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Abstract: Nonnegative Tucker decomposition (NTD) is one of the renowned techniques in feature
extraction and representation for nonnegative high-dimensional tensor data. The main focus behind the
NTD-like model was how to factorize the data to get ahold of a high quality data representation from
multidimensional directions. However, existing NTD-like models do not consider relationship and
properties between the factor matrix of columns while preserving the geometric structure of the data
space. In this paper, we managed to capture nonlinear local features of data space and further enhance
expressiveness of the NTD clustering method by syncretizing organically approximately orthogonal
constraint and graph regularized constraint. First, based on the uni-side and bi-side approximate
orthogonality, we flexibly proposed two novel approximately orthogonal NTD with graph regularized
models, which not only in part make the factor matrix tend to be orthogonality, but also preserve
the geometrical information from high-dimensional tensor data. Second, we developed the iterative
updating algorithm dependent on the multiplicative update rule to solve the proposed models, and
provided its convergence and computational complexity. Finally, we used numerical experimental
results to demonstrate the effectiveness, robustness, and efficiency of the proposed new methods on the
real-world image datasets.

Keywords: tensor factorization; non-negative Tucker decomposition; graph regularized; approximate
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Mathematics Subject Classification: 15A69, 62H30, 68U10

1. Introduction

As the speedy expansion of technology is about acquiring and processing information, most
factual data exists in tensor form, e.g., electroencephalography signal data, video volume data,
hyperspectral image data, color image data, and functional magnetic resonance imaging data.
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Enormous and intricate data is ubiquitous in real-world application scenarios; see [1-3]. Typical
dimensional reduction methods, such as singular value decomposition [4], local linear
embedding [5, 6], vector quantization [7], principal component analysis [8, 9], nonnegative matrix
factorization (NMF) [10-12], etc., extract their low-dimensional representation from
high-dimensional ones. A commonality of the abovementioned low rank approximation methods is
that converting the data matrices (tensors) of samples into a new large matrix may substantially
corrupt the architecture of sample data space. To preserve the internal nature of tensor data and study
the low-dimensional representation of high-order domain, many tensor decomposition
methods [13-15] have been developed. Kim et al. introduced a nonnegative Tucker decomposition
(NTD) [16,17] by combining Tucker decomposition with nonnegativity constraints on the core tensor
and factor matrices. By adding nonnegativity constraints, NTD could not only obtain the parts-based
representation like NMEF, but also improve the uniqueness of Tucker decomposition. Recent efforts
have extended NTD to boost calculation efficiency and meet different demands in actual applications
by incorporating suitable constraint conditions [18-20] with NTD, including smoothness, graph
Laplacian, sparsity, orthogonality, and supervision, just to name a few.

The model that adds effective and feasible constraints to the NTD model is called the NTD-like
model. For example, Liu et al. [21] stated a graph regularized L, smooth NTD method by adding the
graph regularization and L, smooth constraint into NTD to retain smooth and more accurate solutions
of the objective function. Qiu et al. [22] proposed a graph Laplacian-regularized NTD (GNTD)
method.  GNTD extracts the low-dimensional parts-based representation and preserves the
geometrical information simultaneously from the high-dimensional tensor data. Subsequently, Qiu
et al. [23] developed an alternating proximate gradient descent method to solve the proposed GNTD
framework. Chen et al. [24] designed an adaptive graph regularized NTD model, which adaptively
learns the optimal graph to capture local manifold information. Li et al. [25] asserted a manifold
regularization NTD (MR-NTD) by employing a manifold regularization term for the core tensor
constructed in the NTD to preserve geometric information in tensor data. Huang et al. [26] gave a
dynamic hypergraph regularized NTD method by incorporating the hypergraph structure and NTD in
a unified framework. Jing et al. [27] recommended a label constrained NTD using partial labels to
construct a label matrix. Then, they embedded the label term and graph regularization term into NTD
for guiding the algorithm to obtain more correct categories in clustering tasks. To make use of the
available label information of sample data, Qiu et al. [28] built up a semi-supervised NTD (SNTD)
model by propagating the limited label information and learning the nonnegative tensor
representation. This part can only cover a small subset of the many important and interesting ideas
that have emerged. There are other related studies; see [29-31] for details.

However, the aforementioned NTD-like model does not take into account the orthogonality
constraint. In fact, the orthogonality structure of factor matrices makes sense in practical use. In [32],
the equivalence of the orthogonal nonnegative matrix factorization (ONMF) problem and K-means
clustering has been well discussed. To maintain this characteristic, Pan et al. [33] developed an
orthogonal NTD model by considering the orthogonality on each factor matrix. It can get the
clustering information from the factor matrices and their joint connection weight from the core tensor.
The orthogonal NTD model not only helps to keep the inherent tensor structure but also performs well
in data compression. Lately, drawing on the idea of approximate orthogonality from [34], Qiu
et al. [35] affirmed a flexible multi-way clustering model called approximately orthogonal NTD for
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soft clustering. This model provides extra flexibility to handle crossed memberships while making the
orthogonality of the factor matrix adjustable. However, these methods that consider orthogonality still
have their shortcomings. In clustering problems, it is common to consider the factor matrix of the last
direction as an approximation of the original data. Using graph regularization constraints to the factor
matrix of the last direction can capture more internal manifold information of the data tensor. They
fail to pay attention to the geometrical structure of the data space and the potential connections
between samples.

The geometrical structure and resilient orthogonality of the data space are indispensable. To
balance the two purposes, in this paper, we propose two approximately orthogonal NTD with graph
regularized (AOGNTD) models by jointly blending the graph regularization and approximately
orthogonal constraints into the NTD framework. The new model we propose is essentially an
NTD-like model. The main contributions of this paper are fourfold:

e Coupling the graph regularized term, the approximately orthogonal term, and the objective
function of NTD, we construct a novel tensor-based frame. Based on whether we add the
approximately orthogonal constraint to the N-th factor matrix, two models naturally generated.

e By regulating the quality of approximation and picking the appropriate graph for the learning task,
the models allow us to detect more complex, latent, and structural correlations among sample data.

e This algorithm is sensitive to the input of parameters, which means this option determines the
performance of clustering results. To overcome the issue, we use the grid method to select
competent parameters.

e Numerical experiments on frequently adopted datasets are conducted to illustrate the feasibility
of the proposed methods for image clustering and classification tasks. Extensive experimental
results show that the AOGNTD models could significantly improve the performance.

The rest of this paper is organized as follows. In Section 2, we review the related models. In
Section 3, the two AOGNTD methods are proposed. In Section 4, we have discussed its theoretical
convergence, provided a solution process and computational complexity. Finally, experiments for
clustering tasks are presented in Section 5, and conclusions are drawn in Section 6.

2. The brief review of NTD and GNTD

NTD could be considered as a special case of NMF with sparser and multi-linear basic vectors.

Gi\/en a nonnegative data tensor
LixDx..XIy_1 X1
X eR 17 Nl N,

NTD aims at decomposing the nonnegative tensor X into a nonnegative core tensor
g € RiIXJZX---XJN
multiplied by N nonnegative factor matrices
AV e R Gr=1,2,...,N)

along each mode. To achieve this goal, NTD minimizes the sum of squared residues between the data
tensor X and the multi-linear product of core tensor G and factor matrices A", which can be formulated
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as

. 1 5
min  Oyrp = —||/\’ —Gx1 AD x, AD .y A(N)” ,
GAD AWM 2

st.G>0, A”>0, r=1,2,...,N,

2.1

where in the following, the operator X, is referred to as the r-mode product. The r-mode product of a
tensor
y c RJ]XJQX...XJN

and a matrix U € R/ denoted by Y X, U, is

Jr
(y Xr U)]1 ..‘jr_l i,<jr+| ]N = z y]l u-jr—] jrjr+1 --~jNuit‘jr *

jr:l

Equation (2.1) can be represented as a matrix form:

) 1 2
min  Onrp = E“X(N) = AMG ) (@pn AT,
st.Guy =0, AV >0, r=12,...,N,

where
AN ¢ RLNXJN, ®p$NA(p) — AV D AN D o... g A(l),

® denotes the Kronecker product, and
X(N) c R1+N><1112"'1N—1 and G(N) c R{rNXJlfz"'JN—l

are the mode-N unfolding matrices of data tensor X and core tensor G, respectively. Therefore, the
NTD regard as the NMF with the encoding matrix

N InxJ
AWM g RIVN

and the basis matrix
G(N)(®p¢NA(p N7,

where Iy and Jy can be regarded as the number of all samples and the dimension of low-dimensional
representation of X.

The local geometric structure can be effectively modeled through a nearest neighbor graph on data
points, which originates from spectral graph theory and manifold learning. Graphs using the broad
range of p nearest neighbors are generated and employed. The most commonly weighted matrices are
heat kernel and 0-1 weighting. The heat kernel is

-yl

Wi=1e 02 | yeN@y)ory eN(y),
0, otherwise,
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where N(y;) is composed of the p-nearest neighbors of sample y;, and o is the Gaussian kernel
parameter to control the values of similarity. In our experiment, it was set to 1. Alternatively, 0-1
weighting gave a binarization of weight definition as

w. =l L YieNG)ory € N(yp.
Y 0, otherwise.

This 0-1 weight is the cosine weight method, which is used in the subsequent image experiments.
To measure the dissimilarity of data points z;,z; in the low-dimensional representation A,

2
d= (z;,2j) = llz; — Zj”

is under consideration. The definition of graph Laplacian is

1 n n n n
5 Z ||Z,' - zj||2W,-j = Z Z;rZ,’ Z Wij - Z ZZTZ]'WI‘]'
ij=1 i=1 j=1 ij=1
= Z Z;—Z,'D,'l' - Z;—ijij
i=1 ij=1
= THAY DAD) — T AD WAD)
= T AV LAD),

where W is a weight matrix, L = D — W is called the graph Laplacian, and
D= ) W
J

is a diagonal matrix whose elements are column sums of W. Minimizing the above formula, we hope
if y; and y; are close, z; and z; are consistent with this trend. If data z; and z; are similar, the value
of W;; is relatively large. The operation of trace effectively characterizes the smoothness of low-rank
representations.

GNTD is obtained by minimizing the following objective function:

) 1 2 A T
min OGNTD = —||X — g X AWD Xa AP .. XN A(N)” + —TI'(A(N) LA(N)),
G AD,. AM 2 2

sG>0, AV >0, r=12,...,N,
where Tr(-) represents the trace of a matrix, L is called the graph Laplacian matrix, and A is a
nonnegative parameter for balancing the importance of a graph regularization term and reconstruction

error term. It is worthwhile to integrate the graph regularization into mode-N low-dimensional
representation A?Y.

3. Approximately orthogonal NTD with graph regularized
In this section, an approximately orthogonal NTD with graph regularized model is proposed, the
specific updating rules are introduced, the convergence of stated algorithms are proved, and their

computational complexity is investigated.
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3.1. Approximately orthogonal term

As an orthogonal version of NMF, an orthogonal nonnegative matrix factorization has been proven
to be closely related to k-means clustering. For a given nonnegative data matrix X € RY*N the ONMF
seeks nonnegative factors U € R®*R and V € RY*® through the following optimization:

) 1 2
min OONMF = —||X - UVT”
U>0,V>0 2 ’

stV'V =1,

where
V=[,v,...,v], r=12,...,R).

The rigid orthogonality constraint of V actually consists of two parts: the unit-norm constraints

viv, =1
and the orthogonality (zero) constraints

v,ij=0, r# j,

where v; denotes the i-th column of the encoding matrix V. It is reasonable to generalize the
orthogonality of NMF to the orthogonality of each directional matrix in NTD:

. 1 5
min  Oonrp = —”X —Gx AD x, AP ..o xy, A(N)” ’
GAD__AN 2

stGAD >0, AVTAY =1, r=1,2,...,N.

3.1

The orthogonality of the direct absorption about the factor matrix makes model solving more complex,
so we cast around for its approximate orthogonal form. The unit-norm constraints are not obligatory.
In the paper, we attempted not to put to use this condition. Hence, we only need to focus on the
orthogonality constraints that explain the independent relationship between columns. Under the non-
negativity constraints, we have

-
a” a >0

for any 7 and j. The form of trace

R R
T ) _ T )
> a”al = TrAVTQAY)

=1 j=1,j#i

1

is a convenient mathematical expression of a partially and approximately orthogonality of matrix,
where
Q = 1R 1£ - I’

1y is an all-one R-by-1 column vector, I is an identity matrix, and R will be assigned different values
depending on the corresponding issue. The larger the value of this item, the greater the degree of
orthogonality of the matrix.
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3.2. The proposed AOGNTD model

Notice that

X = G x1 AD 3, A® - xy A<N>||2
- ”X(N) _ A(N)G(N)((X)p#NA(p))T”i
= [Xon - USVT;
holds, where
U=A", S=Gu), V=8,.,A7.

We see that the nonnegative 3-factorization:
X(N) ~ USVT

gives a good framework for clustering the rows and columns of Xy,. We consider uni-side and bi-side
approximately orthogonal cases in the tri-factorization, respectively, so two models are spontaneously
born:

e Uni-sided approximately orthogonality:
V'V =1is weakened to };; it Vl.TV j (V;and V; stand for the different column of V), or simply

N-1
Tr( AT QAM)

r=1

for convenience of calculation. The original expression contains the mass of Kronecker product
operations, which is too expensive.

¢ Bi-sided approximately orthogonality:
U'U=TIand V'V =T are weakened to Y, ;;,; U U; and 3}, ;;,; V] 'V, or simply

N
Z Tr( A(r)TQ AT
r=1

for convenience of calculation.

It is easy to detect that uni-sides situation is a special case of bi-sides situation. Out of such
inspiration, we can embed the approximately orthogonal regularization into regular GNTD to develop
AOGNTD (or bi-AOGNTD):

min  Obj :l”X G AD 3 AD L xy A(N)”2

G, AD AN
Z TrA® QA + Tr(A(N)TLA(N)) (3-2)

r=1

st.G >0, A”>0, r=1,2,...,N,

AIMS Mathematics Volume 9, Issue 8, 21755-21785.



21762

where L is graph Laplacian matrix,
Q = lng - Ia

and u,, A are positive integers. When py = 0 is held, the bi-AOGNTD model could degenerate into
uni-AOGNTD. The objective function is:

N-1
) 1 2 M T A T
2y - ) @... (N) Kr E Q) (NI (N) (N)
Q,Afl?f?A<N)2||X G x1 AV X, A Xy A || + > 2 Tr(A"" QA )+2Tr(A LAY),

sG>0, A”>0, r=1,2,...,N—1.
In the AOGNTD model,

o X =G x; AD x, A? .. xy AM|[ is the main part, which is the key to feature extraction.

o TH(AD"QAM), 7 = 1,...,N is used to ensure that the first n — 1 factor matrices are partially
orthogonal, which makes global structure more accurate.

o Tr(A™M LA®™) is the basis for graph optimization, which is achieved by the Laplacian regularizer

to conserve the smooth structure of low-rank expression.

We expect that the proposed AOGNTD model can capture more global structure and local manifold
information.

4. Optimization algorithm

Solving the global optimal solution of (3.2) is tough, so we adopt the block coordinate descent
framework that updates the core tensor or one factor matrix each time while fixing others. This update
rule is also known as the multiplicative update rule. It is a validated compromise plan between speed
and convenient of implementation.

We use the Lagrange multiplier method and apply the mode-n unfolding form. The Lagrange
function is

: i SVTAN "T QA
£=5 [Xi) ~ A"Gy (@, A)T[[, + 5 > THAT QA”)
. @.1)

N
2
+ ETr(A(MTLA(N)) + Te(@,GL) + § Tr(Z,A ),
r=1

where @, and ¥, are the Lagrange multipliers matrices of G, and A", respectively. The function (4.1)
can be rewritten as

1 1
£=5Tr(XX,) - Tr(X(®p2n AT)G, A ) + ETr(A(”)G(n)(®p¢nA(”)TA(”))G(Tn)A<")T)

N N
r nT r /1 T r
+ % Z Tr(A® QA®) + ETr(A(N) LAM) + Te(®,G],) + Z Tr(Z,A ).
r=1

r=1

The entire updating rule is divided into tripartite, containing the solutions of factor matrices A™,
(n=1,2,...,N — 1), the solutions of factor matrices A", and the solutions of core tensor G.
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4.1. Updating factor matrix

To update A, » = 1,..., N, we fix G and the other factor matrix.
The partial derivatives of £ in (4.1) with respect to A®”,(n=1,2,...,N — 1) are

a£ n n
T = ~X)(@pnAPYG],) + AVG) (@, AP AMVG + 11,QA + P,
By using the Karush-Kuhn-Tucker (KKT) condition, i.e.,
OL/OA” =0 and AP 0O Y, =0,
where in the following, ® denotes the Hadamard product. According to dL/0A™ = 0, we obtain
2 X(n)(®p¢nA(p))G(Tn) _ A(n)G(n)(®p¢nA(p)TA(p))G2;l) _ ,UnQA(n)-
By calculating
AP ow, =AY o X (@ pn A(p))G(Tn)) ~AM o A(n)G(n)(®p#:n APT A(p))(;(Tn) - 11,Q AM),

which together with
Ao ¥, =0

yields the following updating rule for A”(n = 1,2,...,N - 1):

v m1..
A o a0 DX @pnAT)G, + paIA™])
ij

g [A(")G( ) (® A(P)TA(P))GT + 11,1 ITA(")]--’ 4.2)
WA p#En ) T HndRAR ij

where
P.[n] = max(0,n).

The partial derivative of £ in (4.1) with respect to A" is
oL T
m =-X (N)(®piN A(p))G(TN) + A(N)G(N)(®p;f:N A(p) A(p))G(TN)
+ uyQAY + ALAWY 1
Similarly, we consider the KKT condition
L/0A™ =0 and A o ¥y =0.

As a result, we obtain the following updating rule for A™:

») (N) N1,
AD A® P [[ X (®p:nA'P )G(TN) + unyIAYY + AWATV] ]
ij

ij [A(N)G(N)(®p¢NA(”)TA(”))G(TN) + un1RIEAD + ﬂDA(N)]ij'

4.3)

When only considering the unilateral information of the triple decomposition, the iterative format will
undergo slight changes and the following updating rule for A is

2 ™.
A(N) - A(N) P+[[X(N)(®p¢NA p )G;;V) + /lWA ]lj]
1

ij [AMG (@ APTAPHGT +/lDA(N>]..' “4.4)
PN ™) ij
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4.2. Updating core tensor

To update G, we fix A”, r=1,...,N.
The objective function in (4.1) about G can be changed into

L= % [vec(X) - Fvec(@)|[; + vec(G) vec(®), 4.5)

where
F = A(N) ®A(N—1) Q... ®A(]) € R[]lz...l]v)(]]]z...]/v

vec(X) expands the tensor X into a 1-dimension vector and vec(®) represents the Lagrange multiplier
of vec(G). The partial derivative of £ in (4.5) with respect to vec(G) is

0L

Fvec(@) = F Fvec(G) — Fvec(X) + vec(D).

By applying
0L/0vec(G) =0 and (vec(Q));(vec(®)); = 0,

we obtain the following updating rule:
P.[(FTvec(X))i]
(F"Fvec(@)):

At this point, the optimization problem has been solved. According to the above iteration rules, we
summarize the process of AOGNTD method, as shown in Algorithm 1.

(vec(@))i < (vec(G))i (4.6)

Algorithm 1. Algorithm of the AOGNTD method.

Require: Data matrix X, cluster number k; parameter A, u.

Ensure: Core tensor G, nonnegative factor matrices A" r=1,2,...,N.
1: Initialize A as random matrices and G as an arbitrary positive tensor.
2: Calculate the weight matrix W.

3: repeat
4 Update A", by (4.2), wheren=1,2,...,N — 1.

s:  Update A" by (4.3) or (4.4).

6

7

Update G by (4.6).
. until the algorithm convergence condition is satisfied.

4.3. Theoretical investigation

In [11], we are well aware that if G(u, «') is an auxiliary function for F(u), then F(u) is nonincreasing
under the updating rule
U = argminG(u, u'"). 4.7)

u

The equalit
q y F(MH—I) — F(ut)

holds only if «' is a local minimum of G(u, u'). Each subproblem has an optimal solution, which is the
fundamental basis and theorem support about our algorithm. The construction and design of auxiliary
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functions are of utmost importance in this part. Before expounding the local convergence theorem, we
offer three lemmas about diverse auxiliary functions.
For any element al(.;.') inA®”(n=1,2,...,N=1),let F; j(aﬁ';) ) denote the part of the objective function

)

in (3.2) relevant to ag.’ . The iterative process is element-wise, so it is necessary to imply that each

F; j(ag.’)) is nonincreasing under the iteration rule. The first-order derivative of the F; j(al(.;.l)) with respect
(n) «

to aij 1S

' T
Fi(@?) = [-Xo(@peaA”)G () + A”G) (@AY AP)G,) + tu1g1EA],
and
” t T
F,‘j(ag;l) ) = [G(n)(®p¢nA(p) A(p))GZ;;) +ﬂn1R1£]jj
is the second order derivative of the F; j(ag;.’)) relevant to ag)t.

Lemma 1. The function

) mh _ ! r e e (n) !
G(a;; ' a;; ) =Fij(a;; ) + Fija;; Na;; —a;;)

n)t T )t
+ l[A( ) G(n)(®p¢nA(p) A(p))G(—;) + :uanl]];A( ) ]ij % (a(n) _ m)\2 (48)
2 (! ij ij
a’;
ij
is an auxiliary function for F; j(al(.;.l)), with the matrix
mt _ o, m!
A" = (a;;).
Proof. Basically, G(u, u')is an auxiliary function for F(u) if the conditions
G(u,u) > F(u) and G(u,u) = F(u)
are satisfied.
m! N _ !
G(al’j aa,‘j ) - Fij(al‘j )
clearly holds, so we only need to testify that
m (! (n)
G(aij oS ) > Fij(al.j ).
The Taylor expansion of F; j(ag.’)) at ag.’)t is
n n)! 'ty (n n)! | A n)!
Fij@})) = Fia}") + Fi(a) )@ - a") + 5Fi () a) —al ). (4.9)

Comparing (4.8) with (4.9), we can see that

t
G(al(.?) , ag?) ) > F; j(ag;?))
is equivalent to
t T
[A(n) G(n)(®p¢nA(p) A(p))GE;)],‘j

(m?
a;;

> [G()(®psn ADT A(p))G(Tn)]fj :

AIMS Mathematics Volume 9, Issue 8, 21755-21785.
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We have

‘])l
t T 4 T
[A™ Gy (®pesA” " APIG, 1 = Z aii" G (@A AP)G, 1
=1

(n) [G(n)(®p¢nA(p)TA(p))G mljjs

thus, the inequality

G(a,a)) = Fij(al))

holds. O

Let F; j(ax.v)) denote the part of the objective function in (3.2) relevant to ag.v)in AW,
Lemma 2. The function
N) (W) N Nty (N Nt
G(a, ") =Fija) + F )@} - ai™)
t T t t
1 [AM G ) (®,:nAP A(”))G(TN) + ADA™M" + [y 11 AN, N e
X (a;’ —

N)?! ij ij
ij

(4.10)

+

|

is an auxiliary function for F; J(a(N))

Lemma 3. Let g; denote the element of vec(G) and F(g;) denote the part of the objective function
in (4.1) relevant to g;. The function

, FFrec @)
Gleng) = Figh + F.(g)(gi— &) + (:ﬂ@i—g»z @.11)

is an auxiliary function for Fi(g;).
Due to the similarity between the proofs of Lemmas 1-3, they are omitted here.
Theorem 4. The objective function in (4.1) is nonincreasing under the updating rules in (4.2), (4.3),

and (4.6). The objective function is invariant under these updates if. and only if. A, r = 1,2,...,N,
G are at a stationary point.

Proof. Replacing G(u, u') in (4.7) by (4.8), we obtain
aG(a, W)

!
9a" = Fifla;; )+
ij

A G(@yenA” AVIGE, + s leleA™y )
L ij ~ 4 ) =
i
which yields
[X(n)(®p¢nA(p))G2,-1) + :unIA(n) ]ij

(n)r+1 (n)'
a’ =a .
Y VAW Gy (®pnAP AP ))G(Tn) + p, 1g1R A,

According to Lemma 1, F; j(a(")) is nonincreasing under the updating rules (4.2) for A®™. Then, putting
G(a g\/) My of (4.10) into (4.7), we can obtain

[Xw)(@psnAP)Gy) + AWAN + iy IAN],
i | AN G ) (®,snAPT A(P>)G(TN) + ADAM + 1 1EANY ]l.j'

(N)t+l _ (N)t
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From Lemma 2, F; j(ag_v)) is nonincreasing under the updating rules (4.3) for A, Finally, putting
G(g:, g") of (4.11) into (4.7),

gt.Jrl = ’,M
’ {(FTFvec(G"))i
In accordance with Lemma 3, F;(g;) is nonincreasing under the updating rule (4.6).
The proof of Theorem 4 is completed. O

4.4. Computational complexity analysis

In this subsection, we discuss the computational cost of our proposed algorithms in comparison to
other methods. The common way to express the complexity of one algorithm is using big O notation,
but it is not precise enough to differentiate the complexities. Thus, we additionally count the
arithmetic operations for each algorithm, including fladd (a floating-point addition), flmlt (a
floating-point multiplication) and fldiv (a floating-point division). Specifically, we provide the
computational complexity analysis of uni-AOGNTD and bi-AOGNTD models. There are many
Kronecker product operations in our update rules, which needs high time cost. So, we will replace the
Kronecker product with tensor operation during the calculation process.

To facilitate the estimation of computational complexity, we consider the case where r = 3 in the
models. Taking uni-AOGNTD as an example, the update rules, respectively, are

[(X X A(Z)T X3 A(3)T)(1)G2—1) + IUIA(l)]ij

Ap A i
[AOG (X X2 AOTAD 53 AOTA®) G, + g 15A0]
A? — AP [(X i AT 55 A9 )G, + uIAP]
Y Y IADG o) (X x; ADTAD x5 A<3>TA(3))(2)G(TZ) +,u1R11€A<2)],-j’
AP — AY [(Xx1 AOT %, AP D) GT,) + AWAD),
i U [AOG (X x; ADTAD x, AOTAD) G + ADAO];
e G — Gin [X X_: AT Xo A(j)T X3 A(3)T]_z;_jk ‘
[G X1 ADTAD x; AOTA® 53 AOTAG]
where
XAP @A) = X 5, A?T x; AT
and so on.

The frequently used expressions and the specific calculations for the two methods are provided in
Table 1. By calculating the computational complexity of the four formats and considering the fact
I; > J;, we can gain the complexity of the proposed uni-AOGNTD as O(1,1,15J), in which

J = 3(.]1 +J, + J3)

Then, we also can acquire the complexity of the bi-AOGNTD method as O(I,1,13J). According to the
analysis of other compared methods in corresponding literature, Table 2 generalizes the complexity of
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compared algorithms. The new algorithm will inevitably increase a certain amount of computation,
but it can be ignored in terms of overall computational complexity.

Table 1. Computational operation counts.

Fladd Flmlt Fldiv
erU IL.J1Jy... N LJWJy...Jy -
XX2 A; X3 A;r 1112]3.]24-1113.]2]3 11]213J2+11]3J2J3 —

G X, AgAz X3 AZA3 JIJ%J3 +J1J2]32+12J§+13J§ J1J§J3 +J1J2J§+12J§+I3J§ -
uni-AOGNTD
AD LLLJ, + Ly Js + 010305 + 01 LT3 LLLJ, + LJyJs + 10305+ J1hJ5 + LJ; 1

+LJ2 + B2 + 3001 0oJs + 2000 (L +2)  +5J2 + 3001 b Js + 200y + 1) + 1 s
A® LLLJ, + LI Js + J D ds + 010 J5 LLLJ, + LIy Js + J D Js + 01 LJ5 + LG L

+LJ? + B2 + 300,02 Js + 200y +2)  +1J2 + 30100 J3 + 20 dy(h + 1) + LJ, 02
AD LLLJ, + LI Jy + JiyJs + 013, LLLJ, + LI Jy + JP 0 ds + 010305 + L J? L

+I|J%+12J§+313J|12J3+213J3(13 +2) +12J§+313J|12J3+213.13(13 +2)+[g]3 33
G LLLJ, + LI Jy + T Js + 0135 LLLJ, + LI Jy + J D Js + 11030 + L TG Iy

+ N1 L2+ L+ LI+ B3+ B LhJs  +LJ3+ 35010005 + JyJaJs 1723
bi-AOGNTD
A0 LIy + LDy Js + 011305 + 01 LT3 LD + L Js + 1 305 + 1L J: + LU 1

+L 2+ B2+ 300 0003 + 2L 0 (1 +2)  +1J2 + 300,25 + 200 (L + 1) + 1y s
A® LLJ, +1213.,1J3+.112J2.]3 +.11]2.]§ LLLJ, + L1;J,J; +.112J2.]3 +.11J2.]§+11.,12 IJ

+I|J% + [3J§ + 3121].]2]3 + 2]2]2(]2 + 2) +I3J§ + 3]21] Jz.lg + 2]2.]2(12 + 1) + 1212 272
A® LLLJ, + LI J, + JAhJs + 11 J3 05 LLLJ + LI Jy + T Js + W J3 s + L J? I

+LJ? + LJ2 + 360102 Js + ALJ3(1 +2)  +6J2 + 36100 Js + 4651 + 1) + I J; 3
G LiLLJ, + LI Jy + J2 0y Js + 0135 LLLJ, + LI Jy + J2 0 ds + 010305 + L J? I

AN L+ L+ L+ L+ B JyJs  +LJ2 + 36010205 + 0y JaJs 12

Table 2. Computational operation counts.
Model Objective function Overall Supplement
2
1
NMF ming.y, 5”X —pv| stU,v=0 O(MNK)
1 2
i — — (e)) @... (V)
NTD ming...am 5[[X =G x1 AV x, AP - xy AV O L1J) J =301+ Jr+ J3)
s.t.G>0,A" >0
1
ming,A(U,wA(N) —“X -G X AW X2 AP ... XN 1’&(1\1)“2
GNTD 1 .2 O, L13J) J =3 +Jr+J3)
+§Tr(A(N) LAM)stG > 0,A” >0
1
miHQ,A(l)’m’A(N) EHX - g X1 A(l) X A(2) cee Xy A(N)“Z
uni-AOGNTD +% Ir\/:—ll Tr(A("TQA(’)) n ;Tr(A(N)TLA(M) oI, L1:J) J=31+Jr+J3)
s.LG>0,A” >0
1
ming xm__A® E“X —Gx AV X, AP - xy A(N)”2
bi-AOGNTD +% SV THADT QAY) + ;Tr( AMTLA®) O L 15J) J =3+ >+ J3)
s.t.G>0,A” >0
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5. Experiments

In this Section, according to [36], two indicators, accuracy (AC) and normalized mutual information
(NMI), are used to evaluate the clustering performance. The AC is defined as

o(ki, map(c;))
—

AC =

where c; denotes the label from clustering method, k; is the true label of object x;, 6(x, y) is the indicator
function, 7 is the total number of objects, and map(c;) is the mapping function. The NMI is defined as

Shet D log( )

NMI =

VS mlog()(E, mlog(%)

where n,, is the number of cluster, and n; and nl are the data points in the true label cluster and the
clustering label cluster, respectively.

All the experiments are run with MATLAB on a PC equipped with Intel i5-10210U and 8GB of
RAM.

5.1. Compared methods

To evaluate the effectiveness of the proposed AOGNTD methods, we compare the clustering
performance of our methods with the other six state of the art and previously mentioned methods,
which are k-means [36], NMF [11], graph regularized NMF (GNMF) [36], graph dual regularized
NMF (GDNMF) [37,38] , NTD [17], and GNTD [22, 23]. In order to distinguish DNMF of the
original article from DNMF with the label information [27], we have written DNMF [37, 38] as
GDNMF.

5.2. Datasets description

Three databases are used to conduct the experiments in Figure 1, and the details of public datasets
are stated as follows (the COIL20 dataset means the Columbia University image library dataset, the
ORL dataset means the Oxford-rotating dataset):

.. s1.bmp s2.bmp s3bmp s4bmp

[]
IEE-I |
Te = UUH

IE!EEII&E

A D 0 ) 3 B ED () 2

s12.bmp s13.bmp s14.bmp 15 bmp

f

DT @S EE D
i ) B ) D )
3 D 0 ) ) D
5 ] ) ) D ) B
A E DR
i 0 ) 0 D ) ED
5 0 7 ) ) ED
i E B E R0
CTRBE R TH[ Ao

Figure 1. COIL20 (left), Yale (middle), and ORL dataset (right).
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5.2.1. COIL20 dataset

The COIL20 dataset collects 1440 grayscale images of 20 subjects. The objects were placed on
a motorized turntable, which was rotated through 360 degrees to vary object pose with respect to a
fixed camera. Images of the objects were taken at pose intervals of 5 degrees, which corresponds to 72
images per object. In our experiments, each image was resized to 32x32 pixels and all images are
stacked into a tensor X € R3>32x1440°

5.2.2. Yale dataset

The Yale faces dataset contains 165 grayscale images in GIF format of 15 individuals. There
are 11 images per subject, one per different facial expression or configuration. Each image was
resized into 32x32 pixels. In the experiments, all images form a tensor X € R32x32x165

5.2.3. ORL dataset

The ORL dataset collects 400 grayscale 112x92 faces images which consist of 40 different subjects
with 10 distinct images. For some subjects, the images were taken at different lighting, times, and
facial expressions. For each image, we resized it to be 32x32 pixels in our experiment. These images
construct a tensor of X € R32x32x400

5.3. Parameter selection

Identifying and adjusting the parameter combination of the algorithm has always been a striking
matter in machine learning. The size of core tensor plays a prominent role in our algorithms. For
NTD-based methods, the size of the core tensor is set to {10 x 10 X 5,20 x 20 X 5,30 X 30 X s} in three
datasets, where s is positive integer.

There are multiple regularization parameters A and u,,r = 1,2,..., N balancing the effects of the
reconstruction term, graph Laplacian term, and approximately orthogonal term in our model. To
reduce parameter adjustment pressure, we study the influence on the clustering performance when the
parameters A and p, = y and the ratio of sampling vary. Since it is infeasible to consider the changes
of these parameters disposable, we use the grid control method to determine the relatively optimal
parameters of the process.

To begin, determining the numerical range of two parameters is [Se — 5, 1e + 4], then select ¢ values
within this range, and finally select #* results to achieve the best clustering effect. For the COIL20
dataset, we set {le — 1,1,1e + 1, 1e + 2} as selections of the parameters A and g in uni-AOGNTD
format, where t = 4, and choose the best among 16 values. It is crucial to weigh the two measurement
criteria reasonably when comparing results.

In principle, the numerical value of AC (accuracy) is the main factor, supplemented by NMI. More
details can be found in Figures 2—7. Figures 2—7 shows the specific parameter selection, and the optimal
parameter setting is circled in black. The symbol dataset-k, say, COIL20-4, represents the categories
extracted from a certain dataset. During the procedure of parameter option, we found strong graph
regularity and weak orthogonality of the AOGNTD models.
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COIL204 COIL206 COIL208

COIL20-10 CoIL20-12 COIL20-14

COIL20-16 COIL20-18 COIL20-20

Figure 2. The clustering performance of the uni-AOGNTD method on the COIL20 datasets.
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COIL204 COIL206 COIL208

COIL20-10 COIL20-12 COIL20-14

COIL20-16 COIL20-18 COIL20-20

Figure 3. The clustering performance of the bi-AOGNTD method on the COIL20 datasets.
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Yale-3 Yale-5

Yale-7 Yale-9

Yale-11 Yale-13

Figure 4. The clustering performance of the uni-AOGNTD method on the Yale datasets.
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Yale-3 Yale-5

Yale-7 Yale-9

Yale-11 Yale-13

Figure 5. The clustering performance of the bi-AOGNTD method on the Yale datasets.
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Figure 6. The clustering performance of the uni-AOGNTD method on the ORL datasets.
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Figure 7. The clustering performance of the bi-AOGNTD method on the ORL datasets.

5.4. Experiments for effectiveness and analysis

Tables 3-8 show the average clustering results of the compared algorithms on three datasets,
respectively. We bold mark the best results with each clustering number k on each dataset. In each
experiment, we randomly selected k categories as the evaluated data. We construct the graph
Laplacian using p-nearest neighbors in which the neighborhood size p is set to 5. We run the
experiment and apply K-means 10 times on the low-dimensional representation matrix of each
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method. To make the experimental result validated, we repeat the above operations 10 times and
calculate the averages, so there are a total of 100 calculations.

From Tables 3-8, our AOGNTD algorithms present better performance on the three datasets with
varying category counts. In the comparison of data, the following phenomena can also be observed:

(1) For the COIL20 dataset, its performance is the most outstanding. The proposed uni-AOGNTD

method attains 9%, 8.27%, 7.66%, 6.69%, 8.48%, 3.39% improvement corresponding to AC
and 12.39%, 10.92%, 10.17%, 9.14%, 12.51%, 3.15% improvement corresponding to NMI in
comparison with K-means, NMF, GNMF, GDNMEF, NTD, GNTD, respectively. In the same
way, the proposed bi-AOGNTD algorithm attains 8.65%, 7.92%, 7.31%, 6.34%, 8.13%, 3.04%
improvement corresponding to AC and 12.41%, 10.96%, 10.22%, 9.18%, 12.55%, 3.19%
improvement corresponding to NMI in comparison with K-means, NMF, GNMF, GDNMF,
NTD, GNTD, respectively.

(2) For the Yale dataset, the uni-AOGNTD method attains 4.87%, 3.71%, 3.4%, 2.85%, 2.72%,

and 2.02% improvement corresponding to AC and 5.11%, 4.63%, 4.33%, 3.09%, 3.38%, 2.38%
improvement corresponding to NMI in comparison with K-means, NMF, GNMF, GDNMF,
NTD, GNTD, respectively. The uni-AOGNTD and bi-AOGNTD models are about equal in
problem-solving skills.

(3) For the ORL dataset, the uni-AOGNTD method attains 7.94%, 2.48%, 2.02%, 1.86%, 12.33%,

and 0.72% improvement corresponding to AC and 9.48%, 4.31%, 3.88%, 3.72%, 15.29%, 1.1%
improvement corresponding to NMI in comparison with K-means, NMF, GNMF, GDNME, NTD,
GNTD, respectively. The clustering effect of uni-AOGNTD method and bi-AOGNTD method are
roughly the same.

Table 3. AC (%) of different algorithms on COIL20 dataset.

k k-means NMF GNMF GDNMF NTD GNTD uni-AOGNTD bi-AOGNTD
2 89.10+£12.07 97.60+4.96 97.65+4.86 98.33+5.03 90.55+12.09 98.33+5.03  100.00 100.00

4 75.86+15.01 71.68+16.99 72.47+17.14 77.31+£14.95 71.42+13.90 76.29+18.45 81.94+15.35 81.46+17.55
6 65.63+9.12  68.11+11.97 68.65+13.00 68.58+11.39 70.79+12.56 73.61+13.04 75.73+14.88  75.10+13.77
8 66.61+10.32 64.37+10.37 65.60+10.77 65.90+8.09 69.49+8.54 71.00+10.92 74.73+10.22  73.80+10.85
10 64.92+8.72 63.01+8.14 65.58+8.19 65.63+£7.19 66.41+7.64 66.01+10.52 71.64+9.21 72.29+10.04
12 62.38+8.40 63.84+8.26 64.16+7.52 62.73+£7.78 62.37+8.93 66.59+9.24 70.55+8.57 70.21+9.82
14 62.08+7.40 60.09+5.76 60.52+5.85 62.66+£5.80 60.92+7.08 68.92+8.03 70.46+8.12 70.21+7.94
16 59.84+5.81 62.55+5.64 63.33+5.73 63.70+6.06 61.38+6.09 69.24+7.52 70.69+7.05 70.04+7.39
18  60.41+5.19 60.03+4.91 60.56+4.64 62.54+£5.37 59.28+4.88 65.89+6.89 69.16+7.27 68.91+6.34
20 57.49+4.71 60.29+4.49 59.22+4.70 60.01+4.64 56.90+4.03 64.47+5.75 69.35+5.20 68.79+6.28
Avg. 6643 67.16 67.77 68.74 66.95 72.04 75.43 75.08
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Table 4. NMI (%) of different algorithms on COIL20 dataset.

k k-means NMF GNMF GDNMF NTD GNTD uni-AOGNTD bi-AOGNTD
2 65.77+30.18 91.29+17.74 91.38+17.53 94.59+16.31 72.77+31.77 94.59+16.31 100.00 100.00
4 69.61£15.08 69.05+£16.24 69.99+£17.15 74.89+£11.95 69.64+13.21 71.24+17.77 81.51+12.92 85.18+13.08
6 66.49+8.37 69.69+11.15 70.68+12.54 66.91+10.45 70.39+12.97 78.68+10.49 81.21+10.79 80.28+10.74
8 71.64+7.72  69.25+9.14  70.60+£9.13 70.62+6.76  73.10+7.25 79.90+7.88 81.54+7.51 82.70+6.87
10 73.85£6.80 70.39+7.17 72.18£7.40 72.95+5.68 72.72+6.05 76.73£10.00 81.72+5.41 83.51+6.06
12 72.32+£6.53  71.76+6.11 72.15£594 71.83+£6.84 70.77+7.14 79.16+£7.36 81.94+5.37 81.80+6.01
14 74.36+5.58 70.62+4.84 T71.11+4.53 72.82+4.20 71.16£5.16 82.12+4.70 82.89+4.27 81.45+4.77
16 72.96+3.57 73.17+3.64 73.99+3.57 74.48+3.75 71.84+421 82.81+3.99 82.85+3.72 82.84+3.97
18 74.37£3.02 71.92+2.81 72.27£2.62 74.66+£3.37 71.42+2.85 81.00+£3.86 82.31+4.54 82.28+3.54
20 73.43+242 72.40+2.36 72.64+2.54 73.59+2.43 69.76+2.39 81.00+£3.14 82.72+2.58 81.94+3.32
Avg. 71.48 72.95 73.70 74.73 71.36 80.72 83.87 83.91
Table 5. AC (%) of different algorithms on Yale dataset.
k k-means NMF GNMF GDNMF  NTD GNTD uni-AOGNTD  bi-AOGNTD
3 62.03£10.93 59.73+9.23 59.97+9.35 62.12+9.66 60.82+11.96 61.55+12.06 67.48+12.52  66.06+13.70
5 51.42+8.72  54.42+8.37 55.56+8.64 56.00+6.62 56.02+11.44 56.16+11.52 58.82+8.18 58.76+8.16
7 47.58+7.31 48.91+6.24 49.03+6.05 48.56+6.94 49.45+7.26 50.83+7.78 53.26+10.38  52.74+9.37
9 42.70+5.72 45.03£5.05 45.16+£5.33 45324591 47.44+6.05 47.59+5.55 48.02+6.16 48.23+5.83
11 40.41+4.78  41.51+4.55 41.74+4.67 43.31+4.80 41.94+4.60 43.96+4.57 44.69+4.68 44.02+4.62
13 39.0844.53  41.54+3.67 41.72+3.86 41.59+4.01 41.80+4.67 41.60+4.52 42.45+4.97 41.92+4.02
15 38.43+£3.71 38.64+3.80 38.73+£3.68 38.88+£3.10 39.25+4.00 39.94+3.64 41.02+2.73 40.36+2.97
Avg. 4595 47.11 47.42 47.97 48.10 48.80 50.82 50.30
Table 6. NMI (%) of different algorithms on Yale dataset.
k  k-means NMF GNMF GDNMF  NTD GNTD uni-AOGNTD  bi-AOGNTD
3 34.72+15.81 30.16+13.95 30.37+14.32 38.05+14.35 31.74+17.86 32.85+16.57 39.26+17.48 38.44+19.12
5 38.18+9.08 39.38+8.69 40.46+8.64 40.90+8.35 40.66+13.87 40.80+14.01 45.91+12.66 46.92+11.59
7 40.82+7.59 39.88+6.68 39.99+6.64 40.44+7.54 40.79+7.32 44.21+9.39 46.67+11.39 46.14+10.51
9 41.03£5.87 41.75+£4.54 41.82+4.27 41.47+£5.64 45.16x6.19 44.82+5.55 45.26+6.01 45.36+5.80
11 41.51+4.42  41.79+4.35 42.28+4.16 43.61+4.49 42.65+4.43 43.99+420 44.81+3.99 44.05+4.28
13 43.11+4.13  44.55+3.18 44.56+3.38 43.63+3.53 44.38+4.24 44.74+399 45.63+4.21 45.26+3.70
15 38.43+£3.71 43.70+3.19 43.78+3.20 43.85+2.54 44.58+2.96 45.53+3.05 46.06+2.59 45.68+2.58
Avg. 39.69 40.17 40.47 41.71 41.42 42.42 44.80 44.55
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Table 7. AC (%) of different algorithms on ORL dataset.

k k-means NMF GNMF GDNMF NTD GNTD uni-AOGNTD bi-AOGNTD
2 88.65+£16.89 90.35+12.84 90.25+13.58 91.35+10.80 86.45+15.46 98.20+5.80 99.00+3.02 98.70+3.23
4 73.73£14.28 82.08+£13.92 82.48+14.08 80.23+16.09 71.43+12.83 83.10+16.65 83.40+16.44 83.80+16.16
6 68.57+£10.69 72.20+11.02 72.37+11.83 72.75+11.64 61.32+13.98 72.68+10.59 75.30+12.14 76.35+10.86
8 62.29+10.23 69.91+10.22 68.49+991 67.98+10.06 54.05+13.90 70.48+9.09 70.55+9.87 70.88+9.39
10 62.22+7.44 65.46+7.37 66.89£8.69 67.88+£7.73 58.00+11.64 68.78+8.97 69.15+£8.91 69.05+9.14
15 57.78+5.38 64.19+6.03 64.83+6.80 65.03+7.26 56.13£11.52 65.82+6.07 65.99+6.88 65.99+6.31
20 54.68+5.25 61.11+6.01 61.92+6.36 62.27+5.24 50.25+11.76 62.36+5.63 62.49+6.80 62.79+5.67
25 55.38+4.56 61.10x4.23 61.70+4.82 62.21+£5.44 52.83+10.18 61.91+5.63 62.05+5.14 62.20+5.68
30 52.07£3.78 58.80+4.44 59.56+4.46 59.06+4.21 45.35+14.04 59.55+5.04 60.44+4.03 60.23+3.71
35 51.86+£3.07 57.15+3.52 57.2843.63 58.69+3.59 49.01+10.39 57.00+4.35 59.31+3.85 58.91+3.99
40  51.48+3.35 56.46+3.42 58.03+3.73 58.17+3.36 45.58+9.31 58.25+3.27 58.38+3.15 58.36+3.36
Avg. 61.70 67.16 67.62 67.78 57.31 68.92 69.64 69.75
Table 8. NMI(%) of different algorithms on ORL dataset.

k  k-means NMF GNMF GDNMF  NTD GNTD uni-AOGNTD  bi-AOGNTD
2 70.82+40.76 70.64+34.38 71.39+34.53 73.87+32.41 62.85+£35.80 93.53+15.58 96.10+11.76 94.62+12.59
4 68.42+16.36 79.91+12.97 80.06+13.49 77.86+15.48 64.81+14.60 80.18+19.54 82.13+15.94 82.46+16.15
6 69.52+9.93  74.09+9.67 74.01+11.38 74.10+11.53 60.51+17.75 76.41+8.52 79.18+8.17 79.69+8.01
8 65.60+£10.31 74.99+8.75 73.82+8.16 72.66+£9.05 55.10+£17.20 75.27+7.38 75.52+7.61 75.73+£7.08
10 68.35+6.79 73.18+5.33  73.80+6.37 75.33+£5.98 63.76+13.26 75.73+7.47 77.98+7.79 77.82+8.17
15 69.53+4.25 76.00+4.69 76.38+5.10 75.83+4.99 66.67+12.51 76.64+4.86 76.64+5.09 76.93+4.93
20 69.21+4.42 74.10+4.32 74.67x4.72 75.24+3.62 64.33x11.76 75.59+4.15 75.98+4.65 76.01+4.15
25 71.68+£3.25 75.77£2.66 76.62+3.26 76.92+3.62 68.37+9.31 77.04+£391 77.11+3.69 77.15+3.59
30 70.58+2.41 75.39+2.97 76.13+£2.65 75.66+2.68 62.90+12.97 76.28+2.88 76.66+2.81 76.55+2.45
35 71.17£1.94  7471+£2.11 75.35+£2.09 76.02+2.11 67.46+£9.66 75.39+2.77 76.86+2.18 76.48+2.30
40 71.84+2.01 7491190 76.03x1.90 76.55+£1.83 66.07£7.95 76.79+1.79 76.88+1.63 76.90+1.85
Avg. 69.70 74.87 75.30 75.46 63.89 78.08 79.18 79.12

As can be seen, the uni-AOGNTD and bi-AOGNTD methods are superior to the compared
methods, due to innovating and balancing the approximately orthogonal regularization and the graph
regularization in conjunction with the unified NTD for tensor data representation. The local minimum
solution is compressed to a better solution space under the adjustment of parameters. Intuitively, the
nonnegativity of the factor matrix and the model constraint reduce the feasible solution domain to
near local minima.

The clustering results of methods containing graph regularization terms for A®) are extended in
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Figure 8. In short, the fresh approaches produced the highest and stablest AC and NMI.
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Figure 8. The clustering performance of four methods on COIL-20, Yale, and ORL datasets.

5.5. Convergence study

As described in Section 3, the convergence of the proposed algorithms has been theoretically
proved. In this subsection, we experimentally study the convergence of the proposed algorithms by
assuming link between the number of iterations and the value of the objective function in Figure 9.
The trend intuitively suggests that the objective function can converge effectively under the
multiplication iteration rules and explains the correctness of Theorem 4.
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Figure 9. Convergence curves of AOGNTD on COIL-20, Yale, and ORL datasets.

6. Conclusions

In this paper, we built up two novel AOGNTD methods for tensor data representation. The
convergence analysis is given. The AOGNTD method presents more competent representation and
achieves better clustering performance on the publicly available real-world datasets through two
adjustable regularization parameters. Although AOGNTD methods perform well in image clustering
tasks, it can be further improved in two possible directions in the future. First, the graph in our
algorithm is fixed, but it is thought-provoking whether to obtain joint information from multiple
graphs or learn the optimal graph. In addition, a large number of NTD-based methods rely on
K-means, and designing independent classification methods without any additional clustering
procedure is the main point of further research.
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