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Abstract

This work studies solution methods for approximating a given tensor by a sum of
R rank-1 tensors with one or more of the latent factors being orthonormal. Such
a problem arises from applications such as image processing, joint singular value
decomposition, and independent component analysis. Most existing algorithms are of
the iterative type, while algorithms of the approximation type are limited. By exploring
the multilinearity and orthogonality of the problem, we introduce an approximation
algorithm in this work. Depending on the computation of several key subproblems,
the proposed approximation algorithm can be either deterministic or randomized. The
approximation lower bound is established, both in the deterministic and the expected
senses. The approximation ratio depends on the size of the tensor, the number of
rank-1 terms, and is independent of the problem data. When reduced to the rank-1
approximation case, the approximation bound coincides with those in the literature.
Moreover, the presented results fill a gap left in Yang (SIAM J Matrix Anal Appl
41:1797-1825, 2020), where the approximation bound of that approximation algo-
rithm was established when there is only one orthonormal factor. Numerical studies
show the usefulness of the proposed algorithm.
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1 Introduction

Tensors (hypermatrices) play an important role in signal processing, data analysis,
statistics, and machine learning nowadays, key to which are tensor decomposi-
tions/approximations [4, 6, 20, 37]. Canonical polyadic (CP) decomposition factorizes
a data tensor into some rank-1 components. Such a decomposition can be unique under
mild assumptions [21, 34, 36]. However, the degeneracy of the associated optimiza-
tion problem requires one to impose additional constraints, such as nonnegativity,
angularity, and orthogonality constraints [19, 26, 27]. Orthogonal CP approximation
requires that one or more of the latent factors be orthonormal [11, 19], modeling appli-
cations arising from image processing, joint SVD, independent component analysis,
DS-CDMA systems, and so on [5, 7, 32, 35, 38, 41, 42].

Most existing algorithms for orthogonal CP approximation are iterative ones [3,
11, 16, 23, 24, 28, 31, 41, 47, 48]; just to name a few. Specifically, alternating least
squares (ALS) algorithms were developed in [3, 41, 47]: Chen and Saad [3] considered
the model that all the factors are orthonormal and established the convergence of ALS
under certain local assumptions; Sgrensen et al. [41] considered the case that one
of the factors is orthonormal, while the convergence was not provided. Such a gap
was filled in [47] for generic tensors. Guan and Chu [11] considered the case that
one or more of the factors are orthonormal, proposed a method that simultaneously
updates two vectors corresponding to two factors, and proved the global convergence
for generic tensors. Shifted type ALS algorithms were developed in [16, 31, 48]: Pan
and Ng [31] considered symmetric tensors and established global convergence for
generic tensors; Hu and Ye [16] studied the case where all factors are orthonormal and
established the global and linear convergence of the algorithm; Yang [48] established
the global convergence when the orthonormal factors are one or more than one. Local
linear convergence of ALS was proved in [44] under certain positive definiteness
assumptions. In the rank-1 approximation case, global linear convergence was shown
to be valid for generic tensors [15]. Martin and Van Loan [28] and Li et al. [23]
proposed Jacobi-type algorithms, where Li et al. [23] considered symmetric tensors
and established the global convergence of the developed algorithms. Besides, Sgrensen
et al. [41] proposed a simultaneous matrix diagonalization approach for the problem
with one orthonormal factor.

As a nonconvex problem, the solution quality of iterative algorithms depends
on the initializer. To find a good initializer for iterative algorithms, Yang [48, Pro-
cedure 3.1] developed an approximation algorithm that first finds the orthonormal
factors by using the celebrated higher-order SVD (HOSVD) [8] and then computes
the non-orthonormal ones by solving rank-1 approximation problems. However, the
approximation bound of Yang [48, Procedure 3.1] was only established when the
number of orthonormal latent factors is one.

To fill this gap, by further exploring the multilinearity and orthogonality of the prob-
lem, we modify [48, Procedure 3.1] to devise a new approximation algorithm. A main
feature of the proposed algorithm is that it can be either deterministic or randomized,
depending on how to deal with a set of subproblems. Specifically, two deterministic
and one randomized procedures are considered. The approximation lower bound is
derived, both in the deterministic and in the expected senses, regardless of how many
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latent orthonormal factors there are. The approximation ratio depends on the size of
the tensor, the number of rank-1 terms, and is independent of the problem data. Reduc-
ing to the rank-1 approximation case, the approximation ratio is of the same order as
in [13, 51]. We provide numerical studies to show the efficiency of the introduced
algorithm and its usefulness in tensor recovery and clustering.

In fact, approximation algorithms have already been widely studied for tensor
approximations. For example, HOSVD, sequentially truncated HOSVD [45], and
hierarchical HOSVD [10] are also approximation algorithms for the Tucker decom-
position. On the other hand, several randomized approximation algorithms have been
proposed in recent years for Tucker decomposition or -SVD [1, 2, 29, 50]. The solu-
tion quality of the aforementioned algorithms was measured via error bounds. In the
context of tensor best rank-1 approximation and related polynomial optimization prob-
lems, deterministic or randomized approximation algorithms were developed [9, 12,
13, 18, 39, 40], where the solution quality was measured by approximation bounds;
our algorithm extends these to orthogonal rank-R approximations.

The rest of this work is organized as follows. Preliminaries are given in Sect. 2.
The new approximation algorithm is introduced in Sect. 3, while the approximation
bound is derived in Sect. 4. Section 5 provides numerical results, and Sect. 6 draws
some conclusions.

2 Preliminaries

Throughout this work, vectors are written as boldface lowercase letters (Xx,y,...),
matrices correspond toitalic capitals (A, B, . ..), and tensors are written as calligraphic
capitals (A, B, - --). R"1>**"d denotes the space of n| X - -- X ng real tensors. For
two tensors A, B of the same size, their inner product (A, B) is given by the sum
of entry-wise products. The Frobenius (or Hilbert-Schmidt) norm of A is defined
by || Allr = (A, A)!/2. ® denotes the outer product. For u; eRY, j=1,...,d,
u; ® --- ® uy denotes a rank-1 tensor in R"1*"*" which is written as ®‘;=1 u;
for short. For j = 1,...,d and for each j, if we are given R vectors of size n;:
uj1,...,u; g, weusually collect theminto amatrix U; = [u; 1,...,u; gr] € R %R,

The mode-j unfolding of A € R™">*">" denoted as A, is a matrix in
R <Ti%im The product between a tensor A € R™ > *"4 and a vectoru; € R"/ with
respect to the j-th mode, written as A x ; ujT, is a tensor in R X X1 X jp1 X X0d

Given a d-th order tensor A € R " 3 positive integer R, decision matrices

(factors) U; = [u;1,...,u;Rr] € R%*R i =1,...,d, and coefficients o; € R,
i =1,..., R, the orthogonal CP approximation under consideration can be written
as[11]:
R d 2
min A— of] uj;
Ui,...,.Ug,01,..., OR ‘ Zi:l ! ®j:1 It F

2.1
st wuy=1j=1,...d-11<i<R, @D

UJ.Tszl,jzd—t+1,...,d, o; € R,
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where 1 < ¢ < d denotes the number of latent orthonormal factors. The constraints
mean that the last 7 latent factors are required to be orthonormal, while the first d — ¢
ones are not. However, due to the presence of the scalars o;, each column u; ; of the
first d — ¢t factors can be normalized. Using orthogonality, (2.1) can be equivalently
formulated as a maximization problem [11]:

2
maxy,,..v;, GW1,...,Uy) = ZiR:I <A, ®?:1 uj,i>
s.t. ulwi=1j=1..d-r1<i<R, (2:2)
UlUj=1,j=d—1t+1,....d,

where the variables o;’s have been eliminated. The approximation algorithms and the
corresponding analysis studied here are mainly focused on (2.2) .

Let V e R™*" m > n. The polar decomposition of V is to decompose it into two
matrices U € R™*" and H € R"*" such that V = U H, where U is columnwisely
orthonormal, and H is a symmetric positive semidefinite matrix. Its relation with SVD
is given below.

Theorem 2.1 (c.f. [14]) Let V € R™ ", m > n. Then, there exist U € R™*" and a
unique symmetric positive semidefinite matrix H € R"*" such that

V=UH,U'U=1¢eR",

(U, H) is the polar decomposition of V. Ifrank (V') = n, then H is symmetric positive
definite and U is uniquely determined.

Furthermore, let H = QA QT, 0, A € R™" be the eigenvalue decomposition of
H, namely, QT Q = QQ" = I, A = diag(A1, ..., Ay) be a diagonal matrix where
AM>--->x; >0.Then, U = PQT, and V = PAQ—r is a reduced SVD of V.

LetV =[vy,...,vyJand U = [uy, ..., u,] wherev;,u; e R",i =1, ...,n.The
following two lemmas are useful.

Lemma2.1 Let U € R™" and H € R"*" be two matrices generated by the polar
decomposition of V.€ R™*" such that V. = U H, where U is columnwisely orthonor-
mal and H is symmetric positive semidefinite. Let v; and w; be defined as above. Then,
it holds that

(w;,vi) >0,i=1,...,m.

Proof SinceV = UH andU'TU = I, wehave U'V = H, which means that (u;, v;)
is exactly the i-th diagonal entry of H. As H is positive semidefinite, its diagonal
entries are nonnegative. The desired result follows. O

Denote ||-||,. as the nuclear norm of a matrix, i.e., the sum of its singular values.
From Theorem 2.1, we easily see that:

Lemma 2.2 Let U and V be defined as in Theorem 2.1. Then, (U, V) = ||V |,.
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Denote Gmax as the maximal value of (2.2) and A; (A(4)) the i-th largest singular
value of A 4. We have the following result, whose proof is in Appendix A.

Lemma 2.3 Ir holds that 3R | i (A@))? = Gumax in (2.2).

3 Approximation Algorithm

The approximation algorithm proposed in this work inherits certain ideas from Yang
[48, Procedure 3.1], and so we first briefly recall its strategy. [48, Procedure 3.1]
obtained an approximation solution to (2.2) as follows: One first applies the truncated
HOSVD [8]togetUy, ..., Uj—;+1. Thatistosay, for j = d, ..., d—t+1, oneunfolds

Ato Ay € RY *Mlizi ™ and performs the truncated SVD to get its left leading R
singular vectors u; 1, ..., u; g, forming the j-th factor U; = [uj 1, ..., u; g]. Once
Ug,...,Uz_;+4+1 are obtained, one then approximately solves R tensor best rank-1
approximation problems:

d d—t
maXu; ;... uz—s g <~A ®j=d—t+] uji, ®j:1 uj,i) (3.3)
T o 1 _ :
S.t. uj’iu/,,—l,]—l,...,d t,
d o T T
where the data tensors 'A®j=d—t+l W= AXgqp1 Uy, X Xg Uy, €

RE>Xd—r j = 1,.,. R.

The approximation bound of the above strategy was established when ¢ = 1 [48,
Proposition 3.2]. However, when ¢ > 2, it is difficult to build connections between
orthonormal factors theoretically, making it hard to derive the approximation bound.
Our new algorithm differs from [48] in the computation of the orthonormal factors
Us—1,...,Ui—s41. By taking (2.2) with d = t = 3 as an example, we state our idea
below and depict the workflow in Fig. 1.

The computation of U3 is the same as [48], namely, we let Uz := [u3 1, ..., U3 g]
where u3 1, ..., u3 g are the left R leading singular vectors of the unfolding matrix
A(g) € R">™M™2 Then, finding U, can be divided into a splitting step and a gathering
step. In the splitting step, with u3 1, ..., u3 g at hand, we first compute R matrices
My, ..., M R, with

M ; :=AX3u3Tl- eR™*M i =1,...,R.

Then, using a procedure called get_v_ from_M that will be specified later, we com-
pute R vectors vy ; of size ny from M> ; for eachi. The principle of get_v_from_M
is to retain as much of the information from M, ; as possible, and to satisfy some
theoretical bounds. Three versions of such a procedure will be detailed later. In the
gathering step, we first denote Vo := [v2,1,...,Vo.r] € R"2*Rwhich may not be
orthonormal and hence not feasible. To orthogonalize it, a straightforward idea is to
find the nearest orthonormal matrix to V5. This is equivalent to applying the polar
decomposition to V2, to obtain the orthonormal matrix U := [up 1, ..., w2 r].
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get_v_from M

-
X3ug | —| M2

 I—

/ \ VQ’\
‘ .
T T T |
svo, [t | = 3w
[ N [
us;1 -y U3 R ‘
l
Xsu;R—> My r |—
v PD

T P
H<_ ><2u2,1 X3 113’1

14
L1l
ui,1,...,U1,R

-
AN

T T
X2Uy p X3 U3 g
H

Fig. 1 Workflow of Algorithm 1 for approximately solving (2.2) when d = 3 and ¢t = 3. PD is short for
polar decomposition

Computing U is similar. In the splitting step, with Uz and U, at hand, we first com-
pute M ; := A x>, uzT’i X u;i e R™M,i=1,...,R.Since M; ;’s are already vectors,
we immediately let vi; = Mj ;. In the gathering step, we let Vi := [v11,..., V1 R]
and then perform polar decomposition on Vj to get Uj.

For general d > 3, we can similarly apply the above splitting step and gathering
step to obtain Uy_1, Ug—2, ..., sequentially. In fact, the design of the splitting and
gathering steps follows the principle that

R R
- > Zi:l (uji, Vj,i)2 >a Zi:l (wjpri, Vj+1,i>2 >, 34

where ¢ € (0,1) and this will be studied in detail later. If t < d, i.e., there
exist non-orthonormal constraints, then with Uy_;1, ..., Uy at hand, we compute
Ui, ..., Ug—; via approximately solving R tensor rank-1 approximation problems
(3.3). The whole algorithm is summarized in Algorithm 1.

Some remarks on Algorithm 1 are given as follows.

Remark 3.1 1. Whent = 1, Algorithm 1 and [48, Procedure 3.1] are exactly the same
if they take the same procedure ranklapprox.
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Algorithm 1 Approximation algorithm for (2.2)

Require: A € R"1>*"*"d d>3 R>1,1t>1
1: Compute uy 1, ..., uq g as the left leading R unit singular vectors of the unfolding matrix Ay €

Rndx]'[]‘lel "k Denote Uy := [ug 1, ..., ug gl
zforj=d—-1:—-1:d—rt+1do
3 % splitting step
4 fori=1:Rdo
5 Compute the j-th order tensor

. T T nyX--Xn;
Bj,i ':ij+1uj+l.i Xj+2"'><d“d,,'€R1 J

a

if j > 1 then
7: Unfold B; ; to matrix M ; as

Jj—1 nix[T2 n
M; ; = reshape (Bj!,‘,nj, | |k:1 nk) e R X emr
8 Extract a vector v; ; from M ; as

V= get_v_from_M(Mj,,') e R" % to be introduced later
9: else
10: Vji= Bj,i e R
1: end if
122 end for
132 % gathering step
14 Denote V; := [Vj,l,...,Vj,R]eR"fXR
1s: Compute the polar decomposition of V; to obtain orthonormal U

Uj=1luj,...,u; gl :=polar_decomp(V;)

16: end for % end of the computation of orthonormal factors

17: if t < d then

13 fori=1:Rdo

19: Compute a rank-1 approximation solution to the tensor A X4_;41 u;L 41 X Xd uli =

Ba—it41,i Xd—t+1 u;71+1,i € R?"1XXMd—t  with each u; ; normalized:

T T
(g, ...,ug_; ;) = ranklapprox(A Xg_r41 U gy X Xd “d,i)
2. end for
21 CollectUj ::[uj,l,...,uj,R], j=1...,d—t
22: end if % end of the computation of non-orthonormal factors
23: return Uy, ..., Uy

. T T T
2. Since Bj; = ij+1uj+l,i Xj42eXquy and Bj_j; = ij“,/,i Xj41e e Xq

u;i, we have the relation that
— Bl
Bj_],i = B],, X] uj’l-.

This recursive definition on B; ; reduces its computational complexity.

Computing v; 1, ..., v g can be done in parallel.

4. The algorithm does not guarantee that the generated objective value is larger
than certain values, such as Zle AG, ..., )% (here A(i,...,iz) denotes the

hed
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(i1, -..,iq)-th entry of A, and we assume that A(1, ..., D2 > AQ,...,2)% >
---). This objective function corresponds to the feasible point U;’s withu; ; = e;,
where e; is a vector of the proper size such that its i-th entry is 1 and other entries
are 0.

On the procedure get_v_from_M: How to obtain v; ; from M; ; is important both
in theory and practice. To retain more information in v; ; from M; ;, we expect that

[viill* = 8175417 (35

where 8 € (0, 1). We provide three procedures to achieve this, two deterministic and
one randomized. To simplify the notations in the procedures, we omit the footscripts
J and i. In the procedures, M € R"*" v € R*, andy € R™.

The first idea is straightforward: we let v be M times its leading right unit singular
vector:

Procedure v = get_v_from_M(M) (A)

1. Compute the leading right unit singular vector of M, denoted as y;
2. Return v = My.

The second one is to first pick the row of M with the largest magnitude, normalize
it to yield a column vector y, and then let v = MYy:

Procedure v = get_v_from M(M) B)

1. Denote m¥ as the k-th row of M. Let m* be the row with the largest magnitude, i.e.,

[mé] = max |mé].

1<k<n
If there exist multiple k satisfying the above condition, choose the first one;
2. Denote y := (mk)T/ Hmk H,
3.Return v = My.

The third one is to first randomly and uniformly pick a row of M, normalize it to
yield y, and then let v = My:

Procedure v = get_v_from_M(M) (@)

1. Randomly and upiformlyichoose ke {1,...,n};
2. Denote y := (mk)T/ Hmk H,
3. Return v = My.

The analysis of the procedures will be given in the next section.
On the procedure ranklapprox: To be more general, ranklapprox in Algo-
rithm 1 can be any efficient approximation algorithm for solving tensor best rank-1
approximation problems, such as [13, Algorithm 1 with DR 2], [51, Sect. 5], [48, Proce-
dure 3.3], or even Algorithm 1 itself (the case that R = 1 and ¢ = d). For the purpose
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of approximation bound analysis, we require ranklapprox to have an approxi-
mation bound characterization, i.e., for any m-th order data tensor C € R™*>/m
(assuming that n; < --- < ny,), the normalized solution (Xi, ..., X;,) returned by
ranklapprox admits an approximation bound of the form:

ICll R1Xe X
e ®, %)= = 1; VC € R™ cm> 1, (3.6)

where 1/¢(m) < 1 represents the approximation factor. For He et al. [13, Approx-
imation 1 with DR 2], it can be checked from He et al. [13, Sect. 3.1] that when
m >3,

m—2
¢(m) = n,-=1 nj-/ni.

For Yang [48, Procedure 3.3], it follows from Yang [48, Proposition 3.1] that

- \/Hm_l .. ’]”/%72nzj+1 ~n2_14/nm71nm, m even and m > 4,
¢(m) =
\/H i—oMj- (mH)/Z 2nz,q/n,,,_mm, m odd and m > 3.

When m = 1,2, namely C is a vector or a matrix, we have that {(1) = 1 and
£(2) = /nq for both algorithms.
Computational complexity of Algorithm 1: to simplify the presentation, we consider
ny = --- = ng = n. Computing Uy is a truncated SVD, whose complexity is
Om? - n4=1). In the computation of Uy—_1, computing By—1,; and My_1 ; requires
0((n?) flops. As My_1,; € R”X”dfz, computing vg4_1,; requires O (n? - n%=2) flops if
Procedure A is used, while it takes O (n - n~2) flops for Procedures B and C. In any
case, this is dominated by O (n). Thus, the complexity of the splitting step is O (Rn?).
The main effort of the gathering step is the polar decomposition of V;_;; € R"*R,
with complexity O(R?n). Hence, computing Uy_1 requires O(Rn?)+ O(R?n) flops.

The complexity of computing U, is similar: from Remark 3.1, computing By—» ;
and M;_»; needs o4 flops. The total complexity of Uy_; is O(Rné1) +
O(R?n).

ForUg_3, ..., Uj—_;+1,the analysisis analogous. Denote O (ranklapprox(-)) as
the complexity of the rank-1 approximation procedure, depending on which procedure
is used. Then, the updating of Uy, ..., Uys—; has complexity

O(Rn*™"*) + O(R - ranklapprox(Bi—i11.i Xd—i+1Uq_r11,):

where the first term comes from computing B;_;+1 ;. Summarizing the above discus-
sions, we have:
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Proposition 3.1 (Computational complexity of Algorithm 1) Assume that ny = ny =
-+« = ng = n. The computational complexity of Algorithm 1 is

t+1
o n4th + Z O(Rn?=71*2y + O (tR?*n)
j=2
+O(R - rank1approx(Bi—i+1,i Xd—i+1Ug_s11,)-

In particular, if t = d, then it is
d+1 d+1 d—j+2 2
on“") + E _O(Rn*7/7™) 4+ O(dR"n),
j=2

which is dominated by O (n?+1).

Note that Yang [48, Procedure 3.1] requires # SVDs of size n x n?~!, while Algo-
rithm 1 performs only one SVD of this size plus additional operations of smaller
sizes. This makes Algorithm 1 more efficient, which will be confirmed by numerical
observations.

4 Approximation Bound

Approximation bound results for general tensors with 1 < ¢t < d are presented in
Sect. 4.1, and then, we give the results for nearly orthogonal tensors in Sect. 4.2.

To begin with, we need some preparations. Recall that there is an intermediate
variable y in Procedures A—C. This variable is important in the analysis. To distinguish
y with respect to each i and j, when obtaining v; ;, we denote the associated y as

. . . i—1 .
¥, i» which is of size []{_, nx. The procedures show that v;; = M, ;y, ;. Since
R R i R . T . T
M;; = reshape (BN, nj, [Tz, nk) and B;; = A x ;41 Ui X2 Xa Uy

we have the following expression of (u s Vi, ,-):

{wji,vii)="(uji, Mjiy;i)

-
= <Mj’l'uj,l.a Yj,i>
T T
= <-A XjuWj i Xjp1 - Xg Uy yj,i>, “4.7)
where we denote
YVj,i = reshape(y; i, ni,...,nj_1) € R X1 4.8)

Note that ||y i || F= 1 according to Procedures A—C.
The above expression is only well defined when j > 2 (see Algorithm 1). To make
it consistent when j = 1 (which happens when t = d), weset V1 ; = y1,;, = 1. We
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also denote M1 ; := Bi,; = vi,; accordingly. It is clear that (4.7) still makes sense
when j = 1.

On the other hand, V; in the algorithm is only defined when j = d—t+1,...,d—1.
For convenience, we denote

Vi=1[Va1,...,Var] € R"*Rwithvy; := i (Ag)ugs, i=1,...,R. (49)

We then define By, ;. Note that in the algorithm, B; ; is only defined when j >

d —t+ 1. We thus similarly define By ; :== AXg_141 uJ_tHJ Xd—t42° " Xduli €
R td— =1, ..., R.Whent =d, By;’s are scalars.

4.1 Approximation Bound for General Tensors

Whent = 1, Algorithm 1 coincides with Yang [48, Procedure 3.1] if they take the same
best rank-1 approximation procedure. Thus, similar to Yang [48, Proposition 3.2], we
have:

2
R 2 R HA Xguy

d—1
GW,....U) =Y (Axaul;, Ruj, —=F
1 d Z< d Yy g J> Z ;(d_l)z

i=1 i=l

Ai (A(d))
Z rd= 17 (4.10)

where the inequality comes from (3.6), and the last equality is due to that the unfolding
of A x4 u;i to a vector is exactly v4; defined in (4.9).

The remaining part is focused on the > 2 cases. We first present an overview and
informal analysis of the approximation bound, under the setting that (3.4) holds with
afactor a;, and then we detail o ;. The formal approximation bound results are stated
in the last of this subsection.

Lemma 4.4 (Informal approximation bound of Algorithm 1) Let 2 < t < d and let
Ui, ..., Uy be generated by Algorithm 1. If foreachd —t +1 < j <d — 1, there
holds

R 2 R 2
Zi:l (wjivji) >« Zi:l (wjrri, visni) 4.11)
where aj € (0, 1], then we have the following approximation bound:

1 d—1 R 2
G- U = s [y @ 2 M)

1
> —é'(d — t)2 Hj=d7t+l aj - Gmax’

where 1/¢(d — t) is the rank-1 approximation ratio of ny X - -+ X ng—; tensors, as
noted in (3.6).
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Proof To make the analysis below consistent with the case t = d that does not require
perform rank-1 approximation, we denote ¢ (0) = 1 and ®(J)-=] u;; = 1. Itholds that

R

R
! 2t .
" -0y ; IBa-sille = =z gy, (v V)

R

1 2

zZ Z(Bdft,i, Vi-r+1)
td—1)? =

here, the first inequality follows from the setting (3.6), and the second one is due to
that Vy_;11,; € R">>*d~ defined in (4.8) satisfies ”yd—t+1,i = 1. From the
definition of B;_; ; and (4.7), we have

I

T T
(Ba—t,is Va—141.i) = <A Xd—t+1 Ug_gy ] ; Xd—t42 "+ Xd Uy ;, yd7t+l,i>

= <lld—z+1,ia Vd—t+1,i>'

It thus follows from (4.11) that

R
1 2
GWUy,...,Uy) > d—12 ;(udfﬂrl,i, Vd—i11.i)

v

v

1 d—t R 5
Z(d —1)2 l—[j=d7t+l @j- Zizl (ud’i’ Vdi) :

From (4.9) and that |u; ;| = 1, we see that >R (uji, Vj,i>2 =YR LnAw)? =
Gmax, where Lemma 2.3 gives the inequality. The result follows. O

4.1.1 On Chain Inequality (4.11)
To establish the connection between (u; ;, v; ;) and (wj41,;, vj41,i), we need to detail

(3.5). We first simply assume that (3.5) holds with a factor 8;, and later we present §;
in Lemma 4.6. The proofs of Lemmas 4.5 and 4.6 are left to Appendix A.

Lemma4.5 Let2 <t < d andlet Uy, ..., Uy be generated by Algorithm 1. If for
eachd —t+1 < j <d— 1, there holds

[viil*= 8 IMjil. i =1.... R, (4.12)
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where B; € (0,1] (if j = 1 then (4.12) holds with B; = 1), then we have for
j=d—t+1,....,d—1,andi=1,...,R,

R R

Bj 2
E (llj,i,V]z > E E ll]+1,i,Vj+1,i> .
i=1 i=1

Remark 4.2 When j = 1 (this happens when t = d), according to Algorithm 1,
vi1,; = Bi,i = My ; for each i, and so (4.12) holds with 81 = 1.

We then specify (4.12). Denote E as the expectation operator.

Lemma4.6 For2 < j <d —1,ifv;; is generated from M ; by Procedures A or B,
then it holds that

]
Iviil? = — M.
J

If v ; is generated by Procedure C, then it holds that

Elvii]* = % | M.4]1 -

The above two lemmas show that (4.12) is crucial in deriving the approximation
bound. (4.12) also implies that it is possible to devise get_v_from_M without using
the form M; ;y; ;, which can be studied in the future.

4.1.2 Putting the Pieces Together
Let 8; be such that
Bi=n7'if2<j<d—1, and B;=1if j=1.
Based on (4.10) and Lemmas 4.4-4.6, the main results are stated as follows.

Theorem 4.2 (Formal approximation bound) Let 1 < t < d and let Uy, ..., Uy be
generated by Algorithm 1. For j =d —t+1,...,d—1,i=1,...,R,ifv;;’sare
generated deterministically by Procedures A or B, then

Bj R 2
O la) = C(d cd—1)? H j=d—t+1 R 'Zizl)”(A(d))

C(d—t)zr[—d 1 R - Gmax;
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if v i’s are generated randomly by Procedure C, then

Bj R 2
EGWU;,...,Uy) > {(d t)2 1_[ mdt41 R .Zl:l)nz(A(d))

;(d_t)2l_[ j=d—1+1 R Gmax-
Bj
The ratio T z)ZH _d il RS
—7 t=d5
Rd— 11‘[] 2"1
L J1<t<d.

R=1¢(d~ ’)21_[/ Zdeisi i

Discussions on the approximation bound are left to Appendix B. In particular, the
empirical study indicates that the approximation bound might be independent of R.
However, how to improve it still needs further study.

Reducing to the best rank-1 approximation problem max|ju  |j=1,1<<d <.A, ®?=1 u; )
i.e., R =1, = d, from Theorem 4.2 we have the following corollary.

Corollary 4.1 Letuj, 1 < j < d be generated by Algorithm 1 with R =1 and t = d.

Then, the approximation ratio is \/% (either in the deterministic or the expected
j=2"j

sense).

The above ratio is of the same order as [13, 51], which is not the best to date [12,

40] (it lacks a factor ,/ ]_[‘j;% logn ;). However, our aim is not to compare them in

the context of rank-1 approximation. Moreover, even in this case, Algorithm 1 with
Procedures B and C is new (in fact, after this work is almost finished, we find that
in the rank-1 setting, Algorithm 1 with Procedure A is essentially the same as [13,
Algorithm 1 with DR 2].).

4.2 Approximation Results for Nearly Orthogonal Tensors

We consider the following type of tensors in this subsection:

Assumption 4.1

R d
A_Zi:10’®j:1uj»i +&, (4.13)
where the last # U¥’s are orthonormal, and the first (d — ¢t) U*’s are columnwisely

normalized. We assume that o1 > - -+ > og > 0. £ denotes the noisy tensor.

The cases that 0;;, = oy, for some 1 < i; < i < R need more assumptions and
analysis, which is out of the current scope.
Running Algorithm 1 on A with ¢ > 2, it is easy to obtain the following results.
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Proposition 4.2 Let A satisfy Assumption 4.1 witht > 2and £ = 0. Let Uy, ..., Uy
be generated by Algorithm 1, where t in the algorithm takes the same value as that in
the assumption. Then,

R
GWUi,...U) =) . 07 =GCmx, and U;=Uj j=1,....d,

where for U;j = U}", we ignore the sign, i.e., it in fact holds u; ; = :l:u;fyi for each j
andi.

Remark 4.3 This proposition also shows that Algorithm 1 is well designed for orthog-
onal tensors.

The proof is left to Appendix A. From its proof and by matrix perturbation theory,
it is not hard to obtain the perturbed version of Proposition 4.2:

Proposition 4.3 Under the setting of Proposition 4.2, if € # 0 is small enough, then

we have G(U1, ..., Ug) = Gmax — O(IEl), where the constant behind the big O is
nonnegative, and

y=o0dED, j=1,....d, i=1...,R.

min{”uj,,- —i—ll};’i s Huj’i - uj‘-’i
It remains to consider the case that + = 1 in Assumption 4.1, i.e., only U} is
orthonormal. In general, if there are no additional assumptions on Uj’?‘, j=1,...,d-1,

then it is hard to obtain the approximation results. For instance, if A = PQT where
P is orthonormal but Q is not, then it is hard to recover P and Q. We thus make the
following incoherence assumption:

Assumption 4.2 There exists at least one U;‘, 1 < j <d — 1 that is incoherent with
modules 0 < 6§ < 1, 1i.e.,

31 <j<d-1, with Ku* u; > <34, Vip #ia.

Joir? T2

It is clear that Uj.‘ is a nearly orthonormal matrix if § is small enough. In what fol-
lows, we assume without loss of generality that Uj_, satisfies Assumption 4.2. We
immediately have:

Proposition 4.4 If U;_, is incoherent with modules 8, then U* ; is also incoherent
with modules §.

We consider the expression of A(d)A&). Let ¥ := diag(oy,...,0R) and Uﬁd €

d-1 i . . . . . —_—
RITj=1 7R be the matrix whose i-th column is the vectorization of ®7:} ui,. We
have
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=U;z*UnT+UsE

* T, * T %
0 I, ul,, @, ) ui, g

AwAy =UsZWU*)TU*, 2WUH" +0E)

X : 0 - 1 zUun’
: . 0 :
(uid,R)Tuid,l (uid,R)T“id,R—l 0

+ 0(6)
=U;Z2UNHT 4+ 00) + 0(8),

namely, A(d)A(Td) is a perturbation of the eigen-decomposition U;EZ(U;)T, given
that § and £ are small enough. If Assumption 4.1 holds, by matrix perturbation theory,
the above discussion implies that

min{|ug; +wi; |, Jua; — i} = 0@ + 0ED, i=1,....R,

where Uy is generated by the algorithm. It then follows that A x4 uli is a nearly
rank-1 tensor with perturbation O (§) + O(E), and so

|

We thus have a similar result as Proposition 4.3:

1=0@)+0UEN, j=1,...,d - 1.

mm{HuJ,, +uj; uj;—uj;

Proposition 4.5 Denote Uy, ..., Uy as the factors generated by Algorithm 1, where
Assumption 1 holds with t = 1; furthermore, Assumption 4.2 holds. If £ and § are
small enough, and we also sett = 1 in the algorithm, then G(Uy, ..., Uz) = Gmax —

0(8) — O(||El), where the constants behind the big O are nonnegative, and
u;;— u’

R

=0@®+o0deED, j=1,....d, i=1,...,R

1 P *
min { Hu],, tu;;

5 Numerical Study

We evaluate the performance of Algorithm 1 with Procedures A—C, and compare them
with Yang [48, Procedure 3.1]. All the computations are conducted on an Intel i7-7770
CPU desktop computer with 32 GB of RAM. The supporting software is MATLAB
R2019b. The MATLAB package Tensorlab [46] is employed for tensor operations. The
MATLAB code is available in the folder “alg” of https://github.com/yuningyang19/
epsilon-ALS with the name “approx_alg_new”.

Performance of approximation algorithms: we compare Algorithm 1 with Procedures
A-C with [48, Procedure 3.1] in this part. They are, respectively, marked as Algo-
rithm 1 (A), Algorithm 1 (B), Algorithm 1 (C), and Yang2020. All the algorithms
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employ the same ranklapprox procedure [48, Procedure 3.2] for solving the rank-
1 approximation subproblems. The tensors A € R"*"*"*" are randomly generated
where every entry obeys the standard normal distribution. The presented results are
averaged over 50 instances for each case.

We first fix R = 10, and let n vary from 10 to 100. The results are depicted in
Fig. 2. Algorithm 1 (A) is in red with star markers, Algorithm 1 (B) is in magenta
with circle markers, Algorithm 1 (C) is in blue with square markers, and Yang2020
is in black with right arrow markers. The left panels show the curves of the objective
values G(Uy, ..., Uy) versus n, from which we observe that Algorithm 1 (A) performs
the best, followed by Algorithm 1 (B). This is because by using SVDs, Procedure A
retains more information in v than other procedures. Yang2020 performs not as well
as Algorithm 1, and its performance gets worse when ¢ increases. This also has been
reported in [48, Table 3.1], while the performance of Algorithm 1 is more stable.
Therefore, we may conclude that Algorithm 1 exploits the structure of the problem
better than Yang2020. The right panels show the CPU time versus n, from which we see
that Yang2020 needs more time than Algorithm 1. This is because Yang2020 requires
to perform t SVDs of size n x n?~!, while the most expensive step of Algorithm 1
is only one SVD of this size. Considering Procedures A—C themselves, Algorithm 1
(A) is the most expensive one, followed by Algorithm 1 (B). The randomized version,
i.e., Algorithm 1 (C), is the cheapest one.

We then fix n = 80, t = 3, and vary R from 5 to 80. The results are plotted in

Fig. 3, from which we still observe that Algorithm 1 (A) performs the best in terms
of the objective value. Considering the CPU time, Algorithm 1 (B) and 1 (C) seem to
be far better. This shows the superiority of SVD-free procedures for computing the
vector v concerning the CPU time.
Performance of approximation algorithms plus ALS for factor recovery: the ten-
sors are generated similarly as [41, 48]: A = B/|B|| + B - N/|N|, where
B=YF o ®;{=1 u’ ;, NV is an unstructured tensor, and B denotes the noise level.
Here we set 8 = 0.1, R = 10, d = 4, and n varies from 60 to 90. o;, U;.‘, and
N are randomly drawn from a uniform distribution in [—1, 1]. The last ¢ UJ’F are
then orthonormalized by using the orth function, while the first (d — ) ones are
columnwisely normalized. We only test ¢+ = 3 and t = 4 cases. We compare ¢-
ALS [48] with € = 10783 initialized by different initializers generated respectively by
Yang2020, Algorithm 1 (A), Algorithm 1 (B), and Algorithm 1 (C). e-ALS initial-
ized by random initializers is used as a baseline. The stopping criterion for €-ALS
is Z?:l H U}kH) — UJ(.k) HF/ H U;k) HF < 1075 or k > 2000. The relative error is
defined as follows [41, 48]:

d
relerr = Y7 Uy v | /],

where IT; = argmingen H U;.‘ — U;?“t -1 H . IT denotes the set of permutation matri-

ces, and U 9"’s are the factors output by the iterative algorithm. Finding the permutation
can be efficiently done by the Hungarian algorithm [22]. The presented results are
averaged over 50 instances for each case.
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Fig.2 Performance of Algorithm 1 (A) (red and star markers), Algorithm 1 (B) (magenta and circle markers),
Algorithm 1 (C) (blue and square markers), and [48, Procedure 3.1] (black and right arrow markers) for

approximately solving (2.2) where A €

RPXAXNXN qre randomly generated. n varies from 10 to 100

The results when r = 3 and ¢ = 4 are reported in Tables 1 and 2, in which ‘rel.err®’
and ‘time”, respectively, represent the relative error and CPU time evaluated at the
initializers. From the tables, we first observe that e-ALS initialized by Yang2020 and
Algorithm 1 outperforms those with random initializations, considering both relative
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Fig. 3 Performances of Algorithm 1 (A) (red and star markers), Algorithm 1 (B) (magenta and circle
markers), Algorithm 1 (C) (blue and square markers), and [48, Procedure 3.1] (black and right arrow
markers) for approximately solving (2.2) where A € R80x80x80x80 pe randomly generated. R varies
from 5 to 80

error and computational time. Comparing Algorithm 1 with Yang2020, we can see that
in most cases, e-ALS initialized by Algorithm 1 performs comparable or slightly better.
Comparing among €-ALS initialized by the three versions of Algorithm 1, Algorithm
1 (C) is slightly worse in terms of time; this is because although Algorithm 1 (C) is the
most efficient, e-ALS initialized by it needs more iterations than the others. Therefore,
it would be necessary to further improve the efficiency of the iterative algorithms.
Next, we fixd =t = 4,n = 100, = 0.1, and vary R from 10 to 100. We also
fix n = 50, R = 10, and vary g8 from 0.05 to 1. Plots of relative error of different
methods are depicted in Fig. 4. From the table, we still observe that e-ALS initialized
by approximation algorithms performs better than that with random initializers, and
the iterative algorithm initialized by Algorithm 1 is comparable with that initialized
by Yang2020.
CP approximation for clustering: tensor CP approximation for clustering works as
follows: Suppose that we have N samples A1, ..., A, € R"*>" 4 > 2 Foragiven
parameter R, and for unknown variables A € RV*R U e R xR j=1,...,d,one
solves the following problem first:

,,,,,

2
R d

A=Y df L TR,

Zzzl i ®/:1 P g (5.14)

st. A= (@) eRVR UlUu;=11<j<d,
where in af € R, k represents the row index while i is the column index. Write
ak = [all‘, e, a’,‘e]T € RR, ie., itis the transpose of the k-th row of A. Equation
(5.14) means that one finds a common subspace in R”1**"_which is spanned by the
basis ®’f-:1 u;;,i =1,..., R, and projects the samples onto this subspace. a* can be
seen as arepresentation of Ay . This can be regarded as a dimension reduction procedure
[32, 35]. By stacking Ay ’s into a (d + 1)-th order tensor A with A(k, :, ..., :) = Ay,
and denoting a; as the i-th column of A, the objective function of (5.14) can be

@ Springer



Journal of Optimization Theory and Applications (2022) 194:821-851

840

SIOZI[RTIIUT 9} J& PAJBN]EAS dWT) D) PUE JOIId dANE[aI Ay Juasaidar Kjoanoadsar ¢

) <0

119°[01, "Sased )] = Y puB ¢ = J
souo paredwod ay) Juowre 3saq Y 218 A3Y) JBY) ABIIPUI SAN[RA P[Og

911+'9 (0T9€°0) €1SLT (6L6€°0) 81¥T'C (01¥5°0) LISS'T (TLI0'D T#8+'C (powm) sy,
01°ce 8¢°01 9L w06Y 'S TN
80100 (¥1€0°0) 0€00°0 (6010°0) 0€00°0 (LS00°0) 0£00°0 (9600°0) 0£00°0 ((He1a1) Iy 06
878S'Y (09¥T°0) SLOS'€ (L¥9T°0) I8TL'T (€€9€°0) 6L9L'T (8619°0) 85ST'€ (powm) duiy,
80°S¢ e L6 ¥T6 061 TN
€610°0 (€7€0°0) ¥IT0'0 (8120°0) 6810°0 (9120°0) 9810°0 (6£20°0) 1610°0 ((1o°o1) 11’ [0Y 08
001L°C (85ST°0) 0¥¥S°0 (9%91°0) SOTS'0 (#¥92°0) 6079°0 (1£9€°0) 881L°0 ((Pwmn) oy,
T6'CE 89t 8¢y vey 0S¥ TN
68200 (6870°0) L6100 (2ST0°0) 0610°0 (LL10°0) STTO'0 (S520°0) STTO'0 ((He1a1) Iy 0L
60 (0180°0) 0¥€S°0 (1€60°0) $¥95°0 (LTST'0) SSTS'0 (0L91°0) #9850 (powm) owry,
TL81 ¥0'8 oL'8 929 €L RS
16200 (0890°0) 81200 (8%7€0°0) LETO'0 (S620°0) 0¥10°0 (99€0°0) 6€10°0 ((He1a1) Iy 09
wopuey (D) T wpody () T wpody (V) 1 wpuos[y 0T0ZSuex u

SAITIRNS JUAIRHIP Aq pazifeniul STy-> | d|qef

pringer

As



841

Journal of Optimization Theory and Applications (2022) 194:821-851

SIOZI[RTIIUT 9} J& PAJBN]EAS dWT) D) PUE JOIId dANE[AI Ay Juasaidar Kjoanoadsar ¢

<0 <0

119°[01, "SaSed )] = Y PuB = J
sauo paredwod ay) Juowre 3saq Y 218 A3Y) JBY) ABIIPUI SAN[RA P[Og

9€1¢8 (66¥€°0) T€98°¢ (S€8€°0) Yo' (1205°0) #b00°€ (¥186°0) £5¥6'9 (pPumn) sy,

9 el 8891 90°0C 8711 96°0¢ TN
¥610°0 (F1¥0°0) 6200°0 (6L00°0) 6200°0 (1%00°0) 6200°0 (#900°0) 6200°0 (Mo 1o Iy 06
€P0EE (T8YT0) ¥ILL'T (6197°0) 9€61°C (SSS€°0) TE08'T (¥£29°0) 6196'C (pPum) sury,

9L¥T 7681 8T€l 856 7891 TN
19€0°0 (LLY0°0) 0820°0 (T1€0°0) 6L20°0 (#620°0) 9LT0°0 (L¥€0°0) 6L20°0 (Mo 1o1) I [y 08
0€€0Y (6T¥1°0) ¥995°C (0SST°0) €09L'T (TSTT0) €£90T°C (609€°0) STOT'€ (powm youry,

98'St ¥6'8T 8681 Y€€ 79'1¢€ 1N
69€0°0 (0950°0) TET0°0 (81€0°0) 9TT0°0 (6020°0) 621070 (00£0°0) 621070 (Ho 1) [y 0L
SESL'T (S€80°0) #E10'T (0060°0) #8890 (08ST°0) LT6L'O (€881°0) 08L8°0 (pPum) sury,

89'9¢ 9681 [0 0TI el 1]
90L0°0 (8590°0) 60200 (0T€0°0) €€T0°0 (€920°0) +120°0 (82€0°0) 11200 (pH1o7121) T [Y 09

wopuey (D) 1 wypLody g | wpLos[y (V) 1 wipuody 0T0csuex

sQIaIens JUAISHIP Aq pazifentiur STy-> Z3|qeL

pringer

As



842 Journal of Optimization Theory and Applications (2022) 194:821-851

(a) 02 - - - - - - - - (b) 03
—*— Alg. 1 (A) —*— Alg. 1 ()
0.181 —O— Ag.1(8) —0O— Ag.1(8)
—$— Yang 2020 0.25 | —P— Yang 2020
0.16[ —&— Random —&— Random

02

Relative Error
°
Relative Error
°
a

01f

IR o

10 20 3‘0 4‘0 5‘0 éﬂ 7‘0 8‘0 9‘0 100 (] O.‘W 0.‘2 0‘3 O.‘A 0.‘5 0j6 O.‘7 0.‘8 OjQ 1
R(d=4, t=4) B(d=4, t=4)

Fig. 4 Comparisons of relative error of €-ALS initialized by Algorithm 1 (A) (red and star markers),

Algorithm 1 (B) (magenta and circle markers), [48, Procedure 3.1] (black and right arrow markers), and

random initializers (black and diamond markers). Left panel: »n is fixed to 100, 8 = 0.1, t = 4, while R

varies from 10 to 100. Right panel: n is fixed to 50, ¢t = 4, R = 10, while the noise level g varies from 0.05

tol

. R 2

written as HA — Y12 ®u; ® ---®ug;| ,andso (5.14) reduces to (2.2). Once

- F

A = [ay, ..., aR] is obtained, we use K-means for clustering, with the transpose of
the rows of A, namely, a%’s being the new samples. The cluster error is defined as
follows: Let K > 2 be the given clusters, ¢ : R"1>* > — {1 .. . K} be the true
clustering mapping, and ¢ be the estimated one. Denote card(-) the cardinality of a
set and /() the indicator function. The following metric is used to measure clustering
performance [43]:

cluster err. := (g’)_lcard ({0, )= T (W (AD) =¥ (A)) # T (YolA) = Yo(A)).i < j).

We solve (5.14) by e-ALS initialized by Algorithm 1 (A), (B), and by random initial-
ization, with R = 30 for the problem. For the first two initializations, the max iterations
of e-ALS are set to 10, while it is 1000 for the random initialization. We also compare
them with vanilla K-means, namely the original samples A;’s are first vectorized
and then clustered by K-means. The dataset COIL-100 http://www.cs.columbia.edu/
CAVE/software/softlib/coil- 100.php is used, which consists of 100 objects, each con-
taining 72 images of size 128 x 128 viewing from different angles. In our experiment,
we each time randomly select K = {5,7, 9, 11, 15, 20} objects, each object randomly
selecting M = 50 images, resulting into a third-order tensor A € RI0K*128x128 pq¢
consists of 50K samples. For each case we run 50 instances and present the averaged
results in Table 3.

Considering the clustering error, we observe from the table that armed with the
approximation algorithm, CP approximation-based method achieves better perfor-
mance than the vanilla K-means, while Algorithm 1 (A) is slightly better than
Algorithm 1 (B). However, if starting from a random initializer, CP approximation
based method is worse than vanilla K-means. This shows the usefulness of the intro-
duced approximation algorithm. Considering the computational time, we see that the
first two methods are also better than vanilla K-means. This is because €-ALS is
stopped within 10 iterations and because the sample size after reduction is R = 30.
On the other side, the sample size for the vanilla K -means is 128>. We also observe
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Table 3 CP approximation for clustering via first solving (5.14) by Algorithm 1 (A) + €-ALS, Algorithm 1
(B) + €-ALS, and random + €-ALS

K Algorithm 1 (A) Algorithm 1 (B) Random vanilla K-means
Cluster err. Time Cluster err. Time Cluster err. Time. Cluster err. Time
5 1.10E—01 0.33 1.12E-01 0.24 1.44E—-01 6.25 1.33E-01 0.44
7 9.60E—02 0.40 1.04E—01 0.31 1.64E—01 5.12 1.08E—01 0.79
9 8.24E—02 0.50 9.12E—02 0.42 1.40E—01 11.74 1.00E—01 1.25
11 7.48E—02 0.58 8.08E—02 0.50 1.21E-01 15.26 8.54E—02 1.76
15 6.31E—02 0.78 6.92E—02 0.68 9.56E—02 14.86 7.25E—02 3.23
20 5.36E—02 1.04 5.23E—02 0.98 7.84E—02 24.14 5.56E—02 5.58

Bold values indicate that they are the best among the compared ones
The iterative algorithm of the first two stops within 10 iterations while that for the third is 1000; then, the
K-means is performed to the reduced samples ak’s. We also use the vanilla K -means as the baseline
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Fig.5 Cluster error and CPU time of CP approximation for clustering of one instance with varying R from
10 to 100, and K = 5. Left: cluster error versus R; right: CPU time versus R

that Random + e-ALS usually cannot stop within 1000 iterations, making it the slowest
one.

We next show the influence of R on the performance. We fix an instance with K = 5,
and vary R from 10 to 100. We plot the cluster error and CPU time of Algorithm 1 (A)
+ €-ALS in Fig. 5. We see that the cluster error does not change a lot when R varies,
while around R = 30, the cluster error seems to be slightly better than the other cases.
This together with the CPU time shown in the right panel explains why we choose
R = 30 in the experiment.

6 Conclusions

In [48], an approximation procedure was proposed for orthogonal low-rank tensor
approximation, while the approximation bound was only established when the num-
ber of latent orthonormal factors is one. To fill this gap, a modified approximation
algorithm was developed in this work. It allows either deterministic or randomized
procedures to solve some key subproblems in the algorithm, therefore giving more
flexibility. The approximation bound, both in the deterministic and the expected senses,
has been established regardless of how many orthonormal factors there are. Moreover,
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compared with Yang [48, Procedure 3.1] which requires 7 SVDs of size n x n¢~!,
the modified algorithm involves only one SVD of this size (plus other operations of
smaller size), making it more efficient. Numerical tests were provided to verify the
usefulness of the algorithm, and its performance is favorably compared with Yang [48,
Procedure 3.1]. One of the future work is that in Algorithm 1, instead of obtaining
B, from A x4 u;.rﬂ’i S Xy uli, other choices of mixing A and u; ; are possible.
On the other hand, approaches for finding global solutions can be studied, where a
possible way is to use convex relaxation as those for rank-1 approximation [17, 30,
49]. Another possible research thread is to extend the notion of best rank-1 approxi-
mation ratio of a tensor space [25, 33] to the best rank- R approximation ratio setting

and study its properties.
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A Proofs

Proof of Lemma 2.3 One notices that

R 2 R 2
Dy MA@ =max ) (A@, Xl st Xl = 1 rank (X)) = 1,

(Xi, X;)=0,i #j,
where X; € R™ x[Te1 74, The above problem is equivalent to

R 2
max Y (u/A@vi) st UTU =Ll =1,
i

U,v
where U = [uy,...,ug] € RW*R and V = [vy,...,vg] € RHZ;}”"XR. Note
that the above maximization problem is a relaxation of (2.2); thus Zle Ai (A(d))2 >
Gmax- O
Proof of Lemma 4.5 Since the orthonormal U;’s, j =d —t +1,...,d — 1, are given

by the polar decomposition of V;, from Lemma 2.1, we have (uj,i, VjJ) > 0. Using
the relation that a% + -+ a,ze > % (ap +---+ aR)2 for nonnegative a;’s, we have

R 1 R 2
Do) = <Zi=1 (i, Vm‘)) = 2 (U5 v

for each j. Lemma 2.2 shows that (U, V;) = | V; ”*, the norm relationship gives that

Vil = |V;] - Thus,

R 1
> vl = 2 il
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We distinguish the cases that j <d — 2 and j = d — 1. For the former case,

R 2 1 2 1 R 2
Do vl = Vil =230 vl

Bj R 2
bvany =85

Bj xR T T |2

= Ej Zi:l HA XjFT Wy X2 Xd Uai|
Bi R 2

> L Zi:l <A X j+1 UJTHJ Xj42 " Xd UL, yj+1,i>
Bj —R 2

by @.7) =2 (Wi visna) s (A.15)

where the equality in the third line follows from that M; ; is the unfolding of B; ; =
Ax u]TH QX2 xdu;, and the third inequality uses the fact that ” Vi1, || p=1
where )V; ; was defined in (4.8).

When j = d — 1, since Y, ; is not defined, there is a slight difference after the third
line of (A.15). In this case, we have

R B . i
Zi:] (udfl,i,Vdfl»i>2 = % i=1 HA X4 udT,i F
— R B R
= /3—[;1 Zi:1 hi(A@)? = /30;31 Zi:l (0., Vd’i>27

where the first inequality comes from a similar analysis as (A.15), the first equality
follows from the definition of Uy, and the last one is due to the definition of V; in
(4.9). The desired inequality thus follows. O

Proofof Lemma 4.6 1f v; ; is generated by Procedure A, we have

vl = 32

max

1 2
(Mji) = — M
nj
where Amax () denotes the largest singular value of a matrix.
If v; ; is generated by Procedure B, we have

2 ) & X mf,i ’ i3
[vsal? = Myl = 0 (mb o =2 ) =
J

1 2
2 z E nry

T

where we recall that m]]‘. ; denotes the k-th row of M; ;, and m’, ; is the row with the
largest magnitude. B
If v; ; is generated by Procedure C, since k is uniformly and randomly chosen from

{1,...,n;}, this means that with equal probability, the random variable Hv i H 2 takes
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2 .
>,s=1,...,nj,1.e.,

N N
the value Zk 1< Jl,mj’l./Hij

nj mg 2 l
Prob ||v,~,,~||2zz<mf;,,., N> L sty

s n
k=1 m; ; 1
Therefore,
nj m’ . \2 nj
2 1 m; ; 1 s |12 1 2
el = -3 < - >Z;2Hmn = o Il
s=1 k=1 j, T s=1 J
The proof has been completed. O

Proof of Proposition 4.2 To achieve this, we first show that V; generated by Algorithm
1 satisfies

Vi=U;-3, j=d-t+1,....4, (A.16)

where X' = diag(oy, ..., or). If (A.16) holds, then since U; generated by the algo-
rithm is given by the polar decomposition of V;, by Assumption 4.1, it follows

Uj=U} j=d—t+1,....d (A17)

(A.16) can be proved by the induction method starting from j = d. When j = d,
this is in fact given by (4.9). To see this, we only need to show that A;(Ay)) = o;
where we recall that A;(-) denotes the i-th largest singular value of a matrix Let

Ur, e RHJ 1R be the matrix whose i-th column is the vectorization of ® = 1 u’ i
Under Assumption 4.1 when ¢t > 2, U* 4 1s orthonormal, giving that U* ) u* d)T
is a reduced SVD of Ay, and the results follow. Assume that (A.16) holds when
j=d,d—1,...,m;thenU; = U;‘, j=d,d—1,..., m. Therefore, it follows from
the algorithm that

—1
T T m ¢
Bu-1i=AXnW, ; Xmp1 X+ Xa Uy ; =0 ®j—1 Wji»

which is a rank-1 tensor. Since M;_ ; is the unfolding of B,, 1 ;, it can be seen that
Ym—1,i generated by Procedures A—C is just the vectorization of ® _ 1 u* i and so
Vi—1,i = ojW; _ Li» which demonstrates that (A.16) holds when j = m — 1. Thus,
(A.16) and (A. 17)arevalidf0rj =d—t+1,...,d.

Since AXg_s41 u;i'—_lHJ Xm41 X+ Xd “;—,i is of rank-1, the rank-1 approximation
procedure generates that uji = u;" i»J=1,...,d —1t Hence, G(Uj,...,Uy) =

GUf, ..., U = ¥R | 2. This completes the proof o
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B Empirical Discussions on the Approximation Bound

Lemma 4.5 shows that the approximation ratio arises from two folds of each factor: the
lower bound of |v; ;||* /| M;.: || % and the lower bound of "%, {u; 1, v;.:) /| V|3
The former reaches the worstbound 1/n ; when M ; ; is row-wisely orthogonal and each
row has equal magnitude; the latter attains the worst bound 1/R when V; is of rank-
1 and each column admits equal magnitude. In reality, these two worst cases rarely
occur simultaneously, meaning that it is possible to further improve the theoretical
lower bound. Here, we show the real ratio and the theoretical ratio via examples as
follows.

We generate tensors A € R 'where every entry obeys the standard normal
distribution. We set + = 4 for the problem. n varies from 10 to 100, where for each
n, 50 instances are generated. We use Procedure A in the algorithm. In Fig. 6(a), we

plot the curve of the real ratio (ZI‘R=1 [vj.i “2/ M, ||i) /R and the curve of the

theoretical ratio 1/n when j = 1, 2. The figure shows that although the real ratio is
better, it still approaches the theoretical one as n increases. In Fig. 6b, we fix n = 100

and vary R from 10 to 100. We plot the real ratio "X (w; ;,v; .}’ / |V ”i and the
theoretical one 1/R. The figure shows that the real ratio is far better, while it also
decreases as R increases.

To further investigate the influence of n and R on the bound, we also plot the total

real ratio % and the theoretical one 1/R3n? in Fig. 6¢. The tensors are
i=] /‘max (d)
the same as above, where in the left panel, we vary n from 10 to 100 with R = 10

fixed; in the right one, R varies from 10 to 100 with n = 100 fixed. The real ratio is
in red, and the theoretical ratio is in black with diamond markers. We see that the real
ratio decreases as n increases, confirming the observation of Fig. 6a. Moreover, the
real ratio is almost parallel to the theoretical ratio, showing that the theoretical ratio
is reasonable up to a constant (if we view R as a constant). The right panel shows
that when R increases, the real ratio does not decrease as much as the theoretical one,
showing that the term 1/R3 might be too loose in the theoretical ratio. Thus we also
plot the curve of nlz, which is in black with right arrow markers. We see that 1/n>
is still under the curve of the real ratio, meaning that it is possible to improve the
theoretical ratio in the absence of R.
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C Anotherget v from MProcedure

Procedure v = get_v_from_ M(M) (D)

Randomly and uniformly draw a vector y € S !, where S"~! denotes the unit sphere in R ; return
v = My.

Proposition C.6 Let v € R” be generated from M € R ™ by Procedure D. Then it
holds that E||v||*> = L ||M]|3.

Proof The proof is based on Lemmas C.7 and C.8. O

Lemma C.7 Lety be randomly and uniformly drawn from the unit sphere ™~ in R™.
Then, it holds that

E(y(k)* = 1/m, Ey(k))y(k2) =0,

where k, k1, ko = 1,...,m, ki # ko, and y(k) denotes the k-th entry of y.

Proof The first property comes from He et al. [12, p. 896]. The second one uses
symmetry. Let z € R” be defined such that z(k) = y(k) for all k& # ki, and
z(k1) = —y(k1). Then, z is also uniformly distributed on the unit sphere, which
means that Ez(k;)z(ky) = Ey(k1)y(ky). By the definition of z, this means that
Ey(k1)y(kz) = 0. Since k| and k> can be arbitrary, the results follow. m]

Lemma C.8 Let y be randomly and uniformly drawn from S"~'. For any constant
vector a € R™, it holds that E (a, y)* = m~!||a|%.

Proof We have from Lemma C.7 that

By =E) > aknyknakoy(k)
=Y, @R OR)* + Y, aknate)y(knyk) =m™ lal’.

m}

Remark C.4 Proposition C.6 shows that if Procedure D is used in Algorithm 1, then
the approximation bound will be worse than that based on the other three procedures,
as m is usually far larger than n in our context. Thus, we only leave this procedure in
the appendix for potential interest.
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