECOMPOSITION 5

showed that atomic decomposition is solved by atoms with well-separated frequencies [12]. Similar
separation conditions also show up when the atoms are translations of a known waveform [16, 21,
56], spherical harmonics [5] and radar signals parameterized by translations and modulations [28].
Tang and Shah in [57] employed the same atomic norm idea but focused on symmetric tensors. In
addition, the result of [57] does not apply to overcomplete decompositions. Under a set of conditions,
including the incoherence condition ensuring the separation of tensor factors, this work characterizes
a class of nonsymmetric and overcomplete tensor decompositions that achieve the tensor nuclear
norm [|'77,.

Another closely related line of work is matrix recovery [19] and tensor recovery. Low-rank matrix
recovery based on the idea of nuclear norm minimization has received a great deal of attention in recent
years [13, 49, 50]. A direct generalization of this approach to tensors would have been using tensor
nuclear norm to perform low-rank tensor recovery. However, this approach was not pursued due to
the NP-hardness of computing the tensor nuclear norm [29] and the lack of analysis tools for tensor
problems. The mainstream tensor recovery approaches are based on various forms of matricization [6,
26, 47]. Alternating minimization can also be applied to tensor recovery with performance guarantees
established in recent work [32]. More recently, gradient descent with a good initialization is applied
to the noisy symmetric tensor completion and achieves near-optimal statistical guarantees [10]. Note
that all the above mentioned works study the low-rank tensor recovery problems, i.e. the number of
rank-1 tensor factors is less than the factor size n. While in general calculating tensor decomposition
is NP-hard, the theoretical computer science community has developed some interesting algorithms
for overcomplete tensor decomposition. For example, Anandkumar et al. [1, 1, 2] apply the iterative
power method with good initialization to the overcomplete tensor decomposition problem and provide
guarantees for the linear-overcomplete case (i.e. r < fBn). In addition to these local search algorithms
such as gradient descent, power method and alternating minimization, another line of algorithms for
overcomplete tensor decomposition are based on the sum-of-squares (SoS) semidefinite programming
(SDP) hierarchy [30, 46, 48]. Although the SoS relaxation approaches provide provable guarantees
for overcomplete tensor decomposition, they are essentially SDPs, which is not scalable to high-
dimensional tensors.

In contrast, we expect that the atomic norm, when specialized to tensors, will achieve the information
theoretical limit for tensor completion as it does for compressive sensing, matrix completion [19, 49] and
line spectral estimation with missing data [54]. Given a set of atoms, the atomic norm is an abstraction
of £,-type regularization that favors simple models. Using the notion of descent cones, Chandrasekaran
et al. in [15] argued that the atomic norm is the best possible convex proxy for recovering simple
models. Particularly, atomic norms are shown in many problems beyond compressive sensing and matrix
completion to be able to recover simple models from minimal number of linear measurements. For
example, when specialized to the atomic set formed by complex exponentials, the atomic norm can
recover signals having sparse representations in the continuous frequency domain with the number of
measurements approaching the information theoretic limit without noise [54] as well as achieving near
minimax denoising performance [55]. Continuous frequency estimation using the atomic norm is also
an instance of measure estimation from (trigonometric) moments.

4. Tensor decomposition, atomic norms and duality

In this work, we view tensor decomposition in the frameworks of both atomic norms and measure
estimation. The unit sphere of R” is denoted by S"~! and the direct product of three unit spheres $"~! x
S"1 x §"~! by K. The tensor atomic set is denoted by A = {u @ v @ w : (u,v,w) € K} parameterized
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6 Q.LI ET AL.

by the set K, where u ® v @ w is a rank-1 tensor with the (i, j, k)th entry being u;v;w;. For any tensor T,
its atomic norm with respect to A is defined by ([15], Eq. (2))

[Tl 4 = inf{z : T € tconv(A)}

= inf{ ZAP T = Z)‘pup v, ®wp,)»p > 0, (up,vp,wp) € K], “.1)
p p

where conv(.A) is the convex hull of the atomic set .4, and a scalar multiplying a set scales every element
in the set. Therefore, the tensor atomic norm is the minimal £, norm of its expansion coefficients among
all valid expansions in terms of unit-norm, rank-1 tensors. The atomic norm ||'7"|| 4 defined in (4.1) is
also called the tensor nuclear norm and denoted by ||'7|, in ([25], Eq. (2.7)). We will use these two
names and notations interchangeably in the following. The way of defining the tensor nuclear norm is
precisely the same as that of defining the matrix nuclear norm.

We argue that the two lines in the definition (4.1) are consistent and are also equivalent to (1.4) as
follows. Since conv(A) = {7 : T = fKu @vewdpu,u e M, (K), u(K) < 1}, the first line in the
definition (4.1) implies that ||'T|| 4 is equal to the optimal value of (1.4). Compared with the measure
optimization (1.4), the feasible region of the minimization defining the atomic norm in the second line of
(4.1) is restricted to discrete measures. However, these two optimizations share the same optimal value
as a consequence of Carathéodory’s convex hull theorem, which states that if a point x € R lies in
the convex hull of a set, then x can be written as a convex combination of at most d + 1 points of that
set ([4], Theorem 2.3). Since T~ € ||'T || 4 conv(A) = conv(||'T || 4A), T can be expressed as a convex
combination of at most n® + 1 points of the set || 77| A, implying that the optimal value is achieved
by a discrete measure with support size at most n> + 1. This argument establishes that the two lines in
(4.1) as well as the measure optimization (1.4) are equivalent. Therefore, the atomic norm framework
and the measure optimization framework are two different formulations of the same problem, with the
former setting the stage in the finite dimensional space and the latter in the infinite-dimensional space
of measures.

Given an abstract atomic set, the problem of atomic decomposition seeks the conditions under
which a decomposition in terms of the given atoms achieves the atomic norm. In this sense, the tensor
decomposition considered in this work is an atomic decomposition problem.

4.1 Duality

Duality plays an important role in analyzing atomic tensor decomposition. We again approach duality
from both perspectives of atomic norms and measure estimation.

First, we find the dual problem of the optimization problem (1.4). Given Q, 7T € R™*" we define
the tensor inner product (Q,T) := 2, Q;Tjy- Standard Lagrangian analysis shows that the dual
problem of (1.4) is the following semi-infinite program, which has an infinite number of constraints:

maximize (Q,T)

QeRnxnxn

subject to (Q,u @v®w) < 1,V(u,v,w) e K 4.2)

The polynomial g(u,v,w) = (Qu@vOw) = >, ik Qijiivjwy corresponding to a dual feasible
solution Q of (4.2) is called a dual polynomial. The dual polynomial associated with an optimal dual
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solution can be used to certify the optimality of a particular decomposition, as demonstrated by the

following proposition.

PROPOSITION 4.1. Suppose the set of rank-1 tensors {u; @ v; @ wy ;: | given in (1.1) are linearly

independent. If there exists a dual solution @ € R"™"*" to (4.2) such that the corresponding dual
polynomial g : K — R

qu,v,w) = (Q,u Qv w) 4.3)

satisfies the following Boundedness and Interpolation Property (BIP):

q(uy, v;, wl*,) = 1 for p € [r] (Interpolation) (4.4a)
q(u,v,w) < 1in K\ S* (Boundedness) (4.4b)

where [r] :={1,...,r} and
S* = {(ayu by c,wh) tlay| = b,| = lc,| = a,b,c, = Lp €[]}, 4.5)

then w* given in (1.3) is the unique optimal solution to (1.4) up to sign ambiguity.

Proof. 1In view of (4.2), any Q that satisfies the BIP in (4.4) is a dual feasible solution. We also have

r r r
.7 - <Q, PRTALE w;> = >k v By = X et = ()
p=1 p=1

p=l1

establishing a zero-duality gap of the primal-dual feasible solution (u*, Q). As a consequence, p* is a
primal optimal solution to (1.4) and Q is a dual optimal solution to (4.2).
For uniqueness, suppose [ is another primal optimal solution to (1.4). If (K \ $*) > 0, then

M*(K)=(Q,T>:<Q,/Ku®v®wd;1></1(s*)+/K 1d i = aK)

\S*

contradicting the optimality of fi. So all optimal solutions are supported on S*. To remove the sign
. : EON * *\r : * *\ 7
ambiguity, we can assume an optimal solution is supported on {u, @v; ®@w7 =1 Since {u;®vp®wp}p=1
are linearly independent by assumption, the coefficients A} can be uniquely determined from solving
the linear system of equations encoded in 7 = >/ _, Ayuy ® v, @ wr. This proves the uniqueness (l@
to sign ambiguity).

4.2 Dual certificate and subdifferential

The dual optimal solution @ satisfying the BIP is called a dual certificate, which is used frequently as
the starting point to derive several atomic decomposition and super-resolution results [5, 12, 54, 57]. In
Section 5, we will explicitly construct a dual certificate to prove Theorem 2.1. In this subsection, we
will relate the dual certificate with the subdifferential of the tensor nuclear norm.
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8 Q.LI ET AL.

First, the dual norm of the tensor nuclear norm, i.e. the tensor spectral norm, of a tensor Q is given
by

1Ql:= sup (D, T)= sup (Q,uRvOw). (4.6)
T:AT <1 (u,y,w)ekK

The equality is due to the fact that the atomic set A are the extreme points of the unit nuclear norm ball
{T : T, < 1}. In light of the spectral norm definition, we rewrite the dual problem (4.2) as

maximize (Q, T subject to || Q] < 1, 4.7
QeRnxnxn

which is precisely the definition of the dual norm of the tensor spectral norm, i.e. the tensor nuclear
norm.

The subdifferential (the set of subgradients) of the tensor nuclear norm is defined by ([24], Definition
B.20)

- 1. (T) ={Q e R - R, = ITI, + (R — T, Q). forallR € R™""},  (4.8)

which has an equivalent representation ([59], Section 1)
Al - 1.(T) ={Q e R™™" - ||IT ||, =(Q.T). 12l <1}. 4.9)

For T having an atomic decomposition given in (1.1), it can be established that the defining
properties of subdifferential (4.9) are equivalent to

(Q,u; ®v; ®w;) =1, forp € [r] (4.10a)
(Q,u®vew) <1, for (u,v,w) e K (4.10b)

We recognize that the BIP (4.4) is a strengthened version of the subdifferential conditions (4.10).
Therefore, a dual certificate, i.e. any Q satisfying the BIP, is an element of the subdifferential 9||-||,. (7).
The BIP in fact means that Q is an interior point of 9| - ||, (7). Our proof strategy for Theorem 2.1 is
to construct such an interior point in Section 5. This is in contrast to the matrix case, for which we have
an explicit characterization of the entire subdifferential of the nuclear norm using the singular value
decomposition (more explicit than the one given in (4.9)). More specifically, suppose X = UXV' is
the (compact) singular value decomposition of X € R™" with U € R™*",V € R"™" and ¥ being
an r x r diagonal matrix. Then the subdifferential of the matrix nuclear norm at X is given by ([50],
Eq. (2.9))

al - 1,X) = (UVI + W:UTW=0,WV =0,|W| < 1}.
It is challenging to obtain such a characterization for tensors unless the tensor admits an orthogonal
decomposition.

4.3 Extension: regularization using tensor nuclear norm

Independent from practical considerations, we investigate tensor decomposition for theoretical reasons.
Similar to regularizing matrix inverse problems using the matrix nuclear norm, the tensor nuclear norm
can be used to regularize tensor inverse problems. Suppose we observe an unknown low-rank tensor
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A SUPER-RESOLUTION FRAMEWORK FOR TENSOR DECOMPOSITION 9

T through the linear measurement model y = B(7T™), we would like to recover the tensor 7* from
the observation y. For instance, when B samples the individual entries of 7*, we are looking at a tensor
completion problem. Remarkably, Yuan and Zhang exploited the tensor nuclear norm approach to tensor
completion and improved the state-of-the-art sample complexity in the seminal work [60]. We propose
recovering 7 by solving

minimize ||'T||, subject toy = B(T) 4.11)

TGR”X"X"

which favors a low-rank solution. To establish recoverability, we can construct a dual certificate Q
of the form B*(X), whose corresponding dual polynomial satisfies the BIP. Here B* is the adjoint
operator of 3. When the operator B is random, the concentration of measure guarantees that we
can construct a dual certificate B*()) that is close to the one constructed in the full data case. This
fact can then be exploited to verify the BIP of B*(A) and to establish exact recovery. When the
atoms are complex exponentials parameterized by continuous frequencies, this strategy is adopted to
establish the compressed sensing off the grid result (the completion problem) [54] building upon the
dual polynomial constructed for the super-resolution problem (the full data case) [12]. It shows that
the number of random linear measurements required for exact recovery approaches the information
theoretical limit. In addition to exact recovery from noise-free measurements, the dual certificate for the
full data case can also be utilized to derive near-minimax denoising performance [7, 55], approximate
support recovery [22, 38] and robust recovery from observations corrupted by outliers [23, 58]. We
expect that the dual polynomial constructed for tensor decomposition will play a similar role for
tensor inverse problems, enabling the development of tensor results parallel to their matrix counterparts
such as matrix completion, denoising and robust principal component analysis. We leave these as our
future work.

5. Proof of Theorem 2.1

5.1 Proof outline

The proof of Theorem 2.1 relies on the construction of a dual polynomial that satisfies the BIP (4.4).
Towards that end, we first partition K into the far region (controlled by Lemma 5.4) and the near region.
To control the dual polynomial in the near region, we use an angular parametrization to further divide
it into near vertex region (controlled by Lemma 5.6) and near band region (controlled by Lemma 5.7).
In the end, we can show the constructed dual polynomial satisfies the BIP in the whole region. We
summarize the proof map on the right.

5.2 Minimal energy construction

Since the BIP (4.4) (especially the Boundedness property (4.4b)) is hard to enforce directly, we start
from a candidate dual certificate or pre-certificate Q in the subdifferntial set 3|7 ||, defined by (4.10):

(Q,u; ®v; ®w;) =1, forp € [r]

(G, u®@vew) <I1, for (u,v,w) e K

which essentially characterizes the optimal solution set of following optimization

maximize(u’v’w)eK (Q,u®@vw) 5.1
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10 Q.LI ET AL.

Far Region
(Lemma 5.4)
= Near Vertex Region
K S (Lemma 5.6)
—
Near Region
~
Near Band Region
(Lemma 5.7)

Then applying the Karush—-Kuhn—Tucker (KKT) conditions to the constrained optimization (5.1), we
can further relax the subdifferential conditions (4.10) to a set of linear constraints.

LeEMMA 5.1. The following conditions are necessary for (4.10):

> 0ury (W k) = u3(i), Vi € [n],¥p € [r];
Jik szv;x3w; = u;,Vp e [r];
Zng";(i)W;(k) =v,().Vien].Vpelrl: Lo, Qx upxswy =vi,¥p e [rl;  (5.2)
ik

Ox U x,ve =wh,Vp € [r]

> 0y (W) = Wy, Vi € ). Vp € [r] rrEe

i

where {x;} are the k-mode tensor-vector product [34] whose definitions are apparent from context.

The proof of Lemma 5.1 is given in Appendix A.

Apparently, the subdifferential conditions (4.10) is necessary for the BIP (4.4), but generally not
sufficient, by comparing the second line of (4.10) and the Boundedness Property (4.4b). Indeed, as we
argued before, any Q satisfying the BIP is an interior point of the subdifferential || - ||, (7). To satisfy
the Boundedness Property (4.4b), we further minimize the energy || Q||12p = Zijk Qizjk in the hope that
this will push g(u, v, w) towards zero such that Q is an interior point of || - ||, (7). Thus, we propose
solving the following minimum-energy problem to obtain a pre-certificate:

1
miniénize §||Q||%; subject to (5.2) (5.3)

LeEmmMA 5.2. (Explicit form of the pre-certificate) The solution of the least-norm problem (5.3) has the
form (normal equation)

,
Q=D (s RV AWy +uy @By OWy+us @V RY)) (54)
p=1

2202 Iudy 80 uo 1sonb Aq £GE¥9G9/Z000BRYIBIEWI/EGOL 0 L/I0P/I0ILE-S0UBAPE/IEIEWI/WO0" dNO"0IWUSPEIE//:SARY WOl POpeojumod



A SUPER-RESOLUTION FRAMEWORK FOR TENSOR DECOMPOSITION 11

with the unknown coefficients {oc[*,, ﬂ;, y[*, ;:1 being chosen such that Q in (5.4) satisfies (5.2). So we
get an explicit form of a pre-certificate

q(u,V,W) = (Q,u®v®W)

= > g u) (v ) Whow) + ) () Wi w) + () ) (W)l (55)

The proof of Lemma 5.2 is given in Appendix B.

To obtain some intuition of what these dual-polynomial coefficients {er}, ,B;, Y, };:1 would look like,
let us assume {u*} [’771, {v {wl*7 };: | are almost orthogonal and plug the explicit form of Q (5.4) into
the first equat1on in (5.2)

plp=0
ay +uy (B, v,) +upyy.wh) ~u,. (5.6)

Then multiplying #" on both sides gives
@ us) + (B ve) + (howh) ~ 1. (5.7)
Finally combining (5.6) and (5.7) together with the symmetry property of (5.4), we get these coefficients

{a}, B}, 7;};7:1 are located approximately at {u}/3,v}/3,w} /3};=]. The accurate description of this
phenomenon is given by the following lemma with the proof listed in Appendix C.

LeEMMA 5.3 (Control the dual polynomial coefficients). Under Assumptions II and III together with
r = o(n?/k (logn)?), the following estimates are valid for sufficiently large n:

1
A~ ol < 2eogm (L 4 e
3 n nl>

1
B - §V < 2k (logn) (ﬁ CILS) ;
n .
1
C— -W| < 2«(logn) (i cL)
3 n L5
where the norm || - || is the matrix spectral norm and

A=[of @] B=[B1 o B].C= [yt v U=[uf ],
V=[], W=[w}, - ,wi].
5.3 Far region

For a parameter 6 € (0, 1), the far region is defined by

F (&) :=ﬂ{(u,v,w)eK:|( )|<80r|(vv)|<80r|(ww)|<8} (5.8)
p=1
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12 Q.LI ET AL.

uy
“ *

FIG. 1. Projection of the far region in the u coordinate. The blue band represents the region {u : |{(u, uT)l < §} that is far away
from u}, while the green region {u : |(u,u§)| < §} is the far-region associated with ug The far region is their intersection

ﬂf,:l{u : I(u,u;)\ < &}, consisting of the two black diamonds.

which consists of points (u,v,w) in K that are far away (in the angular sense) from
S = {(:i:u;,:l:v;,:l:w;) p=1,...,r} (5.9)

in at least one coordinate of (u,v,w). For n = 3 and r = 2, the far region projected onto the unit sphere
{u: |lull, = 1} is shown in Figure 1.

5.3.1 Controlling in far region Instead of bounding the dual polynomial g directly, we will bound
its absolute value |¢g|. To obtain some intuition of how to bound it, we rewrite the explicit form (5.5) as
follows

q(u,v,w)
g * 1 * * * * * 1 * * * * * 1 *
= z [(“p - gulw u)<vp’ V) (Wp, W) + (upa u) (ﬂp - gvp’ V) (Wp, W) + (ups u><vp’ V) (Vp - gwps w)i|
p=1
(5.10)
+ () (v, v) (W w). (5.11)

p=1

p
and then using angular-distance between F(§) and (”;’ vy, w;), Vp to bound (5.11).

The accurate argument is made by the following lemma with the proof given in Appendix D.

The main idea is first using the closeness of {a*, ;, y;};zl and {u}/3,v}/3, wl*,/3}1’7:1 to bound (5.10)

LEMMA 5.4 (Controlling in far region). Under Assumptions I, II, IIL, if r <« n'? and r < =2 for

= 2482
6 € (0, 21—4], then for sufficiently large n, we have |g(u,v,w)| < 1 in F(8).
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A SUPER-RESOLUTION FRAMEWORK FOR TENSOR DECOMPOSITION 13

F1G. 2. The two yellow spherical caps form the near region N (§) around the point (u‘I, v‘{, w‘I) projected onto the u coordinates.
N> (8), which is not shown here, consists of another two spherical caps. The union of N7 (8), N> (8) and the far region F(d) shown
in Figure 1 will cover the entire sphere {u : ||u| = 1}.

5.4 Near region

For the union of the far and near regions to cover the entire region KK, we define the near region as

N @) =K\ F©) = [J{@,v,w) e K: [}, u)] = 8,15, v)] = 8, |(wh,w)| = 8} := | N, (6)
p=1 p=1
(5.12)

with each individual near region Np(a) close to (u;, v;, wl*,) in all coordinate of (u,v,w).
For n = 3, r = 2, we plot the near region N, (8) projected onto the sphere {u : |lull, = 1} in
Figure 2.

5.4.1 Angular parametrization of near region In order to show the dual polynomial satisfying the
BIP in the entire near region A/ (8), we use the ‘Divide-and-conquer’ idea to bound the dual polynomial
in each individual near region /\/;,(8) for p € [r]. The main technique used to control each individual
near region is applying angular parametrization to each individual near region.

As the domain K is essentially a direct product of spheres, we re-parameterize each individual near
region /\fp(8) in the angular sense. Without loss of generality, let us consider p = 1. Pick (x,y,z2) € K
such thatx L uj,y L v,z L w} and consider the parameterized points

u(9,) = uj cos(d)) +xsin(0;)
(u(9,),v(6,),w(0;)) € K with v(6,) = v{ cos(f,) +ysin(b,) (5.13)
w(f3) = w] cos(f;) +zsin(6;).

When 6, ranges from 0 to 7z, u(0;) traces out a 2D semi-circle that starts at 7, passes through x, and
finally reaches —u7; while for a fixed 6, € [0, ], the set Ux Lut {u(0,)} parameterizes all the points on

S"! having an angle of 6, with 7. The same properties hold for v(6,) and w(65). This parametrization
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14 Q.LI ET AL.

projected onto the u coordinate is shown on right.

*
-u

In fact, using this angular parametrization, the individual near region N 1(8) in (5.12) can be
expressed as

M(B) = U {@(0,),v(6,),w(63)) : |cos(0,)| = 6,0, € [0,7],i =1,2,3}. (5.14)
(xy2)x Lulylvizlwy

PROPOSITION 5.1 (Near angular region). For any § € (0, 1), the near region N () is contained in the
following set

N, () C U {(@(6)),v(6,),w(63)) : (0,6,,65) € N(@©6)} (5.15)

(xy2)xLluyylvizlw}

with the near angular region N(§) defined by

N(S) := {(91,92,93) 16, € [O,% —5] U [% +5,7r],i - 1,2,3}. (5.16)

Proof. Since the function | cos(9)| is symmetric at % on the interval [0, 7 ] and is decreasing on [0, 7 /2],
we know that {6 : |cos(8)| = §} N[0, ] = [0, arccos(6)] U [r — arccos(§), w]. Note that arccos(§) =
7 — arcsin(8) and § < arcsin(8), so we get {6 : |cos(8)| > 8} N [0,7] C [0,5F — 81U [F + 8, 7]. The
inclusion (5.15) follows from (5.14) immediately. O

The near angular region N(8) contains the eight cubes with side length 7 — 8, located at the eight
corners of the cube [0, 7] x [0, 7] x [0, 7]. Moreover, one can see that the smaller the parameter § is, the
larger the near angular region N(§) will be. In particular, when § approaches to zero, the near angular
region N(§) becomes the whole cube N(0) = [0, 7] x [0, 7] x [0, ]. The near angular region N(§) is
plotted in Figure 3.
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A SUPER-RESOLUTION FRAMEWORK FOR TENSOR DECOMPOSITION 15

(m, m, )

O, m,m)

(0,0,0) (m,0,0)

FiG. 3. The eight gray cubes of side-length 7 /2 — § at the corners form the near angular region N(§).

5.4.2 Angular parametrization of dual polynomial Evaluating the dual polynomial g(u,v,w) at
(w(6,),v(9,),w(6)) in (5.13), we get the angular dual polynomial F(6;,6,,65) := q(6,),v(6,),w(65))
as
F(6,,0,,03) =q(u},v],w]) cos(6,) cos(6,) cos(63) + g(ui,v},z) cos(f;) cos(6,) sin(65)
+ q(u},y, wy) cos(9)) sin(6,) cos(63) + q(x, v}, w}) sin(8;) cos(6,) cos(63)
+ q(u},y,z) cos(9,) sin(6,) sin(63) + q(x, v}, 2) sin(9,) cos(H,) sin(63)
+ q(x,y,w7) sin(;) sin(8,) cos(63) + g(x,y,2) sin(9,) sin(6,) sin(65). 5.17)

Among these eight terms, the first term is cos(6;) cos(6,) cos(6;) since g(u7, v}, w}) = 1. The next three
terms involving one sine function are zero as, for example,

T
q,v],2) = QX U X,V Xz =wixsz =w] z2=0,

where we have used Qx u}x,v] = w] and the third equality of (5.2). Hence, we get a more concise

form of F:
F(0,,0,,63) =cos(6,) cos(h,) cos(B3) + g(u},y,z) cos(8)) sin(h,) sin(63) + q(x, v}, z) sin(f;) cos(6,)
sin(f3) + g(x,y, w}) sin(9,) sin(,) cos(63) + ¢(x,y,z) sin(6,) sin(8,) sin(h3). (5.18)

By further bounding the other quantities g(u7,y,2), q(x,v},2), g(x,y,w]) and g(x,y,z), we get the
following lemma to uniformly upper-bound F(6,, 8,, 65) with the proof given in Appendix E.

LEMMA 5.5 (Upper bound of angular dual polynomial). Under Assumptions I, IL, IIL, if r < n!-23—1-5%

with r, € (0, %), then for sufficiently large n, we have

4
|[F(61,0,,03)| < |cos(8;)cos(f,) cos(63)| + | sin(0;) sin(6,) sin(f3)| + gr(log mn_'e. (5.19)
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16 Q.LI ET AL.

(0,0,0) (m,0,0)

FI1G. 4. The eight colored cubes of size 8, x 8, x §, form the near vertex region N, (8,): the red ones are corresponding to the
vertexes in S*, whereas the blue ones are corresponding to other vertexes in the cube.

5.4.3 Angular parametrization of Boundedness and Interpolation Property By Proposition 5.1, a
sufficient condition for the BIP (4.4) to hold in the individual near region N/ (8), is the following
Angular BIP (Angular-BIP):

F(0,,6,,0;) = 1inS* (Angular Interpolation) (5.20a)
F(0,,6,,03) < 1inN(8) \ S* (Angular Boundedness) (5.20b)

with §* := {(0,0,0), (0,7, ), (;r,0,7), (7, 7w, 0)} such that u(0;) @ v(6,) @ w(63) = u} @ v} ® wi for
any (0;,6,,6;) € S*.

Similar as before, the Angular Interpolation property (5.20a) is a consequence of the construction
process. In the rest of the paper, we will focus on showing the Angular Boundedness property (5.20b).
Specifically, we will divide the near angular region into near vertex region and near band region, and
then control the angular dual polynomial F' in both near vertex region and near band region.

5.4.4 Near vertex region The near vertex region, denoted by N, (§,), is defined as the union of the
eight small cubes all with side length 6, in 8 corners of the cube [0, 7]3. We plot the near vertex region
N, (8,) in Figure 4. Comparing with the definition of the near angular region N(-), the near vertex region
is also an near angular region but with a different parameter:

N,G) =NG —3,). (5.21)

Without loss of generality, we can always assume the near vertex region N, (§,) is included in the near
angular region N(§); otherwise, we only need to show the Angular-BIP holds in N, (8,). This assumption
together with (5.21) implies

5, < % —s. (5.22)

Note that /2 — § is the side length of the corner-cubes in N(§).
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A SUPER-RESOLUTION FRAMEWORK FOR TENSOR DECOMPOSITION 17

CONTROLLING IN NEAR VERTEX REGION. To control the angular dual polynomial F in the near vertex
region N, (§,), we further classify the eight small cubes in N, (8,) into two groups depending on if their
vertices are in S* or not.

LEmMA 5.6 (Controlling in near vertex region). Under Assumptions I, II, IIL, if r <« nl2

§ € (— @, @), we have
FO, +§,0,+&.,0; +&) <1 (5.23)

, then for any

for (9]’02993) € {(0’ Os 0)9 (0’]7:977:)’ (JT, Osn)’ (77:7 JT,O)} and
FO, +§,0,+&,0;+&) <0 (5.24)
for (0,6,,63) € {(7w,m,7), (,0,0),(0,7,0),(0,0,7)}. Here, equality in (5.23) holds only if & =
The proof of Lemma 5.6 is in Appendix F.
REMARK 5.1. Lemma 5.6 proves the Angular-BIP holds in the near vertex region N (6,) with §, =
V2-1.
I
F(91,92, 93) - l iIlS*
F(0,,0,,0;) < 1inN,(8,) \ S*

5.4.5 Near band region. The near band region is introduced to cover the remaining region N(3) \
N, (8,). Invoking the definitions of the near angular region (5.16) and the near vertex region (5.21):

N(s) = {(91,92,93) 10, € [o,% —5] u [% +8,n]}
N,(3,) ={(60,.0,.05) : 6, € [0.8,]U [ — 8,71}

we have

N(8) \ N, (5,) = {(91,92,93) L0, (5v, % - 5) U (% 87— 5v)} AN@).  (5.25)

which is nonempty since 8, < /2 — § by the assumption (5.22). We plot the remaining region N(5) \
N, (8,) projected onto the (6,,6,)-coordinates in Figure 5.
To let the near band region cover N(§) \ N, (§,), we define it as

b4 T .
N, (8,) i={ (61,602,609 : 6, € (8, Z- 8) U (3 +om—8,) =123} (526

We plot the near band region N, (§,) projected onto the (6, 6,)-coordinates in Figure 6.

REMARK 5.2. From (5.25) and (5.26), we have N (5,) covers N(6) \ N (8,) if §, < min{$,,é}, or
equivalently,

N(8) C N, (8,) UN,(8,), ifs, < min{3,,5}. (5.27)

2202 Iudy 80 uo 1sonb Aq £GE¥9G9/Z000BRYIBIEWI/EGOL 0 L/I0P/I0ILE-S0UBAPE/IEIEWI/WO0" dNO"0IWUSPEIE//:SARY WOl POpeojumod



18 Q.LI ET AL.

0

8, 05m—68 05m+8 mw—08, ™
61

F1G. 5. The remaining region N(§) \ Ny, (§,) projected onto the (07, 6>)-coordinates.

s

0 & 057 —6,05m+8, m—G8 T

6,

F1G. 6. The near band region Ny, (8p) projected onto the (01, 6 )-coordinates.
CONTROLLING IN NEAR BAND REGION. We start with the uniform upper-bound in Lemma 5.5:

4
|F(6;,0,,63)| < |cos(f;)cos(6,) cos(63)| + | sin(0) sin(6,) sin(63)| + gt(log nmn_ '

=

1 4
(1 cos(8))1® + | cos(8y)> + [ cos(6;)[®) + 3 sin(8))]* + | sin(8,)|* + | sin(63)[%) + 37 (ogmn™"

W[ = W] =

=

2 4
(I cos(6)]> + | sin(@,)*) + 3+ 37(log mn~"e, Vi e {1,2,3} (5.28)

where the first inequality follows from (5.19) in Lemma 5.5 (under Assumptions I-III and r <
nl23=157 with r. € (0, %)), the second inequality follows from the inequality of arithmetic and

geometric means, and the last one is a consequence of | sin(8)|? + | cos(8)]? < 1. So, |F 6,6,,03) <1
in N, (8,) if

[cos(@,)]® + | sin(0)]> < 1 —4r(logn)n~" (5.29)

2202 Iudy 80 uo 1sonb Aq £GE¥9G9/Z000BRYIBIEWI/EGOL 0 L/I0P/I0ILE-S0UBAPE/IEIEWI/WO0" dNO"0IWUSPEIE//:SARY WOl POpeojumod



A SUPER-RESOLUTION FRAMEWORK FOR TENSOR DECOMPOSITION 19

for some i € {1,2,3}. The final result is summarized in the following lemma, with the proof listed in
Appendix G.

LEmMMA 5.7 (Controlling in near band region). Under Assumptions I, IT, IIL, if r < 125157 with r. €
O, é), then for sufficiently large n, we have |F(0;,6,,65)| < 1in N, (§,) for §, = 4/ Wn’o's“.

5.4.6 Combining the near vertex region and near band region. Finally the Angular-BIP (5.20)
follows from Lemma 5.6 and Lemma 5.7 if the union of the near vertex region N (6,) and the near
band region N, (8,) covers the near angular region N(4):

N(6) € N,(8,) UN,(8p).
From (5.27), this happens when
8, < min{é,é,},
which is equivalent to

8, <8, (5.30)

since 8, = /801'(130gn)n—0.5r(, < J§3—1 =5,

Then by Proposition 5.1, ¢ satisfies the BIP in | (§). Similar results apply to all individual near
region N, (8), for p € [r]. Therefore, we claim the BIP holds in the whole near region N'(8) =

Upoi N, 8).
LeEMmmA 5.8 (Near-region bound). Under Assumptions I, I, IIL, if r < n1 25157 with r, € (0, %), then

for sufficiently large n, the dual polynomial g satisfies the BIP in NV'(§) for any § > §,,.

5.5 Combining the far region and near region

Combining Lemma 5.4 (for far region) and Lemma 5.8 (for near region), we conclude that the BIP holds
in the whole domain K if Assumptions I, II, III are satisfied and

n

fors € [8 i] and r < n"P7 1 forr € (0 l) (5.31)
5c2 b 24 =1 e S '
Then letting § = §,, (to maximize r) and r, = %, the requirements (5.31) on r are reduced to the desired

17/16
C < n
bound (2.4): r < NI T

. The proof of Theorem 2.1 is completed.

6. Computational method

Theorem 2.1 shows that when the tensor factors {(u;,v;,w;)};zl satisfy Assumptions I, II, III, we

can recover the tensor decomposition of r up to the order of n'7/1® by solving the convex, infinite-
dimensional optimization (1.4). However, as a measure optimization problem, optimization problem
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20 Q.LI ET AL.

(1.4) is not directly solvable on a computer. In this section, we first propose a computational method
based on the popular Burer—-Monteiro factorization method [9] and then test it by numerical experiments.

THEOREM 6.1. Suppose the decomposition that achieves the tensor nuclear norm ||'7"||, involves r terms
and 7 > r, then || 7|, is equal to the optimal value of the following optimization:

minimize Z (||up||§ + IIVPIIS + ||wp||%) subject to T = Zup Qv,Qw, 6.1

{up»Vp Wp}p_| p=1 p=1

Proof.  Suppose the tensor nuclear norm is achieved by the decomposition
r
_ * ok * *
T = Z)‘p"p Y, @W),.

Then, we note that {A;]/ 3u;, A;]/ 3 v;, A;l/ 3wl*,};: | forms a feasible solution to (6.1) when ¥ = r. When

F > r, we can zero-pad the remaining factors {u,,v, The objective function value at this

w,
B plp=r+1-
feasible solution is %(Z;zl 3)»?,) = ||T|l.. This shows that ||T||, is greater than the optimal value of
6.1).

To show the other, suppose an optimal solution of (6.1) is {up,vp,wp};:l. Define A, :=
e, 13119, [l 1w, |1, for p € [71. Then,

u 14 w
T = - P o P o P
iyl vyl Tw, I

p:rp#0

By definition of the tensor nuclear norm (4.1), we have

;
1Tl < D A=D1, Znu la v, lla 1w, I, < Z[||u,,||§+||vp||§+ ||w,,||3],

p:Ap#0 p=1 p—l

which is the optimal value of (6.1). Therefore, the optimal value of (6.1) is equal to || 7T||,,. O

Theorem 6.1 implies that when an upper bound on r is known, we can solve the nonlinear
(and non-convex) program (6.1) to compute the tensor nuclear norm (and obtain the corresponding
decomposition). Despite the nonconvex nature of (6.1), numerical simulations suggest that the ADMM
approach [8] has superior performance in solving (6.1).

7. Numerical experiments and beyond

Now we perform some numerical results to test the performance of the proposed Burer—Monteiro
factorization method. In particular, we will examine the phase transition of the rate of success for
the ADMM implementation of the proposed Burer—Monteiro factorization approach (6.1) with random
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initialization. To illustrate the superiority of the proposed tensor nuclear norm approach, we compare it
with the Least Squares formulation, that is, the L2 error minimization problem

2

-
minimize |7 — Y u,®v,@w,| . (7.1)

{up.vp.wpl _ —
p¥YpWpip=1 p=1 F

In the experiments, the r tensor factors {(u;,v;,w;)};:l were generated following i.i.d. Gaussian

distribution, and then each u;,v;,w; was normalized to have a unit norm. We set the coefficients

AI*) = 1+ sg) /2, where €y is chosen from the standard normal distribution, to ensure a minimal

coefficient of at least 1/2. With the generated ground-truth factors {(u;,v;,w;)};zl and coefficients

{)‘p};ra=1’ we generated the tensor 7 = >/ _, Ayuy @ vy @ wr. To generate the phase transition plot, we
varied the dimension n and factor-number r, and for each fixed (r, n) pair, 20 instances of such tensor
were generated. We then ran the ADMM algorithm to minimize (6.1), and ran LBFGS to minimize
the L2 error function (7.1), from the same random initialization. We remark that the global minimum
value of the minimization (6.1) keeps the same for any r > r but the global minimum solution doesn’t.

Therefore, to find all the true tensor factors, we choose 7 = r in both methods. For each instance,
r

we declared success if the relative recovery error Err ([ (ﬁp,'ﬁp, Wp)} 1) of the output tensor factors
p:

P
{(ﬁp,'ﬁp, Wp)} | (after removing sign and permutation ambiguities) is within 10~> where
p:

~

- * - * *

(L3415 vyl w1l

r

Err ({5, %) )p1) == >

p=1

We plot the experiment results in Figure 7, which shows that the proposed method is clearly superior
compared to the traditional Least Squares method.

Due to the nonconvexity nature of the two tensor decomposition formulations, we believe that the
performance gain achieved by the proposed ADMM approach is because the optimization landscape
of the Least Squares formulation of tensor decomposition is not as good as that of the tensor nuclear
norm formulation (6.1). We therefore conjecture that the tensor nuclear norm is crucial in flatting out
the spurious local minima and high-order saddle points so that it helps to provide a benign optimization
landscape, e.g. ‘strict saddle property’, i.e. every critical point is either a strict saddle (where the Hessian
has negative eigenvalues) or a global minimizer, see [17, 37, 39—44, 61-63] for more literature of
landscape analysis. In contrast, the Least Squares formulation of tensor decomposition doesn’t satisfy
the ‘strict saddle property’. To verify this conjecture, we perform some preliminary analysis. To simplify
the notations and analysis, we consider the symmetric case as a first step. We believe the nonsymmetric
case will have similar properties. More precisely, we consider the following L2 loss function

1
8(U) = <, @ +u, @ —a; ®° —a, @ |I% (7.2)
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FI1G. 7. Rate of success using Least Squares method (left) and ADMM implementation of (6.1) (right) for tensor decomposition,
respectively.

where u®3 ‘= u@u ®u and U := [u;,u,] € R2*2_ For this function, the critical points are given by
the following equation:

Vg) =U[U'U) o U] -A[ATU) 0 ATD)] =0. (7.3)
For simplicity, assume A = I the identity matrix. Then the stationary equation reduces to
U[U')o@W'D)]=U06U (7.4)

Directly solving the above equation (7.4) (through MATHEMATICA) generates three sets of solutions.

Case |

or

U () = 0 0 J1-x3 x
W= T3 0 0

where x € R . In this case, we then compute the eigenvalues of the Hessian matrix:

0
0

(x4—x3\3/1—x3+\3/1—x3)

2 _
A(Vg(U,(x)) = 23(2%)

3(x4—x3\3/1—x3+\3/1—x3)

2
23(23)
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where A(-) denotes the eigenvalue list of its argument. We conclude that the first set of critical
points U (x) are neither strict saddle points (since Hessian matrix has no negative eigenvalues)
nor global minima (since it is not a permuted version of Identify matrix). Therefore, the
Least Squares formulation of tensor decomposition doesn’t satisfy the ‘strict saddle property’.
In addition, since the Hessian doesn’t have negative curvature at these critical points, the
iterative algorithm such as gradient descent easily gets trapped by these points. This explains
the relatively poor performance of the Least Squares formulation of tensor decomposition in

Figure 7.
Case II
U,00) = J025 —x3 x
2 J025 =3 x
For this set of critical points, there are no closed-form eigenvalues of its Hessian matrix. For
convenience, we plot the four eigenvalues as a function of x.
AV29(U2(9)
1.0 ! [ ! 0.0 ! ] T 70
05 g 02 =
-0.4
@
~05 ¢ 1 -08 2
-10 k& I I L d -1.0 L I I 0 L
-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2
We therefore conclude that this set of critical points are strict saddle points at least when
x € [—2,2] because the Hessian matrix has a negative eigenvalue for x € [—2,2].
Case 11T

U3(X)=[8 8}

It is clear that the zero point is a special critical point and it is actually a high-order saddle
point, because the Hessian matrix at zero point is also zero.

Although the 2-by-2 case is very simple, it provides some evidence that the Least Squares formulation
of tensor decomposition doesn’t satisfy the ‘strict saddle property’ and has high-order saddle points.

8. Conclusion

By explicitly constructing a dual certificate, we derive similar incoherence conditions (as the separation
conditions in super-resolution problem) for a tensor decomposition to achieve the tensor nuclear norm.
This implies that the infinite dimensional total mass minimization can globally identify those decom-
positions satisfying the developed incoherence conditions. Computational method based on Burer-
Monteiro factorization approach is used to solve the measure optimization. Numerical experiments show
that the Burer—-Monteiro factorization approach achieves amazingly superior performance. Future work
will analyze the nonconvex landscape of the Burer—Monteiro factorization approach.
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A. Proof of Lemma 5.1

27

Proof. From the KKT conditions of the constrained optimization (5.1), we have the partial derivatives

of its Lagrangian

L,v,w,a,b,c) =q(u,v,w) —a(ull3 — 1) —b(v|3 — 1) — c(Iwll3 — 1)

atu = u;, y = v;, andw = w;,p =1,...,r, must vanish. Therefore,
* * * * * *
aﬁ(up,vp,wp,a, b,c) _ aq(up,vp,wp) ot — 0
u ou P ’
* * * * * *
IL(uy, vy, wh,a,b,¢)  dq(uy, vy, wy) S — 0
= — vp =0,
av av
dL(uy, vy, wh,a,b,c) _ aq(uy, vy, wr) Cewt =0
ow ow p
aq(uy.vy.wy) dquyvpwy) dgw.v}

Hence, 2a = (#,u;), 2b = { v*), and 2¢ = {

v P
the Interpolation condition and %’(vgv) = 2k Qv (Dw(k), we have that

ow

2a =" Qv (wy k) = qlay. vy wy) = 1.
ijik

(A1)

M, w,*,). Note that ¢ satisfies

That is a = 1/2. With similar arguments, one can show that b = ¢ = 1/2. The conclusion of this lemma

follows from (A.1).

B. Proof of Lemma 5.2

Proof. First, the Lagrangian form of (5.3) is

r

O

1
L(Q. {eh, By ¥phro1) = Engn% -> (Q><1a,§><2v;><3W,*, + Qx Uy xo B x3ws + wa,*,xzv,*,xzy;;)

p=l1

1 r
=2||Q||,%—<Q,Za;®v;®w;+u;®ﬂ;®w;+u;®v;®y;

p=1

4

with the Lagrangian multipliers {o?, ;, y;};:1 to be chosen such that Q satisfies (5.2). Then, by the

KKT necessary conditions, the solution of the least-norm problem (5.3) should satisfy

aﬁ(Q? {a;)’ ﬁ;’ }’; Ir;:l)
0=
0Q

p=1

.
= Q—Z(a;,@v;@w;+u;®ﬂ;®w;+u;®v;®y;).
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C. Proof of Lemma 5.3

Proof. We need to find coefficients {a}, ﬂ;, y;};zl so that

.
Q:Z(a;@w;®w;+u;®ﬂ;®w;+u;®v;®y;)
p=1

satisfies

Qxvyx3wy =uy,  Vp €],

Qxlu;X3w; =v;, VP € [r]9
Qx]u;xzv; = w;, Vp € [r]. (C.D
O
C.1 An iteration scheme
We adopt the following iterative scheme to find such {ec7, ﬁ;, Y, 1r7=1:
ap =l — o (Qxawpxawy —uy). g el
B =B, —» (Q’leu,*,xw; - v;) . qeln,
yi =yl = o (Qxupxay —wy) . el )

initialized by ocg = %ug, /32 = %vg, and yg = %w; with g € [r]. Here the parameter p is a step size to

be chosen later and the tensors

,
Q=3 («, @y @w +ur @ ;0w +u, @V ®Y}),
p=l1

.
Q) :=Z(ozI’,®v1*,®w;+u;®ﬂf,®w;+u;®vz®}';),
p=1
.
Qg:=Z(a;®v;®w;+u;®ﬂ;®w;+u;®v;®y;)- (C3)
p=1

Note that the above iterative scheme is for theoretical analysis only as we used {ocl*,, ;, y;},’): | in the

definitions of Q/, Q) and Q.

2202 Iudy 80 uo 1sonb Aq £GE¥9G9/Z000BRYIBIEWI/EGOL 0 L/I0P/I0ILE-S0UBAPE/IEIEWI/WO0" dNO"0IWUSPEIE//:SARY WOl POpeojumod



A SUPER-RESOLUTION FRAMEWORK FOR TENSOR DECOMPOSITION 29

C.2  Convergence analysis

We next establish the convergence of the iterations (C.2). Plugging the tensor eigenvalue equations (C.1)
into (C.2) followed by subtracting the true solutions from both sides yields for g € [r]

a;H —a :a; —ay - plQ] — Qlx,v, x3wy,
+1
ﬁ; - ﬁ; Zﬂ; - ﬂ; - P[Qtz - Q]Xlu;X3W;,
v =i =y — v plQs — Qlxulx,yy, (C4)

Then plugging the definitions of @}, @5, Q% (C.3) into (C.4) and using the following matrix notations
Al = [“[1"" ,ot’],A:: [“T"" ,a;‘],

-
Bt = [atl’... ’alr],sz [a?,“' ,“:],
C=[yl.ri]. C= [yl vy
we have

AT A =(A"— A) (1 —p [(VTV) o (WTW)] )
B! —B =B'—B)(I-p[(U'U) © (WIW)]) — pV [((A’ -ATU) o (WTW)] :
CH' —C=(C"-C)I-p[TTU) O (VIV)])
—pW{[(A =2 TW o VTV +[UTV) © (B - BTV} (C.5)
Denoting ¢/, = ||A" — A||, ¢} = |[B' — BJ|, ¢!, = ||C" — C|| and

A (VTV) © (WTW))
p:=pmin {1 . (UTU)O W' W)L,
Apin(UTU) © (VTV))

it follows from (C.5) that

e < (1= pel,

& < pIUNIVIIWIPE, + (1 = p)e),

e < pUIPIVIIWIE, + o UIZIVIHIWIe, + (1 — p)ek, (C.6)
where we have used that |P © Q|| < [P ® Q| = ||P||||Q]l. Converting (C.6) into matrix form gives

el 1—p 0 0 e
eyt | < | pIlUNIVIIWIR 1—p 0 ey |
et PIUIIWIIIVI® plUIPIVIIWIE 1 =5 [ e

where the lower triangular system matrix share the same value

n:l—,ée[l—p(l+w),l—p(l—w):|C(O,l) (C.7)
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where ‘e’ follows from applying Weyl’s inequality to (2.3) in Assumption III and ‘C’ holds for any
pe (O 1+ K(logn)ﬁ)_l)
9 n .

Therefore, the error sequence (ez,ez,eﬁ.) is convergent to (0,0,0) geometrically with a rate n €
(0,1). Thus,

lim (A", B, C") = (A,B,C).
—00

C3  Convergence of {||A" — A" ')}, {IB' — B" "}, {IC" — C"~"|I}

Subtracting the following two consecutive iterations for {A’} in (C.5):

AT A= (AT A) (I —p [(VTV) o) (WTW)] )
AT—A=A"—A) (I — 0 [(VTV) o (WTW)] ) — AT AT = (AT — AT

(1 —p [(VTV) o (WTW)] )
Similar manipulations applied to {B} and {C’} lead to

B —B =B~ B )A-p[UT0) o WW)]) - pV[(a' - A"HTW) 0 WTW)],
CH—] _ Ct :(Ct _ Ct—l)(l —p [(UTU) 0 (VTV):I)

— oW [ =AY e vV |+ [UTh o @ -B)TV) ]

Defining &, = |A’ — A""!||, ¢, = B’ — B"~!|l, &L = |C" — C"~!||, we can get the same form as (C.6)
and therefore claim that (¢, ég, e') converge to (0,0, 0) geometrically with the same rate n € (0, 1) in
(C.7).

C.4  Controlling the accumulative errors
The geometric convergence of {||C’ — C*~!||} implies
IC" = < 7 hict = ¢
which implies that
Ic"— % < i et — )l < i PIC — € < —— |t -
i i b= .
Let ¢ go to infinity:

1
Ic—-C° < mnc1 - ). (C8)

We next bound ||C! — C?||. From (C.2), we have

,

1 0 0 * * * * ok gok ok ok *

vy — Vg =p(Qxupxvy —wi) = p | D (up.ul) 0, v Wy —
p=1

= C'-C'= pW(UTU) O V'V)-1I).
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A SUPER-RESOLUTION FRAMEWORK FOR TENSOR DECOMPOSITION 31

Then from Assumptions II and III, we have

IC' = C%l < pIWINIUTU) © (VTV) —1|| < p(l + c\/;)w (C.9)

n

Combining All Finally, combining (C.7), (C.8) and (C.9) and using C; = %W, we have

14+¢ ﬁ
"C—%Wﬂs JE o /7 _ (1+ \/;)K(logn)f ZK(logn)(gﬂn%)

1 _ xlogm)/r n
n

where the second inequality follows from the assumption r = o(n®/k (logn)?), which implies 1 —

K(]%M > % for a sufficiently large n. Similar arguments and bounds apply to ||A— %UH and ||B— %V Il

D. Proof of Lemma 5.4

Proof. The following lemma is required in the proof of Lemma 5.4. Let us first admit Lemma D.1
to prove Lemma 5.4. Since ¢ is the sum of two parts given in (5.10) and (5.11), to bound |g|, we will
control these parts separately. (]

Lemma D.1. Under Assumptions I and 11, if r < n!2>=1% withr, € (0, 1/6), then for any integer
p=>3,
T 1 —re
U, =1+ ;r(logn)n ¢

The same bounds hold for V and W. Here, we define ||H||2_),7 sup{||Hx|| cx e S
Proof. Proof of Lemma D.1 See Appendix D.1. ]

Bounding absolute value of (5.10):

Z| 3,,, W)y wy W)l < | D (e — qupw)® | > 05, v)2 0w, W)

IA
R
S
|
w |
S
.3«*
=
[S)
e
S
s
IS
=
*
2
~

1
= (A - gU)Tu||2||VTv||4||WTw||4

1
<IA- U IV s a W 5y

< 2k (logn) (£ + c—) (1 +o(1))

=o(1),
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32 Q.LI ET AL.

where the last second line follows from Lemma 5.3 and Lemma D.1 when r <« n'? (by letting r, in

‘r <« n'237"¢* approach to zero). The last line holds for r <«
Similar bounds hold for the other two terms in (5.10).
Bounding the absolute value of (5.11): First of all, for any (u,v,w) € F(§), there exists a division

of [r] = £2,U £2,U £, such that

K(log n)"

uyu)| <8, Vpeg,
[Whvl <8, Vpes,
|(w*,u)| <8, Vpef,. (D.1)

We will denote by Uy, the submatrix of U forming from those columns of U with indexes in £2,.
Similarly, we can define V, and W, . With these preparation, we have that

Dl wy vy wiwd = D [(whu) (v v) (wiw)]
p=1

PE,UR,UR,,

=3IV, IWgo, I +1Ug W, Il +11Ug, IIIVe, 1D

2
-

536<1+c /—)
n

< 128 max{1, ¢*r/n}

IA

1
2’
where the first inequality follows from (D.1) and Zpe.Qu |(v;,v)(w;,w)| < Vg, IIWg, II, etc. The

second inequality uses the fact that the spectral norm of any submatrix is smaller than the original one
and Assumption II. The last inequality holds when § < ﬁ and and r < n/(248¢?).

Combining All Under Assumptions I, II, III, if r « n'2 and r <
lgl < o(1) + 1 < 1in F(8) for sufficiently large n.

245 - for § € (0, 24] we have

D.1  Proof of Lemma D.1

The proof refines the one for Lemma 4 of [1]. We only prove it for U since the same arguments apply
to W and V. We start with a general integer p > 3.

10T, = sup [[UTx], := [[UT%", (D.2)

xeSr1
where we define x* € S"~! to be the optimal solution of SUpP,. cgn—1 ||UTx||£. Further note that

IUTx* 11D = 1Ugx* 115 + [Ugex™ | (D.3)

where S denotes the indices of the largest (in absolute value) L entries of U'x* and Uy denotes the
column submatrix of U indexed by S. Similar notations apply to its complement set S¢ = [r] \ S.

2202 Iudy 80 uo 1sonb Aq £GE¥9G9/Z000BRYIBIEWI/EGOL 0 L/I0P/I0ILE-S0UBAPE/IEIEWI/WO0" dNO"0IWUSPEIE//:SARY WOl POpeojumod
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Bound the first term:

t(logn)

UG 1P < U3 < [UGUS | < 1+ D [ <1+ (L—1) N

ieS\{j}

(D.4)

Note this upper-bound is independent of p. Here, the first inequality is because |u’*—r *| < Nufllyllx*ll, =
1 and the last second inequality follows from Gershgorin’s circle theorem. Finally, the last inequality
is from Assumption I and L being the cardinality of the set S.

Bound the second term: First note that

e

1 1 1
: T %2 T. %2 T _—
min fu; X7 = 7 Z'“i P < ZIUSU I3 < (1 + o) <
ieS
for sufficiently large n. The last second inequality follows from (D.4) and an additional assumption on
L
7(log n)

L-1 NG

o(D). (D.5)

We conclude that

max |ul-Tx"|2 < min |u 2 <
ieS¢ ieS

L

since S consists of the indices of the L largest (in absolute value) elements of UTx*. As a consequence,
we have

.
1Ugex* (1 = fu] x*1P

i¢S

2
< (max|u *|P~ 2 Z|u x| maxlu *|P= 2)||U X ||2 < (Z)

i¢S

21 2
(1 + c\/j)
n
(D.6)

where the last inequality follows from the fact that [Ulx*[3 < [Ugl> < |UJI> < (1 +c\/§)2 by
Assumption II. Furthermore, since (1 4 c\/g)2 < 4max{l,c ﬁ}, czﬁ < 2035 - 157 from the condition

of r < n?B=15% and 1 « 2n%2>~157 for r, € (0,1/6), we have (1 + c\/g)2 < 4¢2p0-23= 157 for
r. € (0,1/6). So from (D.6), we get

£—1
2\ 2
[Ugex* |15 < 4(L) 203 —15re (D.7)

From (D.3), (D.4) and (D.7), we have

P

1 2\z7!
||UTx*||g <1+ l)r(:;%n) +4(Z) 2025157
n
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34 Q.LI ET AL.

an.S—rc +1

1 05—r (which satisfies the condition (D.5)), we have
e

L
By choosing L = ’V%HQS—Q—‘ N |L

IV IA

that .
10T < 1+ Sr(logmn™" + 452 G=H+E-3r,

Then from the assumptions p > 3 and r, € (0, %), we get

3 p p 5 3 p p_5 _
(Z_Z)+(§_E)rcf(Z_Z)6rc+(§_§)rc_(2_p)rc§_rL‘ (DS)

So, we have
U1 < 1+ (%t(log n) + 4’z’c2) e
Since 422 « St (logn) and (1 +1)'/7 <1+ Lt forall £ > 0, then
U, < 1 edlogmn™

holds for any p > 3. This completes the proof since ||[U" = U » by (D.2).

||2—>p

E. Proof of Lemma 5.5

Proof. We start by the angular dual polynomial
qu(6;),v(0,),w(03)) =cos(6;) cos(6,) cos(63)
+ q(u},y,z) cos(9,) sin(6,) sin(63) + q(x,v},2) sin(9,) cos(6,) sin(63)
+ q(x,y,w7) sin(6;) sin(8,) cos(63) + g(x,y,2) sin(9,) sin(6,) sin(65).

To bound ¢, we only need to bound the coefficients g(u7,y,2), g(x,v},2), g(x,y,w}), and g(x,y,2).
We first show that q(u‘{, ¥,2), q(x, v‘{,z), and ¢q(x,y, wf) are close to zero. To see this, we examine

Gy WD) = D e XNV 3) W WE) - (1) (B 3) W3 W) + (5, 2) (V5 3) (7o WD)
p=1

=x"[A diag (W'w?)VT 4 U diag (W w})B' + U diag (C"w})V ']y

1 1 1
=x' (A diag (WTwHVT — 34ivi + U diag (WiwhHBT — 34iv] + U diag (CTwHVT — 3u;v;)y,
sincex L uj,y L v}. This implies

: * 1 *
lg(x,y,w])| < | A diag (WTwl)VT — §u’1'v1

1
+ ”U diag (W'w)BT — gu‘fvf +

1
x' (U diag (CTwhHVT — guTvT)y' .
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A SUPER-RESOLUTION FRAMEWORK FOR TENSOR DECOMPOSITION 35

We first bound HA diag (WTWI)VT — %u?v{ .

1 1
”A diag (W whHVT — §u;v;T A diag (WTwHVT — ;U diag WiwhHvT

=

1 1
+ ” 5 U diag WiwhHvT — Eu’[v‘fT

=<

Jr r \/7 t(logn) \2
<2k (logn) (7+cn]7) (l+c Z)—i— W (1+c ;)
[actogn L+ S0 (1 [

_|:2K(logn) " + Wi i|(1+c n) ,

where the third inequality first uses the facts || diag (WTW’I‘)H = 1 and | diag (WTW‘I —e)|l =
max, . |(w;, w})| and then follows from Assumptions I and Il and Lemma 5.3.

Similarly,
2
7 t(logn) \/7
< |2k -— 1 -] .
_|:/<(0gn)n + W +c "

The similar arguments also apply to bounding |x " (U diag (C—rw’l*)VT - %u’l’v’{)y|. Note that

1
HU diag (W wh)BT — §ufv7

1
x' (U* diag (CTw)VT — gu;v;T) y =x" (U diag ((C — W/3) Tw})VT)y
1
+ ng (U diag (WTWT - el)VT)y
and the first term can be rewritten as

xT (U diag (C—W/3)TwhHVTy = x" ((cl- - w,./3)quu,.v,T) y
i=1

= > &Tu)/y)c; —w;/3)Tw))

i=1
=x' Zr: ("i(ViTJ’)(Ci - Wi/3)T) i
i=1

—x' (U diag (VT y)(C — W/3)T) W},

and so

. 1 .
<|IU|l|| diag (VTp)IIIC — W/3]| + 31Ul diag (Whwh —en VL.

1
x| (U* diag (CTW‘[)VT — gu’l‘v‘fT)y

1 . . 1 .
A- §UH || diag (WTw V] + 31Ul diag WTwi —epIIVT
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Finally, we obtain

. Jr t(ogn) N\ 2 k(logn)/r t(ogn) «k(logn)r'> t(logn)r
Iq(x,y,w1)|§[6/c(logn)7+ T ]<1+c\/;) =0( T

_o k(logn) r(logn) k(logn) t(logn)
SO\ 38508 /8437 ph+157

I'Ln rcn

=0(k (logn)n~"e, t(logn)n=3"¢) = o(n~2'°)

with the notation O(f(n),g(n)) := max{O(f(n)), O(g(n))}. Then the last second line holds if r <
n'-25=15% and the last line follows from the assumption r,. € (0,1/6).

The same bound holds for |g(x,v},z)| and |g(u7,y,z)|.

The coefficient of the last term of (5.17) is g(x,y,z) and its absolute value is bounded by the tensor
spectral norm of @ and should be close to constant as Q is close to Zp U, @ v, @ wy, the spectral
norm of which is 1 + O(n~"¢) by the following lemma.

LemMA E.1. Under Assumptions I and II, and if r < nl 25157 with r. € (0,1/6),

-
* * *
E up®vp®wp

p=1

5 _
<1+ Zr(logn)n Te,

Proof of Lemma E.1

= sup (UTa,(V'b)® (W)

* *
» ®Wp
(a,b,c)eK

< sup [UTall3(V'D)© (WTo)ls),
(a,b,c)eK

< sup UTal5IV bl IWTy|,
(a,b,c)eK

<O Mo IV o3 IW T 5 5
1 3
< (1 + gr(logn)n“‘)

1 1 5
=1+ t(logn)n~" + gr(log n)n~"e + ar(log n)3ne <1+ Zr(log nn~'e,

where the first inequality follows from Hélder’s inequality and the second follows from Cauchy’s
inequality The fourth follows from Lemma D.1 when r < n!-25=1:57 with r. € (0, %). The last holds

since 3 1:(10gn)2 e+ 5 'l:(logn)3 —3re <Lz In=re, O
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It remains to bound the difference between Q and >/ _, u, v, @wy:

.

* * *

HQ— Sy ev,ew
p=l1

=<

r r r
1 * 1 * * * 1 *
S i~ by ovoni|+| S - b owi| | Supore i b
p=1 p=I p=1

I I I3

First we bound I7;:

1
= sup (A-=-U)Ta,(V'b)o (W'c)
(a,b,c)eK 3

1
< sup ||(A—§U)Tx||2||(VTb)®(WTc)||2
(a,b,c)eK

1
< sup ||<A—§U>Tx||2||<VTb>||4||<WTc)||4
(a,b,c)eK

1
<A - §U||||VT||M||WT||ZQ4

< 2« (log n)(ﬁ + clL_S)(l + o(1)) < 8k (log n) max [ﬁ,c%] < 8k (logn)n=>"e = o(n=2")
n n n n
where the first and second inequalities follows from Cauchy’s inequality and the fourth inequality
follows from Lemma 5.3 and Lemma D.1 when r <« n'?. The last inequality follows by plugging
r < nt P15 with r. € (0, %).
The same bound also holds for /7, and IT5.

Combining All If r < n!-~1-5 withr, € (0, 1/6), we have

lq(@},y,2)] = o(n™"°),

lg(x,v},2)| = o(n™?"),
lgGe,y, whIl = o(n™"%),
5 —re —2r,
lg(.3.2) < 1+ Jrllogmn™ + o(n™>") (E.1)
which together with (5.17) gives
. . . 5 .
lg(u(6,),v(6,),w(63))| <|cos(8;) cos(6,) cos(d3)| + | sin(B;) sin(6,) sin(63)| + Zr(log n)n~ '

4
+o(n~e) < cos(6;) cos(8,) cos(65)| + | sin(9,) sin(6,) sin(6)| + §r(log nn_'c

where the last inequality follows from o(n ) « ﬁr(log n)n~ e,
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F. Proof of Lemma 5.6

Proof. Recall that
F(0,,6,,03) = cos(6)) cos(B,) cos(63) + q(u7,y,z) cos(8,) sin(8,) sin(63)
+ g(x,v},2) sin(6;) cos(8,) sin(6;) + g(x,y, w}) sin(9,) sin(6,) cos(63)
+ q(x,y,z) sin(0;) sin(6,) sin(65). (F.1)
The points of special interest are the eight vertices of the cube [0, 7] x [0, 7] x [0, 7], i.e.
{(6,,0,,05) 16, € {0,},i=1,2,3}

which we classify into two sets:

(1) The first set of vertices involve an even number of 7: (0,0, 0), (0,7, ), (7,0, ), (7,7, 0);

(2) The second set of vertices involve an odd number of 7: (77, 0,0), (0, ,0), (0,0, 7), (7w, 7, 7).

0

F.1 Control the first vertex set

For the first set of points, we only show that
V2—-1 421 T 2-17 J2-1
F(0 ,0 .0 <1, Vg - , — - il
01 + 81,6, + 8,03 +§3) 516( 3 3 )U(2 3 R )
holds for (6;,6,,65) = (0,0,0). The same arguments apply to the other cases (,0,7), (0,7, ),
(mr,,0) since (F.1) implies
F(Spéy%) = F(Spﬂ +§277T +§3) =F(r + 51,52,77 +§3) =F(m + 51,77 +§2,§3)

forall £,§,&; € R.
Let us apply the first-order Taylor expansion to F(6;,6,,6;) over some smaller cube [—6,8,] x
[—6p, 6] x [—6, 6] with 6, € (0, 7/2) to be determined later,

F(6,,0,05) =F(0,0,0) + 0 'VF(£,&,6) = 1 — 0],  sup  [VF(),6,&)
1€11,1821,1631=60

where 6 = [0, 6, 93]T. Since
0
59 F(€1:62.83) = — sin(§)) cos(&;) cos(§3) — q(u},y.z2) sin(§)) sin(§,) sin(&3)
1

+ q(x,v7],2) cos(§)) cos(&,) sin(&3) + q(x,y, w)) cos(§;) sin(&,) cos(&3)
+ gq(x,y,z) cos(&) sin(&,) sin(&3),

we have

a
'ﬁF@lfz,%) <|sin(@y)| + o(1)(| sin(@p)|> + 2| sin(6p)|) + (1 + o(1))| sin(6) >
1

<|sin(0y)| + | sin(@y)|* + o(1) < 3| sin(6y)|
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where the first inequality follows from (E.1), and so
lqi.y,2)| = o(1),
lg(x,v],2)| = o(D),
lgGe,y, w| = o(1),
lg@e,y,z)| =1+ o(1)

39

(F2)

under Assumptions I-III and r < n'?> (by letting r.in “r < n'-2=7” approach to zero). The last
inequality uses the facts that | sin(60)|2 < |sin(6y)| and o(1) < |sin(6)| for sufficiently large n. The

same bound holds for ’adeF ¢1,%5, 53)‘ and ’adT3F (1,65, 83) ‘ We therefore have

F(6,,6,,65) > 1=3]10|,|sin(6y)| = 1 — 99&. (F.3)
Let us recall the integral form of the second-order Taylor expansion of F (6|, 6,,65):
1.2
t
F(8,,6,,6;) = F(0,0,0) + 8" VF(0,0,0) + / EOTVZF(IGI, 10,,105)0 d 1
0
As a consequence of the construction process of the dual polynomial, we have F(0,0,0) = 1 and

VF(0,0,0) = 0, implying

1.2
t
F(6,,6,,05) =1+/0 EOTsz(IQI,ZQQ,t%)G dr

Therefore, as long as the Hessian matrix V2F is negative definite over the region [—6p, 90]3 for some
8y > 0, then F(6;,6,,05) < 1 for any (6;,6,,65) € [—90,90]3 with equality holds only if (6,,6,,65) =

0,0,0).
We next estimate the Hessian matrix V2F(£,, &,, &;). Direct computation gives

—F(Spfz,%) * *
V2F(£), &, &) = * —F(§),6,.&) x
* * —F(Spéz,%)

whose off-diagonal elements are nonsymmetric partial derivatives of F, for example,
92 . . . .
o 55 F 1 62.69) = sin(E)) sin(&y) cos(&3) — g}y, 2)sin(&)) cos(&,) sin(&y)
1¥%2
+ g(x,y,wY) cos(&) cos(&,) cos(§3)
— q(x,v],2) cos(§)) sin(&,) sin(&3)
+ q(x.y.2) cos(§)) cos(&,) sin(&3),
which implies by (F.2) that for any |§,| < 6y,i =1,2,3,
32 . : .
3295, €1-2:89)| <Isin@)” +o()(1 + 20 sin(E)I") + (1 +o(1) | sin(6)|
1952

<|sin(8y)| + | sin(@y)|* + o(1) < 3| sin(bp)|.
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The same bound holds for other mixed partial derivatives | #;&F £1,6,, 53)| withi,j = 1,2,3 andi # .

To make VZF(51,52,53) negative definite, by Gershgorin’s circle theorem and the bound (F.3),
we only need

—F (&£, &) + 6| sin(0p)| < —1+ 965 + 66, <0

which holds for any 6, € (#, @), including (#, @). This completes the first part of the
proof.

F.2 Control the second vertex set

Similarly as before, we first show

V2-1

Fr +&.m+86.m+&) <0. Vg < —

It follows from the intermediate result (F.3):
F(&,6,8) = 1 —-96; > 0, VIg| <6

by recognizing that F (7 +&, m+&,, 1 +&;) = —F (&, §,,&3),V&,,&,,&; and choosing 6, = V2 — 1)/3.
Finally, we claim the same conclusion applies to the remaining three cases since

Fir+&,m+&,m+&)=Fr +§,6.6) =F&,m +§,8) =F(&.5,.m +&)
forall §,,&,,& e R.

G. Proof of Lemma 5.7

Proof. First, solve for 6 such that
|cos(0)?] + | sin(0)]® < 1 — 4r(logn)n™"e. (G.1)

To this end, we define f(0) := | cos(8)| + |sin(8)|? for & € [0, 7]. It can be verified directly that f is
symmetric around 5 on [0, 7], symmetric around 7 on [0, ] and strictly decreasing on [0, 7]. Since
1—4t(logn)n™"c € (0, 1), there exists a unique @ € (0, %) such thatf(w) = 1—4t(logn)n=" € (0, 1).
Thus, the inequality (G.1) holds on (', 5 — @) U (5 + @, 7 — ). O

To have an approximation of @, we need the following lemma.
LEmMMA G.1. Let f and g be any two real functions with g being strictly decreasing in some interval
(e, B) and satisfying g(x) > f(x), Vx € («, B). Suppose both equations f(x) = b and g(x) = b admit one
root in [«, 8], denoted by Xf and Xg» respectively. Then Xo = Xp.

Proof of Lemma G.1. Since g(x) > g(x;) > f(x;) = b for any x € [a,x;), g(x,) = b could only happen
within [xf, Bl. Il

We recognize that

fO) <1— 23—092, forg € [0, /4] (G.2)
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and g(0) :==1— 23—092 is strictly deceasing [0, 7 /4]. Clearly,

8y, =4/ —SOT (;Og ") n 03

is the root of g(8) = 1—4t(logn)n~" over the interval [0, %]. By Lemma G.1, §;, > @ . Therefore, (G.1)
holds on (8, 5 —8,) U (5 + 8, m —§,). By (5.28), we obtain F(6,,6,,63) < 1for(6,,6,,6) € N,(5,).
G.1 Proof of (G2)

Showing (G.2) is equivalent to showing
-3 3 35
sin”(x) 4+ cos”(x) <1 — 2—0x , Vx € [0, /4] (G.3)

since sin(x), cos(x) > O for x € [0, w/4]. Before moving on, we need the following lemma to prove
(G.3).
LeEMMA G.2. The following inequality
(32n—1 -3) x2n—l (3271 + 3)x2n B (32n+1 -3) x2n+l B (32n+2 +3) x2n+2
4.-2n—-1)! 4. (2n)! 4.2n+1)! 4.(2n+2)!
holds for all x € [0,7/4] and n > 2,

>0 (G4)

Proof. Let p equal the expression on the left side of Equation (G.4). A simplification on p yields

x2n—1 2n+2
p() = C11(x)—4( 1 +a(x )4(2 i
h — (31 _ gy _ 33 d 343y 343 2
where ¢, (x) = ( ) — 2n<2n+1)x and ¢,(¥) = 3" +3) = Zrpaa

As functions of x, g; and g, have roots at

\/2n(2n + 1)(32n—1 - 3) \/(Zn +1)(2n+2)(32" + 3)
+ and =+ s
32n+1 _ 3 32n+2 +3

respectively, provided n > 1.
Since

103%1 —3) > 32"t _ 3 foralln > 2,
9(3%" 4+ 3) > (3%"2 4+ 3), foralln > 2,

it follows that the positive root of g, satisfies

\/2n(2n+ (321 — 3) N 2n(2n+ 1) V2" fom>2
47 T

32n+1 -3 — 10
and the positive root of g, satisfies
2n+ 1)(2n +2)(32t + 3) Cn+1)2n+2) 10 =«
> >,/ — > —, forn > 2.
32n+2 +3 9 3 4
Therefore, both ¢, and ¢, are positive on [0, 7w /4] for all n > 2, and Equation (G.4) holds. O
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LeEmMMA G.3. The following statement

3
sin (x) + cos (x) <1— =4

20
holds for all x € [0, T 1.

Proof. Recall that
1
sin’ (x) = Z (3sin(x) — sin(3x)),

cos’ x) = 411 (3 cos(x) + cos(3x)) .

Therefore,
32n 1 -3 -
J— n n—
sin®(x) = x —I—Z(— ) ) ,
3, 7., 343,
cos (x)—l—zx + g~ —I—Z(— ) 4(2n)'x"
Thus,

3 7
sin’ x) + cos® x)<1- Exz +x + §x4,

for all x € [0, /4] since by Lemma G.2

2n—1

n3 -3 2n 1 _ n3 +3 2n
z( b 1 +Z( D an™

o0
Z 31 -3 S 3% 4+ 3x2n _ 3+l —3 2l 32 22
42n—1)! 42n)! 42n+ 1)! 42n +2)!

<0.

Finally, note that
3 7 3
1- Exz +x+ §x4 =1- %xz +x2h(x)
with

27 7,
h(x) = —%+x+ gx > 0 whenx € [0, /4].
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