Numerische Mathematik (2021) 147:727-757 Numerlsche
https://doi.org/10.1007/500211-021-01185-9 Mathematik

®

Check for

updates
An approximation method of CP rank for third-order tensor
completion

Chao Zeng' - Tai-Xiang Jiang? - Michael K. Ng '

Received: 4 October 2019 / Revised: 14 August 2020 / Accepted: 30 January 2021 /
Published online: 19 February 2021
© The Author(s), under exclusive licence to Springer-Verlag GmbH, DE part of Springer Nature 2021

Abstract

We study the problem of third-order tensor completion based on low CP rank recovery.
Due to the NP-hardness of the calculation of CP rank, we propose an approximation
method by using the sum of ranks of a few matrices as an upper bound of CP rank.
We show that such upper bound is between CP rank and the square of CP rank of a
tensor. This approximation would be useful when the CP rank is very small. Numer-
ical algorithms are developed and examples are presented to demonstrate that the
tensor completion performance by the proposed method is better than that of existing
methods.

Mathematics Subject Classification 15A69 - 90C25 - 90C30 - 65K 10

1 Introduction

Tensor completion aims to recover a tensor from partial observations under the assump-
tion of low dimensional structure in the underlying data. For the two-dimensional
(matrix) case, this is the low rank matrix completion problem and has been well stud-
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ied in the literature. Given a partially observed matrix M € R/1*%2_ the mathematical
formulation of low rank matrix completion problem is given by

min  rank(X) s.t. ZqX) = Po(M), )
XERI]XIZ

where Q is the set of all index pairs (i, j) of observed entries, and £, is the orthogonal
projector:

xij, if (i, ) €Q,

Po(X) =
2(X) 0, otherwise.

This problem is NP-hard. It has been shown in [10,11,35] that, under certain conditions,
low rank solutions of (1) can be recovered by replacing the objective function rank(-)
with a suitable convex relaxation — the nuclear norm of matrices:

min [ X[x st PoX) = PoM).

XERII x 1y

On the other hand, tensor completion is quite intractable. The main issue lies in
how to define a low dimensional structure of a tensor, or how to extend matrix rank to
tensor rank. There are two commonly used definitions of tensor rank: (i) the multilinear
rank (see Definition 2.1), which is the ranks of unfolding matrices from a tensor; (ii)
the CANDECOMP/PARAFAC (CP) rank (see Definition 2.3), which is the smallest
number of the sum of rank-one tensors that can generate the original tensor.

Given a partially observed tensor 7 € V := RI*2XXIN tensor completion
methods based on multilinear rank aim to minimize the ranks of the unfolding matrices:

N
21619 ;ad rank(X(g)) s.t. Po(X) = Pq(D),

where «;’s are constants satisfying oy > 0 and ZQI: 1 &g = 1, and X(y4) is the mode-
d unfolding matrix (see (5)). Like (1), this is still an NP-hard problem. Therefore,
researchers have proposed several computational models [17,18,33]. For example,
some models are based on the sum of nuclear norms of unfolding matrices:

N

min ;ad Xl st Po(X) = Po(D ©)

or its variants with the alternating direction method of multipliers (ADMM) [6]; and
some models are based on the low rank factorization model [42,44]:
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N

_min Y oy [XaYa — Zg|? st Pa(@) = Po(D),
X.Y.ZeV 5

where X, € Rlaxra 'Y, € R leza 1t with ry specified, and X = (X1, ..., Xy), Y =
(Y1, ..., Yy). Inaddition, Riemannian optimization [30] is employed for low multi-
linear rank tensor recovery. However, it has been shown in [49] that unfolding matrices
may fail to exploit the tensor structure and may lead to poor tensor recovery perfor-
mance.

Unlike multilinear rank, CP rank does not need to unfold a tensor into matrices.
However, there is no straightforward algorithm to determine the CP rank of a spe-
cific given tensor. Indeed, this problem is NP-hard [19,20]. For low CP rank tensor
completion, the approach can be formulated as follows [1,23]:

min | Pa(X =Dl
XeV rank(X)<R

We note that the above best CP rank-R approximation problem has no solution in
general, see [14]. In [48,51], some algorithms are developed for solving such low rank
approximation problem and but there is no guarantee for their performance. In [4],
the authors prove that there is a polynomial time algorithm based on the sixth level of
the sum-of-squares hierarchy for tensor completion. In [49], the tensor nuclear norm
is considered for tensor completion, but this calculation is also NP-hard [16,20].

In the literature, there are some methods based on other tensor rank definitions.
The works [27,50] adopt the so-called tubal rank based on the tensor singular value
decomposition (t-SVD) proposed in [28]. The t-SVD is suitable for tensors with tube
structure. In [38], the researchers study Riemannian optimization for high-dimensional
tensor completion based on tensor train rank minimization. This method is suitable
for tensors with order higher than three.

In practice, the observed data may be contaminated by noise, and there may not
exist low CP rank tensors that satisfy the constraint Zq(X) = Pq(7) exactly. The
unconstrained version of low CP rank tensor completion is formulated as follows:

A
min rank(X) + = | Zq(X — D)||*. 3)
Xev 2

The main aim of this paper is to study third-order tensor completion by using a suitable
upper bound of CP rank. We review the rank invariance property of tensors [14,26],
and derive a quantity % (X) which is between the CP rank of a third-order tensor X
and its square. Specifically, Z(X) is the sum of ranks of a few matrices.

Using matrix rank to bound or replace tensor rank is a common operation in ten-
sor completion. In multilinear rank based methods [17,18,33], the ranks of unfolding
matrices are used to represent the multilinear rank; the work [34] uses a new unfolding
strategy to convert a tensor completion problem into a matrix completion problem;
in [25], the authors use square unfoldings to bound CP ranks of even order tensors;
the works [24,47] construct a rank-1 equivalence property between a tensor and some
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special unfolding matrices, based on which the tensor optimization problem is con-
verted into a matrix optimization problem. We can observe that, in all these works,
the matrices are unfolding matrices of the original tensor. In this work, the matrices
are of the same size as a slice, and not an unfolding of the original tensor.

By replacing rank(-) with such upper bound Z(X) in (3), we present and study a
new optimization model:

A
min Z(X) + = || Pa(X — T)||*. 4)
XeV 2

The error bound of the solution of (4) can be characterized by the CP rank of the
underlying tensor. It follows that if the underlying tensor has a low CP rank, then
the solution of (4) will be a very good approximation to the underlying tensor. We
develop an iterative algorithm to solve (4) and establish its subsequence convergence.
The proposed method has been compared with some state-of-the-art algorithms and
shows superior performance both on synthetic data and real-world data.

The rest of this paper is organized as follows. In Sect. 2, we review the rank invari-
ance property of tensors and obtain an upper bound of a third-order tensor CP rank.
In Sect. 3, we present a new model for tensor completion and propose an iterative
algorithm to solve the model. Section 4 is the convergence analysis of the proposed
algorithm. Numerical examples are given in Sect. 5 to illustrate the results of the
proposed method. Conclusions are presented in Sect. 6.

2 Tensor rank
2.1 Notation

We use bold-face lowercase letters (a, b, . . .) for vectors, bold-face capitals (A, B, .. .)
for matrices, calligraphic letters (A, B, . . .) for tensors. The (i1, i3, . . ., iy)-thentry of
an Nth-order tensor A is denoted by a;,;,...i,. We use e; to denote a vector of suitable
length, whose ith entry is 1 and all other entries are 0.

The Frobenius norm of a matrix A is denoted by ||A]|, the nuclear norm of A is
denoted by ||A ||, and the Frobenius norm of a tensor A € R/1*/2%xIN 5 given by

L I Iy
— 2
A= D02 2 iy
i1=lix=1 in=1

A mode-d fiber is a column vector defined by fixing every index but the dth index,
e.g., a matrix column is a mode-1 fiber and a matrix row is a mode-2 fiber. A slice
is a matrix defined by fixing every index but two indices. The mode-d unfolding of a
tensor A € RI>12xxIN i5 denoted by A (4) and arranges the mode-d fibers to be the
columns of the resulting matrix. The (i1, iz, ..., iy)-th entry is mapped to the matrix
entry (ig, j), where
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N k—1
j=1+ Y (x—=Dhwithe= [] In. 5)
k=1,k#d m=1,m#d

The d-mode product of a tensor .A by a matrix M, denoted by M -4 A, is a tensor
generated by multiplying each mode-d fiber of .4 by M. Following [14], we write
M; -y M; -, ---My -y A more concisely as

M, My, ...,My) - A

2.2 Upper bounds of third-order tensor CP rank

There are various ways to generalize the rank concept of matrices for tensors. Unlike
matrices, these concepts are not consistent with each other.

Definition 2.1 The d-rank of an Nth-order tensor .4, denoted by r;(.A), is the dimen-
sion of the vector space spanned by all d-mode fibers.
The N-tuple (r1 (A), (A, ...,ry (A)) is called the multilinear rank of A.

Denote
Fy(A) := span {v : vis a mode-d fiber of A} .
Then
rq(A) = dim Fy(A) = rank (A(d)) , d=1,...,N.

For a matrix A, Fi(A) is the space spanned by all columns of A, which is just the
range of A.

Definition 2.2 An Nth-order tensor A is rank-1 if it can be written as the outer product
of N vectors, i.e.,

A=aV®a? g .@a®,

where ® represents the vector outer product.

Definition 2.3 The CANDECOMP/PARAFAC (CP) rank of an arbitrary tensor A,
denoted by rank(.A), is the minimal number of rank-1 tensors that yield A in a linear
combination.

Given an Nth-order tensor A, the following relationship [14, (2.16)] is useful in
our discussions:

ra(A) <rank(A), d=1,...,N. (6)

As already mentioned in the introduction, the calculation of CP rank is NP-hard.
Therefore, the low CP rank tensor completion cannot be realized by (3) directly. Our
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idea is to find a suitable upper bound of rank(X) and utilize it as a substitute of
rank(X) in (3). There exist some upper bounds of the CP rank in the literature. Given
A € RIvxlxxIn 4 bound given in [26,32] is as follows:

[Tos, re(A)

rank(A) < A

vd € {1,2,...,N}. 7)

This bound is the product of some d-ranks and cannot be utilized directly in the model.
We will explore other bounds in the following parts. First, we have the following rank
invariance properties.

Lemma 2.4 (see [32, Proposition 3.1.3.1]) Let A € RI<2xxIv M, e RlaxJd for
d=1,...,Nand S = (M{,MZT,-.- ,Mﬁ) - A. Suppose Fi(My) 2 Fy(A) for
d=1,...,N. Then,

rank(S) = rank(A), rq(S) =rqy(A), d=1,...,N.

The third-order tensor CP rank can be bounded by the sum of slice matrix ranks.
Noting that A(i,:,:) = eiT aAAG, j, ) = eJT 2 Aand A(C, : k) = ekT 3 A, we
have the following lemma.

Lemma 2.5 (see [31]) Let A € RI*2XD Thep,

Ia
rank(A) < min, ; rank(e! -4 A). ®)

Equation (8) yields an upper bound for the CP rank. However, this bound is too
rough: We need to sum the ranks of all slice matrices of the same type. A refined
bound is given in the following corollary.

Corollary 2.6 Let A € RI*DXD gnd My e RIXVd for d = 1,2,3. Suppose
Fi(My) 2 F4(A) ford = 1,2, 3. Then,

Ja
rank(A) <. min, ; rank( (Mge))" -4 A). )

Proof By noticing that M1 -3 A € R1*2>J3 combining Lemma 2.4 and(8) leads to

J3
rank(A) = rank(MJ -3 A) < Zrank( (Mze;)" -3 A).
k=1
The other two inequalities can be shown similarly. O
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Remark2.7 Let A € RI*DxL M, e Rxd for ¢ = 1,2,3 and S =
(M]T, Y % 4 ) - A. Suppose F;(My) = F4(A) ford = 1,2, 3. Then by Lemma 2.4
and (8),

rd(A)
rank(A) < mm Z rank

l

This bound is with respect to the Tucker core tensor S. Note that S € R () xr2(A)xrs(A)
andby Lemma?2.4,r;(S) = ry(A). Thatis, Shas full multilinear rank. Hence, although
S has a smaller size than Mg -a A,d = 1,2,3 in (9), it is not suitable for low rank
completion.

Given A € R 12X define
By(A) i= {M e R M) = Fy(A),
i.e., the columns of M form a basis of F;(A); and define
B(A) = {M = (M;, M2, M3) : My € By(A),d = 1,2,3}.
For any Ac B(A), denote I'; (A, 1&) = Zrd(A) rank((Age;)” -4 A). By (9), we have

rank(A) < min_ Ty(A, A), VA € B(A). (10)

We will evaluate how good the upper bound of (10) is. First, we show that the rank of
every slice matrix is bounded by some d-rank.

Lemma2.8 Let A € RI <X Thep

rank(e] -4 A) < minrg(A), 1<d<3.1<i<ly.

Proof We prove the case d = 3. The other cases can be proved similarly.
Since the columns of eiT -3 A are mode-1 fibers and the rows of eiT -3 A are mode-2

fibers, e/ -3 A is a submatrix of A(j) and (e] -3 A) " is a submatrix of A ). It follows
that rank(eiT 3 A) < rank (A(l)) =r1(A) and rank(el-T 3 A) = rank ((eiT 3 A)T) <
rank (A(2)) = r2(A). ]

Combining Lemma 2.4 and Lemma 2.8 gives

rank((Age)! -4 A) < Ir;znrg(Ad 4 A) = rnlnrg(.A) l<d<3, (D

and then

Ta(A, A) < ra(A) minre(A), 1=d <3 (12)
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3
Hence, the right side of (10) is less than or equal to 1r<ndig3 %. That is, (10)

is a tighter bound than (7). Actually, the advantage of (10) can be comprehended by
Lemma 2.8. A slice matrix is a submatrix of the unfolding matrix. Hence, using ranks
of slice matrixes can give a more accurate estimate of the CP rank. Applying (6) on
(12) yields the following result:

Ty(A, A) <rank(A)?, d=1,2,3. (13)

Example 2.9 Consider a2 x 2 x 2 tensor A with

AG, 1) = |:(1) 8:| , AGL2) = [8 (1)] .

It can be checked that r1(A) = rp(A) = r3(A) = 2 and rank(A) = 2. Since A is
symmetric,the situations for the three modes are the same. We can only consider the
case d = 3:

I'3(A, 11) = rank(C;) + rank(C,),

where C; = (Azer)” 3 A,k = 1, 2. Since r3(A) = 2, B3(A) consists of all 2 x 2
invertible matrices.

1 0 1 0 0 0] -
If we choose Az = [0 li|, then C; = |:O Oi| ,Cr = |:O 1] and I'3(A, A) =
1 0 1 0 0 0 >
2. If we choose Az = [1 1],thenC1 =0 1] ,Ch = 0 1],andF3(A, A) =3.
1 -1 1 0 -1 0] -
If we choose A3 = |:1 | i|,then C = |:0 1] ,Ch = |: 0 1_,and I'3(A,A) =

These results illustrate that (10) is a tighter bound than (7) and (13) is a tight bound
for I'y(A, A).

We want to convert (10) into one expression. For any Ac B(A), define the follow-
ing function:

3
R(AR) =Y aqTa(AA),
d=1

where og’s are constants satisfying oy > 0 and Z?,: 1 &¢ = 1. Combining (10) and
(13) gives that

rank(A) < Z(A, A) < rank(A)%, VA € B(A). (14)

3 Models and algorithm

We denote by V := R/1*12%55 throughout the remaining part of this paper.
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By (14), we can relax (3) as

min 4(X) := min Z(X,X) + 5||,%(X— D> (15)

XeV XeB(X) 2

Denote ¢4 (X) := rank(X) + %H@g(é’(— 7)||? and % (X) := rank(X)? + % | Po(X—
T)||>. Also by (14), we have

G1(X) <G (X)) <D(X). (16)
Therefore, (15) is a convex combination of the following two models
min¥; (X), (17)
XeV

min (X). (18)
XeV

Model (17) and (18) are the unconstrained versions of the following two models,
respectively,

$i{/1 rank(X) s.t. Pq(X) = Pq(D), (19)

51(118 rank(X)?  s.t. Po(X) = Po(D). (20)

By noting that (19) is equivalent to (20), both of (17) and (18) are models for low CP
rank tensor completion.

Lemma 3.1 Suppose the sets arg min 4, (X), arg min %, (X), arg min 4 (X) are nonempty.
Denote g = m/‘l{n 4, (X). Then,

0<GX)—g < min rank(X)? — rank(X), YX* € argmin 9 (X).
Xeargmin, (X)

Proof The inequality 0 < 4 (X*) — g; follows directly from g; = m/‘i{n %, (X). For

the other inequality, we prove the following relationship:
G (X)) — g1 < g2 — g1, YA € argmin¥(A), (2D
where g, = mAi{n %, (X). We only need to prove that
G (X)) < gp, VX €argmin¥(X).
If 4, (X*) > g, for any ) € arg min % (X), we have
(16) (16)
Y = 90) =g <X = G,

@ Springer



736 C.Zengetal.

which contradicts to X* € arg min ¢ (X).
In addition, since g2 < % (X&) for all X € arg min ¥ (X), we have

82— 81 =D (X) —% (X)), VX e€argmin¥(X).

It follows that

g —g1 < min D(X) — 9 (X)) = min rank(X)? — rank(X).
XeargmIN ¥, (X) XeargMIN ¥, (X)
Combining the above inequality with (21) completes the proof. O

This lemma gives a bound of the approximation error between (15) and (17). When
rank(X) is small for X’ € arg min ¢ (X), (15) approximates (17) well. This is just the
target of low CP rank completion.

For 4(X), note that (X;e;)” | X € R2*/5 and rank ((X;¢;)" - &) < Zn;? ra(X).

The matrix (X;e;)” -; Xhas low rank. Hence, II)I(iIl rank ((X1€;)” -1 X) can be relaxed
1

as rr)}in | (Xlei)T -1 X%, and (15) can be relaxed as
1

3 rd(X)
. . A 2
min _min 7 H Xge) ! 4 X” + = || Pa(X —D]". (22)
XeV XeB(x) ‘; ; ' * 2

3.1 The algorithm for low CP rank completion
Problem (22) is difficult to solve, because and r4(X), B(X) depend on X. Our idea is

to use a not too bad estimate X° to obtain a not too bad estimate of F,;(X) and ry(X),
avoiding the dependence of r;(X), B(X) on X. Define the following function:

3 R
FXX = Y |Keen” a k] + 5170 - DI
d=1 i=1

where Rg = ry(AY). Then (22) is converted into the following model

min _min (X, X), (23)
XeW (X°) XeB(AY)

where
WA ={ZeV:F;2) CFyA,d=1,2,3}.

The model (23) is still difficult to solve. One point is, if X4 does not have a good
structure, then mAi}n F (X, X) is difficult to solve. In Sect. 3.2, we will see that the
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requirement that X,; satisfies X;Xd = I is crucial for the calculation of m}n F(X, f().

Therefore, we only consider some special Xg.
Given A € V, define

0u4(A) = {M e R . MTM = I and Fy (M) = Fd(A)} :
i.e., the columns of M form an orthonormal basis of F;(A); and define
O(A) = {M = (M|, M, M3) : My € Q4(A),d =1,2,3}.
An ideal strategy is to consider the following model:

min _min .7 (X, X). (24)
Xew (X°) XeQ ()

A natural thought is to follow the framework of the alternating minimization, i.e., two-
block coordinate descent method [43], to solve this problem. That s, starting with some
given initial point, we generate a sequence {(X" !, X")},cn via the scheme

X" carg min F (X", X) (25)
XeQ(A%)

X't earg min  F(X,X"). (26)
XeW (X0)

The problem (26) is convex and not very difficult to solve. For (25), because the
computations of the three entries of X" are mutually independent and similar to each
other, we only need to consider the computation of one entry. We write it as a formal
optimization problem as follows:

ri(A)

wZiny 7O = 2 |ote” 1 4] @

where A € V is a given tensor. This is an optimization problem with generalized
orthogonality constraints. See [15]. This type of problem is difficult because the con-
straints are not only non-convex but numerically expensive to preserve during iterations
[41]. The case is even worse for (27), because the computation of the subgradient g‘—zl
is rather expensive.

Therefore, we consider finding a closed form quasi-minimizer as a compromise. For
a matrix A € R’*/, suppose rank(A) = r. Let A = U6V be the compact singular

! Denote Y = Z?:l m[j.A(Z, :,:). Let the SVD of Y be UXVT. The chain rule gives
0T T T 4. 2). hxly yTw _ _
3M(z,])_ tr ((UVS + W)' AG, ;D)) WeR LU W=0,WV=0,|W]| <1,
where ||W]|; is the spectral norm of W and tr(-) is the trace of a matrix.
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738 C.Zengetal.

value decomposition (SVD) of A, where U € R/*", 6 € R,V € R’*". We call U
the compact left singular matrix of A. This matrix has the following property.

Proposition 3.2 Let A € RIV<2%5 and Uy € RNV be the compact left singular
matrix of A(yy. Then for any M € Q1(A), one has

ri(A) ri(A)
1Al =Y e 1a] = 3 |ven 1 4] (8)
i=1 i=1

Proof First, we prove the following claim: For any C € R’*”, one has

1
ICI. < ) ICG, ). (29)

i=1
Since the dual norm of the nuclear norm is the spectral norm, it follows that

ICll = max, tr(Y' C),

where || Y||2 is the spectral norm of Y and tr(-) is the trace of a matrix. Therefore, there
exists a matrix B with ||B|l2 < 1 such that

ICI+ = IC" |l = r(B" CT) = r(CB) = Z(CB)”

1 1 1
<Y ICB) G, )l =D I(CG, ) Bl < Z B2 ICG, )1l < Y ICGE, ),
i=1

i=1 i=1 i=1

which proves the claim (29).
By the definition of unfolding matrix, we can verify that

H Men)T - AH - H (M7Aw) G0, vi=1.n.

Let the nonzero singular values of A(y be o1, ..., 0, (4). Then

ri(A)

ri(A) ri(A)
S |wen a4l =3 | (VTaw) @ o] = X o =1anl.. GO
i=1 i=1 i=1

Forany M € Q| (A), there exists an orthogonal matrix M € R/1*/t guch that M(:, 1 :
r1(A)) = M. Then Me;)” -1 A=0fori =ri(A) +1,...,I3and

o

r1(A)

5 e 4] =3
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29)

=3 ran) a.o]
i=1

MTA(I) H* = [[Am) I+

Combining the above inequality with (30) gives (28). O

Denote by M; := (Me;)” -1 A,i = 1,...,r1(A) and v(M) := (||M1||,...,

M, 0| ). Then 7 (M) 1 A = V(M) l¢,, where | - |l¢, is the £; norm.
Inequality (28) implies that

IVAUDle, < VM le,, YM € Q1(A). €1V

Note that
[vIM)| = A, YM € Q(A). (32)

The mapping A +> M7 .| A can be regarded as a rearrangement of the energy of A:
A smaller £1 norm means the energy of v(U;) is more concentrated in general.

Corollary 3.3 Let A € RIV2XD ) apd Up € RV be the compact left singular
matrix of Aq). Denote by R = min{ry(A), r3(A)}. Then for any M € Q1(A), one
has

ri(A) r1(A)

o |wen Al =VRY [en 4]
i=1 i=1

*

Proof Denotebyu(M) := ([Mill,, ..., My, ). Then 116V [(MenT -1 A, =
lu(M)]|¢,. By (11) and the fact that ||C|| < ||C|lx < +/rank(C)||C|| for any matrix C,
we have

laM)lle, < VRIVOM)|le, < vVRI[u(M)|l¢, . (33)

It follows that, for all M € Q;(A),

33) 31 33)
[uUle, < VRIVUD, < VRIVOMD e, < VRI[u(M) |,

O

Corollary 3.4 Let A € RI 12X Denote by R = min{ra(A), r3(A)}. Then for any
M, G € Q1(A), one has

ri(A) ri(A)

> e A = VRAA) Y |Gen 4]
i=1 i=1
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Proof Noting that |[x|| < [[x]l¢, < +/7|x| for any x € R!, we have

33)
luM)llg, < ~/§IIV(M)IIz1 < VRri(AlIviM)|| 32 Vv Rri(AIA|.

On the other hand,

33
u@Glle, = VG, = VG = [IA]l.
Combining the above two inequalities yields the result. O

Corollary 3.3 implies that Uy is a quasi-minimizer of (27). We propose the following
approximation method for low CP rank completion (ACPC) of third-order tensors.

ACPC of third-order tensors
1. Inputay, oz, a3, A and initial value A0 , Rg = rd(XO), acompact left singular
matrix Ug of X?d), whered =1, 2, 3.
2. Foreachn =0, 1, ..., compute vt by solving

3 Ry
. n n )\'
i 6"(3) = dZZIad ?-:1: |(Uie)" s x| + 5120 -DI% 34

where W = W(A"), R); = ry(X"), and U/} is a compact left singular matrix

n
ofX(d).

The initial value X° is crucial for ACPC. The criterion for finding A? is that the algo-
rithm is fast and the output is not so bad. The low multilinear rank tensor completion
(2) solved by HaLRTC [33] satisfies such criterion. We will use the initialization by
HaLRTC in our experiments. The parameter oy’s can be set based on the estimate of
the multilinear rank of the original tensor. A simple strategy is to set oy = OL(ZO.
RY+RO+RY

3.2 Implementation of ACPC

Since (34) is a convex optimization problem, we can solve it by the ADMM.
For each X' € W", since F3(X) C F3(&") = F;(Uj), there exists S3 € RI1x 2% Ry
such that X = U% -3 S3. Then,

Uy s x=(U5T0) 5 8 = Ss. (35)
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Therefore, by introducing an auxiliary variable S = (81,82, S3), where S1 €
RRIxBxI3 S ¢ RI*RyxI3 gnd S5 € RI<12*R5 (34) is reformulated as

] S e

3 R}
min Say
d=1 i=1

S, XeV
st. X=UlySy, d=1,2,3.

The augmented Lagrangian function for the above problem is defined as

Rn

LS. XY = Zadz

d=1 i=1

Ba A
+ 7||X—Uz -d Sall* + zn%w—mz,

3
ef a S| + YV X= U a So)
d=1

where ji = (W1, W2, )3) is the Lagrange multiplier. The iterative scheme of ADMM
for (34) reads

St cargminz (S X, V) A € arggli{/l.i”(gﬂ, x3). @36
S (S
M=V 4 8B (X = U ST, 37)

where § > 0 is the step length. The two subproblems in the above algorithm are
calculated as follows.

1. The S‘—subproblem (36): For d = 1, we can simplify (36) as

Ry

1
St+ eargmmoqzne 181||*+—H 18— <X+ﬂ—y§)
1

2
. (38)

Let 8 € RI*2xI5 gatisty S (1 R}, I, I3) = Sy and §;jx = 0, Vi > RY; and
U; € R/ be orthogonal and Uj (;, 1 : RY) = U”. Then (38) is equivalent to

R} 2

St Eafgmanlllee 151||*+—HU1151 <9€{+ Jfl)

Rn 2

_argmlnalzlle 181||*+—H81 UT <?("+ yﬁ)

Note that

2 2

o ~ 1
Hsl . (x + —yq)
B

1
for v (v 5)
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2

1 2 1
el gt o (v 5o)

Let 2| :U’l’T ‘1 (2(’ + ﬂ%y’]).Then, fori=1,..., R,

e-T-1 S —ef 1 Ztl

i i

. . Bi
St ) € argmin {al el 1 Sulle + 5
1

i
Given M € R’/ and y > 0, let M = U6V’ be the SVD of M. We define the
following shrinkage operator

Z,(M) :=U(6— yD4 V7,
where (a)+ := max{a, 0}. Then, it follows from [9, Theorem 2.1] that

St D) = Dy, (e,.T . zq), i=1,... R

Similarly, we can obtain the formulae of St2+1 and S’3+1. We list a unified result
here:

eT-dSiiH:.@ad/,gd (e'T‘dZZ), d=1,2,3,i=1,...,R2,

1 1

where 2/, = U (/V + éyfi)

2. The A-subproblem (37): We can simplify (37) as

XeV

3
X! e arg min {Z ((%ﬂ—i— '%d HX—UZ d 521+1H2> + %Ila@ﬁ(/\’—ﬂllz} .
d=1

This is a least squares problem. By noting Z& = Pq, where & is the adjoint

of Pq in V, and P2 = Pq, the corresponding normal equation of the above
problem is

x A Iy Ly
<‘@g+J>X= 22D+ > BaUG-a S =2 Vi
18 ﬂ ﬂd:l /3(1=1

where 8 = 1 + B2+ B3. By [46, (2.2)], we have (§ P+ )~ = J — 5 Pa.
Then

3 3
Xt :Lﬂg(ﬂ-f-l(f—LgZQ)( B.U” -dS['H— yt)
A+ B p At p ; o ; ‘
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4 Convergence analysis of ACPC

The coordinate descent method for nonconvex problems has attracted a lot of atten-
tion in recent years. One of the best results on global convergence is about proximal
alternating minimization for the so-called Kurdyka-Lojasiewicz (KL) functions. See
[2,5,45]. The coordinate descent method has also been used in tensor computations,
e.g., the alternating least squares (ALS) for computing CP decompositions [29] and the
alternating linear schemes for computing tensor train decompositions [21]. The local
convergence properties of these two algorithms are established via the contraction
principle in [36,39], respectively.

Since U" := (U}, U3, U%) in ACPC is only a quasi-minimizer of the function
X 7 X", X) and it is difficult to estimate the distance between U" and the set
of the critical points of the function X 7 ", X), we cannot obtain the global or
local convergence of ACPC. However, based on the properties of the feasible domain,
we can establish its subsequence convergence.

By definition, we have X" € W" and any A € W" satisfies

rankg(A) < Rj, d=1,2,3. (39)

It can be verified that W" is a linear space and dim W" > 1 is equivalent to Rg > 1
ford = 1,2, 3. If dim W" = 0, then X = 0 for m > n and the convergence holds
trivially. Therefore, we suppose dim W” > 1 in the following discussion.

Lemma 4.1 The function & (X) in (34) is coercive on W". Hence, the solution of (34)
always exists.

Proof By (35), for each X € W", there exists S3 € RIXB2XR3 guch that X =

U5 3 S5, |1 = |IS;5] and Ug’T -3 X = &Ss3. Therefore, the function X +—
R R% . . . .
i (Ug’e,')T 3 X”* =32 el 383 ||* is coercive and then " (X) is coercive
on W". O

4.1 Basic convergence properties

Lemma4.2 Ford = 1,2, 3, the sequence {R}} satisfies R} > RZ"H, and {R}}} will
converge within finite steps.

Proof 1t follows from the algorithm that X"*! € W”. By (39), we have RZ“ =
rankd(é\f"“) < R}.Since R} € {1, ..., 14}, it follows that {R;} will converge within
finite steps. O

Lemma 4.3 The subspace sequence {Fj(X™)} satisfies F;(X") 2 Fg(X"T!) and
{F7 (X))} will converge within finite steps in R, whered = 1, 2, 3.

Proof 1t follows from A"*! € W” and the definition of W” that F,(A"T!) C
F1(U)) = Fg(X"). Since dim Fy(X") = R}, {Fg(X")} will converge within finite
steps in R%. O
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The following corollary is immediate from the above lemma.

Corollary 4.4 The space sequence {W"} satisfies W" 2 Wt and {(W"} will converge
within finite steps in V.

For the coordinate descent method, the decreasing of the objective function is a
basic property. For ACPC, we can only obtain the following result on the objective
functions.

Lemma4.5 Denote by R" = max{R}, Ry, R3}. Then
ENXTY < VRrET (.

Proof By the algorithm and Corollary 3.3, we have ENXTH < sy <
VRIE A, o

4.2 Convergence behavior of {(A"+, fJ")}
By Lemmas 4.2, 4.3 and Corollary 4.4, there exists M > 0 such that

R = RY, Fy(X") = Fy(XM)yand W' = WM, Vn>M,d=1,2,3.
Denote Ry = Rf}/[ JFy = Fd(XM yand W = WM Define the following function:

3 R4 2
P00 = T3 |, + 1o
XU = ) aa ) |Use" a X| +31PaX=D|
d=1 i=1
and the following set
0={Y=(Y,Y2Y3) : Y)Yy =L F (Yo) = Fyg.d = 1,2,3}.
By Lemma 4.1,
#(U) := min Z (X, U)
XeW

is well defined on Q Then, whenn > M,

Z U = (X = min £(X) = min Z(X, U") = #2@U"). (40)

XeWw XeWw
First, we prove some properties of Q and .7 (ﬁ).

Lemma 4.6 The set Q is compact.
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Proof Define
Oy = {Y e RIRi . yTY — 1, Fy(Y) = Fd} .

Then Q is the Cartesian product of Q1, Q2, Q3. We only need to prove that Qg is
compact.

Let Y be a fixed element of Q. By the properties of orthonormal basis, Y € Qg if
and only if there exists an orthogonal matrix N € RR¢*Ra_guch that Y = YN. Define

Oy = {N e RRixRi . NTN = 1} .

That is, Qd is the orthogonal group and compact [22, p. 85]. Then, Qg is the image
of Qd under the linear transformatlon N — YN. Therefore, the compactness of Qg
follows from the compactness of 0q. O

Lemma 4.7 The function 7€ (fJ) is continuous on Q

Proof Since .Z (X, U) is defined by the sum of some norms, it is continuous. For a
given MO ¢ Q and every & > 0, there exists a8 > 0, such that when M! e Q satisfies
IM' — M2 = M} — MOJ2 4 M} — MO + ML — MY||? < 5, we have

’?(2{, M) — Z(X, Ml)‘ <& VXeV. 41)

Suppose (M) = ZX .M, MY = Z(X' M), where X, X' € W. It
follows that

ZE M) < 7 X, MO) Dz wm
he <T@ MY+ e D FE MO 4 2e.

Therefore,
—& < ?(7\’[,1\7[1) —?(?,1\7{0) < e,
which is
AMY) — A MO)| = ‘?(}“, M- 7@, MO))‘ <
and completes the proof. O

The following corollary follows from Lemma 4.6.

Corollary 4.8 The sequence {ﬁ"} is bounded, and there exists M > 0 such that when
n > M, the columns ofUZ form an orthonormal basis of Fy, d =1, 2, 3.
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Theorem 4.9 The sequence {X"} is bounded and has at least one convergent subse-
quence with a limit X* satisfying that there exists U* € Q such that

Z (X, U*) = min Z(X,U%).
XeWw

Proof First, we prove that {X"} has at least one convergent subsequence.
By Corollary 4.8, there exists a convergent subsequence {U"k} of {U”}

lim U™ = U*, (42)

ng— 00
where U* € Q It follows from (40) and Lemma 4.7 that

lim Z X%t U”k)— 11m U™ = (0%,

ng— 00
Combining the continuity of .% and (42) yields

lim Znt U%) = 2U%). 43)

nr— 00

Hence, the sequence {J (At U*)} is convergent and bounded. By Lemma 4.1, the
function X — % (X, U*) is coercive on W. Therefore, {X* !} is bounded and there
exists a convergent subsequence {A™}: lim,, oo A™ = &A™ such that

F 0 = lim Zan,h P
nj— oo

2(U%) = min .Z (X, U*).
XeWw
Now we prove {X"} is bounded. If {X"} is not bounded, then there exists
a subsequence {AX"} satisfying lim,, o [|A"|| = oo. Consider the sequence
(F (X, fJ""_l)}. We have .7 (X" ﬁ"i_l) = j‘f(fJ’”_l). Like the discussion above,
there exists a subsequence {X"/} of {X"}, such that

lim Z X, U) =20, (44)

nj — 00
where U’ is a limit point of {fJ”i ~1}. Since lim,, j—oo I X' || = oo, (44) contradicts the
coercivity of the function X +— ?(X, U ) on W, which completes the proof. O

Now we explore the relationship between the limit points of the sequence
(At U”)} and the solution of the original problem (24). If R}, < RY ; for some
n>1landd € {1,2,3}, then O C - O(X% and W C - W (D), entailing difficulties
in constructing the relationship. We assume that R, = Rg holds for all n > 1 and
d =1, 2, 3. Then (40) becomes

FXT U = XY = min (X)) = min F(X,UY.
XeW (X0) Xew (A0)
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Theorem 4.10 Suppose that R} = Rg foralln > 1 and d = 1,2,3. Denote by
0 = Max|<kx¢<3 R,?R?. Let (X, X) be any minimizer of (24). Then any limit point
(X%, U*) of {(X"H!, U"))} satisfies

3 R
FXU)-FXO<(p—DY gy H (Xge)" a X
d=1 i=1

*

Proof Assume that there is a subsequence (At f]”k)} such that (AX™+1, fj"k) —
(X*,U*) as k — oo. Then

F (At Uy < Z(X,U%), YX € W(AD).
Letting k — 0o, we obtain
F (X, U%) < Z(X, U, VXe W@).
Substituting X' by X in the above inequality, we obtain

F XU - 7 U) < FX, U - F&X)

RO
e )

3
3 (e
A
W=Dy Y |Xee) |
d=1 i=1

where the last inequality follows from Corollary 3.4. O

5 Numerical experiments

We present some numerical results to show the performance of ACPC. All experiments
are performed on MATLAB R2016a with Tensor Toolbox, version 3.0 [3] on a laptop
(Intel Core i5-6300HQ CPU at 2.30GHz, 8.00G RAM).

Given a tensor with size I1 x I x I3, the sample ratio (SR) is defined as

e
LLI

where |€2| is the number of entries of €2. The test tensors include synthetic and real-
world data. We use the relative error (RErr) to evaluate the results:

RErr := ”‘X‘_—‘X*”
[P
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where X is the original tensor and X is the recovered result.

Ry
R)+RI+RY
and A = 1000 for all experiments. The inner iterations of ACPC, i.e., the iterations of
ADMM presented in Sect. 3.2 for solving (34), are terminated whenever

We use the initialization by HaLRTC for all experiments. We set oy =

||Xn,t+1 _ Xn’t”
———— < tol,

max (&A™, 1)

where X*1 is the solution of (37), or the iteration number reaches 500. The outer
iterations of ACPC are terminated whenever

At — A
<

——— < Tol,
max ([| A", 1)

or the iteration number reaches N. The tolerances tol, T ol and the maximum outer
iteration number N will be specified below.

We will test the convergence behaviour of ACPC in Sect. 5.1, and compare ACPC
with HaLRTC [33], TMac [44], FBCP [51] and TNN [50] on synthetic data in Sect. 5.2
and real-world data in Sect. 5.3, where HaLRTC and TMac are based on multilinear
rank, FBCP is based on CP rank and TNN is based on tubal rank.

The synthetic tensors are generated based on the Tucker decomposition [13] and
the CP decomposition [29]. To generate a Tucker decomposition based tensor A €
RIXIXI 'we first generate one tensor C and three matrices A1, Ay, A3 by the following
MATLAB script

C=randn(r,r,r), Agj=randn(l,r),d=1,2,3,
where r is a fixed integer. Then .4 with multilinear rank (r, r,r) is given by A =
(A1, A2, A3) - C. To generate a CP decomposition based tensor B € R/ /> we first
generate three matrices B1, B>, B3 by the following MATLAB script
B; = randn(/,r), d =1,2,3,

where r is a fixed integer. Then 55 with rank(B) = r is given by

B=> 1 Bi( 0 @By, £) @Bs(:. 0), (45)
=1

where Ay is a fixed weight.

5.1 Convergence behaviour of ACPC
We test two synthetic tensors: a Tucker decomposition based tensor A € R100x100x100

with multilinear rank (10, 10, 10); and a CP decomposition based tensor B €
R100x100x100 with rank(B) = 10 and A, = 1 for £ = 1, ..., 10 in (45).
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Fig. 1 The values of M and &" (z’t"“) versus the outer iteration number in ACPC. The first row

is for tensor A, and the second row is for 3

The inner tolerance tol is set as 107, Because we want to show the convergence
behaviour of ACPC, the outer iterations are terminated only when the iteration number

reaches the maximum outer iteration number, which is set as 20, and T ol is ignored.

. n+1__ . . .
Figure 1 shows % and & (X" 1) versus the outer iteration number in ACPC.

From the curves, we can observe that ACPC has a good performance in convergence.
The sequence of {&"(X"T1)} is monotonically decreasing for these two tensors.

5.2 Synthetic data

We compare ACPC with HaLRTC, TMac, FBCP and TNN on four types of synthetic
tensors: Tucker decomposition based tensors with size 50 x 50 x 50 and multilinear rank
(5, 5, 5); Tucker decomposition based tensors with size 100 x 100 x 100 and multilinear
rank (10, 10, 10); CP decomposition based tensors with size 50 x 50 x 50 and with
r =5, ¢ = €2 in (45); CP decomposition based tensors with size 100 x 100 x 100
and with r = 10, 1, = £2 in (45).

Remark 5.1 Most methods for fitting CP decompositions, including the ALS, perform
not very well on tensors with power-law increasing weights in the form (45). This
appears to be related to the condition numbers of factor matrices versus rank-1 tensors,
as discussed in [8,40][7, Sect. 2]. Also in [7], the authors propose a Riemannian
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optimization method to tackle this issue. Because FBCP is a method generalized from
the ALS, it has an overwhelming advantage over other methods if the original tensor
can be fitted very well by the ALS. Hence we consider CP decomposition based tensors
with power-law increasing weights like [44].

We set the inner tolerance tol = 107, the outer tolerance Tol = 10~° and the
maximum outer iteration number N = 5. The tolerances of all the other methods
are set as 107°. We generate ten tensors for each type of synthetic tensors and report
the average results. Table 1 shows the RErrs and CPU time (measured in seconds)
on synthetic tensors without noise and Table 2 shows the results on synthetic tensors
with Gaussian noise of zero mean and standard deviation 1073, Here, the CPU time
of ACPC includes the time for generating the initial value A°.

For RErr, we can observe that ACPC has the best performance on all cases. HaLRTC
has a stable performance on all cases and the results are not so bad. TMac performs
well on the Tucker decomposition based tensors, while performs badly on the CP
decomposition based tensors. FBCP performs not so well on some Tucker decompo-
sition based tensors and is sensitive to noise. TNN performs badly when the sample
ratio is low.

For CPU time, HaLRTC or TMac has the best performance on all cases. The CPU
time of ACPC includes the initialization time by HaLRTC, but the gap between ACPC
time and HaLRTC time is not so great on most cases. In addition, ACPC time is much
shorter than FBCP time and TNN time on most cases.

5.3 Real-world data

We test three real-world data: a hyperspectral image” with size 200 x 200 x 89; an
MRI? with size 152 x 188 x 121; and a video* with size 144 x 176 x 100. The

For ACPC, we set the inner tolerance tol = 10_5, the outer tolerance Tol = 10~4
and the maximum outer iteration number N = 3. The tolerances of all the other
methods are set as 107,

We compare ACPC with HaLRTC, TMac, FBCP and TNN. The results for different
methods under different SRs are presented in Table 3. The comparisons show that
ACPC is the best-performing method in terms of relative error. As for the CPU time,
the ACPC time is much longer than HaLRTC and is close to the TNN time, but much
shorter than the FBCP time.

The visual comparisons of these methods are shown in Figs. 2, 3, and 4. We show
one slice of the recovered results of different methods. From all visual comparisons,
we can observe that ACPC has the best performance.

2 The data are available at http://peterwonka.net/Publications/code/LRTC_Package_Ji.zip and have been
used in [44].

3 The data are from BrainWeb [12] and available at http://brainweb.bic.mni.mcgill.ca/brainweb/
selection_normal.html.

4 The data are from the video trace library [37] and available at http://trace.eas.asu.edu/yuv/.
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Table 3 Comparison results for different methods under different SRs: real-world data

Data SR HaLRTC TMac FBCP TNN ACPC

Hyperspectral image 10% RErr 7.23e-2 6.22e-2 5.65e-2 7.46e-2 3.26e-2

CPU 20 38 1777 131 313
20% RErr 2.88e-2 4.05e-2 3.18e-2 5.18e-2 1.55e-2
CPU 33 54 5039 315 449
30% RErr 2.0le-2 2.96e-2 2.46e-2 4.06e-2 1.25-2
CPU 23 27 4701 394 461
40% RErr 1.58e-2 2.32e-2 2.09e-2 3.29e-2 1.14-2
CPU 6 7 2627 109 144
MRI 10% RErr 2.70e-1 6.09e-1 1.42e-1 1.93e-1 1.16e-1
CPU 22 25 2015 98 135
20% RErr 1.66e-1 2.71e-1 9.77e-2 1.03e-1 6.87e-2
CPU 18 17 3007 102 163
30% RErr 1.10e-1 1.17e-1 7.79e-2 6.80e-2 4.85-2
CPU 15 16 2947 60 101
40% RErr 7.47e-2 5.90e-2 5.49e-2 4.99e-2 3.70-2
CPU 5 6 1997 55 99
Video 10% RErr 1.31e-1 4.81e-1 1.20e-1 1.28e-1 8.36e-2
CPU 10 9 2033 64 106
20% RErr 8.67e-2 1.79e-1 8.6le-2 6.97e-2 5.59e-2
CPU 8 12 1775 60 99
30% RErr 6.17e-2 5.28e-2 6.21e-2 5.04e-2 4.12-2
CPU 8 11 1502 58 92
40% RErr 4.53e-2 4.12e-2 4.72e-2 3.93e-2 3.10-2
CPU 6 8 1344 52 76

The best results are highlighted in boldface

5.4 Summary

The results show that ACPC has a significant improvement over HaLRTC, which is
used as initialization, in terms of relative error. The key reason is that ACPC converts
the tensor completion problem into a series of slice matrix completion problems, rather
than unfolding matrix completion problems. As already mentioned in the introduction,
ithas been shown in [49] that unfolding matrices may fail to exploit the tensor structure
and may lead to poor tensor recovery performance. On the other hand, a slice matrix
is a submatrix of the unfolding matrix> and can give a more accurate estimate of the
rank information.

As for the CPU time, ACPC performs very well on synthetic data but consumes
much more time than HaLRTC on real-world data. This is because for synthetic data,
the multilinear rank of the initialization is rather small, while for real-world data, the

5 To be more accurate, the slices that we utilize are submatrices of the unfolding matrix from the original
tensor after some linear transform. See Corollary 2.6.
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Fig.2 Recovered results for the hyperspectral image with 10% SR
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Fig.4 Recovered results for the video with 30% SR
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multilinear rank of the initialization is not very small. A greater multilinear rank of
the initialization means that R} is greater in (34) and thus increases the CPU time. To
handle this issue, one strategy is to set a smaller maximum outer iteration number. In
our experience, N = 1 or 2 is enough for most real-world data. Another strategy is
that we can use a truncated left singular matrix of X2 as the initial U2 for ACPC.

6 Conclusions

We review the rank invariance properties of tensors. Based on these properties, we
obtain an upper bound of CP rank for third-order tensors, which is the sum of ranks of
a few matrices. By replacing the CP rank with this bound, the problem of low CP rank
tensor completion is converted into the problem of low rank matrix completion prob-
lem. The new problem can be implemented by the ADMM easily. The subsequence
convergence is also established. We test numerical examples on both synthetic and
real-world data. The results show the advantage of the proposed method over some
state-of-the-art algorithms.

A considerable problem is how to extend this work to tensors with order higher than
three. The core issue is how to extend (9) for higher-order tensors. For a third-order
tensor, we use the sum of the ranks of some matrices, which are second-order tensors,
to bound the CP rank. For an Nth-order tensor, it is natural to use the sum of the CP
ranks of some (N — 1)st-order tensors to bound the CP rank. However, the CP ranks
of (N — 1)st-order tensors also need to be bounded, leading to a complicated bound
for the original Nth-order tensor. The consequence is that this strategy is not practical
for higher-order tensors. This problem will be explored in the future.

Acknowledgements We are extremely grateful to two anonymous referees for their valuable feedback,
which improved this paper significantly.
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