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ABSTRACT The k-means clustering algorithm is the oldest and most known method in cluster analysis.
It has been widely studied with various extensions and applied in a variety of substantive areas. Since
internet, social network, and big data grow rapidly, multi-view data become more important. For analyzing
multi-view data, various multi-view k-means clustering algorithms have been studied. However, most of
multi-view k-means clustering algorithms in the literature cannot give feature reduction during clustering
procedures. In general, there often exist irrelevant feature components in multi-view data sets that may cause
bad performance for these clustering algorithms. There also exists high feature dimension in multi-view data
sets so it is necessary to consider reducing its dimension for clustering algorithms. In this paper, a learning
mechanism for the multi-view k-means algorithm to automatically compute individual feature weight is
constructed. It can reduce these irrelevant feature components in each view. A new multi-view k-means
objective function is firstly proposed for constructing the learning mechanism for feature weights in multi-
view clustering. A schema for eliminating irrelevant feature(s) with small weight(s) is then considered
for feature reduction. Therefore, a new type of multi-view k-means, called a feature-reduction multi-view
k-means (FRMVK), is proposed. The computational complexity of FRMVK is also analyzed. Numerical
and real data sets are used to compare FRMVK with other feature-weighted multi-view k-means algorithms.
Experimental results and comparisons actually demonstrate the effectiveness and usefulness of the proposed
FRMVK clustering algorithm.

INDEX TERMS Clustering, k-means, multi-view k-means, feature-reduction learning, feature-reduction
multi-view k-means (FRMVK).

I. INTRODUCTION

Clustering is a useful tool for data analysis. It is a method for
clustering a data set into groups with the most similarity in
the same cluster and the most dissimilarity between different
clusters [1], [2]. According to the statistical point of view,
clustering methods may be divided as a probability model-
based approach and a nonparametric approach. In nonpara-
metric approaches, partitional methods are the most used.
Partitional clustering methods suppose that the data set can be
represented by finite cluster prototypes with their partitioning
memberships. In partitional methods, the k-means algorithm
is the oldest and most known method [3]-[6]. The k-means
algorithm is generally used for (1-view) data. Co-clustering
was first proposed by Dhillon [7] in 2001. However,
co-clustering is used for only 2-view data. Afterward,
Bickel and Scheffer [8] proposed multi-view clustering
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for handling multi-view data that are more than 2-views.
Recently, internet, social network, and big data grow with
high speeding and there are more and more multi-view
data [9], [10]. In multi-view data, different views give dif-
ferent representations. For example, the same news can be
told from different news sources. Web pages can be grouped
based on both content and anchor text leading to hyperlinks.
One image can be represented with different properties and
different feature spaces, and one document may be translated
into different languages. However, (one-view) data clustering
(even, co-clustering) algorithms cannot handle these multi-
view data. Extensions of clustering algorithms to multi-view
clustering algorithms become important, especially for multi-
view k-means clustering [11]-[15].

Multi-view learning can be divided into supervised,
semisupervised and unsupervised learning approaches. For
example, a supervised approach based on support vec-
tor machine was proposed in [16], and a semisupervised
approach with both labeled and unlabeled training data to
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learn a discriminative feature representation was proposed
in [17]. In this paper, we focus on the unsupervised learning
approach for multi-view data analysis. However, most of
multiview clustering algorithms consider all feature compo-
nents of data in each view to be equally important [18], [19].
In most cases, there exist some irrelevant features that always
affect clustering results and may produce incorrect clustering
results. In this case, embedding feature reduction behavior
in multi-view k-means for multi-view data can take advan-
tage to improve the clustering performance. It is known that
feature weights in one view are in the interval [0,1], so the
more influence a feature is, the greater its weight should be.
Feature-weighted techniques had been used for multi-view
k-means clustering algorithms, such as simultaneous weight-
ing on views and features (SWVF) [12] and weighted
multi-view clustering with feature selection (WMCEFS) [14].
Although these feature-weighted clustering algorithms may
improve the performance of k-means for multi-view data,
they do not consider feature reduction. In general, if there
exist irrelevant features during clustering processes, the clus-
tering algorithm must take more computational time and
even yields incorrect clustering results, especially for multi-
view data. Thus, a feature-reduction schema for multi-view
k-means clustering algorithms becomes important.

In this paper we propose a novel feature reduction
mechanism for multi-view k-means using the idea of
Yang and Yessica [20]. In [20], they considered the fuzzy
c-means (FCM) algorithm with a feature reduction for
(1-view) data. Therefore, we propose the feature-reduction
multi-view k-means (FRMVK) clustering algorithm that can
automatically compute different feature weights and detects
these unimportant (irrelevant) features in each view. Based on
the feature-reduction mechanism in each view, the proposed
FRMVK algorithm can solve the weakness in most multi-
view k-means algorithms for multi-view data. The remainder
of this paper is organized as follows. In Section II, we first
review some related works with feature-weighted k-means
for (1-view) data and then review these related multi-view
k-means clustering algorithms. In Section III, we propose
the FRMVK clustering algorithm with the learning schema
for estimating the parameter values in the FRMVK objective
function. To evaluate the performance of FRMVK, we use
numerical and real data sets to compare FRM VK with the two
leading algorithms: SWVF and WMCES. These experiments
and comparisons are made in Section I'V. Finally, conclusions
are stated in Section V.

Il. RELATED WORKS

In this section, we introduce some notations and briefly
review single-view and multi-view k-means clustering algo-
rithms in the literature that use feature weights. Let
X = {x1, ..., x,} be a data set in a d-dimensional Euclidean
space RY with x; = {x;},i = 1,---,n,j = 1,---,d
being the j-th feature component in the i-th data point. Let
U = [pikl,xc> Where i is a binary variable (i.e. pujx €
{0, 1}) indicating if the data point x; belongs to k-th cluster,
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k=1,---,c.LetA = {ay,...,a:} be the c cluster centers
where a;y = {ay}, k = 1,---,¢,j = 1,---,d being the
Jj-th feature component of the k-th cluster center. Thus, the
k-means objective function is as follows:

n ¢ d
J(U,A) = Z Z Z i (i — aig)?

i=1 k=1 j=1

where ||x; — ai|| is the Euclidean distance between the data
point x; and the cluster center a.

In Huang et al. [21], they first considered an extension of
k-means by adding feature (variable) weights for data points,
called the weighted k-means (WKM). Let W = [wyjlexa,
where wy; is the j-th feature weight in the k-th cluster center.
The WKM objective function in Huang et al. [21] is as

c n d
Twkm (U, A, W) =33 i (wi)P (xij — a))”

k=1 i=1 j=1

where § < 0 or B > 0 is a power parameter for feature
weights. They also considered to remove important variables
by choosing variables with small weights for heart disease
and Australian credit card data sets to obtain better results.
The WKM algorithm improves the performance of the
k-means algorithm with one additional step to compute
feature weights during iterations. As indicated by the
WKM objective function, it does depend on the exponent
parameter S of feature weights. Different parameter settings
will affect the WKM clustering results. On the other hand,
weight discrimination ability for representing irrelevant fea-
tures is not apparent in the WKM algorithm. Furthermore,
Jing et al. [22] considered subspace clustering that is espe-
cially useful for high dimensional sparse data by using a
feature-weighting approach. In Jing et al. [22], they proposed
entropy-weighted k-means (EWKM) by adding weighted
entropy term such that it can simultaneously minimize the
within cluster dispersion and maximize the negative weighted
entropy. Since feature weights represent the probability of a
dimensional contributing to clustering results, it is used to
determine subsets of important dimensions in each cluster.
The EWKM objective function [22] is

c n d
Jewkm (U, A, W) = Z Z Z pikwii (i — ag)

k=1 i=1 j=1

c d
+v Z Z wyj log wyj

k=1 j=1

where ¥y > 0 is a parameter. The parameter y can control
the size of feature weights in each cluster with the strength of
feature weight entropy, but it needs to be estimated by users.
If it does not have a good setting, the EWKM algorithm
cannot get good clustering results. Jing et al. [22] carried out
clustering on selected subspace instead of full data space by
directly assigning zero weights to features with less informa-
tion. They applied EWKM to high dimensional sparse data,
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such as text clustering and business transaction data, where
many features have zero-dimension.

We know that co-clustering was first proposed
by Dhillon [7] in 2001 for 2-view data sets.
Bickel and Scheffer [8] in 2004 proposed multi-view cluster-
ing for handling multi-view data. Afterward, several multi-
view k-means clustering algorithms had been proposed in the
literature [10], [18], [23]. We next review some related works
about multi-view k-means clustering. For a multi-view data
set X = {x, ..., x,} in a d-dimensional Euclidean space R4,
let x; = {x/'},_, be the h-th view of the i-th data point with

h d h )%
x;! € R, andletx; = {xlj] 1be the j-th feature component
/:

of the h-th view in the i-th data point with Zi:] dp =d.
Let U = [(ik], x> where wj is a binary variable indicating
if the data point x; belongs to k-th cluster, k = 1,---,c.

Let A = {ay,...,a.} be the c cluster centers where a; =

{axj},j = 1,---,d is the j-th feature component of the
S

k-th cluster center. Let W = [wj]1xq, where w; = {th}h ]is

the j-th feature weight in the h-th view. Let V = [v;]1xs,
where v, is a weight for the A-th view. Thus, the k-means
objective function for the multi-view data X = {x1, ..., x,}
becomes

s n ¢ d
JU. A=) Y > ) nal—ap)?
h=1 i=1 k=1 j=1

For clustering multi-view data, Xu et al. [14] proposed a
multi-view k-means clustering algorithm, called the weighted
multi-view clustering with feature selection (WMCEFS),
by designing two weighting schemes for features and views
such that the best view and the most representative fea-
ture subspace in each view can be selected for clustering.
The WMCES objective function in Xu et al. [14] is as
follows:

Jwmcrs(U, A, W) =

Z(w)“ZZM
k=1 i=1
~dh))

xi< (o

s dp

+ﬂ22( )

h j=1

where « is used to adjust the sparsity of view weights, ranging
from 1 to 30. B = 0.1 is a parameter to control the sparsity
of the feature weight. In their experiments, the iterations stop
when the number of iterations reaches the maximum number
of iterations with threshold ¢ = 0.00001. The real-world
datasets they used in their experiments are Multiple Feature
(MF), Reuters and Corel. Jiang et al. [12] proposed another
multi-view k-means clustering algorithm via simultaneous
weighting on views and features, called SWVF. In [12], they
proposed weighting strategy where each feature for multi-
view data is given bi-level weights to express its importance
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in feature level and view level, respectively. To implement the
idea of simultaneous weighting, they embedded the proposed
weighting method into k-means clustering algorithm to han-
dle multi-view data. The SWVF objective function [12] is as
follows:

N c n
Tswvr(A, W, V,U) =Y ) D) ik

h=1 k=1 i= 1
2
X Z wj) (x akJ)

where @ and § are two exponent parameters to respectively
control view weights and feature weighs. They applied three
real-world datasets to test the performance of SWVF, namely
Amsterdam Library of Object Image (ALOI), Multiple Fea-
ture (MF) and 3-Sources. However, the SWVF clustering
results are sensitive to the selection of parameters « and .
Different o and g will lead to different distributions of view
and feature weights in which slight changes of them may
yield quite different clustering results. Unlike the SWVF
algorithm, the WMCEFS algorithm may reduce sensitivity of
parameter selection. The WMCFS makes use of the balancing
parameter 8 to control the sparsity of feature weights in each
view. The WMCEFS clustering results are usually stable when
the balancing parameter § is given a small value. Xu et al. [14]
suggested the optimal performance can be achieved when the
balancing parameter 8 = 0.1 for most data sets. However,
the WMCES algorithm is still sensitive to the selection of
parameter o.

lll. THE PROPOSED FEATURE-REDUCTION MULTI-VIEW
K-MEANS ALGORITHM

In this section, we propose the feature-reduction multi-view
k-means (FRMVK) clustering algorithm. Firstly, we give the
FRMVK objective function, where the updating equations for
FRMVK are derived by using the Lagrangian multiplier. Let
X = {x1, ..., x,} be a multi-view data set in a d-dimensional
Euclidean space RY with x; = {xl-h};:l, x!' e R%, and

d

xih = {xé‘.}_hl with ), dp = d. Let U = [Lik],x.» Where
]:

wir = 1if the data point x; belongs to the k-th cluster, and

wir = 0 otherwise, i.e. ujx € {0, 1}. LetA = {ay, ..., a.} be
the ¢ cluster centers with a; = {ay;}. Let W = [wj]1xq, where

N
wj = {th}h is the j-th feature weight in the h-th view
and let V' = [v4]lixs, Where vy is a weight for the

h-th view. Since multi-view data may include some irrele-
vant feature components in each view, feature reduction for
multi-view data is important. A novel schema with feature-
weighted entropy in each view is proposed to have fea-
ture reduction for multi-view data. In this schema, each
feature in each view has its own feature weight that will
be updated at each iteration. After some learning proce-
dures, feature(s) with small weights(s) in each view will
be eliminated. The proposed FRMVK objective function is
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as follows:
2
WAV, W>—Z<vh>aZZu:kZ o] (xf—aly)
k=1 i=1
= dh
h h
+thZw Ins!w} (1)
h=1 j=1
subj Dy > =
ject to 3t wi=1,w;€[0,1] and D 5_vp = 1,

vy € [0, 1]. Note that 87 is a balance parameter to control
the feature weights of the k-th cluster in each view; o > 0 is
the exponent for the view weights.

The FRMVK clustering algorithm is to minimize
Eq. (1) With its constraints Since we have to solve the
variables ak Wik, vy, and w in Eq. (1), the FRMVK updat-
ing equations can be obtalned using the four minimiza-
tion steps, where one of the four variables is updated
by fixing the other three variables. The updating equa-
tion for wjcis to minimize the FRMVK objective function
JWU,A,V, W) of Eq. (1) W.L.L. /L,k that is equivalent to

2
minimizing Z (vi)® Z Z Mik Z wh8h (x] - a,i’j) W.LL
k=1i=1 ] 1

h=1
we can obtain the following updating equation for p:

wik. Let dig(x;, ap) = Z (vp)® Z wh(?h (xl] — akj> Thus,
Jj=

1if dig (x;, = min d;,(x;,
g = { if dig (x;, ax) lrfnqlrflc iq(Xi aq) )

0 otherwise

By taking the partial derivative of the FRMVK objec-

tive function J (U, A, V, W) of Eq. (1) w.rt. agj and set-

ting them to be zero, we obtain the equation ;H—Jh =
i

=2 (vp)¥ Z ik W héh (xl] — azj) = 0,and then we have that

i=1

h
Zz 1 Mik ( akj)

azj can be obtained as

ak] Z Mthu Z Mik 3)

where ak is the j-th feature component of the k-th cluster
center in the h-th view.

For solving the optimization problem of the FRMVK
objective function J (U A, V, W) of Eq. (1) with the con-
straints w.r.t. v,and w/, the Lagrangian multiplier needs to be
used. The Lagrangian for J(U,A,V,W)is given as

}(UA V, W)

_zw S Sl (e ah)’

klzl j=1

+ ZZW In 8w

= (0. Thus, the updating equation for

h ‘11] 1
h s
— A wa—l —A2<th—l) 4)
j=1 h=1
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By taking the partial derivative of the Lagrangian J of Eq. (4)
w.r.t vj and setting them to be zero, we obtain the equation

g (! Z S i 35wkl (h—dt) 22 =0
=1j=1 j=1
Thus, we have

L
oA )
v = A2 [ D0 ) pik ) 8w (xij —akj> . Since
k=li=1  j=1

Yo ve =1, we get

Ay = Z(

—1\ —1

e

n=1
Thus, the updating equation for vy, can be obtained as

a—1

S Snnfon )2
s 22 pik 2 8)w; (xlj—ak]>

&)

By taking the partial derivative of the Lagrangian of
Eq. (4) wrt w;’ and setting them to be zero, we

2
obtain the equation_*% N = v‘;l‘éh Z Z ik ( ak/) +
=1i=1

hyh —
w(mgwl+1) = = 0.  Thus,
( dhvh i Z Nzk‘sh(x _“k/) —n+dh)t1)

we have In 8;‘ ]h = and
1 /5! exp( s} z zuik o xﬁ,ag)z /n)

W= ST a7 : Since

Zjdhlw =1, we get exp(n—»Ari/n) = Z l,l

/

exP( —dj, (vp)® 8 Z Z Wik (

2
ak) /n> Thus, the
g’
k 1i=1

updating equation for w]h can be obtained as

2
\ #exp( dp (vp)® 3’1 Z Z Wik ( i GZJ) /n>

=1li=1
Wi dp, | 2
) 57€XP< dp (vp)* 5h Z Z Mzk( af;) /n)
j=1° =1i=1
(6)

It is necessary to explain why we use n / dpto control the
effect of the entropy term ) ), _, Z]dh Wy " n Shw in the pro-
posed FRMVK objective function, where it 1s also appeared

in the updating equation (6) for feature weights. In Eq. (6),
if the term exp((vh)"‘(Sh Z Z ,u,k(xlj

then the numerator in Eq.l(6) will become too small as
close to zero. We need to avoid this case for preventing too
many features to be discarded during updatmg steps. On the
other hand, if the term exp((vh)“(Sh Z Z ,u,k(xlj — akj)z)

k=1
is too small, then the numerator in Eq. (6) will be large as

akj)z) is too large,
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close to one so that it is difficult for the feature(s) to be
discarded during updating steps. This case also needs to be
avoided. In this sense, we need to put a suitable constant
to control the effect. In the FRMVK clustering algorithm,
one goal is to cluster the n data points into c¢ clusters. The
numbers n and dj, are the two commonly given constants.
We use the constant n / dj, to control the effect of the term
C n

exp((vy)* 3} papD pi(xp = @),

Another problem is how to estimate the value of 8;’ in
Egs. (2), (5) and (6). There are two 8}’ terms in the FRMVK
objective function. The first is the sum of feature-weighted
distance between data points and cluster centers in each view,
which is minimized when the distance between points and
centers is small. The second is the feature-weight entropy.
Because the 8;7 in the first and second terms of the FRMVK
objective function are used to control the variants of feature
weights in each view, the choice of 8}1 is very important.
We next propose a learning schema for estimating 8;‘. Exam-
ple 1 is used to demonstrate the proposed learning schema.

Example 1: In this example, we generate a multi-view
2-cluster data set that has 1000 data points from
a 2-component Gaussian mixture distribution Zi:l (1/2)
N (u,((h), ih)), where & =1 and 2 are the two views. The
means u,(cl) for the view 1 are (2 2) and (5 5). The means

u,(cz) for the view 2 are (—6 6) and (2 2 ) The covariance

matrices for the two views are Zgl) = _ 00(')92 55 _06092 3 ) s

m_ (05 0 @_ (15 -04

2 = ( 0 03) X1 = (—0.4 1.5 and

@_ (1 04 (1) o) :

5 = < 04 07 ) These Xy and Xy are the coordinates
for the view 1, and xéz) and x§2) are the coordinates for

the view 2, as shown in Fig. 1(a) and (b), respectively. For
demonstrating the feature-reduction schema, we add a fea-
ture, coordinated by x{ D for the view 1, and another feature,
coordinated by xiz), for the view 2 where they are gener-
ated from a uniform distribution over the interval [—4, —2].
Obviously, the uniform distribution will stretch the 2-cluster
data over the interval [—4, —2] in each view, as shown
in Fig. 1(c) and (d). Of course, the features generated from the
Gaussian mixture are important, but the features generated
from the uniform distribution are unimportant.

We next use the idea of coefficient of variance (CV) in
statistic that is defined as CV = o /u or CV = o /|ul.
The reciprocal of CV is also known as signal-to-noise ratio
(SNR) that is widely used in quality engineering to evaluate
the performance of a system. SNR is defined as the ratio
of average received signal value to standard deviation of
noise background, i.e. SNR = u / o (see [24]). Furthermore,
in physics, Fano factor (FF), which can be seen as a similar
CV, had been proposed and defined as FF = o2 / u (see [25]).
If we consider the reciprocal of Fano factor, that is similar
as SNR being the reciprocal of CV, then we haveu / o ie.,
mean-to-variance ratio (M-V-R). However, the parameter 8;’
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FIGURE 1. The 2-cluster data set for (a) view 1; (b) view 2; The 2-cluster
data set by adding one feature generated from a uniform distribution for
(c) view 1; (d) view 2.

must be positive. Therefore, the (absolute mean)-to-variance
ratio (AM-V-R), i.e. |u| / o2, can be nature as an estimate
for 8;’. However, to estimate 8}’, we have to pick a number as
a better estimate for reducing unimportant features in each
view. We may also take the square root of the absolute mean
in the AM-V-R, i.e. \/[jt[/o%. We call it the (square root of
absolute mean)-to-variance ratio (SRAM-V-R). We think that
the impact of the SRAM-V-R/[i[/0% on 8}’ will give more
effect for feature weights.

We use the three factors, FE, AM-V-R, and SRAM-V-R for
estimating the parameter 8;’ with their respectively obtained
feature weight values of wj/7 using the data set in example 1
where the values of & /h will affect the obtained feature weights.
These values of (S;’Qand w;’ are shown in Table 1. As can
be seen, SRAM-V-R can produce smaller feature weights

for x{l) and x{z), while FF produces smaller feature weights

for xél),xél),xéz) and xéz) and AM-V-R produces smaller
feature weights for xl(2> and xéz). It is found that SRAM-V-R
can be fitted as an estimate of the parameter 8;1. Therefore,
the estimator of 8Jh is used as follows:

mean (Xh> ‘
J
= —
7 h
var (x;

To create a feature-reduction schema in the proposed
FRMVK algorithm, we need to select the irrelevant features
via automatically adjust the feature weights in each view
during clustering processes. In our construction, we use a
threshold to determine which feature(s) will be selected and
discarded. It is known that the data set has n data points that
belong to the & views in which each view has dj, feature com-

ponents. The data set is represented by the & different views
with xih € R% where dj, is the dimension of the h-th view with

)
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TABLE 1. Comparison of FF, AM-V-R, and SRAM-V-R for the 2-cluster data
set of example 1.

View 1 View 2
x](l) xgl) x§1) xl(z) xgz) xgz)

St 0.108 | 0.830 | 0.804 0.115 | 9.367 1.298
j
FF

A1 0.999 | 0.000 | 0.000 1.000 | 0.000 0.000

St 9.230 | 1.205 | 1.244 8.697 | 0.107 0.771
AM- i
V-R h 0.167 | 0.442 | 0.392 0.000 | 0.999 0.000

s 5.333 | 0.641 | 0.657 5.024 | 0.078 0.390
SRAM J

-V-R W}? 0.060 | 0.477 | 0.462 0.003 | 0.977 0.020
J
The FRMVK Algorithm
. s
Input: Dataset§ = {x1,...,x,} with x; = {xih}h=] and
h
xl.h = {xg} X number ¢ of cluster, «, and &£ > 0.
j:

Output: a,}(’j, /,Ll;-;(, v, and wJ’.'.

Initialization: Randomly generate initial U h_initialize
feature weight Wh(0 = [W]h]lxdh
(user may define wj’ =1 / dyVj), initialize view weight
VO = [v,] «s (user may define v, = 1/s‘v’h), and set
t=1

Step1: Calculate 8;’ by Eq. (7).

Step 2: Compute the cluster center AnY using U1 by
Eq. (3).

Step 3: Update membership matrix U® using
8, AT V=D and W' by Eq. (2)

Step 4: Update the feature weight wh using 8;’, Ah(t), U
and V=D by Eq. (6)

Step 5: Update the view weight V) using 8;’, A" U® and
W by Eq. (5)

Step 6: Discard total d, number of these j feature components
for WH if Wh" = 1//ndy, and set d" = D — d,

Step 7: Adjust W by Eq. (8).

Step 8: If ‘ H wh" WW}’(”)
Elsesett =t + 1,d = d"" and go back to Step 1.

< ¢, then stop;

Zjdi 1 w;’ = 1. If d), is large, then the threshold for feature
reduction in the h-th view is intuitively chosen as 1 /dh.
However, the proposed feature-reduction algorithm must fit
for most multi-view data sets, even for small dj,. In this sense,

the data number n should be considered as another factor. It is
known that l/dh = 1/,/d,3 = 1/\/dydy. For a balance

between small and large dj,, we replace one dj, with n so that
it becomes 1/+/nd),. Therefore, we consider 1/+/ndj, as a
suitable threshold for discarding these irrelevant features in
the h-th view. After these irrelevant features in the view h are
discarded, to retain the constraint Zjdi | w]’.’ = 1, these feature
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weights wjh need to be adjusted by

dp(new)
o / > ®)

Thus, the proposed FRMVK algorithm is summarized as
follows:

In the proposed FRMVK algorithm, we first give the
number c of clusters and assign the values of exponential
parameter . We need to initialize feature weights w]ff and
view weights vy, but simply initialized with wl}.' =1 / dyVjand
vp =1 / sVh. For stopping the algorithm, we set the iterative
process of the weighted sum of the intra-features weight
variances between the t-th and the (t-1)-th iterations as MI(t)

which can be computed as MJ(t) = ‘H wh? H - H Wh(””‘ ‘ )

where W/ denotes the updated iteration of feature weights
in each view and W"'™" is the feature weights in the
(t-1)-th iterations. MJ(t) > 0 means the sum of intra-feature
weight variances in h-th view distances updated in each step
of iterations is strictly decreasing. In our experiments, the iter-
ation stops when the gap of the sum of intra-feature weight
variances distances between the two consecutive iterations is
less than the threshold ¢.

IV. EXPERIMENTAL RESULTS AND COMPARISONS

In this section, three synthetic and four real data sets
are used to illustrate the performance of the proposed
FRMVK algorithm. Among the four real data sets, the first
one is the text data set, the second is the image data set,
and the last two are the images of CALTECH-101 data
sets. Comparison of the proposed FRMVK algorithm with
SWVF [12] and WMCEFS [14] is also made. For the exper-
imental comparisons, all algorithms use the same initial clus-
ter center assignments, the same initial feature weights, and
the same initial view weights. Accuracy rate (AR) and Rand
Index (RI) [26] are used as the criteria for the performance
evaluation. Note that all the three algorithms of FRMVK,
SWYVEF, and WMCEFS have the same parameter « that is used
to control view weights, so the parameter & must have the
same given values in all experimental comparisons.

Example 1 (Cont.): We continue Example 1 by imple-
menting the FRMVK algorithm for the 2-cluster data set
with equal feature weights and equal view weights as the
initialization Wh(o). After two iterations, FRMVK clearly
demonstrates xl(l) andxfz) as unimportant features. This fea-
ture reduction behavior is shown in Table 2, where the clus-
tering result from FRMVK is with AR = 1.00.

Example 2: In this example, we use a more compli-
cated synthetic data set with manifold shapes that is the
2-HalfMoon+1-block, as shown in Fig. 2(a) and (b) for
view 1 and view 2, respectively. The manifold data set has
3 clusters and 900 data points for which the 600 data points
are for the HalfMoon pattern and the 300 data points are
for 1-block shape. Fig. 2(a) is the visualization of view-1
with the coordinates xfl) and xél), while Fig. 2(b) is the
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TABLE 2. Feature reduction behavior by FRMVK for the 2-cluster data set
of example 1.

Feature weights
xfl) 0 xgl) Fe)

B FD

Iteration 1 | 0.060 0.477 | 0.462 | 0.060 0.977 | 0.020
Iteration 2 | 0.060 0.477 | 0.462 | 0.060 0.980 | 0.020

Iteration 3 - 0.476 | 0.524 - 0.943 | 0.057
Iteration 4 - 0.475 | 0.525 - 0.942 | 0.058
Iteration 5 - 0.475 | 0.525 - 0.942 | 0.058

FIGURE 2. (a) 2-HalfMoon+1-block of View-1; (b) 2-HalfMoon-+1-block of
View-2; (c) Combination of features in Fig. 2(a) with another feature
generated from a uniform distribution; (d) Combination of features

in Fig. 2(b) with another feature generated from the uniform distribution.

visualization of view-2 with the coordinates xfz) and xéz).

Furthermore, we design another irrelevant feature in each
view with uniform distributions, where we generate xél)
and xéz) from the uniform distributions over intervals [0,5],
respectively. Fig. 2(c) is the visualization of view-1 with the
coordinatesxfl), xél) and xgl), while Fig. 2(d) is the visualiza-
tion of view-2 with the coordinates xl(z), xéz)and xéz).

This complicated manifold data set is a challenge for most
clustering methods. We implement the FRMVK algorithm
for this data set. FRMVK is able to adaptively identify these
important features of each view, in which it demonstrates that
the feature weighting mechanism in FRMVK can enhance
the algorithm stability. The feature reduction behavior is
shown in Table 3, where the unimportant features xgl) and
x§2) from uniform distributions are reduced after iteration 2.
The clustering results from FRMVK in each view are shown
in Fig. 3(a) and (b). Furthermore, we implement WMCEFS and
SWVF for the 2-Half-Moon+-1-block data set. The clustering
results from WMCEFS in each view are respectively shown
in Fig. 3(c) and (d), and the clustering results from SWVF
in each view are respectively shown in Fig. 3(e) and (f).
The average ARs for the FRMVK, WMCEFS, and SWVF

algorithms are as 0.965, 0.554 and 0.878, respectively. As can
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()
FIGURE 3. Clustering results of view 1 and view 2 in 2-HalfMoon+1-block
by FRMVK; (c)-(d) Clustering results of view 1 and view 2 in

2-HalfMoon+1-block by WMCFS; (e)-(f) Clustering results
of view 1 and view 2 in 2-HalfMoon-+1-block by SWVF.

TABLE 3. Feature reduction behavior by FRMVK for the manifold data set
of example 2.

Feature weights

0 Y xgl) 0 xgz) K0
Iteration 1 0.386 0.573 .041 0.095 0.851 0.055

(=}

Iteration 2 0.442 0.531 0.026 | 0.183 0.817 -
Iteration 3 0.210 0.790 - 0.215 0.785 -
Iteration 4 0.227 0.773 - 0.182 0.818 -
Iteration 5 0.219 0.781 - 0.160 0.840 -
Iteration 6 0.217 0.783 - 0.150 0.850 -
Iteration 7 0.221 0.779 - 0.145 0.855 -

be seen, the proposed FRMVK actually presents better clus-
tering results than WMCEFS, and SWVE.

Example 3: In this example, a numerical three-view data
set with 3 clusters and 5 feature components is consid-
ered. The data points in each view are generated from
a 3-component S-variate Gaussian mixture model (GMM)
where their mixing proportions, means and variance matrices
are shown in Table 4. Furthermore, two irrelevant features
in the view 2 with uniform distributions are added. For the
feature component xéz) , 307 data points generated from the
uniform distribution over the interval [0, 12] are added in
the first component; 332 data points generated from the
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TABLE 4. Mixing proportions, means and variance matrices of the GMM for the data set of example 3.

Views pmMpl::E(gm s Mean values Variance matrices

View 1 a,=0.30 M(l):(l 01 2 1 0.5) 4 01 0 0 O 05 0 05 0 0
0.1 02 0 0 0 0 01 0 0 0
% =035 #'=(5 3050 2 P10 0 1 0 o, Y"]0os 0o 1 0 0
% =0.35 AV=(1 01 5 1 02) 0 0 0 010 0 0 020
0 0 00 1 0 0 1

050 0 0 0

0 1 0 0

Y=l 0 001 0 0

0 0 0 010

0 0 0 2
View 2 a,=0.30 lul(z):(s 305 0 2) 4 01 0 0 O 05 0 05 0
01 02 0 0 0 0 01 0 0
®=035 =101 5 1 02) P10 0o 1 0 0,305 0 1 0
% =035 A =(1 0121 05) 0 0 010 0 0 020
0 00 1 0 0 1

050 0 00

01 0 00

W= 0 001 0 o0

00 0 010

00 0 0 2
View 3 o, =0.30 /1{3)2(1 01 5 1 0'2) 4 01 0 0 0 05 0 05 0
a, =035 A1 01 2 103 , |er0z 0 00 o ol o 0
=0 0 1 0 0> =|05 0 1 0
% =035 #'=(53 05 0 2) 0 0 0 010 0 0 0 020
0 0 00 1 0 0 0 1

050 0 0 0

01 0 00

U= 0 0 01 0 0

00 0 010

000 0 2

uniform distribution over interval [0,18] are added in the sec-
ond component; 361 data points generated from the uniform
distribution over the interval [0,20] are added in the third
component. For the feature component xéz), 307 data points
generated from the uniform distribution over the interval
[0, 14] are added in the first component; 332 data points
generated from the uniform distribution over interval [0,16]
are added in the second component; 361 data points gener-
ated from the uniform distribution over the interval [0,18]
are added in the third component. We implement FRMVK,
WMCEFS and SWVF for the multi-view data set. It is found
that FRMVK, SWVF and WMCEFS get average ARs with
0.856, 0.720 and 0.444, respectively. As can be seen, the
proposed FRMVK gets the best performance. On the other
hand, FRMVK also performs feature reduction where the
feature reduction behaviors of FRMVK are shown in Table 5.
From Table 5, FRMVK clearly demonstrates that the sixth
and seventh features in the view 2 are unimportant features.
It is good because the sixth xéz) and seventh xéz) features
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are originally generated from uniform distributions that are
unimportant features in the view 2. Furthermore, ARs and
RIs from the proposed FRMVK after different iterations are
also shown in Table 5. It is seen that the proposed FRMVK
increases the values of ARs and Rls after each iteration.
As can be seen, the proposed FRMVK takes feature reduction
behavior that successfully detects unimportant features and
also improves clustering performance.

In next example, we use four real multi-view data sets from
UCI repository [27], that include Image Segmentation data
set, Multiple Features data set, and two image data sets known
as Caltech-7/20 [10], for investigating the performance of the
proposed FRMVK algorithm. Comparisons of the proposed
FRMVK with SWVF and WMCEFS are also made.

Example 4: Detailed information for the real data sets,
Image Segmentation (IS) [27], Multiple Features (MF) [27],
and Caltech-7/20 [28] is shown in Table 6. Note that the
exponent « for view weights are all appeared in the proposed
FRMVK, SWVF and WMCES where, in SWVF [12] and
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TABLE 5. Feature reduction behavior by FRMVK for the data set of example 3.

w
(#) v
i Initialization ~ Iteration 1 Iteration 2 TIteration 3  Iteration4  Iteration 5
v 0 1/5 0.091 0.091 0.147 0.112 0.105
1 I
xgl) 1/5 0.326 0.326 0.243 0.191 0.186
x§1) 1/5 0.084 0.084 0.378 0.512 0.536
0 1/5 0.120 0.120 0.054 0.044 0.041
4
0 1/5 0.380 0.380 0.178 0.142 0.132
5
v e 1/7 0.061 0.061 0.128 0.084 0.068
2 1
x§2) 1/7 0.328 0.328 0.310 0.219 0.179
e 1/7 0.040 0.040 0.293 0.548 0.618
3
xEZ) 1/7 0.151 0.151 0.062 0.047 0.039
x§2) 1/7 0.419 0.420 0.208 0.102 0.096
x§2) 1/7 0.000 - - - -
x§2) 1/7 0.001 - - - -
v ©) 1/5 0.088 0.088 0.128 0.124 0.106
3 X
x§3) 1/5 0.293 0.293 0.432 0.337 0.300
e 1/5 0.097 0.097 0.222 0.409 0.484
3
xf) 1/5 0.154 0.154 0.093 0.060 0.050
o) 1/5 0.369 0.369 0.126 0.079 0.059
5
AR - - 0.571 0.735 0.856 0.858
RI - - 0.707 0.746 0.843 0.846
TABLE 6. Characteristics for the real data sets.
Data View Composition of Each View Dimension | Cluster Size
IS Shape view 9 features for the shape information of 7 images 9 7 2310
RGB view 10 features for the RGB values of 7 images 10
Mfeat-fou view | 76 Fourier coefficients of the character shapes 76
Mfeat-fac view 216 profile correlations 216
MF Mfeat-k?r view 64 Ka.rhunen-Love .correlatlol}s 64 10 2000
Mfeat-pix view | 240 pixel averages in 2 x 3 windows 240
Mfeat-zer view | 47 Zernike moments 47

Mfeat-mor view | 6 morphological variables 6
Gabor 48 dimension Gabor feature 48
WM 40 dimension wavelet moments 40
CENTRIST 254 dimension of census transform histogram 254
Caltech-7/20 HOG 1984 dimension of the histogram of oriented gradients 1984 7120 147472386
GIST 512 dimension of the spatial envelope of the image 512
LBP 928 dimension of local binary patterns 928

WMCES [14], they had shown that the exponent « for view
weights actually has the influence on clustering performance
of SWVF and WMCEFS. In this example, we first explore
the influence of the exponent « on clustering performance
and feature reduction behavior of FRMVK. We analyze the
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effect of the exponent « using accuracy rate (AR) and rand
index (RI). On the other hand, both WMCFS and SWVF
need extra setting for the parameter 8, except the exponent
o for view weights. Therefore, we also make comparisons
of FRMVK with both WMCFS and SWVF algorithms under
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TABLE 7. Worst/Average/Best of AR and RI from algorithms with different o on IS and MF data.

IS MF
Method | a AR RI AR RI
2 0.241/0.335/0.426 0.516/0.692/0.767 0.100/0.148/0.168 0.245/0.449/0.523
3 0.119/0.228/0.360 0.408/0.516/0.749 0.151/0.156/0.159 0.368/0.478/0.505
4 0.119/0.188/0.323 0.401/0.468/0.583 0.170/0.204/0.310 0.572/0.592/0.698
5 0.119/0.190/0.360 0.403/0.473/0.762 0.328/0.456/0.569 0.681/0.756/0.839
WMCFS | 6 0.119/0.228/0.360 0.320/0.497/0.764 0.402/0.589/0.710 0.711/0.839/0.895
7 0.180/0.275/0.366 0.399/0.540/0.727 0.632/0.746/0.776 0.887/0.926/0.933
g 0.205/0.312/0.379 0.413/0.609/0.749 0.654/0.723/0.791 0.919/0.930/0.942
9 0.209/0.346/0.439 0.394/0.678/0.766 0.664/0.718/0.795 0.927/0.935/0.948
10 0.235/0.382/0.537 0.378/0.706/0.800 0.556/0.693/0.795 0.912/0.933/0.948
2 0.143/0.362/0.542 0.143/0.642/0.851 0.306/0.370/0.439 0.849/0.862/0.874
3 0.143/0.459/0.572 0.143/0.756/0.860 0.560/0.656/0.727 0.899/0.925/0.938
4 0.143/0.482/0.613 0.143/0.800/0.864 0.701/0.740/0.852 0.940/0.944/0.965
5 0.360/0.495/0.608 0.731/0.838/0.866 0.706/0.751/0.851 0.941/%%%0.948/0.966
SWVF | 6 0.143/0.430/0.584 0.143/0.798/0.869 0.610/0.733/0.850 0.923/0.946/0.966
7 0.360/0.501/0.615 0.731/0.838/0.864 0.100/0.656/0.844 0.100/0.841/0.966
g 0.360/0.504/0.615 0.732/%%%0.840/0.864 0.602/0.732/0.840 0.923/0.947/0.966
9 0.360/0.502/0.587 0.732/0.838/0.870%%* 0.695/0.744/0.836 0.941/0.949/0.966
10 0.360/0.506/0.587 0.731/0.838/0.864 0.100/0.586/0.848 0.100/0.738/0.966
2 0.428/0.503/0.633 *#%0.803/0.821/0.849 0.407/0.559/0.661 0.878/0.898/0.913
3| **%0.447/*%%0.561/0.58 0.776/0.838/0.857 w0, 778/%0.848/0.915%% | *++0.946/%0.958/0.968**
7 * %
4 *0.517/%0.655/0.704 *0.812/%0.867/0.887% | **0.791/**%0.834/0.930% | *0.948/%0.958/0.974**
*
FRMWK | O | TOSUIFROS980.709% | R0 SI0F0843/08TTF | 0T97/H08IS093T | F0.94T/ 095710976
6 0.418/0.537/0.688** 0.771/0.826/0.368 0.702/0.792/0.825 0.935/%%%0.948/0.956
7 0.414/0.529/0.598 0.768/0.825/0.840 0.664/0.732/0.817 0.023/0.933/0.948
g 0.412/0.544/0.656 0.770/0.830/0.848 0.662/0.709/0.760 0.923/0.929/0.942
9 0.408/0.547/0.626 0.781/0.829/0.851 0.659/0.703/0.754 0.922/0.930/0.941
10 | 0.408/0.552/0.662** 0.781/0.832/0.854 0.656/0.700/0.755 0.929/0.922/0.940

different values for the parameter 8. We run the FRMVK,
WMCES and SWVF for the four real multi-view data sets
and make comparisons using different o with a fixed 8 value.
The exponent « is searched from 2 to 10. We also make the
comparisons for the four data sets using different values of 8
with a fixed « value. The different values of 8 for WMCFS
are 0.0001, 0.005, 0.025, 0.05, 0.075 and 0.1, while the
different values of 8 for SWVF are in the range of [0 30] with
the step 5. The results for the IS and MF data using different
o values with a fixed 8 value are presented in Table 7, and
for the Caltech-7/20 data are presented in Table 8. While
the results for the IS and MF data using different g values
with a fixed o value are presented in Table 9, and for the
Caltech-7/20 data are presented in Table 10. By observing
these experimental results, we conclude the following results.
Result 1: As shown in Table 7 on the IS dataset, the per-
formance of our algorithm obtains the best clustering results
when the exponent « = 4 and, at the same time, the final
numbers of feature components obtained from FRMVK are
stable, as shown in Table 11. For the MF dataset, FRMVK
gives the optimal clustering results when o = 4, while for
Caltech-7 when o = 10 and for Caltech-20 when o = 3.
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Result 2: For the four real world data sets, the expo-
nent parameter o« in WMCFS is sensitive. As shown
in Tables 7 and 9, it is seen that the best clustering results
of WMCEFS can be obtained when ¢ = 10 and 8 = 0.1 on
the IS data set, while with « = 10 and 8 = 0.05 on the
MF data set, with « = 10 and 8 = 0.1 on the Caltech-7 data
set, and with « = 4 and § = 0.1 on the Caltech-20 data set.

Result 3: For the four real world data sets, the
exponenteand the parameter 8 in SWVF are relatively sen-
sitive. For the IS data set, when we run SWVF with g = 10
under different o, we find that the clustering performance
obtained unbalance ARs and RIs. On the MF, Caltech-7,
and Caltech-20 real data sets, we also find that different
o and B have big impacts on clustering performance. From
Tables 7 and 8, it is seen that different o produces different
clustering performance.

Result 4: From the worst, average, and the best of
ARs and Rls obtained by three algorithms, the proposed
FRMVK algorithm actually presents better results than other
two algorithms. In FRMVK, we only need to assign the
exponent parameter o, but both WMCFS and SWVF need
to have another parameter §.
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TABLE 8. Worst/Average/Best of AR and RI from algorithms with different o« on Caltech 7 and Caltech 20 data.

Caltech 7 Caltech 20
Method | AR RI AR RI
2 0.295/0.623/0.793 0.503/0.698/0.838 0.201/0.341/0.557 0.538/0.676/0.830
3 0.240/0.614/0.809 0.576/0.698/0.872 0.174/0.372/0.600* 0.616/0.731/0.840
4 0.425/0.592/0.729 0.603/0.705/0.829 0.294/0.418/0.524 0.734/0.798/0.846
5 0.417/0.548/0.645 0.606/0.701/0.779 0.318/0.394/0.498 0.747/0.822/0.857
WMCFS | 6 0.395/0.520/0.602 0.631/0.710/0.772 0.260/0.374/0.486 0.774/0.830/0.863
7 0.437/0.536/0.632 0.655/0.724/0.781 0.312/0.381/0.470 0.807/0.836/0.862
8 0.435/0.549/0.659 0.687/0.732/0.781 0.324/0.377/0.461 0.815/0.838/0.872
9 0.425/0.551/0.663 0.698/0.734/0.785 0.321/0.372/0.448 0.830/0.839/0.868
10 0.422/0.550/0.672 0.701/0.734/0.785 0.302/0.369/0.456 0.818/0.840/0.863
2 0.403/0.540/0.683 0.675/0.746/0.820 *%0.352/%%0.458/0.567% | *0.844/%0.867/0.900*
%
3 0.400/0.539/0.682 0.676/0.746/0.819 0.342/%%0.449/0.553%* | **0.843/*0.864/0.895%*
%
4 0.399/0.544/0.685 0.681/0.748/0.822 %5%0.350/0.445/0.552 *5%(0.842/0.863/0.893
swve | 3 0.404/0.552/0.689 0.683/0.751/0.822 0.347/0.441/0.549 #+0.842/7+0.864/0.895"
6 0.399/0.556/0.700 0.692/0.753/0.821 0.334/0.422/0.546 0.163/0.829/0.888
7 0.419/0.559/0.702 0.698/0.753/0.821 0.329/0.428/0.546 0.841/0.863/0.895%*
8 0.428/0.563/0.695 0.705/0.754/0.820 0.330/0.426/0.543 0.840/0.863/0.895%*
9 0.432/0.565/0.700 0.703/0.754/0.817 0.389/0.408/0.510 0.163/0.828/0.884%%*
10 0.429/0.565/0.695 0.703/0.755/0.818 0.313/0.407/0.488 0.163/0.827/0.884%%*
2 0.538/0.586/0.632 0.709/0.728/0.762 0.271/0.331/0.423 0.818/0.831/0.845
3| *#%%0.548/%%0.594/0.670 #%0.712/0.735/0.765 0.388/0.459/0.528 0.819/0.836/0.870
4 0.519/%*%0.584/0.665 0.689/0.722/0.760 0.352/0.469/0.532 0.817/0.840/0.876
5| *%0.584/%0.704/0.769%*% |  *0.727/*0.771/0.792 0.386/0.479/0.537 0.813/0.841/0.881
FRMWK |0 #%(.584/*0.704/0.769 *0.727/%0.771/0.792 0.410/0.480/0.544 0.813/0.840/0.885
7 ¥%0.584/%0.704/0.768 *0.727/%0.771/0.792 0.415/0.481/0.554 0.812/0.838/0.886
8 *%0.584/%0.704/0.768 %0.727/%0.771/0.792 0.433/0.479/0.555 0.811/0.837/0.886
9 | *#%0.583/0.704/0.769%%% |  *0.727/%0.770/0.792 0.438/0.480/0.554 0.809/0.836/0.883
*
10 | *0.584/%0.704/0.769%** *0.727/%0.771/0.792 0.441/0.477/0.552 0.809/0.835/0.879

TABLE 9. Worst/Average/Best of AR and RI from algorithms with different g on the IS and MF data.

Y IS MF
AR RI AR RI
WMCFS | 0.0001 0.119/0.151/0.287 0.356/0.388/0.484 0.625/0.704/0.783 0.915/0.928/0.940
0.005 0.119/0.171/0.348 0.306/0.415/0.556 0.604/0.711/0.794 0.908/0.933/0.947
0.025 0.139/0.309/0.391 0.380/0.594/0.750 0.554/0.693/0.799 0.912/0.933/0.949
0.05 0.193/0.349/0.401 *%%(),388/0.688/0.776 0.554/0.707/0.799 0.912/0.935/0.949
0.075 0.223/0.391/0.532 0.373/0.713/0.788 0.558/0.667/0.764 0.912/0.926/0.939
0.1 *4%(),235/0.382/0.537 0.378/0.706/0.800 0.556/0.693/0.795 0.912/0.933/0.948
SWVF 5 0.143/0.385/0.592 0.142/0.603/0.860 0.635/+%%(.750/0.924*** 0.924/0.940/0.971%%*
10 *%0,360/%*%0.506/0.58 | **0.731/*0.838/0.86 | ***0.669/**0.766/0.945% | ***0.932/%%*0.947/0.979
7 4 %
15 0.143/0.481/0.609 0.142/%*%0.807/0.875 0.100/0.566/0.845 0.100/0.732/0.965
20 0.143/0.494/0.599 0.142/0.774/0.875 0.100/0.587/0.845 0.100/0.737/0.965
25 0.143/%%%0.506/0.599 0.142/0.778/0.885 0.100/0.574/0.836 0.100/0.735/0.965
30 0.143/%*0.517/0.616 0.142/0.782/0.885 0.695%*/0.744/0.836 **0.941/**0.949/0.966
FRMVK - *0.517/%0.655/%0.703 | *0.832/*0.863/0.887* | *0.797/*0.835/0.937** *0.947/*0.957/0.976**

Result 5: For the four real datasets, Table 11 reports
the total running time from each algorithm (in seconds).
As shown in Table 11, we can see that the proposed
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FRMVK is much faster than WMCFS and SWVEF. To further
explain this phenomenon, we also present the final d obtained
by FRMVK in each view. We observe that if the dataset
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TABLE 10. Worst/Average/Best of AR and RI from algorithms with different g on Caltech 7 and Caltech 20 data.

ﬂ Caltech 7 Caltech 20
AR RI AR RI
WMCFS 0.0001 0.321/0.581/0.803* 0.468/0.653/0.875* 0.267/0.358/0.428 0.770/0.810/0.837
0.005 0.277/0.583/0.790%* 0.504/0.673/0.865** 0.314/0.370/0.469 0.811/0.835/0.857
0.025 0.325/%*0.601/0.761 0.551/0.695/0.848*** 0.329/0.376/0.458 *%(),814/%**(.838/0.871
0.05 0.406/**%0.596/0.741 0.583/0.703/0.836 0.329/0.377/0.460 *0.815/*%*(.838/0.872
0.075 0.425/0.593/0.729 0.603/0.705/0.829 0.326/0.377/0.459 *0.815/***(.838/0.872
0.1 *%(.440/0.590/0.723 0.613/0.706/0.823 0.324/0.377/0.461 *0.815/*%%(0.838/0.872
SWVF 5 0.356/0.530/0.698 0.643/0.740/0.813 *%(0.352/0.458/0.567** *%(.844/%0.867/0.900**
10 *%(.440/0.571/0.710 0.703/0.755/0.819 *%%(,334/0.458/0.579** 0.163/%*0.841/0.907*
15 *%%(.429/0.565/0.695 0.703/0.755/0.818 *%%(),334/*%0.460/0.578** 0.163/%*0.841/0.907*
*
20 0.423/0.562/0.700 0.701/0.754/0.820 *%%(.334/%*%%0.459/0.579* 0.163/**0.841/0.907*
%
25 0.400/0.559/0.701 0.691/%*0.753/0.821 *%%(.334/%%0.460/0.579** 0.163/%*0.841/0.907*
30 0.406/0.555/0.694 0.684/%%%(,752/0.823 | ***0.334/%%0.460/0.578** 0.163/%%0.841/0.907*
%
FRMVK - *0.584/%0.704/0.769%* *0.727/%0.771/0.792 *0.415/*0.481/0.554 #*%%(,812/%%%(0.838/0.886**
* *

has more total feature components, FRMVK will give much
less running time than other algorithms. This situation occurs
because FRMVK gives feature reduction behavior. The fea-
ture components will be discarded during iterations so that
the number of feature components will be decreasing. This
means that the computation time is also decreasing. The final
number of feature components obtained from FRMVK for the
four real data sets under different o are shown in Table 11.
Furthermore, we make more observations about the perfor-
mance of FRMVK. We know that both WMCFS and SWVF
algorithms quite depend on the parameter « and are sensi-
tive to the parameter. The proposed FRMVK algorithm also
depends on the parameter o where it is the only parameter.
However, the proposed FRMVK algorithm is not so sensi-
tive to the parameter . We will demonstrate this behavior.
To better asses how « competition has changed over cluster-
ing results, we first perform evaluation using three synthetic
multi-view data sets of Examples 1, 2, and 3. Figure 4(a)
shows the performance results in terms of accuracy rate of
FRMVK by varying « in {0.01, 0.02, ..., 0.1}. We then
perform evaluation using four natural multi-view data. The
results, i.e., the average accuracy rate, are shown in Fig. 4(b).
These results indicate that the performance of FRMVK is
stable across a range of parameters o € [0.00010.1] for the
data sets. On the other hand, for the natural multi-view data,
the results prove that FRMVK is pretty stable regardless of
the choice of its parameter o > 1. For synthetic data set with
o in {0.01, 0.02, 0.03, 0.04, 0.05}, we report the weights
in each view in Table 12. It can be seen that view weight
distributions of each view in all three synthetic data sets are
consistently stable for the given values of the parameter «.
Besides, the proposed FRM VK algorithm also exploits these
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FIGURE 4. (a) Exponent parameter o for Examples 1, 2, and 3 by FRMVK;
(b) Exponent parameter « for Example 4 by FRMVK.

important views based on the feature weight values. The
greater the weight is the importance of the view is.

Finally, we further analyze more feature-reduction behav-
iors in the FRMVK algorithm. Usually, features with small
weight values that fall below the defined threshold will
be removed from the set of features during clustering pro-
cesses. In other words, these features contain less informa-
tion that should not be included. In the above examples,
the FRMVK algorithm had been experimented and compared
to the WMCFS and SWVF algorithms with synthetic and
real data sets. The results show that the proposed FRMVK
algorithm actually give the feature reduction behavior. How-
ever, we may ask whether these reduced features by FRMVK
should be naturally discarded in data sets. From the synthetic
data sets of Examples 1, 2 and 3, we had demonstrated that
these reduced features by FRM VK are significantly irrelevant
features in each view that need to be naturally discarded.
In fact, for real data sets in Example 4, if we check these
reduced features by FRMVK, we can find that these reduced
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TABLE 11. Numbers of original and final features obtained from FRMVK and total running time (in seconds) for real data sets.

Original d Final d by FRMVK Total running time
S R N v, P A I A S v, vs | v | WMCFS | SWVF | FRMVK
2 2 | 3 | - - - | - | 0095 | 0100 | 0.092
3 2| 8 | - - | -] 0097 | 0106 | 0.097
4 3| 8 | - - | - | 0094 [ 0106 | 0.098
5 4| 8 | - - - - | 0096 | 0105 | 0.096
N 69| 10| - - - a8 | - - - - | 0095 | 0104 | 0.095
7 4| 8 | - - - - 0099 [ 0105 | 0.095
8 41 8 | - - |- 094 | 0.106 | 0.095
9 41 8 | - - | - | 0098 | 0106 | 0.094
10 4| 8 | - - - | - | 0094 | 0106 | 0.092
2 1205 6] 1 [20] 1] 0953 | 1364 | 0231
3 761100 63| 2 [ 20| 1 | 0955 | 1200 | 0.49
4 76 104 63 | 4 [ 20| 1 0968 | 1271 | 0533
5 76 110763 | 27 | 29 | 1 | 0958 | 1263 | 0.547
MF | 6|76 | 216 64 | 240 | 47| 6 |76 |108] 63 | 54 | 20 | 1 | 0960 | 1325 [ 0587
7 76 1108 | 63 | 137 ] 20| 1 | 0979 | 13904 | 0.795
8 76 | 108 | 63 | 207 | 29 | 1 1004 | 1252 | 0908
9 76 | 108 | 63 | 234 | 20 | 1 | 0997 | 1326 | 0943
10 76 | 108 | 63 | 236 | 29 | 1 1035 | 1254 | 1017
2 12140 | 2 [ 333 [120]315] 3331 | 4043 | 1238
3 6 | 40 [ 2 | 581 [259 345 3113 | 395 | 1350
4 171 40 | 23 | 629 | 345 [ 332 ] 3113 | 3984 | 1.427
5 2 40 | 57 | 629 | 442|375 3262 | 4003 | 3.709
C;“;’C 6 | 48 | 40 | 254 | 1984 | 512 | 928 | 24 | 40 | 67 | 629 [ 442 [ 375 3230 | 3904 | 3.699
7 24 | 40 [ 137 ] 629 [ 439 [ 375 | 3132 | 3.821 | 3.704
8 24 | 40 [ 192 ] 629 [ 438 [ 375 | 3113 | 3.826 | 3.711
9 24 | 40 | 194 | 629 | 437 | 375 | 3.159 | 3.893 | 3.690
10 24 | 40 [ 208 | 629 | 436 | 375 | 3286 | 3971 | 3.687
2 21| 40 | 53 | 474 [ 329 | 275 | 14925 | 18.033 | 5.179
3 24 | 40 | 194 | 1100 | 511 [ 633 | 13.930 | 17.754 | 17.515
4 24 | 40 [ 220 [ 1113 | 511 | 614 | 13.878 | 17.950 | 17.069
5 24 | 40 | 188 | 1119 | 510 | 548 | 14371 | 18.105 | 17.179
Chalztgc 6 | 48 | 40 | 254 | 1984 | 512 | 928 | 24 | 40 | 196 | 1115 | 510 | 527 | 15857 | 18.151 | 16.926
7 24 | 40 [ 196 | 1116 | 510 | 523 | 13.930 | 17.735 | 16.931
8 24 | 40 | 196 | 1116 | 510 | 521 | 13.882 | 17.789 | 16.958
9 24 | 40 | 196 | 1116 | 510 | 521 | 14214 | 17.806 | 16.989
10 24 | 40 | 196 | 1116 | 510 | 520 | 14077 | 18.338 | 16.929

features are less relevant compared to these reserved fea-
tures. Another way is to see whether the feature reduction
by FRMVK as an impact factor used in other multi-view
clustering methods, such as WMCEFES and SWVF, can produce
better clustering results. To address this issue, we imple-
ment the WMCFS and SWVF algorithms for the data set of
Example 2 and the IS (Image Segmentation) real data set of
Example 4 with feature reduction (With FR) by FRMVK.
Note that the chosen features in each view by FRMVK
presented in Table 3 and Table 11. These clustering results
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(With FR) and without feature reduction (Without FR) from
WMCFS and SWVF are shown in Table 13. The results
show that the WMCFS and SWVF algorithms can yield
better clustering quality for the data set (With FR) of Exam-
ple 2 and IS (With FR) of Example 4. The average ARs and
RIs of both algorithms (With FR) are increasing compared
to those (Without FR), while the total running times are
decreasing. It means that the feature reduction schema in
the FRMVK algorithm is useful with beneficial impact on
clustering results.
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TABLE 12. Weight of each view.

View weight
o View View View
1 2 3
Example 1 0.01 0.6719 | 0.3281 -
0.02 | 0.6748 | 0.3252 -
0.03 | 0.6764 | 0.3236 -
0.04 | 0.6781 | 0.3219 -
0.05 | 0.6798 | 0.3202 -
Example 2 | 0.01 0.6505 | 0.3495 -
0.02 | 0.6520 | 0.9460 -
0.03 | 0.6551 | 0.3449 -
0.04 | 0.6566 | 0.3434 -
0.05 | 0.6586 | 0.3414 -
Example 3 | 0.01 0.1630 | 0.3496 | 0.4874
0.02 | 0.1622 | 0.3493 | 0.4885
0.03 | 0.1614 | 0.3492 | 0.4894
0.04 | 0.1605 | 0.3491 | 0.4904
0.05 | 0.1597 | 0.3490 | 0.4913

TABLE 13. Performance of WMCFS and SWVF without irrelevant features
obtained by FRMVK.

Example 2 IS

WMCFS SWVF WMCFS | SWVF

AV-AR Without FR 0.554 0.878 0.151 0.506
With FR 0.598 0.882 0.420 0.553

AV-RI Without FR 0.728 0.890 0.388 0.838
With FR 0.747 0.903 0.712 0.869

AV-TRT Without FR 0.082 0.059 0.095 0.106
With FR 0.058 0.058 0.061 0.071

V. CONCLUSION

In this paper, we propose a novel algorithm for clustering
multi-view data, termed Feature-Reduction Multi-View
K-Means (FRMVK), which can automatically reduce unim-
portant features in each view. The proposed FRMVK algo-
rithm uses a learning mechanism to compute new feature
weights in each view by adding a feature-weight entropy
in the FRMVK objective function. These new weights are
then used to update cluster centers, memberships, and view
weights for the data set during iterative processes. The
FRMVK algorithm is able to select important features in
each view and to reduce feature dimensions by discarding
unimportant features in each view. Experimental results show
that the proposed FRM VK algorithm performs well for clus-
tering multi-view data. In our future work, we will investigate
the parameter selection for the view exponent o and then
extend FRMVK to be suitable for different cluster shapes
in multi-view data. Furthermore, there exist multi-view data
with categorical or mixed data types, and our further research
will try to extend FRMVK for handling these data types.
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