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Abstract

We develop and study incremental algorithms for truncated higher-order singular value
decompositions. By combining the SVD updating and different truncated higher-order
singular value decompositions, two incremental algorithms are proposed. Not only the
factor matrices but also the core tensor are updated in an incremental style. The costs of
these algorithms are compared and the approximation errors are analyzed. Numerical
results demonstrate that the proposed incremental algorithms have advantages in online
computation.
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1 Introduction

Tensors are multidimensional arrays and used to represent ubiquitous high-dimensional
data, such as color images, hyperspectral images, videos, and facial recognition
datasets. Like singular value decomposition (SVD) for matrix analysis, tensor decom-
positions are basic tools for high-dimensional data analysis. Applications include data
compression, feature extraction, knowledge discovery, and more. Various decom-
positions such as CANDECOMP/PARAFAC [4, 14], higher-order singular value
decomposition (HOSVD) [7, 34], hierarchical SVD [10, 13], T-SVD [16, 17], tensor-
train [24] have been developed in the literature. The interested reader can refer to [18]
for a thorough review.

One of the most widely used tensor decompositions is HOSVD. Although the
HOSVD is regarded as a convincing multilinear generalization of the SVD, there are
some differences between them. First, the right singular vectors of unfolding matrices
are not involved in the HOSVD, and the core tensor corresponding to the HOSVD
is computed by matrix-tensor products. Second, the best low-rank approximation of
a matrix is just the truncated SVD, while there is no closed-form optimal solution
for the low-multilinear-rank approximation of a tensor [18, 37], resulting in multiple
definitions of the truncated HOSVD. Two main types of the truncated HOSVD are T-
HOSVD and ST-HOSVD; see Sect. 2.3 for details. Recently, randomized algorithms
have been developed for the truncated HOSVD; see [21, 33]. These methods are
suitable for low-multilinear-rank tensors.

In many applications, we need to handle tensors with dynamic sizes. One situation
is that only partial data sets are known at first and the new data sets are arriving continu-
ously over time or are available later. Examples include live video streams, surveillance
videos, and driving recorder datasets. Such tensors are called tensor streams or incre-
mental tensors; see [31, 32] for instance. To tackle an incremental tensor, we usually
need to compute the decomposition once a new data set arrives. For example, in
online object tracking [15, 27], we need to give the tracking result once a new frame
arrives. Most algorithms [7, 18, 37] of tensor decompositions are designed for the
batch mode. Batch-mode algorithms, which need to compute the decomposition from
scratch when new data set arrives, are not suitable for online computation because of
their poor performance in terms of time and space cost for large-scale incremental ten-
sors. For incremental tensors, developing online algorithms to make use of the known
decomposition of the old tensor and reduce the computation cost becomes necessary.

For the matrix case, there are two main types of online algorithms for SVD: down-
dating and updating. Downdating [12] is to find the SVD of a matrix obtained by
deleting a column from the original matrix, while updating is to find the SVD of a
matrix obtained by adding a column to the original matrix. There are a lot of works
on the SVD updating, e.g., [2, 3, 11, 22, 26]. In this work, we will develop online
algorithms for incremental tensors, which can be regarded as extensions of the SVD
updating. Meanwhile, we focus on the incremental HOSVD, and incremental tensor
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CANDECOMP/PARAFAC decompositions can be found in [19, 23, 25, 29, 36, 38,
39].

The incremental HOSVD has been widely studied in [5, 15, 20, 27, 30, 35].l
However, All existing works on incremental HOSVD do not study this problem sys-
tematically. In [5, 15, 27], only the update of factor matrices is discussed. In [20, 30,
35], the factor matrices are updated by incremental algorithms, but the core tensor
is updated simply by matrix-tensor products, which is a batch mode computation;
see Remark 2 for details. Thus the cost (space and time) can be very large and the
algorithms are not suitable for long time computation. All these works are aimed at
incremental algorithms for the T"HOSVD, while incremental algorithms for the ST-
HOSVD have not been studied in the literature. Moreover, the approximation errors
of the incremental HOSVD have not been discussed before.

In this paper, we discuss incremental algorithms for the truncated HOSVD. Here
we assume that the new data are coming in a specific mode (for example, we are
interested in the time dimension of video data) and the truncation rank is fixed in the
incremental process. In summary, the main contributions of this paper are listed as
follows:

1. We propose an incremental algorithm corresponding to the T"THOSVD. The factor
matrices and the core tensor are all updated by incremental methods.

2. We propose an incremental algorithm corresponding to the ST-HOSVD.

3. The costs of different methods are compared and the approximation errors are
analyzed.

This paper is organized as follows. Section 2 introduces basic definitions about
tensors. The incremental algorithms are proposed in Sect. 3. Bounds of the approxi-
mation errors are established in Sect. 4. Numerical experiments are provided in Sect.
5. This paper is ended with conclusions in Sect. 6.

2 Preliminaries
2.1 Notation and definitions

We use bold-face lowercase letters (a, b, ...) to denote vectors, bold-face capitals
(A, B, ...)todenote matrices and calligraphic letters (A, B, . . .) to denote tensors. The
notations I and 0 denote the identity matrix and the zero matrix of suitable dimensions.
The Frobenius norm of A € R/1*2X*IN ig given by

L D Iy
— 2
A= |22 D iy
ii=lir=1  iy=I
where a;,j,...iy 18 the (i1, i2, ..., iy)th entry of A.

1 Although the algorithm proposed in [33] is aimed at streaming tensors, it forms an approximation of the
tensor only after all the data have been observed and hence is not an incremental algorithm.
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Given A € RI-xIv-ixIy 3 g RIDC>xIN-1XIV we denote by C := [A  B] an
Iy X -+ x Iy—1 x (Iny + Jn) tensor satisfying

CG,....,.,1:In)=A, CC,...,.,In+1:Iy+Jy)=B.

The mode-n fibers of a tensor are the higher-order analogue of matrix column and
row vectors. A tensor can be vectorized into a vector with specific ordering. We adopt
the following simple ordering in Matlab:

vec(A) = A().

A tensor can also be unfolded into a matrix. The mode-n unfolding matrix of A is
denoted by A, and arranges the mode-n fibers to be the columns of the resulting
matrix. The specific ordering of the mode-n vectors within this unfolding is usually
not important, as long as it is consistent. We adopt the canonical ordering, as presented
in [18].

The n-mode product of a tensor A € R/1**!N by a matrix M, denoted by M -, A,
is a tensor generated by multiplying each mode-n fiber of A by M. If n > N, A is
regarded as an nth-order tensor with size I1 X --- x Iy x 1 x - -+ x 1. Following [9],
we write M -1 - - - M,, -, /A more concisely as (Mg, ..., M,,) - A,> which is the called
the multilinear multiplication of Aby My, ..., Mp).

The n-rank of a tensor 4, denoted by r,(A) is the dimension of the vector space
spanned by all mode-n fibers. The N-tuple (r1(A), ..., ry(A)) is called the multilin-
ear rank of A.

2.2 Incremental SVD
Given a matrix A € R”*", suppose its SVD is
A=UxV',
where U € R"*" | ¥ € R"™*",V € R By appending a new row b’ € R'*" we

A .
bT:|' We want to obtain the SVD of B based on the SVD

of A. The resulting decomposition is called the incremental SVD of B.

R O 0 1 I

Consider the Gram-Schmidt orthonormalization of b with respect to V:

obtain a new matrix B = |:

y
x=V'b, y=b-Vx, p=|yl. p=;-

2 Some papers such as [7, 8] use A x| My - -+ x, My, in place of (M, ..., M,,) - A. Here we follow the
notation of [9, 37]. Refer to [9, Section 2.1] for more discussions.
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Then, we have

and

Define

D= [ET 0} € RUHDXC+D
x' p

Suppose the SVD of D is D = GAH . Combining the SVD of D and (1) gives

B= [lﬂ - ([U 1] G> AQV Pl

which is the SVD of B. The decomposition D = GAH is useful in the incremental
algorithms of the truncated HOSVD. We summarize the incremental SVD as Algo-
rithm 1. The cost of Algorithm 1 is O (nr + r3).

Algorithm 1: Incremental SVD (iSVD)
1 function [G, A, H] = iSVD (X, V,b)

2| x<VTp
3| y<«<b—-Vx
4| p<lyl
5| Pp<y/p
Y 0
6 | D« |:XT Pi|
7 |G, A, H] = svD(D) > Compute the SVD of D

8 end function

The incremental algorithm for appending a new column is similar. We omit it here.
In incremental algorithms of the truncated HOSVD, we will compute the incremental
SVD of an unfolding matrix, but the situation is somewhat different: several columns
are appended simultaneously, and only the left singular vectors are needed in the final
result. Therefore, the corresponding algorithm is different from the incremental SVD.
See Sect. 3 for details.

2.3 HOSVD, T-HOSVD and ST-HOSVD

The HOSVD is proposed in [7].
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Theorem 1 (HOSVD) Every tensor A € RI"*IN admits a higher-order singular
value decomposition:

A= Uy,...,Uy)-S,

where the factor matrix U, € R"*!» is orthogonal, obtained from the SVD of the
mode-n unfolding of A:

Ap=U,Z,V,
and the core tensor S € RIV XN can be obtained by
S= (UT,...,U]TV) A

Truncating the HOSVD can be used for low-multilinear-rank approximation to a
tensor. Suppose that we want to approximate A by a rank-(R1, ..., Ry) tensor with
R, < I,forall 1 <n < N. A simple choice of the factor matrix U,, of the truncated
HOSVD (T-HOSVD) is obtained from a truncated SVD of the mode-n unfolding
matrix:

T 2 7/ 2_-:" VJ
Am=U,2Z,V, =[U, U] s 1| 2)
n

n

where U,, € RI*Rn consists of the R, dominant left singular vectors. By [8, Theorem
4.1], the truncated core tensor is

(OF.....0F) - A= S e R,

Throughout this paper, "THOSVD only refers to the truncated HOSVD defined by (2).

Another strategy for truncating the HOSVD is the sequentially truncated higher-
order singular value decomposition (ST-HOSVD) [37], which is cheaper still to
compute and often improves the approximation error with respect to the T"THOSVD.
The factor matrix U,, of the ST-HOSVD is obtained from a truncated SVD of the
mode-n unfolding of a tensor generated by sequentially truncated the original tensor
A. Unlike the T-HOS VD, the ordering in which the modes are processed is relevant and
leads to different approximations and time cost. We use a sequence x = [my, ..., Tn],
which is a permutation of [1, ..., N], to denote the ordering in which modes are pro-
cessed. Then, the factor matrices of ST-HOSVD are defined in the following manner:
A=A forn=1,...,N,

n—1 [ 7/ z‘7'l’n v; n 7T n—1
Al = [Un, Ug,] s |[§%] A =0 A0

T T

For more details, see [37, Algorithm 1].
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Remark 1 How to choose a good processing ordering 7 is an open problem. In [37],
the authors propose a heuristic choice of the processing ordering:

7w =[my,...,ay]lsuchthat Iy, <... <1y,

under the assumption that the time complexity of computing the SVD of an m x n matrix
is O (mn min(m, n)). However, the actual running time of computing the SVD is not
only determined by this simple time complexity. For simplicity, we setw = [1, ..., N]
in the experiments presented in Sect. 5, which has a good performance in time cost
among all processing orderings.

Property 1 ([37, Property 6.3]) Let A € RN XIN pe truncated to rank-(R;, ..., Ry)
by the ST-HOSVD with processing ordering [1, ..., N] (respectively, T-HOSVD).
Assume the time complexity of computing the SVD of an m x n matrix is
O (mnmin(m, n)). Then, the ST-THOSVD and T-HOSVD requires

N
10) ((11 +RiL/L+R)[ ] 1,,) and

n=1

N
o (Z Iy - Iymin(Ly, Iy - - L1 I "'IN))
n=1

operations to compute the approximation, respectively.

2.4 Tensor norms with respect to multilinear multiplication
The n-mode product has the following relationship:

B=M, A & B(n) =MA(n).

If M}, has orthonormal columns forallk =1, ..., n, then
(M, ..., M,) - Al = [l Al “)
Suppose U,, is a subspace of R’* and the columns of U,, € R’**® form an orthonor-

mal basis of U,,. Then the multilinear orthogonal projection [37] from the tensor space
R x ... x RN onto the subspace Rl x --- x RI-1 x U, x RIm+1 x ... x RV is
given by

DU, A = (U,,UI) A
The orthogonal complement of &2,[U,] is
PHU M = (1 = 2D A= (1-U,U]) o A
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Given U, € R/"*Ru satisfying U U, = Iforn = 1,..., N, the solution of the
following problem

min A= (U,....,Uy) -S|

SGRRl XX Ry

is given by S = (U] , ..., U;) - A, as proved in [8, Theorem 4.1]. This is just to say
that

A — 2 [U1]--- PN[Un]A| = min JA—(Uyq,....,Un)-SII. (5
SQRRIX”'XRN
A special case of (5) is

H@HU,,]AH = min AU, -, S| Va=1....N, 6)

E)l

where V,, = RNV In—iXRuxlnp1xxIn ¢ follows from [37, (5.1)] that

N N
lA = 20U 2yUNAL = |3 [ 20047 = Y | 2 u4] . @)
n=1

n=1

3 Incremental algorithms

In practice, the incremental algorithm will be run many times as many slices will
be sequentially added. For ease of presentation, we introduce a tensor sequence
AV AL AL AL L satisfying

Af+1 — [At Bt] c R[]X-~-><IN,1><([N+I+1), (8)
where B! € RI*IN-1 is a slice. Denote J = [[V' I,. Forn = 1,...,N — 1,
J(IN+1+I)
A%l € R™ h s a column permutation of [Azn) B{,)]. We can use
[Aé ) B(n)], which is a matrix generated by appending new columns to A( )
A
to obtain the updated factor matrix. Forn = N, Al = N | e RUNFIHDXJ
(N = ec(B’)

is a matrix generated by appending a new row to A’ Ny
The truncation rank is (Ry, ..., Ry). Throughout this section, we denote the
HOSVD and truncated HOSVD of A’ by

A= (UL UL A (T LT - S

We assume that the truncated HOSVD of A’ is known and present two incremental
algorithms for computing the truncated HOSVD of A+,
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3.1 iT-HOSVD

We can compute the truncated factor matrix U/*! from the truncated factor matrix
U!,, which is extended from the incremental SVD introduced in Sect. 2.2. We call this
method incremental truncated HOSVD (iT-HOSVD).

First, we introduce how to update truncated factor matrices.

1. Thecasen =1,..., N — 1. We have

AL B ~fosv s 1=[o, B, ][ v 9
[ (n) (n)]“ n“n¥n m| — | n (n) I 1 - )

Define
_ — J
X! :=U,B,, Y, =B, —UX,eR"n (10)

Let Pfl be an orthonormal basis of the column space of Yﬁ,, which can be solved
by the QR decomposition. Now, we have

_ _ I X
|:U£l an)] = [U;; PZ] |:0 Pt#Yti|
n *n

and
_ 0 X
UT Bt :I n — 1t ! n n .
[ n (n) |: 0 I] [Un Pn] 0 PZTY;

Define

2; X, Iyx (L +Ry)
D,’1 = Teor e R T, (11)

0 P Y,

Suppose the SVD of D/, is D!, = G/, A;HZT. Combining the SVD of D/, and (9)
gives

Bl‘

.
[AL) Bl ~ ([0, P]G,) A4, <[Vfl }H) (12)
n n n n n I n

(n)
Define ®! := G/ (1: Ry, 1: R,), ¥! := G, (R, +1:1,,1:R,). Then

U =0 e +P W T = AT(1: R, 1:Ry). (13)
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2. The case n = N. This case is in the framework of Sect. 2.2. Here we write the
following formula (line 13 of Algorithm 2) for the convenience of later discussion:

_ U\ @'
t+1 _ N*N
Uy’ = [ o } - (14)
Now we discuss how to update the truncated core tensor. Define

E; = |:(I)] e RUNFHDXUn+D - g, I:(l)i| e RUNHIHDxT,

We have
A Z[A 0] 40 B =B A +Eyy B
It follows from (14) that

I

— T - T =+T — T T
Oy E = ey 0y npﬂM:«pgvugv, U E = vy

Define 7' := ﬁ;J -n A’. Then

T+l [‘Jt]\jrlT v AT = I_Jﬁ\?rlT N (E1 v A"+ Ep -y BY)

_ (15)
= ¢§VT ‘N (Ui\,T ‘N .At) + 'I/t/J ‘N B = ¢t/J ‘N T! —{-‘I’ﬁ\j ‘N B.

and
st+1 _ (yyr+1T SR t+1 _ [(yt+1" 1T t+1
S —<U1 s Uy )-A _<U1 LU )T

Therefore, the truncated core tensor can be updated with the help of the auxiliary
tensor 7' € R/1>xIN-1xRN ‘\which can save both space cost and time cost.
The whole procedure of iT-HOSVD is presented in Algorithm 2.

Property 2 Assume the time complexity of computing the SVD of an m x n matrix is
O (mn min(m, n)). Then the time complexity of iT-HOSVD is

N-1
0 (R,zvt + Ry(R1 + Ry)J + Z (InJ + Rnl,,z)) .

n=1

Proof First, we consider the cost of updating the n(1 < n < N — 1)th mode. In line 2
of Algorithm 2, the cost of obtaining X/, is O (R, J). The cost of line 3 for computing
Y/, is O(R,J). In line 4, the computation of the QR decomposition of Y/, is O (1,,J).
The cost of obtaining D/, in line 5 is O (I, J). The cost of computing the SVD of D/,
inline6is O(I,J + R, I,%). The cost of line 8 for computing I_Jﬁfrl is O(R, I,%). So the
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Algorithm 2: incremental truncated HOSVD (iT-HOSVD)
Input: U/, and Z_Tf, forn =1, ...,N;\_’ﬁv; T B!
Output: ﬁf{“ and f;ﬂ forn=1,...,N; V;\',H; T+l grtl
1forn=1,...,N—1do
1 ot | mt
2 | X, <0, B,
3| Y, «<B —UX

(n) nn
4 [P, ~]=ar ) > Compute the QR decomposition of Y/,
=t
) X!
e
0 Pn Y"
J
6 | [Gh. AL, H]=svDD,) > Compute the SVD of D e Ry TR

7 | @, <« GL(1: Ry, 1:Ry), W, <« GL(Ry+1:1y,1:Ry)
s | UL < UL o! +PLw!,
si+1
o | T AL R, 1Ry
10 end
1 [Ghy, ALy, Hy ] = isvD(Zly, Vi, vec(B"))
2 4 « G\ (1: Ry, 1:Ry), ¥ < G\ (Ry+1,1:Ry)
o U &
13 U;{f <« [ I!I\;’ N:|
N
14 E‘ﬁl <~ AL (1: Ry, 1: Ry)
15 Vs\fl <« [Vﬁ\, p] -Hﬁv(:, 1:Rpy)
T T
16 T1F1 <oy NT' +¥ B
Si+1 41T Fr+1 T 141
17 S <—(U1 ..... UN71)~T

entire cost for updating the nth mode is O (I, J + R, I,%) and overall cost for updating
the first N — 1 modes is O <ZN_1 I,J + RnI,%).

n=1
Second, we consider the cost of updating the Nth mode. The cost of computing the
SVD of Dﬁv in line 11 is O(Ry J) (see Sect. 2.2). The cost of line 13 for computing
I_Jﬁ\fl is O(RIZV(IN + 1)). The cost of line 15 for computing Vﬁl is O(RIZ\,J). So the
entire cost for updating the Nth mode is O(Rjzv J+ RjzV (Iy +1)).
At last, the total cost of lines 16 and 17 is O(Rlz\,J + RiRyJ).
Combining the three parts above yields the final time cost. O

Remark2 As mentioned in the Introduction, in previous works on the truncated
HOSVD, the factor matrices are updated by incremental methods, while the core
tensor is updated via a batch-mode computation. For example, i-HOSVD proposed in
[30] updates the factor matrices with the same methods as Algorithm 2, but updates
the core tensor simply by matrix-tensor products, i.e., lines 16 and 17 of Algorithm 2
are changed into

- _ T _ T
Sl (U’IH ,U‘,Q” ),Ar+1_
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Corresponding to Property 2, the time complexity of this algorithm is

N—1
0 (RN(RN + )t + Ry(Ri + Ry + In)J + Y (1,,J + R,,I,f)) .

n=1
3.2 iST-HOSVD

For the ST-HOSVD, U4 has relations with U, ... Ui where r is the process-
ing ordering. To design an incremental algorithm to update all factor matrices of the
ST-HOSVD is difficult. By the ST-HOSVD procedure (3), we know that the dominant
step in time cost is the computation of I_J;TI. Updating the first factor matrix (in the
processing ordering) can still save a lot cost.

Suppose we choose the tth mode in which the factor matrix is updated in the
incremental style. After obtaining I_J’TH, we need to compute the rank-(Ry, ..., Ry)
approximation of 7+! := UI+1" .. A"+ by the STHOSVD. Two crucial questions
are how to choose 7 and how to update the tth mode. Here we choose updating the
Nth mode by the SVD updating for the following two reasons:

1. Using the SVD updating to update the Nth mode is with a very cheap cost; see
Property 2.

2. T't! would have a fixed size of I} x --- x Iy_1 x Ry and can be updated with
the results from the last step.

Updating the Nth mode is in the framework of Sect. 2.2. The tensor 7*! can be
updated by (15). We call this method iST-HOSVD for short and the whole procedure
is presented in Algorithm 3.

Following Property 1 and Property 2, we have the following property.

Property 3 Assume the time complexity of computing the SVD of an m x n matrix
is O(mnmin(m, n)). The processing ordering of 7" *1 for the first N — 1 modes is
[1,..., N — 1]. Then the time complexity of iST-HOSVD is

0 (R,zvt + Ry(Ri /I + Ry + 11)1) .

3.3 Cost comparison

We compare the computational costs of the proposed algorithms against T-HOSVD,
ST-HOSVD, R-HOSVD [33], and i-HOSVD [30]. R-HOSVD is a randomized algo-
rithm, and as mentioned in the Introduction, it is a batch-mode algorithm. i-HOSVD
has been introduced in Remark 2.

In terms of space cost, -HOSVD, ST-HOSVD, R-HOSVD and i-HOSVD need to
store the old dataset, the new dataset, and outputs, while iT-HOSVD and iST-HOSVD
only need to store the new dataset and outputs. The main time cost of R-HOSVD is
for the Tucker sketch ( [33, Algorithm 4.1]). Suppose the sketch size parameter is
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Algorithm 3: incremental ST-HOSVD based on SVD updating iIST-HOSVD)

Input: U, Eﬁv, \75\,; T B!

Output: U forn=1,..., N; EZ\}H,VZFI;T"H;S”'H

[G,. A% H\ ] = iSVD(Zly, Vi, vec(B))

@' < Gh(1: Ry, 1:Ry), ¥y, < G\ (Ry +1,1:Ry)

ot [ ]
N

S < AL Ry 1 Ry)

Vi [Vl p]-HL G 1 Ry)

TH @l T4 Wl B

[SI

w

'S

n

6

7 m < processing ordering for [1,..., N — 1]
8 T < T'H!

9 forn=1,...,N—1do

x v/
10 T, = [U] Uz] |: ! 22i| |:V§»:|, with U; € RImn X Ry
> Compute the SVD of T,
1 I_J;'Zl «~ U
12 T, < EIVIT
13 end
St 71

(K1, ..., Ky). Then the cost of the Tucker sketch is

N
0 (Z KoJ(Iy +1)

n=1

The requirement of the sketch size parameter is K, > R,,n = 1,..., N. The time
costs of the other four algorithms have been discussed before. We summarize the costs
in Table 1. For simplicity, we suppose

I,=1, Rh,=R, K,=K, n=1,...,N.

The time costs of all algorithms would increase as ¢ increases, and all time costs
increase linearly when ¢ is sufficiently big. However, the increasing speeds differ
greatly for different algorithms. The terms related to ¢ of the time costs of iT-HOSVD
and iST-HOSVD are the same: R2¢, which is much smaller than the other algorithms.
4 Approximation error analysis
We analyze the approximation errors for the two incremental algorithms, and give some

discussions on the obtained results. For convenience, we introduce some notations.
Let At(n) be the mode-n unfolding matrix of A’. We let

Ain), &, be the best rank-R,, approximation of Aén), n=1,...,N. (16)
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(iR
In Algorithm 2 and 3, the truncated SVD of [ N (gt){‘/ } of rank Ry is
vec

o, 3\ Vv 141 5t H g1 T
5]

In Algorithm 2, we do not need to compute Vi1 forn = 1,..., N — 1. Actually, V/*!
can be obtained by (12) easily. By (9), (12) and (13), we assume that the truncated

SVD of [I_J; bRy B‘(n)] of rank Ry, is

LA

(n)] ~ U1+1 Et+1W£L+1T. (17)

With the same column permutation from [A’(n) an)] to AE:)I, we can get VLHT
from W' We define

Al =UZ V! n=1,.. N

n'n>
By definition,
Al =AY . n=1_.._N. (18)

Before we discuss the approximation errors of the two incremental algorithms,
we review the existing results on approximation errors of the truncated HOSVD. R-
HOSVD is arandomized algorithm, and its approximation error is discussed in [33]. Its
approximation error depends on the distribution of the singular values of the unfolding
matrices. In practical applications, the approximation error of R-HOSVD is greater
than those of T-HOSVD and ST-HOSVD. The error bounds of T-HOSVD and ST-
HOSVD have been given in [37, Corollary 5.2 and Theorem 6.5]. Let A’ and A’ be
the rank-(Ry, ..., Ry) T-THOSVD and ST-HOSVD of A, respectively. Then,

N 2

R Z HA(H) (ﬂ) Ru| °
= (19)

N N 2

A" = A"l < NE= Z H )~ Alw.g, H :

The following two theorems guarantee the performance of the proposed incremental
algorithms.
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Theorem 2 Suppose the result of iT-HOSVD for A’ is (U}, ..., UY) - S'. We have

A= (T..... TY) 5t||<ZHA(n) Al k,

=1 N—1 (20)

+ | 7-otast| + Z | 71 1V Iveest
k=0 n=1

=

where A?n)’ R, is defined in (16).

Theorem 3 Suppose the result of iST-HOSVD for A" is (UY, ..., UY) - S'. We have

A" = (T, ... UY) - 8" < HA(()N) AN, Ry H +Z H'@l [V ]VCC(Bk)H

21

2
+ Z”Am Al R,

’

where Azn),R,, is defined in (16).

Compared to the error bounds (19), the error bounds of the two incremental algo-
rithms are related to the approximation error of previous steps: the error bound (20)
of iT-HOSVD is related to

| 108184 | and |2t (¥hvee B |, n=1.. . N =L k=01, 01,

and the error bound (21) of iIST-HOSVD is related to

H WIJ‘ [\_’lji,]vec(Bk

k=0,1,...,t—1.

By noting (8), H 5”,% [I_Jﬁ]Bk H is the approximation error of B'(‘n) by the previous basis
UK, and || (@f[\_’]]‘v]vec(l?k) H is the approximation error of vec(B¥) by the previous
basis V’jv. This makes sense for the computation in an incremental style. If there is
a great variation between the new slice B¢ and the old data, this approximation error
would be great. The situation is similar for || ﬂf[\_ﬂ[‘v]vec(lﬁ'k)” in (21). Hence, the
approximation errors of iT-HOSVD and iST-HOSVD depend heavily on the character
of the variation of the data.

To prove Theorems 2 and 3, we first give a result related to unfolding matrices. In
fact, this result is the approximation error of the matrix incremental SVD of appending
several columns.
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Lemma 1 For Algorithm 2, we have

t+1 A+l t Al
HA<n> —Aw) ‘ = HA(n) —Aw

85 =+ 1 e

+ |z | va=1. N -1,

Proof Forn =1,..., N — 1, combining (9), (12) and (17) yields that

t+1 i+ t t 1 w1 T
HA<n> —Aw ‘ = H (A Bw]-U"Z, W,
< < et T
= H [Ain) Bt(")] N [Azﬂ) BE’I)] H + H [Azn) an)] Uy W
We have

t t At t At 1t
H (Al Bl - [A(m B(n)]” = HA(n) —Aw| -
and H [Ain) Bén)] — O B e H is just the approximation error of the best
<t o
rank-R,, approximation of DZ defined in (11). Since |:ZO" )f)":| is rank-R,, the

. . . . . T
approximation error of the best rank-R, approximation of D/, is less than ||[P! Y/ |.
On the other hand, for (10), since P/, is an orthonormal basis of the column space of
Y!,, we have

ey =i = B, - 00 B | = | 2Ons| ve=10 N1
Hence,
(B ] O Wi < ey = | 2o .
This completes the proof.
The case n = N can be proved similarly. O

The following result is an immediate consequence of the preceding lemma, where
(18) has been used.

Corollary 1 For Algorithm 2, we have

t+1 A+l
HA<n> —Aw

t
| < [A%) - A% k| + [ ZiTBY | vn=1 N,
k=0
t
- ] = o~ 5
k=0

Now we can prove Theorems 2 and 3.
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Proof of Theorem 2 Tt follows from (7) that

_ L al _ 6) & _
A= (0, Oy) - &) = Y | oA 2y AL, - A%,
n=1 n=1

Combining (22) with the above equation yields the result. O

Proof of Theorem 3 First, by the algorithm and (7), we have

_ - 6
|4 =0y T = |20 2 |

t Al
’Auv) —Aw) H :

Second, by the algorithm, (Uf, ..., Uy_,)-S" is the rank-(R), ..., Ry) approxima-
tion of 7" by the ST-HOSVD. By [37, Theorem 6.5], we have

Oy v (77— (0. Ty ) - &) &

N-1 2
t t
= |2 HAm) — AR,
n=1

|7 = (@ Ty )

Combining the above two equations yields that

A" = (U, ....0Y) - &
<A =By T+ [Ty (T = (B By ) - )

N—1
<HAt _A H+ ) HA’ VRN b (23)
— (N) (N) (n) (n),Ry

n=1

The update of the Nth mode of iIST-HOSVD is the same as that of iT-HOSVD.
Combining (22) and (23) yields the result. O

5 Numerical experiments

In this section, we compare the proposed algorithms with three batch-mode algo-
rithms T-HOSVD, ST-HOSVD and R-HOSVD [33], and one incremental algorithm
i-HOSVD [30]. We use the relative error (RErr) to evaluate results. For the truncated
HOSVD A = (I_Jl, el UN) .S of A, the REir is defined as

A — A

RErm = ——"—.
1Al

All experiments are performed on MATLAB R2023a with tensor Toolbox, version 3.0
[1] on a work station (Intel Core i7-10875H @2.3Hz, 32 G RAM).
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Brain

Fig.1 Two slices of each third-order tensor

Suppose the truncation rank is (Ry, . .., Ry). For R-HOSVD, we use the suggested
sketch size parameter used in [33] for each test:

K,=2R,+1, n=1,...,N.

5.1 Results on real-world datasets

As mentioned in Sect. 4, the approximation errors of iT-HOSVD and iST-HOSVD
depend heavily on the character of the variation of the data. We will test tensors
with different variation features. For third-order tensors, we test a video “Dudek”, a
hyperspectral image “WDC” and an MRI “Brain”.? For fourth-order tensors, we test
three videos “Highway”, “Corridor”, and “Bridge”.4 In the direction of the last mode,
“Dudek” and “Highway” are rapidly changing, “MRI” and “Corridor” are moderately
changing, and “WDC” and “Bridge” are relatively stable. We show two slices of each
tensor in Figs. 1 and 2. The detailed information of each test tensor A € R/1 <> In-1xL
is given in Table 2.

We choose the first 10% slices, i.e., A = A(:,...,: 1 : L%J), as the initialization
data. We compute the full HOSVD of .A° and use it to obtain the initializations of all
incremental algorithms. After initialization and setting, the remaining 90% data are
appended to the existing tensor one slice at a time. There are T := L — |_1L—0J slices
that will be appended. At the ¢-th step, we compute the truncated HOSVD of

L
AI:A<:"”’:’1:{EJ+t>’ t=12,...,T

3 “Dudek” is widely used for testing visual tracking algorithm [15, 27] and available on http://www.cs.
toronto.edu/~dross/ivt/. “WDC” is short for Washington DC Mall and available on https://engineering.
purdue.edu/~biehl/MultiSpec/hyperspectral.html. “Brain” is from BrainWeb [6] and available at http://
brainweb.bic.mni.mcgill.ca/brainweb/selection_normal.html.

4 “Highway” and “Bridge” are from the video trace library [28] and available on http://trace.eas.asu.edu/
yuv/. “Corridor” is used in [15] and available on https://homepages.inf.ed.ac.uk/rbf/ CAVIARDATA1/.
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Highway Corridor Bridge

Fig.2 Two slices of each fourth-order tensor

Table 2 Details of test tensors

Tensor I x-xIy_y xL J=T1" 1 J/L
Dudek 480 x 720 x 573 345,600 603.1
Brain 181 x 217 x 181 39,277 181.0
WDC 500 x 300 x 191 150,000 785.3
Highway 176 x 144 x 3 x 2000 76,032 38.0
Corridor 288 x 384 x 3 x 2357 331,776 140.8
Bridge 176 x 144 x 3 x 2001 76,032 38.0

by different methods, where the incremental methods are computed based on the result
of the (r — 1)-st step, and the batch-mode methods are computed from scratch. After
processing the z-th step, we record the running time ¢; (in s) and compute the RErr ¢;.
After all data are processed, we compute the mean RErr and the mean running time
of one step:

T T
Py D=1

mean RErr = =T mean running time = T

The experiments are repeated ten times and we show the average results.

First, we focus on the RErr. In Table 3, we show the mean RErr of one step.
R-HOSVD performs the worst among all algorithms. Like [37], we can find that ST-
HOSVD performs better than T-HOSVD on all test tensors. The results of i-HOSVD
are the same as those of iT-HOSVD. iST-HOSVD outperforms iT-HOSVD on all
test tensors. The incremental algorithms show very promising results in accuracy: the
ratios between the ST-HOSVD RErr’s and the RErr’s of the incremental algorithms
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Fig.3 The comparison results on the relative error for each step: third-order tensors

are greater than 0.94 in all cases, and iIST-HOSVD even outperforms the batch-mode
algorithms in some cases (see the results for Bridge). The performance of the incre-
mental algorithms is related to the variation features of test tensors: the ratio between
the ST-HOSVD RErr and the iT-HOSVD RErr iST-HOSVD RErr, respectively) is
the biggest on the stable tensors “WDC” and “Bridge”, while the ratio is relatively
small on the rapidly changing tensors “Dudek” and “Highway”. Some comparison
results on the relative error for each step are shown in Figs. 3 and 4. These results
are consistent with the results in Table 3. iST-HOSVD outperforms iT-HOSVD for
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Fig.4 The comparison results on the relative error for each step: fourth-order tensors

all cases. For the case Bridge with rank=(30,30,3,30), iST-HOSVD even outperforms
ST-HOSVD.

Now we focus on the running time. In Table 4, we show the mean running time of
one step. The running time of ST-HOSVD is much shorter than that of T-HOSVD,
and R-HOSVD is the fastest among the three batch-mode algorithms. We show the
ratios between the running time of R-HOSVD and those of the three incremental
algorithms. We can find that the incremental algorithms outperform the batch-mode
algorithms. As discussed in Sect. 3.3, the time complexities of iT-HOSVD and iST-
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Fig.5 Running time (in s) for processing the incremental tensor of size 100 x 100 x 7

HOSVD increase much more slowly than the other algorithms. For the fourth-order
tensors, whose slices number is relatively big, compared to R-HOSVD, iT-HOSVD
and iST-HOSVD can obtain a speedup of more than 10x, and much faster than i-
HOSVD; while for the third-order tensors, whose slices number is relatively small,
iT-HOSVD and iST-HOSVD do not have so great advantage.

5.2 Time cost evaluation

In the preceding subsection, we only test tensors with L < J; see Table 2. To evaluate
the time costs shown in Table 1, we generate a random third-order tensor with a large
number of slices: A € R100x100x(3x 10Y The truncation ranks are set to be (m,m,n),
wherem = 10, 30andn = 5, 15, 45. We choose the first 100 slices as the initialization
data. After initialization and setting, we add one slice to a 100 x 100 x (¢ — 1)
tensor, where ¢ = 101,102, ...,3 x 10%, and compute the truncated HOSVD of the
incremental tensor with the same methods as those of Sect. 5.1. We record the running
time of each method for r = 101, 102, ...,3 x 104, and show the results in Fig. 5.
As shown in Fig. 5, the running time of iT-HOSVD and iST-HOSVD increases
very slowly, and the running time of the other four algorithms increases much faster.
Although the incremental algorithm i-HOSVD shows much slower growth of time
than the three batch-mode algorithms, it is still not feasible for online computation.
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6 Conclusions and future work

By combining the SVD updating with T-HOSVD and ST-HOSVD, we propose two
incremental algorithms for truncating the HOSVD: iT-HOSVD, and iST-HOSVD. The
complexities and the approximation errors are discussed. As shown in the experiments,
the proposed algorithms demonstrate comparable effectiveness with the batch-mode
algorithms, while significantly outperform them in terms of efficiency.

The proposed algorithms can be extended to the general case where several slices
are appended simultaneously each time. In the future, we will consider the updating
and/or downdating algorithm [12] for finding the truncated HOSVD of a tensor by
adding and/or deleting a slice from the original tensor.
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