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Fast and Robust Attribute Reduction Based on the
Separability in Fuzzy Decision Systems

Meng Hu, Eric C. C. Tsang

Abstract—Attribute reduction is one of the most important pre-
processing steps in machine learning and data mining. As a key
step of attribute reduction, attribute evaluation directly affects
classification performance, search time, and stopping criterion.
The existing evaluation functions are greatly dependent on the
relationship between objects, which makes its computational time
and space more costly. To solve this problem, we propose a novel
separability-based evaluation function and reduction method by
using the relationship between objects and decision categories
directly. The degree of aggregation (DA) of intraclass objects and
the degree of dispersion (DD) of between-class objects are first
defined to measure the significance of an attribute subset. Then,
the separability of attribute subsets is defined by DA and DD
in fuzzy decision systems, and we design a sequentially forward
selection based on the separability (SFSS) algorithm to select
attributes. Furthermore, a postpruning strategy is introduced
to prevent overfitting and determine a termination parame-
ter. Finally, the SFSS algorithm is compared with some typical
reduction algorithms using some public datasets from UCI and
ELVIRA Biomedical repositories. The interpretability of SFSS is
directly presented by the performance on MNIST handwritten
digits. The experimental comparisons show that SFSS is fast and
robust, which has higher classification accuracy and compression
ratio, with extremely low computational time.

Index Terms—Attribute reduction, fuzzy decision systems,
fuzzy membership, separability.

I. INTRODUCTION

TTRIBUTE reduction aims to reduce irrelevant, redun-
dant, and inconsistent attributes from the original
attribute set so as to better mine the potential rules between
knowledge and tasks, and help decision making and prediction.
It has been widely used in machine learning, data mining, and
pattern recognition. An outstanding technology of attribute
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selection cannot only reduce the cost of classification and
regression tasks but also improve the performance of the tasks
and reduce storage space [2], [14].

In practical applications, many data with high dimen-
sions and high noise are fuzzy and uncertain. Many attribute
reduction methods in fuzzy data were proposed, such as
fuzzy rough sets (FRSs) [10], [16], [24], [25]; kernel
machine learning [5], [10], [25]; information entropy [3], [6];
and neighborhood relation [1]-[4], [6]. Fuzzy sets were
first proposed by Zadeh in 1965 [13], which have been
applied to neural networks [18], [19]; support vector
machines [20], [21]; logic controllers [23]; ensemble learn-
ing [35], [36]; and attribute selection [16], [22]. By com-
bining the fineness of the boundary description of fuzzy
sets with the objectivity of knowledge expression of rough
sets [15], [37], [38], FRSs describe the certain and possible
membership degrees of objects with respect to categories by
two approximate operators.

Dubois and Prade [26], [27] first introduced the fuzzy sets
into the upper and lower approximations of rough sets to
propose FRS. Wu et al. [28] extended the fuzzy equiva-
lence relation to the general binary fuzzy relation and formed
more generalized FRSs. Some researchers further studied
attribute reduction based on the FRS [16], [22], [24], [25].
Hu et al. [10] proposed two types of kernelized FRS by
integrating kernel functions with FRSs. Chen et al. [25] com-
bined the Gaussian kernel function with FRSs to propose
parameterized attribute reduction. In [5], the fuzzy kernel
assignment of the combined kernel and the ideal kernel was
minimized, and then the attribute with high assignment value
was selected, whereas it would be eliminated. To calculate the
distinguishing ability of similarity relations, Yager [31] pro-
vided an extension of the Shannon entropy based on the fuzzy
similarity relation to measure the significance of attribute
subsets. Herniéndez and Recasens [32] presented the joint
entropy and conditional entropy based on the Yager entropy
to learn fuzzy decision trees. The entropy-based attribute
reduction has been widely used in gene data expression and
medical diagnosis [29], [30], [46]. The attribute reduction of
joint mutual information and FRS was studied in litera-
ture [29], which has been applied in cancer classification.
In 2011, Hu et al. [3] constructed a neighborhood mutual
information measure by combining the Shannon information
entropy with the neighborhood relation, then used it to evaluate
the significance of continuous and discrete features. In 2016,
Wang et al. [33] established a fuzzy neighborhood rough set
model and defined the dependency between fuzzy decision and
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conditional attributes to measure the significance of attributes
and reduce unnecessary attributes. In 2018, the neighborhood
discernibility measure [34] was defined by considering consis-
tent samples and discriminate samples with different decisions,
which were used to characterize the classification ability of
attribute subsets. Neighborhood mutual information [1] was
defined by using the cardinality of neighborhood relation to
measure the importance of a candidate attribute subset.

The evaluation functions of the above reduction methods
all consider the fuzzy relation of objects. The FRS-based
attribute reduction [17] was mainly to find a minimal attribute
subset to keep the fuzzy positive region or the dependency
degree unchanged. It needs to calculate the fuzzy equivalence
or similarity classes, and calculate the lower approximation
and dependency by using the inclusion relation between fuzzy
classes and decision classes. The calculation of fuzzy classes
is very time consuming, which is positively related to the num-
ber of attributes and the square of the number of objects. The
kernel-based attribute reduction [5], [10], [42] was to map
the low-dimensional inseparable data to the high-dimensional
separable space, then select attributes. In the mapping process
by using kernel functions, it consumes a lot of time to calcu-
late the similarity between objects. The entropy-based attribute
reduction [39]-[41] was to select a minimal attribute subset
with the least uncertainty described by different entropies. It
also needs to calculate equivalence or similarity classes. The
neighborhood-based attribute reduction [3], [33], [34] con-
sumes a lot of time to find a proper neighborhood parameter
and calculate fuzzy classes.

An efficient and reasonable attribute evaluation function
is helpful to improve classification performance and reduce
search time. In this article, we establish the attribute evalua-
tion function by directly considering the relationship between
objects and decision categories, which avoid the cost of cal-
culating the relationship between objects. In the first step, we
define the fuzzy membership between objects and decision
classes by minimizing the objective function (1), and compute
the degree of aggregation (DA) of intraclass objects by the
defined fuzzy membership. The degree of dispersion (DD) of
between-class objects is defined by intraclass centers. In the
second step, we define the separability of attribute subsets in
fuzzy decision systems by combining DA and DD, in which
the separability is used to characterize the classification ability
of an attribute subset. In the last step, we design a heuristic
algorithm to select attributes. Finally, we use the UCI [7],
ELVIRA Biomedical [44], and handwritten digit datasets to
verify the stability and effectiveness of the proposed algorithm
by comparing it with some representative algorithms. From
the distance-based evaluation index perspective, we choose the
classic ReliefF-based attribute selection algorithm (RELIEF-
F) [11], and the state-of-the art algorithms based on the
neighborhood relation between objects, namely, the neigh-
borhood discrimination index-based algorithm (HANDI) [1]
and neighborhood mutual information-based feature selection
algorithm (NMI) [3]. From the redundancy between features
and the relevance between features and targets perspective,
we choose the state-of-the art algorithm based on mutual
information, namely, minimal-redundancy-maximal-relevance

IEEE TRANSACTIONS ON CYBERNETICS, VOL. 52, NO. 6, JUNE 2022

(mRMR) [45]. RELIEF-F updates the weights of attributes by
using the difference between a sample and k nearest neigh-
bors from the same class and the difference between the
sample and k nearest neighbors from each of the different
classes. The weights are updated repeatedly to evaluate the
quality of attributes. HANDI describes the significance of
attributes based on the distinguishing ability of the neigh-
borhood similarity relation. NMI evaluates the significance
of attribute subsets by joint neighborhood entropy between
attributes and joint neighborhood entropy between attributes
and decisions. mRMR selects feature subsets by minimizing
the redundancy between features and maximizing the rele-
vance between features and targets simultaneously. From the
perspective of classification, the purpose of this article is
to find an attribute subset that makes the intraclass objects
compact and the between-class objects sparse. The experimen-
tal results show that the proposed algorithm has outstanding
advantages in computational efficiency, classification accuracy,
and the size of selected attributes.

This article is organized as follows. In Section II, we
review some basic concepts of linear discriminant analysis
(LDA) and analyze our research motivation. Then, the mea-
sures of DA and DD are defined to evaluate the significance
of attribute subsets in Section III. In Section IV, a sequentially
forward selection based on the separability (SFSS) algorithm is
proposed to select attribute subsets. In Section V, we use pub-
lic datasets to verify the feasibility, efficiency, and stability of
SESS. Finally, our conclusions and future work are elaborated
in Section VI

II. RELATED WORK AND MOTIVATION

As we study attribute reduction in fuzzy decision systems,
it is necessary to review the basic concepts of LDA [43]
and fuzzy decision systems [13]. Then, we will introduce
motivation for attribute reduction.

A. Linear Discriminant Analysis

Let U = [x1,x2,...,X,] € R™" be a training set with n
samples. There are K categories, ny is the number of samples
of the kth category, x;; € R™ denotes the ith sample of the kth
category. The aim of LDA is to find a projection vector, which
can reduce the distance of samples from the same category and
increase the distance of samples from different categories. The
projection vector is obtained by using the following Fisher
criterion:

vISyy

i8S,V

V¥ = arg max
v

where S; and §,, are the between-class and intraclass scatter
matrices, respectively. They are calculated as follows:

K
1
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TABLE I
Fuzzy DECISION SYSTEM

U al as as d U al as as d
r; 044 081 057 1 =x10 070 026 064 2
rzo 045 062 047 1 217 041 038 059 2
z3 0.18 074 0.21 1 x12 066 046 081 2
zqg 039 063 036 1 233 088 047 034 3
rzs 033 065 026 1 x4 078 070 073 3
zg 023 08 065 1 x5 087 067 031 3
zy 043 034 042 2 =216 069 072 068 3
rg 052 048 049 2 zx37 076 0.67 066 3
r9g 073 031 079 2 x5 081 045 028 3

where ¢ = [1/m] 1%, xi and ¢ = (1/m) Yp_; 0% xi. The
solution of the above projection vector can be transformed into
the following optimization problem:

v = argmax v’ (S,, — ASp)v
vIv=1
where XA is a small positive constant. So we know that the
optimal projection vector v is the eigenvector corresponding
to the minimum eigenvalue of S,,v = ASpv.

LDA can map the data from high-dimensional space to low-
dimensional space using linear transformation, which aims
to improve the data separability. The attributes obtained by
LDA transformation are not the children attributes of the
original attributes, but are the mapping attributes in the new
low-dimensional space. However, in many practical applica-
tions, we need to remove some redundant attributes from the
original attributes without changing the meaning of attributes
themselves.

B. Motivation

LDA uses the category information to find a projection that
minimizes the distance of samples with the same category and
maximizes the distance of samples from different categories so
as to improve the classification accuracy. Inspired by this idea,
we define two measures DA and DD, from the perspective
of the intraclass compactness and the between-class sparsity,
to select attributes without changing the original meaning of
attributes.

We first introduce the basic concept of a fuzzy decision
system. Let FDS = (U, A, V,f) be a fuzzy decision system,
where U = {x1,x3,...,x,} is the universe of discourse,
A = CUD is the union of the conditional attribute set
C = l{ay,ay,...,a,} and the decision attribute set D =
{di,dy, ..., ds},and CND = @; V=U,eaV, is the attribute
value domain. f : U x A — V is a mapping, that is Vx € U
and Va € A, we have f(x, a) € V,, where f(x, a) represents the
value of object x under the attribute a and 0 < f(x,a) < 1.
R is an equivalence relation which is formed by the condi-
tional attribute C in the universe U. [x]g is an equivalence
class of object x induced by the equivalence relation R, where
xXIg = {y € Ulf(x,a) = f(y,a) Ya € C}. U/C denotes
the conditional partition of universe U under the conditional
attribute C and U/D denotes the decision partition of universe
U under the decision attribute D.

Example 1: A given fuzzy decision system is shown in
Table I, where U = {x1,x2,...,x18}, C = {a1, az, a3}, and
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Fig. 1. Distributions of objects under different attribute subsets.
(a) {ar.ap,a3}. (b) {ar.az}. (¢) {ay,a3}. (d) {ap,a3}.
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Fig. 2. Classification results of KNN under different attribute subsets.
(a) {aj.ap,a3}. (b) {aj,az}. (¢) {ay,a3}. (d) {ag,a3}.

D = {d}. These objects are divided into three mutually
exclusive classes by the decision attribute d. We show the
distribution information of objects under different attribute
subsets, as shown in Fig. 1. The red circles, green squares, and
blue hexagonal stars represent classes with decision attribute
values of 1, 2, and 3, respectively. Fig. 1(a) shows the distribu-
tion of objects under the attribute set {ay, a2, az}. Fig. 1(b)—(d)
shows the distributions of objects under attribute subsets
{a1, ax}, {a1, a3}, and {ay, a3}, respectively. Different attribute
subsets have different distinguishing ability for objects. From
Fig. 1, the separability of objects under the attribute subset
{ai, ap} is better than those of {a;, a3z} and {ay, a3}.

Next, we use two classifiers to classify objects under dif-
ferent attribute sets. Figs. 2 and 3 are the classification results
using KNN (k = 2) and RBF-SVM (C = 1 and 0 = 1)
classifiers, respectively. Obviously, the classification ability of
KNN and RBF-SVM under the attribute subset {a;, ay} is bet-
ter than those of other attribute subsets. From Figs. 2 and 3,
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Fig. 3. Classification results of RBF-SVM under different attribute subsets.
(a) {aj,ap,a3}. (b) {ap.az}. (¢) {a,a3}. (d) {ap,a3}.

we can see that when the intraclass objects are closer and
the between-class objects are more scattered, the classification
results are better, and the overfitting can also be prevented.
From the above example, we find that the closer the intr-
aclass objects are and the more scattered the between-class
objects are, the more conducive to classification. Thus, it is
meaningful to select an attribute subset that is conducive to
classification by studying the separability of attributes with
respect to categories.

The purposes of attribute reduction for classification task,
regression task and keeping the positive region of rough sets
unchanged are different.

1) The purpose of attribute reduction of the classification
task is to find a minimal attribute subset which can make
the similarity of objects from same category higher and
that of objects from different categories lower.

2) The purpose of attribute reduction of the regression task
is to find a minimal attribute subset, so that when the
similarity of objects under this attribute subset is high, the
similarity of objects under decision attributes is also high.

3) The purpose of attribute reduction of keeping the posi-
tive region of rough set unchanged is to find a minimal
attribute subset which can make the attribute information
granule consistent or basically consistent with the deci-
sion information granule. In this article, we will reduce
redundant and inconsistent attributes of the classification
task based on the separability.

The main innovations of this article are as follows.

1) Considering that the distances, between objects and class
centers, are negatively related to the fuzzy member-
ship of the objects about the classes, we use fuzzy
membership to describe the DA of intraclass objects.

2) The distances between class centers are used to measure
the DD of between-class objects.

3) Based on the DA and the DD, we propose a separability
measure to evaluate the significance of attribute subsets.

4) Directly considering the relation between objects and
decision classes can greatly reduce the calculation time
and improve the efficiency of reduction.

IEEE TRANSACTIONS ON CYBERNETICS, VOL. 52, NO. 6, JUNE 2022

TABLE II
DESCRIPTION OF NOTATIONS

Notation Description
FDS A fuzzy decision system
U A non-empty finite set of objects, called universe
D A decision attribute set
U/D The decision partition of U under D
Dy, The k" decision class
C, The center of Dy, under attribute subset B
Hik The membership of x; with respect to Dy, under B
dp(z;, Dg) The distance of z; with respect to Dy, under B
DAg(Dyg) The degree of aggregation of Dy, under B
GDAg(S) The degree of aggregation of F'DS under B
DDg(S) The degree of dispersion of F"D.S under B
DSg(S) The separability of F'D.S under B
SIG(a,B,D) The significance of a with respect to B under D
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Fig. 4. Distribution of objects under attribute subset {aj, as}.

5) Based on the separability measure and postpruning
strategy, we design a sequentially forward selection
algorithm for attribute reduction.

C. Notations

To facilitate reading and understanding, we first explain
the notations to prepare for the following work. Detailed
information is shown in Table II.

III. MEASURES OF INTRACLASS COMPACTNESS AND
BETWEEN-CLASS SPARSITY

In this section, we will first define the DA of intraclass
objects by fuzzy membership and the DD of between-class
objects by distance in the fuzzy decision system. Then, the
rationality of the definition is discussed.

Let FDS = (U, A, V,f) be a fuzzy decision system, where
U/D = {D,D;,...,Dkg} and Dy(k = 1,2,...,K) is the
kth decision class. CP = {Cy,C3,...,Ck} is a set of the
center of each class under the attribute subset B, where
Ck = (cx(ar), ckla2), ..., cklap)), k=1,2,...,K,a; € B),
and ci(a;) is mean or median of all objects of the kth decision
class under the attribute g;. Fig. 4 shows the distribution of
objects in Example 1 under attribute subset {a;, a2}, where C1,
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C3, and C3 are the mean centers of red circles, green squares,
and blue hexagonal stars objects, respectively.

Let up(xi, D) be the membership of object x; with respect
to the decision class Dj under attribute subset B, abbreviated
as k. Let dp(x;, Dy) be the distance of object x; with respect
to Dy under B. In order to describe the relationship between
the fuzzy membership up(x;, Dy) and the distance dp(x;, D),
we introduce the objective function

K n
J=>"3" uhdp(xi, Dy) )

k=1 i=1
where 0 < pjp < 1G =1,2,...,nand k = 1,2,...,K),
Zszlﬂik =1 = 1,2,...,n), m(m > 1) is a weighting

exponent. When the objective function J obtains the mini-
mum value, pj has a negative correlation with dp(x;, Dy). The
smaller the distance is, the greater the membership is. dp can
take the Minkowski, Mahalanobis, cosine, and Hamming dis-
tances and so on. This article mainly introduces the Minkowski
distance. The calculation method of dg(x;, Dy) is

dp(xi, D) = Y _|f(xi, @) — ex(@)]” )

aeB

where p can be any real number greater than or equal to 1.
dp(x;, D) is called the Manhattan distance if p = 1, the
Euclidean distance if p = 2, and the Chebychev distance if
p = 00.

The objective function J is a constrained optimization
problem. We use the Lagrange multiplier method to trans-
form it into an unconstrained optimization problem. The
unconstrained objective function is as follows:

K n n K
F=) ) uidpCi. Do+ ) ki (Z it — 1) 3)
k=1 i=1 =1 \k=1
where A; for i = 1,2,...,n are Lagrange multipliers. The
minimum value of (3) is required to find the stationary point
of the function. Therefore, we calculate the partial derivatives
of F with respect to wjx and A;, namely

oF

m—1 52
— = o dg(x;, D Ai 4
3k mpL;, 5 (xi, Di) + Ai “4)
K
oF
— = E i« — 1. 5
O £ Mik @)

Let [(0F)/(0uix)] = 0 and [(0F)/(dA;)] = 0, wix is obtained
as follows:

1

_)\‘i m—1

Mik = | —5— =
l md3 (x;, Dy)

N
) e
mn dp(xi, Dy)m=1

Based on (5) and (6), we can be further concluded

K K /5 N !
1= Zuik = Z(—l> <—2>
k=1 =1~ ™" dp(xi, D) m=1

1 K

— <__’\l)’"' 3 v )
m k=1 dp(xi, Dk)%
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(—xi/m)1/m=1D can be solved from (7), and bringing it into
(6), we can obtain

2 1 ( 1 )
niv = | =%
= : r dp(xi, D) =

1
dB(xisDj)m
1 1
= - = — (8
K dsDoml 5K (dg(x;,Dm)m
J=1 dB(xi,Dj)ﬁ j=1 dB(xi’Dj)

From (8), we know that when m is equal to 2 or 3, the value
of (2/[m —1]) is an integer and the solution of w; is also
related to dp. If p = 1 in dp and m = 3, we can reduce the
square operation in uj solving process. If p = 2 in dp and
m = 2, we can reduce the square root and square operation
in pj solving process. If p in dp is equal to other values, we
can obtain m = (2/p) + 1 to reduce the exponential operation
in wjx solving process. We choose Euclidean distance in this
article, so m is set to 2 to improve computational efficiency.

A new measure, called the DA of intraclass objects, is
proposed to measure the closeness of intraclass objects by
memberships of objects with respect to decision classes.

Definition 1: Let FDS = (U, A, V,f) be a fuzzy decision
system, Dy € U/D and the attribute subset B C C, the DA of
the decision class Dy under B is defined as

D wieny HB&i Di) Y ep, Mik

DAg(Dy) =
| Dyl | Dl

C))

Because the membership has a negative correlation with the
distance, the larger DAp is, the closer the intraclass objects
are, under the attribute subset B.

Property 1: Let B € C and Dy € U/D, then 0 <
DAgp(Dy) < 1.

Proof: 0 < ujr < 1, we can obtain 0 < le_eDk wit < |Dxl.
Thus, 0 < DAg(Dy) < 1. [ |

Definition 2: Let FDS = (U, A, V,f) be a fuzzy decision
system, U/D = {Di1,D3,...,Dk}, B € C, the DA of the
fuzzy decision system under B is defined as

ZDkeU/D DAg(Dy)
|U/D|

GDAg(S) = (10)
where S denotes the fuzzy decision system. GDAp(S) is a
measure of the intraclass compactness of all decision classes
under B in the FDS.

Property 2: Let B< C and U/D = {Dq, D», .
0 < GDApg(S) < 1.

Proof: According to Property 1, 0 < DAp(Dy) < 1,
we can obtain 0 < ZDkeU/D DAg(Dy) < |U/D|. Thus,
0 < GDAp(S) < 1. |

In addition to the compactness of the intraclass objects that
can measure the separability of the system, the sparsity of the
between-class objects is also an important index to measure the
separability of the system. We will define the DD of between-
class objects based on intraclass centers.

Let C be the center of all class centers under B,
where C = (c(a1),c(a2),...,c(ap)), (a; € B), ¢(a;)) =

/K Y @) ds(©,C = ¥ e le@) — cxla)l’

.., Dk}, then
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denotes the distance from C to C; under B. C is the cen-
ter of C1, Cy, and C3 in Fig. 4. We will define the DD of a
fuzzy decision system under B.

Definition 3: Let FDS = (U, A, V,f) be a fuzzy decision
system, B C C, the DD of the fuzzy decision system under B
is defined as

S d(C, Cy)
|U/D|

where DDp(S) is a sparsity measure of between-class objects
under B. The larger DDp(S) is, the more scattered the between-
class objects are.

Property 3: Let FDS = (U,A,V,f) be a fuzzy decision
system, B1 € By € C, then DDg, (S) < DDg, (S).

Proof: B C B, hence,

dp,(C.Co = Y lc@) —a@l =

VS wien, 12@) = @)l + X, p, 16@) — cx@)l’ <
dg, (C, Cy). Thus, DDg, (S) < DDg,(S). [

Property 4: Let FDS = (U,A,V,f) be a fuzzy decision
system, B C C, then 0 < DDg(S) < +/|B].

Proof: FDS is a fuzzy decision system, so 0 < dB(Z‘, Cyp) <
VIBI, 0 < Y8 dp(C. Cx) < K/IB], thus 0 < DDg(S) <
VIBI. u

Remark 1: YB < C, we have DDg(S) < DDc(S).
According to Property 3, DDp(S) is monotonically increasing
with the size of B. Hence, when B = C, the DD of between-
class objects is largest. VB1, B, € C, when |By| = |By|, if
DDg, (S) < DDg, (S), the distinguishing ability of B; is greater
than that of B; with between-class objects.

Definition 4: Let GDAp(S) and DDp(S) are the degrees of
aggregation and dispersion of FDS under B, the separability
of the fuzzy decision system under B is defined as

DD3(S) = (1)

DS5(S) = GDAg(S) - DDg(S). (12)

When B = &, we set DSg(S) = 0. DSg(S) is a measure,
it describes the significance of the conditional attribute subset
relative to the decision based on the intraclass compactness
and between-class sparsity.

Property 5: Let FDS = (U,A,V,f) be a fuzzy decision
system, DSp(S) is the separability of the FDS under B, then
0 < DSg(S) < VIBI.

Proof: 1t follows directly from Properties 2 and 4. |

To understand the above calculation process, we take
B = {aj,ap} to calculate DA, DD, and the separa-
bility of Example 1. The intraclass centers are C; =
(0.3367,0.7167),C, = (0.5750,0.3717),and C3 =
(0.7983, 0.6133). The distance dg(x;, Dx) and the member-
ship ujx of object x; with respect to Dy under B are shown
in Table III. The gray cells in the Table III are the member-
ship of intraclass objects. According to the values of the gray
cells, we have DAg(D;) = 0.6327, DAg(D,) = 0.5554, and
DAp(D3) = 0.6280, thus

0.6327 4 0.5554 + 0.6280
3

The_center of Cq, Cy, and_C3 is C = (0.5700, 0.567_2), thus,
dg(C, Cy) = 0.2771, dg(C, Cp) = 0.1956, and dg(C, C3) =

GDAg(S) = = 0.6054.
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TABLE III
DISTANCE AND FuzZzy MEMBERSHIP UNDER {aj, ap}

dp (i, D) Uik
v Dy Do Ds Dy Do D3
x1 0.1392  0.4587  0.4088 0.6082 0.1846 0.2072
x2 0.1490  0.2780 0.3484 0.5093 0.2729 0.2178
x3 0.1584  0.5401 0.6312 0.6476 0.1899 0.1625
x4 0.1018  0.3177  0.4087 0.6372 0.2041 0.1587
x5 0.0670  0.3708  0.4698 0.7557 0.1365 0.1078
X6 0.1707  0.5898 0.6156 0.6382 0.1848 0.1770
x7 0.3881 0.1484  0.4587 0.2242 0.5862 0.1897
xs 0.2994  0.1215 0.3086 0.2255 0.5557 0.2188
xg 0.5658 0.1668  0.3109 0.1610 0.5460 0.2930
10 0.5836  0.1676  0.3668 0.1647 0.5733 0.2620
T11 0.3446  0.1652  0.4530 0.2600 0.5423 0.1977
12 0.4128 0.1226 0.2065 0.1571 0.5289 0.3140
13 0.5967  0.3205 0.1650 0.1543 0.2874 0.5583
T14 0.4436  0.3871 0.0886 0.1398 0.1602 0.7000
T1s5 0.5354  0.4196 0.0914 0.1229 0.1568 0.7202
T16 0.3533  0.3668  0.1520 0.2332 0.2247 0.5421
T17 0.4259  0.3510 0.0684 0.1185 0.1438 0.7377
18 0.5433  0.2477  0.1637 0.1536 0.3368 0.5096
TABLE IV

AGGREGATION, DISPERSION, AND SEPARABILITY UNDER DIFFERENT
ATTRIBUTE SUBSETS

B GDAg(S) DDg(S) DSgp(S)

{a1} 0.6002 0.1556 0.0934

{a2} 0.4563 0.1304 0.0595

{a3} 0.3416 0.0726 0.0248
{a1,a2} 0.6054 0.2352 0.1424
{a1,a3} 0.4734 0.1965 0.0930
{az2,a3} 0.4534 0.1496 0.0679
{a1,a2,a3} 0.5265 0.2500 0.1316

0.2329. According to (11), we compute
0.2771 + 0.1956 + 0.2329
DDg(S) = = 0.2352.

3

Thus, we have
DSp(S) = 0.6054 x 0.2352 = 0.1424.

According to the above calculation process, we can calculate
DA, DD, and the separability under different attribute subsets.
The calculation results are shown in Table IV. From Table IV,
we can see that the DA of intraclass objects under {aj, a>} is
larger than those of other attribute subsets. When |B| = 1, the
DD of between-class objects under {a;} is larger than those of
{as} and {a3}. When |B| = 2, the DD of between-class objects
under {ap, ay} is larger than those of {aj, a3z} and {a>, az}. The
DD of between-class objects under {ai, a2, az} is the largest.
The separability of FDS under {aj, a»} is the largest. Thus, the
best attribute subset is {aj, ax}, which is consistent with the
visualization result of Fig. 1. In the following, we will give
the definition of the optimal attribute subset.

Definition 5: Let FDS = (U, A, V,f) be a fuzzy decision
system, B € C, a € C — B, b € B. a is a redundant attribute
for B, if DSpy4)(S) < DSp(S). b is an indispensable attribute
in B, if DSp_;(S) < DSpg(S). B is a reduction of condition
C with respect to decision D in FDS, iff B satisfies:
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(1) DSpua(S) < DSp(S) Vae C-—B;
(2) DSp_(1)(S) < DSp(S) Vb € B.

From Definition 5, we know that B is a reduction, if all the
attributes in C — B are redundant and all the attributes in B
are indispensable, that is, B is an optimal attribute subset. It is
a NP-hard problem to find the reduction of FDS, so we will
design a heuristic algorithm to find a great informative and
separable attribute subset.

IV. ATTRIBUTE REDUCTION ALGORITHM BASED ON THE
SEPARABILITY

Based on the above analysis, the proposed separability can
be used to evaluate distinguishing ability of attribute sub-
sets. The larger the separability is, the more distinguishable
the attribute subset has. For a fuzzy decision system with N
attributes, it is time consuming and even infeasible to calculate
the separability of all candidate subsets (2Y — 1). At present,
there are many common search strategies for attribute selection
such as branch and bound (B&B), genetic algorithms (GA)
and greedy selection (GS). The (B&B) algorithm has expo-
nential complexity. The GA is an evolutionary algorithm, so
it may have a certain degree of instability. The GS algorithm
can quickly find an approximate optimal solution. Therefore,
we choose the GS algorithm to search the optimal or sub-
optimal attribute subset. In view of the sequentially forward
selection (SFS) and sequentially backward elimination (SBE)
forms of the greedy algorithm, we design an attribute reduction
algorithm based on the SFS.

First, we define the significance of an attribute relative to
an attribute subset. Then we design a SFS attribute reduction
algorithm as Algorithm 1.

Definition 6: Let FDS = (U, A, V,f) be a fuzzy decision
system, B C C, a € C — B, the significance of a relative to B
is defined as

SIG(a, B, D) = DSpuia) (S) — DS5(S). (13)

SIG(a, B, D) is a measure, which denotes the significance
of attribute a with respect to B under decision D.

In Algorithm 1, red is initialized into an empty set and the
time complexity is O(1). In steps 3-5, this is a termination
condition for feature selection, and the complexity is O(1). In
steps 6-9, we compute the significance of attribute a relative to
red, and the complexity is O(|C — red||U||U/D|). In step 11,
attribute a; with the maximum value of SIG(ay, red, D) is
selected, and the complexity is O(l). In step 11, a; is
added into red and the complexity is O(1). The worst search
complexity is O(|CI?|U||U/D)) of Algorithm 1.

The termination parameter § should be set in advance.
How to set § is a very important issue for attribute reduc-
tion. Stopping the search too early may lead to insufficient
attributes used for learning; whereas stopping the search too
late may lead to redundant attributes used for learning and
overfitting may occur. People can set 6 manually according
to the needs of learning tasks. This article provides a search
strategy of termination parameter § based on the postpruning
idea from [8]-[10]. Next, we will give the detailed search pro-
cess. In the first step, the dataset is divided into two parts, one
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Algorithm 1 SFSS
Input: A fuzzy decision system FDS.
Qutput: Attribute subset red.

1: Initialize: red < @; // Initialization attribute subset is

empty.

2: while C — red # & do
3 if |red| > § then
4 break; // Loop termination.
5:  end if
6
7
8
9

for each a; € C — red do
Compute the separability DSpy(q4;)(S);
Compute SIG(a;, red, D) according to Eq.(13);
end for
10:  Find a; with maximum value of SIG(ag, red, D);
11:  red < ag; // Put coordinated ay; into red.
12: end while
13: return red,

is the training set, the other is the validation set. In the sec-
ond step, we select attributes by running the forward selection
algorithm and record the order of attributes that have been
selected for the training set, where the search range of § is
set to [1, |C|] in low-dimensional data and that of § is set to
[1, G] in high-dimensional data, [1, G] is a given search range
in advance. In the third step, we train classifiers on the training
set under the selected sequential attribute subsets one by one,
and record classification accuracies on the validation set. § is
set to the number of attributes with the largest average classifi-
cation accuracies and the smallest number. Namely, in the kth
time, we evaluate the first kth attributes which are selected in
the second step with classification algorithms on the validation
set.

V. EXPERIMENTAL ANALYSIS

To verify the effectiveness and feasibility of the proposed
algorithm (SFSS), we compare it with HANDI [1], NMI [3],
RELIEF-F [11], and mRMR [45]. We compare them from
three aspects: 1) the classification accuracies under different
classifiers; 2) the number of the selected attributes; and 3) the
running time of attribute reduction. All algorithms are exe-
cuted in MATLAB 2015b and run in hardware environment
with Inter Core i7-7700K @ 4.20 GHz, with 16-GB RAM.

We employ four well-known classifiers to estimate clas-
sification accuracies of these attribute reduction algorithms
based on tenfold cross-validation. The four classifiers are
k-nearest neighbor (KNN), radial basis function support vec-
tor machine (RBF-SVM), three layers fully connected neural
network (FCNN), and random forest (RF). We set parame-
ter k = 3 of KNN. The control term C and Gaussian kernel
parameter o of RBF-SVM are both one. Activation functions
for the hidden layer and the output layer of FCNN are set
to sigmoid and softmax functions, respectively. The number
of neurons in the output layer is equal to the number of cat-
egories, and the number of the neurons of the hidden layer
is equal to the mean of input and output layers. For RF, the
number of decision trees is 20 and the number of variables
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TABLE V
DATA DESCRIPTION
No. Dataset Sample Attribute Class

1 Wine 178 14 3
2 Wpbc 198 34 2
3 Seeds 210 8 3
4 Wdbc 569 31 2
5 Winequality-red 1599 12 6
6 Segmentation 2310 20 7
7 Spambase 4601 58 2
8 Winequality-white 4898 12 7
9 DLBCL-Stanford 47 4027 2
10 DLBCL-Harvard 77 7130 2
11 Lung-Cancer-1 181 12534 2
12 Lung-Cancer-2 203 12601 5

to select at random for each decision tree is the square root
of the number of all variables. The characteristics of these
four classifiers are that KNN does not have any parameters
that need to be trained; SVM has a small number of param-
eters that need to be trained; FCNN has a large number of
parameters that need to be trained; and RF has a small num-
ber of parameters that need to be trained and it integrates
many weak classifiers to make its classification ability become
stronger.

A. Experiment on UCI and ELVIRA Biomedical Datasets

The original data are normalized into the interval [0, 1] and
are randomly divided into ten subsets. One is used as valida-
tion set and the remaining nine are used for training. After ten
rounds, the median and fluctuation range of the classification
accuracies are considered as the final performance. Twelve
datasets from the UCI Machine-Learning Repository [7] and
ELVIRA Biomedical Dataset Repository [44] are shown in
Table V, where Lung-Cancer-1 is from the Dana-Farber
Cancer Institute and Lung-Cancer-2 is from the Brigham and
Women’s Hospital.

Different datasets have different termination parameters
for Algorithm 1. The termination parameters of all data are
determined by the postpruning search strategy proposed in
Section IV. The search ranges of § on the first eight low-
dimensional datasets are set to [I,|C|], where |C| is the
number of conditional attributes. The search ranges of § on the
last four high-dimensional datasets are set to [1, 50]. Single
accuracy and their average accuracy of four classifiers on Wine,
Wpbc and Lung-Cancer-1 are shown in Figs. 5-7. Due to the
space limitation, the search results for the remaining datasets
are shown in the first nine figures of supplementary materi-
als. The position of the red dot in each figure is the optimal
average classification accuracy, and the corresponding number
of attributes is the termination parameter. From these figures,
we know that with the increase of the number of attributes,
the average value of classification accuracies increases at the
beginning, when the size reaches a certain degree, the aver-
age value of classification accuracies begins to decrease or
stabilize.

Now, we analyze the trend of classification accuracy of
each classifier after the red dot in Figs. 5-7. In the Wine
dataset, the classification accuracies of KNN, FCNN, and
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Fig. 5. Classification accuracies of Wine based on attribute ranking.
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Fig. 6. Classification accuracies of Wpbc based on attribute ranking.
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Fig. 7. Classification accuracies of Lung-Cancer-1 based on attribute ranking.

RF keep stable with the increase of attributes, while the
classification accuracy of SVM is decreasing. This means
that the attributes added after the red dot are redundant for
KNN, FCNN, and RF, and inconsistent for SVM. In the
Wpbc dataset, the classification accuracies of all classifiers
are decreasing with the increase of attributes, which means
that the redundant attributes are added after the red dot for
four classifiers. In the Lung-Cancer-1 dataset, the accuracies
of KNN, FCNN, and RF are fluctuating with the increase of
attributes, and the accuracy of SVM keeps stable. It shows
that the added attributes are unstable for KNN, FCNN, and
RF, and redundant for SVM. In this article, we choose the
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TABLE VI

CLASSIFICATION ACCURACIES OF REDUCED DATA AND RANKS OF REDUCTION ALGORITHMS WITH KNN
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HANDI

NMI

RELIEF-F

mRMR

SFSS

Dataset Raw data

Wine 91.667+8.333
Wpbc 68.684+21.316
Seeds 92.857+7.143
Wdbc 96.491+3.509
Winequality-red ~ 60.938+5.937
Segmentation 95.671£1.299
Spambase 91.196+2.065
Winequality-white 58.26542.959
DLBCL-Stanford 70.000£30.000
DLBCL-Harvard = 85.714+14.286
Lung-Cancer-1 91.667+8.333
Lung-Cancer-2 90.000+5.000

91.667+£8.333 (5)
76.579£13.421 (2)
92.857+£7.143 (2.5)
96.491+£3.509 (1.5)
59.688+£8.437 (2)
96.537£1.299 (3.5)
86.8651+2.483 (5)
56.633+£4.184 (5)
80.000420.000 (4)
81.250+18.750 (4)
94.444£5.556 (3.5)
90.476£9.524 (1)

94.118+£5.882 (3.5)
72.500£17.500 (4)
90.476£9.524 (5)
95.614+£4.386 (4)
59.062£5.313 (4)
96.537£0.866 (3.5)
88.278+3.679 (1)
59.694+£3.571 (1)
75.000£25.000 (5)
81.250+18.750 (4)
88.889+11.111 (5)
87.500+7.500 (3.5)

94.444£5.556 (2)
68.421£21.053 (5)
92.857+7.143 (2.5)

94.118+£5.882 (3.5)
75.000£10.000 (3)
92.857+£7.143 (2.5)

96.491+£3.509 (1.5)
58.125+£8.750 (5)
97.186+£1.082 (1)
86.972+1.072 (3)
58.367£2.653 (2.5)
87.500412.500 (2)

95.614+£4.386 (4)
59.375+£6.875 (3)
95.022+2.814 (5)
86.957+£1.739 (4)
58.367£2.653 (2.5)
87.500412.500 (2)

87.500412.500 (1)
94.737£5.263 (2)
87.500+7.500 (3.5)

81.250+18.750 (4)
94.444£5.556 (3.5)
77.500£17.500 (5)

97.2224£2.778 (1)
81.579+18.421 (1)
92.857£7.143 (2.5)
95.614+£4.386 (4)
61.250£5.000 (1)
96.753£1.515 (2)
88.275+1.725 (2)
57.755£3.673 (4)
87.500+12.500 (2)
85.7141+14.286 (2)
97.2224£2.778 (1)
90.000£5.000 (2)

Average 82.7624+9.182 83.624+8.553 (3.250) 82.41+9.423 (3.625) 84.175+7.382 (2.583) 83.167+7.983 (3.500) 85.979+6.600 (2.042)
TABLE VII
CLASSIFICATION ACCURACIES OF REDUCED DATA AND RANKS OF REDUCTION ALGORITHMS WITH SVM

Dataset Raw data HANDI NMI RELIEF-F mRMR SFSS

Wine 45.098+21.569 91.6674+8.333 (2) 86.1114+8.333 (4) 91.176+8.824 (3) 83.333£11.111 (5) 94.44445.556 (1)
Wpbc 77.368+17.368 84.211415.789 (1) 77.368+17.368 (4.5)  77.368+17.368 (4.5)  82.368+12.368 (3) 82.500+17.500 (2)
Seeds 90.4764+9.524 90.476+£9.524 (2.5)  88.095+7.143 (5) 90.4764+9.524 (2.5)  90.47649.524 (2.5)  90.476+£9.524 (2.5)
Wdbc 64.912410.526 94.737+£5.263 (2.5)  91.228+8.772 (5) 94.73743.509 (2.5)  92.98245.263 (4) 95.6144+4.386 (1)
Winequality-red  65.000£8.750 65.625+6.875 (3) 64.063+7.813 (4) 67.1884+6.563 (1.5)  61.250+7.500 (5) 67.188+8.437 (1.5)
Segmentation 84.4164+4.762 95.238+3.030 (2) 88.3124+4.762 (5) 95.02243.680 (3) 93.2904+2.381 (4) 95.4554+1.515 (1)
Spambase 77.9354+2.065 87.609+£3.261 (4) 91.41343.370 (1) 89.457+1.848 (3) 87.187£1.100 (5) 89.674+2.500 (2)

61.3271+4.388
35.000+15.000
75.000£25.000
86.111+8.333
63.810+16.190

Winequality-white
DLBCL-Stanford
DLBCL-Harvard
Lung-Cancer-1
Lung-Cancer-2

58.219+4.026 (5)
50.000+30.000 (2.5)
62.500+37.500(3.5)
88.889+11.111 (3)
63.8101+16.190 (5)

61.2244+3.265 (4)
40.000£40.000 (4)
62.500+37.500(3.5)
83.333+16.667 (4.5)
67.5001+12.500 (3)

61.794+3.716 (2)
50.000+£50.000 (2.5)
62.500+37.500(3.5)
97.222+2.778 (1.5)
67.500+12.500 (3)

62.755+£2.551 (1)

35.000£15.000 (5)

62.500+37.500(3.5)
83.333+11.111(4.5)
67.500+12.500 (3)

61.290+£2.923 (3)
60.000£40.000 (1)

72.321+15.179 (1)
97.222+2.778 (1.5)
68.690+16.310 (1)

Average 68.871+£11.956 77.748+12.575(3.000) 75.096413.958(3.958) 78.703+13.151(2.708) 75.1651+10.659 (3.792) 81.240+10.551 (1.542)
TABLE VIII
CLASSIFICATION ACCURACIES OF REDUCED DATA AND RANKS OF REDUCTION ALGORITHMS WITH FCNN

Dataset Raw data HANDI NMI RELIEF-F mRMR SFSS

Wine 94.444+£5.556  88.889+£11.111 (5) 91.667+8.333 (3.5) 91.667£8.333 (3.5) 97.059£2.941 (2) 97.2224£2.778 (1)
Wpbc 76.579£13.421 80.000£20.000 (4) 81.711+13.289 (2) 68.816£16.184 (5) 81.579+18.421 (3) 82.500+17.500 (1)
Seeds 92.857£7.143 92.857+7.143 (2) 90.476+4.762 (4) 90.476+£4.762 (4) 90.476+£4.762 (4) 95.238+£4.762 (1)
Wdbc 96.491£3.509 96.491+£3.509 (2) 94.737£5.263 (5) 96.491£3.509 (2) 95.614£4.386 (4) 96.491£1.754 (2)
Winequality-red ~ 57.50046.250 59.37545.000 (2) 58.438+5.312 (4) 58.750+6.250 (3) 55.937+£8.438 (5) 60.313+£4.688 (1)
Segmentation 94.589+£1.515 94.589+1.948 (3) 95.238+1.299 (1) 88.961+7.576 (5) 94.156+£1.948 (4) 94.805£2.165 (2)
Spambase 88.804+2.500 82.391+6.304 (3) 86.422+5.118 (2) 80.652+£8.913 (5) 80.996+2.518 (4) 89.2394+3.370 (1)

52.551+4.184
50.000+£30.000
75.000£25.000
86.1114+8.333
63.810£16.190
77.395£10.300

Winequality-white
DLBCL-Stanford
DLBCL-Harvard
Lung-Cancer-1
Lung-Cancer-2
Average

53.936+£3.732 (5)
80.000420.000 (4)
87.5001+12.500 (2)
94.444+£5.556 (3)
80.952114.286 (3)

54.856+3.631 (3)
87.500-12.500 (2)
85.714:14.286 (4)
88.889+11.111 (5)
85.000-£10.000 (2)

55.060+3.836 (2)
70.000£30.000 (5)
87.500£12.500 (2)
94.444+5.556 (3)
80.238+£10.238 (4)

53.980£2.959 (4)
87.500+£12.500 (2)
81.250+£18.750 (5)
94.444£5.556 (3)
77.500£17.500 (5)

56.339£4.192 (1)
87.500412.500 (2)
87.500£12.500 (2)
970042778 (1)
85.714414.286 (1)

82.619+9.257 (3.167) 83.387£7.909 (3.125) 80.255+9.805 (3.625) 82.541£8.390 (3.750) 85.840£6.939 (1.333)

number of attributes with the best average classification accu-
racy as the termination parameter. For a specific classification
task, the number of attributes with the best classification accu-
racy under the selected classifier can be set to the termination
parameter. For the classifier with good generalization abil-
ity, we can add some attributes appropriately to improve the
robustness of the classifier. For the classifier with poor gen-
eralization ability, it is recommended to select the number
of attributes with the best classification performance on the
validation set.

The related parameters of HANDI and NMI are searched
by Wang et al. [1] and Hu er al. [3], respectively. The ter-
mination parameters of RELIEF-F and mRMR are searched
by the same method as SFSS. The termination parameters of

RELIEF-F, mRMR and SFSS are the same as the number of
attributes retained after attribute reduction. The detailed results
are shown in Table X.

The classification accuracy is an important index to evaluate
the performances of attribute reduction algorithms. Under the
four classifiers, the median and fluctuation range of classifica-
tion accuracies of the reduced datasets based on five algorithms
and the raw data are presented in Tables VI-IX, where the
values in brackets are the ranks of reduction algorithms.
The underlined symbols represent the highest classification
accuracies.

From Tables VI-IX, under the four classifiers, the aver-
age classification accuracies of HANDI, RELIEF-F, mRMR,
and SFSS are all better than those of the raw data. The
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TABLE IX
CLASSIFICATION ACCURACIES OF REDUCED DATA AND RANKS OF REDUCTION ALGORITHMS WITH RF

Dataset Raw data HANDI NMI RELIEF-F mRMR SFSS

Wine 97.059+£2.941 91.667+£8.333 (5) 94.444+£5.556  (3) 94.118+5.882 (4) 97.059+2.941 (2) 98.889£11.111 (1)
Wpbc 75.000£15.000 77.368£17.368 (5) 80.000+15.000 (2) 79.868+£14.868(3.5)  79.868+£14.868(3.5)  82.500£12.500 (1)
Seeds 90.476£9.524 92.857+£7.143 (3.5)  92.857£7.143 (3.5)  95.238+4.762 (1) 92.857+7.143 (3.5)  92.857£7.143 (3.5)
Wdbc 95.614+£4.386 96.491+£3.509 (2) 96.491+£3.509 (2) 95.614+2.632 (4) 96.4911+3.509 (2) 93.860£4.386 (5)
Winequality-red ~ 67.7344+7.109 66.563£7.188 (3) 69.375+£6.250 (2) 65.938+5.938 (5) 66.250+6.875 (4) 71.875£8.125 (1)
Segmentation 97.835£1.299 97.835+0.866 (3.5)  98.052+1.082 (2) 97.835£1.299 (3.5) 97.619£1.515 (5) 98.320£1.515 (1)
Spambase 94.783£1.087 91.967£1.946 (4) 93.913+1.739 (1) 92.283+1.196 (3) 89.239+2.283 (5) 93.043£1.304 (2)

Winequality-white 68.84942.930 67.925+1.463 (5)
DLBCL-Stanford 80.000420.000 87.500£12.500 (3)
DLBCL-Harvard 75.000425.000 81.250+18.750(3.5)
Lung-Cancer-1 97.22242.778 94.44445.556 (3.5)
Lung-Cancer-2 88.0954+11.905 88.095+11.905 (2)
Average 85.639+48.663

68.844+1.973 (2)
75.000£25.000 (5)
87.500412.500 (1.5)
94.444+£5.556 (3.5)
87.500+12.500(3.5)
86.164+8.044 (3.583) 86.535+8.151 (2.583) 85.851+£7.271 (3.458) 85.753£8.324 (3.667) 89.033+6.867 (1.708)

68.333£1.667 (3)
80.000420.000 (4)
81.250+18.750(3.5)
94.737+£5.263 (2)
85.000+5.000 (5)

68.2651+2.143 (4)
90.000+£10.000 (1.5)
75.000£25.000 (5)
88.889+£11.111 (5)
87.500+£12.500 (3.5)

69.828+3.542 (1)
90.000=£10.000 (1.5)
87.500£12.500(1.5)
97.2224£2.778 (1)
92.500£7.500 (1)

TABLE X
AVERAGE SIZE OF SELECTED ATTRIBUTE SUBSETS

Dataset Raw data HANDI NMI RELIEF-F mRMR SFSS
Wine 13 6.1 7.1 6 7 5
Wpbc 33 5.7 7.7 17 7 6
Seeds 7 52 4 7 5 4
Wdbc 30 10.9 9.7 8 8 9

Winequality-red 11 7.5 7.9 10 5 7
Segmentation 19 7.9 13.2 8 10 8
Spambase 57 14.5 13.6 11 11 12
Winequality-white 11 5.8 7.6 7 8 8
DLBCL-Stanford 4026 11.1 10.3 10 22 15
DLBCL-Harvard 7129 14.3 10.8 20 14 15
Lung-Cancer-1 12533 6.7 6 9 20 4
Lung-Cancer-2 12600 16.9 15.3 38 11 9
Average 3039.083 9383 9.433 12583  10.667 8.5

performances of NMI on SVM, FCNN, and RF classifiers
are better than those of the raw data, and its performance
on KNN classifier is slightly worse than that of the raw data.
Moreover, SFSS performs better than the other four meth-
ods and raw data from the average classification accuracy and
the average fluctuation perspectives. The average classifica-
tion accuracies of SFSS under KNN, SVM, FCNN, and RF
are 3.257%, 12.369%, 8.445%, and 3.394% higher than those
of raw data, respectively. Out of the 48 cases, HANDI, NMI,
RELIEF-F, mRMR, and SFSS achieve the highest classifica-
tion accuracies in 8, 8, 11, 7, and 35, respectively. Obviously,
the performances of the first four reduction algorithms are
comparable. The performance of SFSS is obviously better than
the other four algorithms. From the results under the four clas-
sifiers, we can see that SFSS is very effective and robust for
attribute reduction of classification task.

Next, we use the Friedman test [48] to evaluate the sig-
nificant difference of the aforementioned five algorithms in
the performance of attribute reduction. We first examine
whether there are significant differences between the five algo-
rithms on these datasets. The Friedman statistic is defined
as x2 = (12N/[k(k+ DD(TE, R? — (k(k +1)%1/4)) and
F = ([(N— Dx?/IN(k — 1) — x2]), where N is the num-
ber of datasets, k is the number of algorithms, and R; is
the average rank of algorithm i in all the datasets. F' fol-
lows a Fisher distribution with k — 1 and (k — 1)(N — 1)
degrees of freedom. The critical value of F distribution at the

significance level o can be obtained by calling the subprogram
icdf((F', 1—a, k—1, (k—1)(N—1)) in MATLAB 2015b. Hence,
we obtain the critical value F(4, 44) = 2.0772 when o = 0.1.
According to the ranks of the algorithms in Tables VI-IX, we
can obtain that F = 2.4061 for KNN, F = 6.6171 for SVM,
F = 6.6722 for FCNN, and F = 4.3453 for RE. All four val-
ues of F are greater than the critical value F(4,44), so we
reject the null-hypothesis. Therefore, the five algorithms are
significantly different under the four classifiers.

Furthermore, we use a post-hoc test such as the Bonferroni—
Dunn test [47] to explore which algorithms are different
in statistical terms. The performance of two algorithms is
regarded as being significantly different if the distance of the
average ranks of the two algorithms exceeds the critical dis-
tance CDy = qo~/([k(k + 1)]/6N), where g, is the critical
tabulated value for the test. From [47], when k = 5 and
a = 0.1, go.1 = 2.241. So CDg,; = 1.4466. From Table VI,
the distances of average ranks of SFSS to NMI and mRMR
are greater than 1.4466 for KNN. Thus, the performance of
SESS is significantly better than those of NMI and mRMR at
o = 0.1. However, the Bonferroni-Dunn test is not power-
ful enough to detect any significant differences among SFSS,
HANDI, and RELIEF-F. According to Table VII, SFSS per-
forms significantly better than HANDI, NMI, and mRMR
for SVM. However, we do not have sufficient evidence to
show that there is a significant difference between SFSS and
RELIEF-F. From Table VIII, we can obtain that SFSS per-
forms significantly better than the other four algorithms for
FCNN. From Table IX, SFSS performs significantly better
than HANDI, RELIEF-F, and mRMR for RF. We do not have
sufficient evidence to show that there is a significant difference
between SFSS and NMI by Bonferroni—-Dunn test. In sum-
mary, SFSS performs better than the other algorithms in most
cases. At the same time, we use the Nemenyi test graph [47]
to show the statistical difference between SFSS and the other
four algorithms. We connect the groups of algorithms that are
not significantly different (Fig. 8) at p = 0.1. We also show
the critical difference (CD = 1.5873) above the graph, where
k=5 and ¢ = 0.1, go.1 = 2.459. From Fig. 8, we can con-
clude that the Nemenyi test is not powerful enough to detect
any significant differences among HANDI, NMI, RELIEF-F,
and mRMR. The performance of SFSS is significantly better
than that of HANDI and RELIEF-F under classifiers FCNN
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TABLE XI
RUNNING TIME OF REDUCTION WITH DIFFERENT ALGORITHMS (S)

Dataset HANDI NMI RELIEF-F mRMR SESS

Wine 0.0862+0.0138 0.1267+0.0083 0.0899+0.0075 0.0947+0.0534 0.0216+£0.0189
Wpbc 0.2424+0.1398 0.4815+0.0598 0.1573£0.0361 0.0448+0.0019 0.0070=£0.0002
Seeds 0.0420+0.0089 0.0528+0.0092 0.0619+0.0106 0.0427+0.0024 0.0012-£0.0000
Wdbc 2.2324+0.0897 2.4547£0.1712 0.4684+0.1345 0.0462+0.0023 0.0139£0.0006
Winequality-red 2.9663+0.1264 3.0638+0.1134 0.8057+0.047 0.0443+0.0030 0.0158-0.0008
Segmentation 13.3581+0.9059 20.4595+1.6067 1.5509+0.1835 0.0477+0.0028 0.0544+0.0017
Spambase 371.5869+19.3123 365.2280+£18.8375 13.7437£1.8206 0.0840£0.0023 0.22744£0.0020
Winequality-white 25.0813+1.9759 27.4469+1.0773 3.6597+0.8241 0.0470+£0.0029 0.0502+0.0012
DLBCL-Stanford 10.7185+1.1090 15.1395+1.4596 1.4216+0.0698 1.1469+0.0699 1.0238+0.0665
DLBCL-Harvard 48.6827+8.2103 51.2846+£5.4096 4.4353£0.3422 1.291140.0266 1.5354£0.0184

Lung-Cancer-1

105.7291£11.6088

136.9752£22.7660

22.1078+2.7800

3.4996+0.1290

1.6776+0.0239
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Lung-Cancer-2 381.7024432.8598 435.4320+35.5697 24.1460+2.3923 2.9360+0.0253 2.408640.0230
Average 80.2023+6.3634 88.1788+7.2574 6.05440.7207 0.7771+0.0268 0.5864+0.0131
CD CD
5 4 3 2 1 5 4 3 2 1
NMI — SFSS NMI —SFSS
mRMR mRMR
HANDI RELIEF-F HANDI RELIEF-F
(@) (b)
CD CD
5 4 3 2 1 5 4 3 2 !
mRMR LSFSS mRMR SFSS
RELIEF-F HANDI
HANDI NMI RELIEF-F NMI
(©) @)

Fig. 8. Comparison of all reduction algorithms against each other with the Nemenyi test. Groups of algorithms that are not significantly different (at p = 0.1)
are connected. Comparison of all reduction algorithms under (a) KNN, (b) SVM, (c) FCNN, and (d) RF.

and RF. The performance of SFSS is significantly better than
that of NMI under classifiers KNN, SVM, and FCNN. The
performance of SFSS is significantly better than that of mRMR
under classifiers SVM, FCNN, and RF.

The size of the attribute subset, which is selected by the
attribute reduction algorithms, is another important evaluation
index for attribute reduction. We aim to find attribute subsets
with high classification accuracy and as few attributes as pos-
sible. The average size of the selected attribute subsets with
tenfold cross-validation is shown in Table X. From Table X,
the average size of the selected attribute subsets by SFSS (8.5)
is minimal compared with those of the other methods. In the
case of ensuring classification accuracy, SFSS greatly reduces
the dimension of the raw data.

In attribute reduction, the running time is still an impor-
tant index to measure the feasibility and effectiveness of an
algorithm. The median and fluctuation of running time based
on tenfold cross-validation of five algorithms are shown in
Table XI. From Table XI, we can find that the performance
of SFSS is significantly better than those of HANDI and
NMI. The performance of SFSS is slightly better than that
of RELIEF-F. The performance of SFSS is comparable to that
of mRMR. From the computing speed view, the performance
of SFSS is efficient and robust.

In order to visualize the raw data and the reduced data
selected by reduction algorithms, we use t-SNE [12] to visu-
alize the raw data and reduced data in a 2-D map. Due to
the space limitation, the results of the first eight datasets are
shown in Figs. 9 and 10, and the results of the last four datasets
are shown in the last figure of supplementary materials. From
these figures, we can see that the separability of SFSS outper-
forms those of the other algorithms in the most cases. In the
2-D map, when the class overlap of the raw data (Wine, Seeds,
Wdbc, Segmentation, Spambase, DLBCL-Stanford, DLBCL-
Harvard, and Lung-Cancer-1) is less, SFSS can well separate
different categories. In this case, the intraclass aggregation and
the between-class dispersion for reduced data by using SFSS
are larger than those of others. When the class overlap of
the raw data (Wpbc, Winequality-red, Winequality-white, and
Lung-Cancer-2) is relatively large, the intraclass aggregation
and the between-class dispersion for reduced data by using
SFSS have some improvements over the others.

B. Experiment on MNIST Database of Handwritten Digits

The MNIST! database is a well-known database for hand-
written digit recognition. It has a training set of 60 000 images

1 http://yann.lecun.com/exdb/mnist/
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Fig. 9.

Fig. 10.

Fig. 11.

and a test set of 10000 images, and each image has 28 x 28
pixels. The MNIST has ten categories, namely, digits 0-9.
In order to observe the distributions of the selected attributes
on images, we use reduction algorithms to retain half pixels
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t-SNE visualization of different algorithms in the first four datasets. (a) RAW. (b) HANDI. (c) NMI. (d) RELIEF-F. (¢) mRMR. (f) SFSS.
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Results of reduction algorithms in the MNIST dataset.

and remove half pixels for each image. For a given neigh-
borhood radius, when the number of attributes increases to a
certain extent, the size of the neighborhood granule will not
change any more. Therefore, HANDI and NMI are not suitable
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TABLE XII
ACCURACIES OF VALIDATION SET AND TEST SET IN THE MNIST
DATASET

Classifiers Average Best
RELIEF-F mRMR SFSS RELIEF-F mRMR SFSS
KNN val.  97.312 97.173 97.307  97.375 97.300 97.433
test  96.862 97.010 96.936  96.960 97.120 97.020
SVM val.  94.657 93.937 94.792  94.958 94.050 95.025
test  94.972 94.352 95.196  95.120 94.390 95.240
FCNN val.  96.455 96.210 96.555  96.675 96.317 96.650
tes 96.702 96.382 96.708  96.790 96.640 96.820
RF val.  95.705 95.380 95.718  96.025 95.783 95.875
test  95.722 95426 95.808 95910 95.660 95.970

to retain large-scale attributes for attribute reduction. So we
reduce the attributes of MNIST by RELIEF-F, mRMR, and
SESS. We use 10x 5 cross-validation to select attributes on the
training set of 60 000 images. The test set of 10 000 images is
used as independent test data. In order to observe the removed
pixels and retained pixels simultaneously, we select one image
from each category to show the reduction results. The details
are shown in Fig. 11, where red pixels are the removed pix-
els by attribute selection algorithms. MNIST handwritten digit
images are manually collected, where the useful information
is mainly concentrated in the middle of each image, and the
edges are mostly filled information. In Fig. 11, from the dis-
tribution of red pixels in the edge of each image, we can see
that all three algorithms delete many filled pixels. Moreover,
SESS performs better than RELIEF-F and mRMR. By observ-
ing the distribution of red pixels in the middle of each image,
we can find that RELIEF-F and mRMR both delete some valu-
able pixels that are useful for digit recognition (such as digits
0,2, 4,5, 8). However, for SFSS, the pixels with distinguishing
ability for digit recognition are preserved more completely. In
terms of the continuity of the preserved regions, RELIEF-F
and mRMR have poor continuity, while SFSS has good conti-
nuity. Therefore, the relevance of the selected pixels by SFSS
is high for digit recognition. Table XII presents the average
and best classification performances of the selected attributes
by RELIEF-F, mRMR, and SFSS on validation data and inde-
pendent test data of MNIST. The underlined symbols represent
the highest classification accuracies. As can be seen from
Table XII, the three algorithms are effective for MNIST, and
the mean of all classification accuracies is 96.0496% and the
variance is 0.0398%. The performances of the three algorithms
are comparable. In most cases, the performance of SFSS is
slightly better than those of the other two algorithms.

VI. CONCLUSION

Removing redundant attributes is an important step
before performing classification and regression learning. It
can decrease the cost of learning and improve learning
performance. In this article, we have proposed an attribute
reduction algorithm based on the aggregation of intraclass
objects and the dispersion of between-class objects for fuzzy
decision systems. The aggregation of intraclass objects and the
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dispersion of between-class objects were considered simul-
taneously to measure the significance of attribute subsets in
fuzzy decision systems. Then, a postpruning strategy was
introduced to search the termination parameter and prevent
overfitting. Twelve public datasets from UCI and ELVIRA
Biomedical repositories and MNIST handwritten digits were
used to compare the performance of SFSS with those of
classical algorithms. Experimental analysis and statistical test
showed that SFSS can fast find a small and effective attribute
subset and obtain high classification performance.

This article mainly studies the decision systems with
real-valued attributes. In the future, we will study the
attribute selection model of heterogeneous decision systems,
which have category, real-valued, and interval-valued attributes
simultaneously.
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