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Rough set theory is an essential tool for measuring uncertainty, which has been widely
applied in attribute reduction algorithms. Most of the related researches focus on how to
update the lower and the upper approximation operator to match data characteristics or
how to improve the efficiency of the attribute reduction algorithm. However, in the nom-
inal data environment, existing rough set models that use the Hamming metric and its
variants to evaluate the relations between nominal objects can not capture the inherent
ordered relationships and statistic information from nominal values due to the complex-
ity of data. The missing information will affect the accuracy and validity of the data rep-
resentation, thereby reducing the reliability of rough set models. To overcome this chal-
lenge, we propose a novel object dissimilarity measure, i.e., relative object dissimilarity
metric(RODM) that learned from nominal data to replace the Hamming metric and then
construct a -neighborhood rough set model. It extends the classical rough set model to a
robust, representative, and effective model which is close to the characteristics of nominal
data. Based on the r-neighborhood rough set model, we propose a heuristic two-stage
attribute reduction algorithm(HTSAR) to perform the feature selection task. Experiments
show that the i -neighborhood rough set model can take advantage of more potential
knowledge in nominal data and achieve better performance for attribute reduction than
the existing rough set model.

© 2020 Elsevier Inc. All rights reserved.

1. Introduction

Feature selection is a crucial concept in machine learning, and it plays an essential role in many areas including pattern
recognition, data mining and representation learning, etc. A large number of methods for solving feature selection tasks
are proposed for numerical data, for instance, linear discriminant analysis (LDA) [1], principle component analysis (PCA)
[2], independent component analysis (ICA) [3] and Autoencoder [4], etc. However, it is rare to find the similar method to
do the same work for nominal data. One of the most significant problems is how to measure the distance (or similarity)
between nominal attribute values. In other words, it is difficult to measure the relationships between nominal values due
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to the fuzziness existing in nominal data. Therefore, it is a big challenge to perform feature selection in nominal data envi-
ronments. Rough set theory is a mathematical tool for handling vague and incomplete information, which is first proposed
by Pawlak [5]. The rough set model provides a pair of lower and upper approximation operators, which can map data to an
approximation space and measure uncertainty existing in the attribute selection problem. In rough set contexts, the feature
selection is also called attribute reduction, which target is to search a minimum attribute set to keep the abilities that are
held by attribute sets as a whole for classification or other tasks.

Most existing rough set models, which are defined by equivalence relations for nominal data, rely on the comparison re-
sult of nominal attribute values. Therefore, the strategy of how to measure the similarity (or distance) of nominal attribute
values becomes a crucial point to construct rough set models. In nominal data environments, it is easy to see that the
main strategy for rough set models to distinguish indiscernibility relationships is to directly compare two nominal values,
returning 1 if the results are the same, and 0 otherwise. Although this method is easy to implement and understand, its
disadvantages are obvious due to the loss of information. For example, given a nominal attribute such as “education” with a
value domain {“pupil”, “middle school student”, “undergraduate”, “master candidate”, “doctoral candidate”}, it is not difficult
to find that the distance between any one pair of nominal values is O, if nominal values being compared are the same, and
1 otherwise, by using the strategy above. However, according to common sense, the distance between “pupil” and “doctoral
candidate” is not the same as the distance between “master candidate” and “doctoral candidate”. The main factor leading
to information loss is that it ignores ordered relationships or other potential relationships within nominal values. Therefore,
the strategy of directly comparing whether the attribute values are exactly equivalent implies the loss of potential informa-
tion. How to evaluate the similarity between two nominal objects and maintain more implicit information has become a
challenging problem. There are many ways to evaluate the similarity between two objects with numeric features such as the
Euclidean distance, the Manhattan distance, and the Mahalanobis distance, etc. However, these measures are hardly applied
to the nominal circumstance. In the rough set theory context, the most widely used similarity metric for nominal data is
the Hamming distance[6], which means the dissimilarity between the same nominal values is “0”, and “1” otherwise. As is
mentioned above, the main drawback of this metric is that it does not take the latent ordered information and statistical
properties of nominal values into account. Although the main starting point of rough set theory is to handle inaccurately,
incomplete, and inconsistent data, indiscernibility relationships which are defined by the Hamming distance lead to the in-
formation loss. Then, the loss makes the rough set model lack the ability to represent nominal data well. What’s more, by
employing the Hamming distance, small changes in nominal data will result in the considerable discrepancies of equivalence
relations, which is analog to ill-condition phenomena in matrix analysis. In other words, the rough set model equipped with
the Hamming distance is sensitive to the changes in nominal data.

To overcome these challenges, in this paper, building on the idea of correlation between nominal attribute values and
classification labels, we propose a novel data metric, called relative object dissimilarity metric(RODM). The metric can learn
a latent ordered relationship from data by using the statistic information of nominal values. Based on RODM, we propose a
new rough set model, named yr-neighborhood rough set. The model uses RODM to update comparison strategies existing in
rough set models. Unlike existing rough set models, the v-neighborhood rough set model can expand the indiscernibility
relationship into a new dynamic indiscernibility relationship through the scale parameter . The dynamic indiscernibility
relationship can make the /-neighborhood rough set model more in line with true characteristics of nominal data. Based
on the y-neighborhood rough set model, we also propose a new attribute reduction algorithm, called heuristic two-stage
attribute reduction algorithm (HTSAR), which has the ability to obtain a more representative attribute subset than the exist-
ing algorithms. The experimental section proves that our method is effective and superior to the existing rough set models.
The contributions of the paper are summarized as follows:

« We propose a new kind of distance measure, i.e., RODM, for nominal data. By using RODM, we can take advantage of the
statistic information of nominal data and map the distance between nominal value pairs to a new continuous measuring
space.

We propose a {-neighborhood rough set model. Through the setting of the parameter v, we have the flexibility to con-

trol the extent of indiscernible relationships within nominal objects. The model fully considers the statistical information

of nominal data and conforms to the inherent characteristics of the data.

- We propose a heuristic two-stage attribute reduction algorithm, i.e., HTSAR. The algorithm is divided into two parts. The
first part of the method maximizes the information gain between different attributes and generates a pool of candidate
attributes according to the information gain. In the second part, the algorithm selects the attribute that is most conducive
to improving the classification ability from the candidate attributes pool.

The rest of the paper is organized as follows. In Section 2, we introduce some related works. In Section 3, we introduce
the preliminary notions related to the Pawlak rough set model. Then, we formulate the research problem and clarify some
basic concepts. In Section 4, we introduce the nominal objects similarity measure and define the yr-neighborhood rough
set model. Then, we construct the heuristic two-stage attribute reduction algorithm. In Section 5, we first introduce the
data preparation and experiment environment. Then we analyze the performance of HTSAR and the quality of the selected
attribute set which generated by HTSAR. Finally, we analyze the impact of parameter i in details. In Section 6, we draw a
conclusion of this paper.
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2. Related work
2.1. Rough set models

Rough set theory is a mathematical tool proposed by Pawlak [5] for dealing with imprecise, incomplete and inconsis-
tent data. The rough set model that takes advantage of equivalence relationships provides a new perspective for classifying
nominal objects by employing a pair of lower and upper approximation operators. However, due to the rigor of equivalence
relationships, the model cannot deal with the uncertainty of the relationship existing in nominal objects. Many researchers
have proposed many methods to update the classic rough set model with various forms. These works can be roughly divided
into the following types.

2.1.1. Probabilistic methods

From the probabilistic perspective, Wong and Ziarko [7] firstly expand the classical rough set model to the probabilistic
rough set model. The approximation space of probabilistic rough set modes is represented by rough membership functions
and rough inclusion. Probabilistic rough set models can be divided into three types: variable precision rough set models [8],
decision-theoretic rough set models [9] and Bayesian rough set models [10], which have attracted the attention and in-depth
study of many researchers. The main difference among those models is their definitions of probabilistic approximations and
the meanings of the required parameters [11]. In addition to probabilistic rough set model, there also exist some rough
set models related to probabilistic approaches, e.g..information-theoretic analysis [12], probabilistic rule induction [13] and
other studies [14], etc.

2.1.2. Extended object relationships

Except for probabilistic approaches, some researches try to relax the constraints of equivalence relationships to avoid the
deficiency of equivalence relationships. Many rough set models use relaxed relationships instead of equivalence relationships
to update classic rough set models, such as tolerance relations [15], general binary relation [16], similarity relations [17],
dominance relations [18], etc. Besides, some researchers have proposed fuzzy rough set models [19] by replacing equivalence
relations with fuzzy relations. Although these relations avoid the inadequacy of the equivalence relations, they still can
not take advantage of complex relationships existing in nominal data. For example, the dominance based rough set model
requires the priori knowledge of criteria (attributes with preference-order domains), which is sensitive to noise [20].

2.1.3. Data type adaptation

Since real-valued types cannot directly define equivalence relations, some scholars have proposed some mapping meth-
ods to convert real-valued systems into data forms that can be used for classic rough sets, thereby extending data type that
can be processed by rough set models. For example, Leung et al. [21] proposed a rough set knowledge discovery framework
which is formulated for the analysis of interval-valued information systems converted from real-valued raw decision tables.
Sun et al. [22] proposed the interval-valued fuzzy rough set theory by combining the interval-value fuzzy set theory with
the traditional rough set theory. Besides, some researchers use kernel methods mapping original numerical data into kernel
space and redefine relations between objects in that space. For example, Hu et al. [23] proposed a neighborhood rough set
model to handle numerical data, and extended the relationship of object pairs to a kernel space [24].

In general, the data type of objects, existing in information tables, can be divided into three categories, i.e., numeric,
nominal and mixture. Then the kind of rough set models is also divided into three categories, correspondingly. In this paper
we focus on the rough set model which can be applied to the nominal data. Although the existing nominal rough set mode
can take advantage of various relations to represent data, the statistic information and latent ordered information of nominal
data are still not to be considered, because the comparison strategy among nominal values is the Hamming distance.

2.2. Attribute reduction

Attribute reduction is a crucial application of rough sets theory. In Pawlak’s view [5], the reduction is interpreted as
selecting a minimal subset of attributes which keep the positive regions unchanged. According to the definition of reduction
and the optimization strategy used, attribute reduction can be roughly divided into the following types.

2.2.1. Methods that focus on how to define the definition of reduction to suit different application environments

For the fuzzy rough model, Hu et al. [23] generalized rough set model with neighborhood relations and proposed a neigh-
borhood rough set model based attribute reduction algorithm to deal with numerical data. Wu et al. [25] presented a gen-
eral framework for the study of rough set approximation operators in fuzzy environment in which both constructive and
axiomatic approaches are used. Furthermore, there are some attribute reduction algorithm using fuzzy-rough set model [24].
From algebra viewpoint and information viewpoint, Wang et al. [26] made a comparative study on quantitative relationship
for attribute reduction, and proved its are equivalent for a consistent decision table. For the covering rough set model, Zhu
et al. [27] introduced the concept of reducts of covering and had proved that the reduction of a covering is the minimal cov-
ering that generates the same covering lower approximation or the same covering upper approximation. For the probabilistic
rough set model, Yao et al. [28] addressed attribute reduction in decision-theoretic rough set models regarding different
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classification properties and proposed a framework for attribute reduction in decision-theoretic rough set models. Mi et al.
[29] introduced the concepts of § lower distribution reduct and g upper distribution reduct based on variable precision
rough sets.

2.2.2. Methods that focus on finding fast reduction algorithms to speed up the efficiency of reduction calculations

For the using of heuristic information, considering the issue of candidate attribute selection, Miao et al. [30] proposed a
mutual information based strategy to speed up the attribute selection process. Although heuristic reduction methods can
take advantage of low computational complexity, the output of these algorithms is an approximate optimization solution. For
the using of discernibility matrix, Skowron et al. firstly introduced discernibility matrix into attribute reduction algorithms
[31]. The discernibility matrix is viewed as a form of knowledge representation that can provide a quick algorithm for
finding attribute reduction.

2.2.3. Other methods

There also exists some incremental attribute reduction algorithms for dynamically increasing attribute [32]. Besides, Jia
et al. [33] introduced a generalized framework of attribute reduct and summarized most of existing attribute reduct algo-
rithms in combination of data properties and user preference.

In summary, attribute reduct algorithms are sensitive to rough set models. If the model changes, the reduction algorithm
will also change accordingly.

2.3. Nominal metrics

Measuring the complex relationship in nominal data is an interesting research topic, which is a challenging problem in
the machine learning communities. The Hamming distance [6] is one of the most generally used specific distance metric
for objects with nominal values. However, the Hamming distance is very simple and it does not perceive the dependencies
between object properties. Recent years, a lot of special distance metrics are proposed such as Ahmad’s distance metric
(ADM) [34], Hong’s distance metricC(HDM) [35] and the coulpled nominal distance (CNS) [36], etc. HDM takes more atten-
tions on the combination of two attributes, however, it ignores the differences among multiple attributes. Both ADM and
CNS consider the relationship between nominal values pair relative to a third attribute. However, the computation cost plays
a bottleneck role in their performance. There are also another kind of nominal metrics. It convert nominal values into nu-
merical vectors, then calculate the distance between these vectors like numerical style, for example, the dummy variables
related value embedding (DVE) [37], the coupled data embedding (CDE) [38], heterogeneous support vector machine (HSVM)
[39] and multi-granularity neighborhood distance metric learning (MGML) [40] etc.

Nominal metrics provides a new viewpoint to mining the complex relationship in nominal data. Therefore, it is useful to
let rough set models take advantage of nominal metric learning which could enhance the representation ability of rough set
models for data profoundly.

3. Preliminary

In this section, we will introduce the preliminary notions related to the Pawlak rough set model. Then, we will formulate
the problem and clarify some basic concepts.

3.1. Pawlak’S rough set model

Definition 1 (Information System). A four tuple, 7 = (U,A,V, f), is called an information system, which satisfies the follow-
ing assumptions,

(1) U ={U;}1, is a non-empty set, which elements represent objects in one domain, and n is the total number of objects.

(2) A={a}lL, represents the feature set of an object, and m is the total number of features.

(3) V = {Vu}I , is a set of the value domain of features. Especially, if the value domain Vj is of continuous then the value
is called the numeric value domain, otherwise, nominal value domain.

(4) f={fa}I", is a set of functions, which element represents a mapping from an object U; to its feature value Vg, that
is, fa: Uy — Vi

Definition 2 (Indiscernibility Relationships). Given a subset PCA, it induces an indiscernibility relationship, which is defined
as,

IND(P) & {(x,y) e U xU|f(x,¢) = f(y,¢),VYc € P} (1)
For every u e U, the indiscernibility relationship, IND(P), induces an equivalence class, [u]p, i.e.,
[ulp = {v € U|(u,v) € IND(P)} (2)

Furthermore, the family of all equivalence classes of IND(P), i.e., the partition induced by P, can be denoted as,
Ip 2 U/P = {[u]p|Vu € U} (3)
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Table 1
A toy example with nominal attributes.

Obj.  Attr1  Attr2  Attr.3  Attr4  Class

o1 A F L K G
0, B F L K G
03 E S M K G
04 E G M K G
05 D G N K G
05 D S N K G

Definition 3 (Approximation Operator). Given an information system, 7 = (U,A,V, f), PCA, and XU, then the lower and
upper approximation operator of X w.r.t. P, is defined as,

PX) = U{[ulp[[ulr < X}
P(X) = UW{[ulpllule nX # 0} (4)
and denoted as P(X), P(X), respectively.
The lower and upper approximation operator divides the domain U of an information system 7 into three parts, i.e.,

P(X),P(X) and P(X) — P(X) w.r.t. P, which are called positive region, negative region, and boundary region of X w.r.t. P,
respectively.

Definition 4 (Positive, Negative and Boundary Region). The three regions are defined as follows,

(1) Positive Region: POSp(X) = P(X) _
(2) Negative Region: NEGp(X) = U — P(X)
(3) Boundary Region: BNp(X) = P(X) — P(X)

If BNp(X) = ¢, then X is a definable sets w.r.t. P, otherwise a rough set. In the view of rough set theory, the lower
approximation operator over a set X w.r.t. P means that the elements in the P(X) certainly belongs to the set X. The upper
approximation operator over a set X w.r.t. P means that the elements in the P(X) possibly belongs to the set X.

Definition 5 (Approximation Accuracy and Quality). Given an information system 7 = (U, A=CuUD,V, f), then the accuracy

of an approximation of U/D w.r.t. C is defined as,
|POSc (D)

> xeuyp 1CX)]

where C represents the feature sets of domain objects, and D is the decision attribute or classification attribute. The quality
of approximation U/D w.r.t. C is defined as,

ye(D) = 'Pofu%m' (6)

ac(D) = (3)

3.2. Problem description

In general, an information system 7 with nominal attributes is described as a data table like Table 1. The toy table
consists of six objects, i.e. U = {01, 05, ..., 06}, each of which includes five attributes, A = {“Atrr.1”, ... ,“Attr.4”,“Class”}. More
specifically, in this example, the attribute set A can be subdivided into four nominal attributes, i.e. C = {“Attr.1", ... ,“Attr.4"},
and one descision attribute, D = {“Class”}, that is, A = {CUD}.

Given an information system 7, the primary goal of feature selection is to find a minimum core subset of features, i.e., C¥,
to maintain the capacity which is held by the entire feature set C. Due to the particularity of the nominal data environment,
we must first solve the problem of measuring the similarity (distance) of nominal values, for example, how to evaluate the
similarity of value “A” and “B”, denoted as §(“A”,“B”), in Table 1. Also, the second problem is how to minimize the size of
the attribute set to keep the capacity.

Roughly speaking, the decision attribute splits the entire universe into space with granular representation U/D, then we
need to find a feature set C* which minimizes the cardinality of C and maximize the approximation quality. Then, the
attribute reduction problem solving by Pawlak’s rough set model can be defined as,

mcax min  yc(D)

Icl
0, ifv=w (7)
s.t. S(v,w)=4_" 2 Yo,weV,a=1,2,...,n.
v, w) {1, otherwise’ WeVa
where V, represent the value domain of attribute a, and §( -, - ) is a distance measure for nominal values, n is the total

number of objects. As is discussed in Section 1, the metric §(v, w) above would lead to the information loss. Therefore, we
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transformed the original problem (7) into the following problem, i.e.,

max min D
axmi vc(D) 8)
s.t. S(v,w)>0, Yv,weV,,a=1,2,...,n.

It has been proved that the problem (7), i.e., computing a minimal reduction of an information system, is an NP-hard
problem [41].

4. Modeling

In this section, we first provide a similarity measure for nominal values, and employ the measure to construct the in-
discernibility relationship. Then, we propose a ¥ -neighborhood rough set model. Finally, we design an attribute reduction
algorithm for nominal features based on the y-neighborhood rough set model.

4.1. Nominal objects similarity measure

Unlike VDM [42], MVDM [43], we have already considered the importance of the features and objects under the rough set
framework so that we will ignore the weights in the original value difference metric definition. In the stage of nominal value
similarity calculation, we pay our attention to the statistic difference of nominal values decided by the decision feature.

Definition 6 (Value Frequency Difference Metric, VFDM). Given an information system 7, we denote fé{) as the number of
times that the value V;(Vy; € Vg, i=1,2, ..., |Vq4|) in feature a(a € A) was classified into class j, and denote F,; as the total
number of times V,; occurred in system 7. The frequency of value V,; with label j is defined as S‘ﬁj_) = }‘5{) /Fai- Then, the
value frequency difference metric for value pair {(Vy, Vg)IVk, | < |V4l} is, “

a(a) (Valo Val) = Z ”é:\;ujk) - 5\2,) ||t’ te 2{Z+U0} (9)
J

The core idea behind this definition is that we wish to connect the values closely which occur with the same relative
frequency for all classes.

Definition 7 (Relative Object Dissimilarity Metric, RODM). The dissimilarity of object pair {(0;, 0;)|Vi, j < n} consists of
the difference existing in all of the attributes value pairs. To simplify the notation, we define the auxiliary function of

the attribute a as fa 12V 5 V,,a=1,2,...,n, where V, is the value domain of the attribute a. Then, the relative object
dissimilarity metric of two object (U;, Uj;) is defined as,
AULU)) =Y 89 (faUy). fa(U)) (10)
aeA
Theorem 1. Given Vb, d < U, the relative object dissimilarity metric A(b, d) satisfies the following properties:
1. A(b,d) >0
2. A(b,d) = A(d, b)
3. A(b,b) =0
4. A(b,d)+ A(d,c) > A(b,c)
Proof.
(1) For any t € 2{Z'} ie. t is an even number, then the even power of any number is greater than or equal to 0, that is,
[| - ]It = 0; For t =2{0 =1, we have | - | > 0. The sum of the non-negative values is non-negative, therefore, A(b,
d) > 0.

(2) Obviously, equation 8@ (f(b), fa(d)) = 8@ (fa(d), f(b)) is always true, then, we have A(d, b) = A(b, d).

(3) According to the Eq. (9), if d = b, then §@ (b, d) = 0. Hence, we have the equation A (b, d) = 0, when equation d = b
is satisfied.

(4) According to the Eq. (10), we have,

Ab.d) =YY &0 - &)
a j
Ad.e)=Y""

a j

— ()] (6)]
A(b, C) - Z Z H%-Vak - S\/ap
a j
Norms have the following properties: for matrics A, B, C, it satisfies
l|All* + 11B|* = ||A +B]|*

| t

t
(@) )
Va sVap

t
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If we let @’ = 5‘2’3 —S‘gl), b= “;“2’) - 5(;;, and ¢ = S‘gk) —S&;p), then we have ||d'|| + ||P'|| = ||@’ + V|| = ||c||. It means
that,
t t
) " (€)] (€)) ) )
Ex (167 -1+ Js2 -62] ) =X | -
a j a j

Hence, A(b,d) + A(d,c) > A(b,c). O

Therefore, RODM can be used as a distance metric with attribute value statistic information, compared with the Hamming
distance. It can also be seen that RODM is equivalent to the Hamming distance when the value distance, which is larger
than 0, is limited to 1.

Theorem 2. The Hamming distance measure is a special case of the relative object dissimilarity metric (RODM).
Proof. If we place a constraint on VFDM, i.e.,

5@ (Vakv Val) = 0)7 if Vak # Val;
Otherwise.

849 (Vg Var) = {]ff (n)

where I(-) is an indicator function with I(ture) = 1 and I(false) = 0. Then, given Vb, d € U, we have the special form of the
RODM A*( -, -) as follows,

A*(b.d) =38 (fa(b), fu(d))
acA

= 1@ (fa(b). fa(d)) = 0)

acA

=89 (fa(b). fu(d)) (12)

aeA

Obviously, the third line of Eq. (12) is equal to the value frequency difference metric (VFDM), i.e., Eq. (9). O

4.2. r-Neighbor rough set model

Unlike Pawlak’s rough set model, we employ the object dissimilarity metric (RODM) instead of the Hamming distance
metric to measure the dissimilarity of nominal objects. Meanwhile, we propose a quasi-indiscernibility relationship by using
this dissimilarity metric to identify the relationship between object pairs.

Definition 8 (Quasi-Indiscernibility Relationships). Given an information system 7, a subset P of feature sets A, nominal
value dissimilarity metric (VFDM) and object dissimilarity metric (RODM), it induces a quasi-indiscernibility relationship,
which is defined as,

IND(Py) & {(x.y) €U x U|A(x.y) < ¥} (13)

Definition 9 (1/-Neighbor System). Given an information system 7 and quasi-indiscernibility relationships on 7, it induces
a Y¥-neighbor system for any object x € U, which is,

Y (x) £ {y €U|(x,y) € IND(Pa)} (14)
Corollary 1. Given a vr-neighbor system, it satisfies,

1. (non-empty). ¥ (x) # 0, because x € ¥ (x), Vx € U;
2. (symmetry). if x; € ¥(x;) then x; € ¥(x;);
3. (closed). Uy (x;) = U.

Definition 10 (1/-Neighbor Relationships). Given an information system 7 and -neighbor system, it induces a cover set
C = {¥(x;)} of the universe U. Then, the yr-neighbor relationships is defined as,

o1 ifx e (x)):
Ry (xi, xj) = {0, otherwise; ”

Definition 11 (Lower and Upper Approximation Operator). Given an information system 7, Ry, is a neighborhood relation
defined on U by employing quasi-indiscernibility relationships (Eq. (13)). Then we call (U, Ry) a ¥-neighbor approximation
space. For arbitrary XU, the lower and upper approximation operator w.r.t. Ry, is defined as,

RyX = {xi|¥ (xi) < X.Vx; e U}
RyX = {xi| (x;) N X # 0, Vx; € U} (16)
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For arbitrary XCU, it is always true that RyX € X @X. In general, the sets Ry X and U —EX are called the positive

region and negative region in approximation space (U, Ry ), respectively. The positive region of X shows that the sets which
include the equivalence class of each X's element are completely belongs to X. And the negative region of X shows that the
sets which include the equivalence class of each X’s element is completely not belongs to X.

The gap among the set Ry, X and @X is also called the border region in yr-neighbor approximation space, i.e.,

BRy (X) = @X —RyX (17)
If BRy, (X) = @, then we call the set X is definable in v/-neighbor approximation space (U, Ry ), otherwise X is a ¥-neighbor

rough set.

4.3. Attribute reduction algorithms

Definition 12 (¢/-Neighbor Decision System). Given an information system 7, the three triple 7y = (U, Ry, D) is called -
neighbor neighbor decision system. In this system, the universe U is divided into k equivalence classes by the decision
attribute D, i.e., {X1, ..., X}. For any SCA, it generates a Rf/f) relationship, then, the lower and upper approximation set of D

related to S are,

@D = {@Xl,R(S)XZ, . .,@xk}

v
where,

Rf;>x = {x|¥s(x) € X,Vx e U}
R(Tf)x — (X|Ys(x) N X # 0, Vx € U} (19)

It can be seen that Pawlak’s rough set model is a special case of the yr-neighborhood roguh set model. If we let ¢ =
0, then the quasi-indiscernibility relationship turns into the original definition of indiscernibility relationship in Pawlak’s
model. In other words, the distance between any pair of objects with nominal value equals to 0, if and only if the objects
are identical by applying the relative object dissimilarity metric with ¥ = 0 to measure object distances. Meanwhile, the
quasi-indiscernibility relationships expands the object relationships of binary states, {0, 1}, into a continuous space with
similarity interval [0, ¥/]. We can control well the degree of similarity between objects, by setting 1. In summary, through
quasi-indiscernibility relationships, we have extended the representation ability of original indiscernibility relationships, that
is, it avoids the phenomenon that small changes in the value of the object’s nominal attribute affect the large differences in
object similarity.

The goal of this paper is to find a subset of the nominal attribute that has similar representation power as decision
attributes. To achieve this target, then we define the accuracy of an approximation of U/D w.r.t. S.

Definition 13. Given a v -neighbor decision system Ty = (U, Ry, D), for arbitrary attribute set SCA, the accuracy of an ap-
proximation of U/D w.r.t. S is defined as,

ys(D) = [R'DI/|U| (20)

The accuracy shows the power of the attribute set S to classify each object to its correct label, while the labeled samples
are decided by the decision attribute D. Obviously, the range of y5(D) is between 0 and 1. More specifically, the greater the
value of y¢(D), the closer the classification ability of S relative to D.

Definition 14. Given a y-neighbor decision system Ty, = (U, Ry, D), VSCA and Va' €S, if ys(D) > ys_u (D), then we call the
attribute a’ is necessary for the attribute set S relative to decision attribte D, otherwise not necessary. If the attribute set S
satisfies the following condition,

1. ys(D) = ya(D);
2.Vd €S, ys(D) > Ys_g (D)

then the attribute set S is called a reduction relative to the attribute set A.

The goal of attribute reduction is to remove the redundant attributes which are not necessary for classifying objects to
its true label. The first condition guarantees that the attribute set S have the same distinguishability as the whole attribute
set A. And the second condition shows that each attribute a’ in a reduction S is necessary.



S. Luo, D. Miao and Z. Zhang et al./ Information Sciences 520 (2020) 373-388 381

4.3.1. A heuristic two-stage attribute reduction algorithm

As is discussed in the previous section, it shows that computing a minimal reduction of an information system is an
NP-hard problem. Our former works [30,44] show that it is essential to develop some heuristic methods to deal with it. In
this paper, we construct a heuristic two-stage attribute reduction algorithm for nominal data, in which splits the original
problem into two sub-procedures.

In the first stage, by employing mutual information metrics, we use a heuristic method to search the best attribute path,
which generates a candidate pool with attribute priorities as the inputs of the follow-up procedure. In general, the mutual
information of two random variables is a measure of the mutual dependence between the two variables. Given a iy -neighbor
decision system Ty, = (U,Ry,, D), VS € C, and Va’ € C - S, the increment of the mutual information is,

I(Su{d’},D) —I(S,D) = H(D|S) — H(DIS U {a'})

Here, random variable S represents the objects that only consists of attribute set S. And the random variable D represents the
decision values. I( -, - ) is the mutual information and H( - | - ) is conditional entropy. According to information theory, the
more significant the increment, the higher the importance of a’ to D given the condition of S. Thus, we have the following
definition.

Definition 15. Given a yr-neighbor decision system 7, = (U,Ry,D),VS € C, and V&' € C -, the priority of attribute a’ is
defined as,

AP(d',S,D) = H(D|S) — H(D|Su {d'}) (21)

where H( - | - ) is a conditional entropy. With the vr-neighbor relationship Ry, the calculation process of H( - | - ) is showed
as follows. For example, we calculate H(D|S) like this,

H(DIS) = — Y p(S=0)H(DIS = 0,)
0se{US)
=- Y pS=05)) p(D=d|S=o05)logp(D=d|S= o) (22)
0se{US} deD

where {U®} is the set of objects with attribute set S; S, D is a random variable for the attribute set and the decision attribute,
respectively.

In the second stage, according to the second condition in Definition 14, we will calculate the necessary of the attribute
from the priority ordered pool which is generated in the first stage. To facilitate the calculation, we define the importance
of the attribute a’ as,

SIG(d',S. D) = Y5y} (D) — ys(D) (23)

Then, we will choose the maximum necessary attribute to add to the reduction. Finally, if the first condition in
Definition 14 is satisfied in the reduction, we will stop the attribute reduction algorithm, otherwise, go to the first stage.
A detailed description of the heuristic two-stage attribute reduction algorithm (HTSAR) is given in Algorithm 1.

5. Experiments

The empirical study of the proposed HTSAR is given in this section. Specifically, we first set up the experiments by
preparing the experimental datasets and then evaluate the performance concerning the quality of the algorithm and its
novelty.

5.1. Data preparation and experiment environment

We evaluate our method on six nominal datasets: Weather, Zoo, Soybean, Dermatology, Lymphography, and Breast-
Caner(abbr. Breast), which are collected from UCI machine learning repository.! The attribute reduction algorithm HTSAR
and its competitors are implemented in MATLAB, where the computationally large part of the algorithm is implemented by
using C++ to achieve and finally embedded into MATLAB. All the experiments are executed at a PC with CPU 3.4GHz and
14GB memory.

5.2. The representation ability at different scale
Firstly, we employ the RODM measure to calculate the distribution of object similarities for the six UCI datasets. The
RODM method maps the distance of nominal objects from a discrete space to a continue space. Fig. 1 shows the normalized

distribution of objects in the six UCI datasets, and Fig. 2 shows the similarity distribution of objects for all datasets, respec-
tively. As can be seen from Fig. 12, the distribution of data is complicated. If we use the equivalence relation based on the

1 http://archive.ics.uci.edu/ml.
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Algorithm 1 A Heuristic Two-Stage Attribute Reduction Algorithm.
Input: 7 = (U,CUD,V, f), neighbor size: i, pool size: k, tolerance: €.
Output: reduction S.

1: [[/check the value of ¥

2 if (pr% # |U]) then

3: return “the value of Y is wrong.”;

4: end if

5.5« ¢

6: repeat

7: |[first stage

8: Initialize the attribute pool AP[1.k];

o: for a € {C—-S} do

10: AP'[a] < Eq. (21);

11: end for

12: sort AP'[1.|C — S|] with descending order;
13:  AP[1.k] < AP'[1.k];

14: select candidate attributes «[1.x] with AP[1.x]

15: /[second stage
16: fori=1x« do
17: calculate SIG[«[i]] < Eq. (23)

18: end for

19: sort SIG[1.k];

20: select the attribute @’ with maximum value SIG[a'[;
21: update reduction S <~ Su {a’};

22: until (1- Eq. (20)< €)

23: return S.

3.5
weather
z00
8t soybean ]
dermatoglogy
o5 lymphography | |
breast
2 ]
0.5 ]
\
. N
-0.4 1 1.2 1.4

Fig. 1. Normalized object distance distribution for the six UCI datasets.

Hamming metric to construct the rough set model, then the model is difficult to reflect the intrinsic characteristics of the
nominal data, because the Hamming measure calculated distance is discrete, which will lead to information loss. Therefore,
the existing rough set models for nominal data cannot represent data well.

Compared to Pawlak’s rough set model, the 1r-neighborhood rough set model can represent data at different scales. In
other words, the model can choose an optimal value of the parameter ¥/ to maintain the characteristics of the original data.
By adjusting the value of v, the indiscernibility relationship of any two objects will be changed. Therefore, the parameter
plays an important role in the 1-neighbor decision system, and controls the representation ability of the rough set model
for nominal data via the lower and the upper approximation operator. If we set the value of ¥/ to a large enough number
in the HTSAR algorithm, then all objects become a set that each member is equivalent to another one. As a consequence,
the algorithm cannot get a selected subset of attributes, because the relations between all object pairs are indistinguishable.
That is why we first check the validity of the value of 1/, because it is a meaningless action that searches a smallest set of
attributes in a system which lacks the data-representability.
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weather soybean

dermatology lymphography breast

Fig. 2. The 3D contours of object pair similarities. The x, y-axis label represents the object from the data set named by the sub figure title. The z-axis label
is the distance between pairs of data objects.

In general, we hope the optimal value of the parameter v is in line with the data inherent requirements. Fig. 3 displays
the cardinality variation of the selected attribute subset accompanying with the changed . When the parameter iy =0
is determined at the x-axis in each subgraph, the yr-neighborhood rough set model is consistent with the Pawlak rough
set model with the Hamming distance. Obviously, as the value of Y increases, the number of objects which satisfies the
indiscernibility relationship also increases. In order to distinguish objects, we need more attributes (features). Therefore, the
cardinality of the selected attribute set also increases. This feature selection mechanism is consistent with the human being’s
recognition. There is a positive correlation relationship between the cardinality of the selected attribute subset and the
value of the parameter v, until the i value affects the ability of the model to distinguish the indiscernibility relationship
in objects. From Fig. 3, it can be seen that the 1 value has not yet reached the limit of data representation ability in the
dataset Zoo and Soybean, which is significantly different from the traditional rough set model. These results show that the
Pawlak rough set model is a special case of the yr-neighborhood rough set model for nominal data.

The most important thing is that the yr-neighborhood rough set model constructed a multi-scale representation of the
data. It is the most significant difference between the -neighborhood rough set model and other models such as the
classic rough set model, the probabilistic rough set model, the fuzzy-rough set model, etc. Fig. 3 also shows the robustness
and stability of the yr-neighborhood rough set model. In extreme circumstances, we randomly add noise to the excluded
attribute value, the selected attribute set obtained by r-neighborhood rough set model does not be affected, while others
rough set model would be affected severely.

5.3. The performance of the HTSAR

Obviously, this kind of multi-scale representation of the yr-neighborhood rough set model cannot be represented by the
existing rough set model. To compare with the attribute reduction algorithm of single-granularity representation rough set
model, we set ¥ to 0 and select three algorithms, i.e., Pawlak’s attribute reduction algorithm (Pawlak) [5], quick attribute
reduction algorithm(QAR) [45], and entropy-based attribute reduction(EBAR) [46].

Table 2 demonstrates the feature selection result of HTSAR algorithm compared with Pawlak, QAR, EBAR in the original
feature space. From Table 2 we could see clearly that the HTSAR algorithm can get fewer attributes than Pawlak, QAR,
and EBAR, which keeps the classification ability unchanged. The following is the specific situation of attribute reduction on
each data set. The number of the attributes that HTSAR algorithm selected is (75%, 50%, 40%, 46.67%, 33.3%, 100%), (75.00%,
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Fig. 3. The relationship between the cardinality of the selected attribute subset and the value of . The variable ¥ controls the degree of indiscernibility
and also restricts the degree of similarity between objects from the statistic perspective. The optimum value of i is related to the data set.

Table 2
The result comparison of attribute reduction.

Data Sets Classes Features Number of selected attributes

Pawlak QAR EBAR  HTSAR

weather 2 4 4 4 4 3
700 7 16 10 10 10 5
soybean 4 35 5 4 6 2
dermatology 6 34 15 14 14 7
lymphography 2 18 9 7 6 3
breast 2 9 9 9 9 9

50.00%, 50.00%, 50.00%, 42.86%, 100.00%), (75.00%, 50.00%, 33.33%, 50.00%, 50.00%, 100.00%) for algorithm Pawlak, QAR and
EBAR, respectively. In particular, the algorithm HTSAR does not compress the number of attributes for the dataset Breast,
which is consistent with the others attribute reduction algorithms.

Fig. 4 shows the positive region changes of the selected attribute set relative to decision attribute after each selected
attribute is added. From the Fig. 4 above, we also conclude that HTSAR has the best positive regions, after each selected
attribute is added, compared with Pawlak, QAR, EBAR. One of the main reasons is that heuristic information plays an essen-
tial role in the choice of attributes in the pool of candidate attributes during the first phase of the HTSAR algorithm. The
most significant difference between the HTSAR algorithm and Pawlak, QAR, EBAR, is that each attribute selected by HTSAR
is the one with the highest classification accuracy improvement in the candidate pool, while the other methods only select
attributes that can elevate classification accuracy, which is not necessarily an optimal choice.

To enhance the efficiency and stability of the algorithm HTSAR, we limit the pool size to 3 in this experiment. Theoret-
ically, if computing power is not a bottleneck, we can dynamically adjust the pool size to the total number of remaining
attributes in each iteration. The role of the pool is showed in situations that the mutual information between attributes is
inconsistent with the improvement of the positive region. It is another reason that HTSAR can get better performance than
the others attribute reduction algorithms. It can be seen from the Fig. 4 that the positive region changes of Pawlak, QAR,
EBAR do not have significant regularity because this crucial factor does not be taken into account.

Roughly speaking, the two critical factors of HTSAR are heuristic information and candidate pooling mechanism. There-
fore, lacking heuristic information, the attribute reduction algorithm for the selection of candidate attributes is equivalent to
a random choice. And lacking the pooling mechanism, the promotion of positive region changes is not optimum for attribute
reduction algorithm.
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Fig. 4. The positive region changes after each attribute is selected by HTSAR for each iteration.

Table 3
The classification ability of selected attribute sets.
Data sets knnRODM classification accuracy
Features k=1 k=2 k=3 k=4 k=5
weather original 0.5000 0.5000 0.6429 0.5714 0.5714
selected 0.7143  0.7143 0.7143  0.7143  0.6429
z00 original 0.9505 0.9505 0.9208 0.9505  0.9406
selected  0.9703 09703 0.9505 0.9505 0.9307
soybean original 1.0000 1.0000 1.0000 1.0000 1.0000
selected  1.0000 1.0000 1.0000 1.0000 1.0000
dermatology original 0.9836 0.9836 09754 0.9836  0.9809
selected 0.9806 0.9806 0.9822 0.9831 0.9842
lymphography  original 0.9865 0.9865 0.9797 0.9797 0.9797
selected 0.9932 09932 09797 0.9797 0.9797
breast original 0.6748 0.6748 0.6469  0.6783  0.6818
selected  0.6748 0.6748 0.6469 0.6783  0.6818

5.4. The quality of the selected attribute set

385

To test the classification ability of the attribute set obtained by the attribute reduction algorithm HTSAR, we replace the
distance measure in kNN classification algorithm with RODM, named knnRODM, and then use the 10-fold cross-validation
strategy to test the classification ability of selected attribute set. The detailed results are shown in the following Table 3.
Since the dataset Breast does not have a minimal reduction of the attribute set, the classification accuracy remains constant.
For the others datasets, it is clear that the selected attribute set can not only maintaining the classification ability of the
original attribute set but also improving the classification ability, especially the first dataset, i.e., Weather, is more significant.
The reason for this increase in accuracy is that HTSAR rejects attribute sets that are equally weighted but not necessary for
classification tasks, in other words, the attributes of the rejection interfere with the accuracy of the classification.

Fig. 5 describes the relationship between classification accuracy and the k value in knnRODM classification algorithm
for whole attribute set and selected attribute set respectively. As can be seen from the figure, the choice of k value has a
significant effect on the classification accuracy. Also, the optimum choice of k value depends on a specific dataset.

To test the performance of the knnRODM, we also use the following methods for the experiments.

« kNN+Hamming. This kNN model simply classify objects with categorical attributes by using the Hamming distance.
» (4.5[47]. This model builds a decision tree to classify the categorical objects, according to the information gain rate.
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Fig. 5. The relationships between classification accuracy and the value of k.
Table 4
The accuracy result of the models performed on the six data sets.
Methods Accuracy
Weather Zoo Soybean Dermatology Lymphography Breast
kNN+Hamming 0.3571 + 0.1195 0.0000 + 0.0000  0.0000 + 0.0000 0.0000 + 0.0000 0.4144 =+ 0.1456 0.4959 + 0.0193
4.5 0.5000 + 0.3581 0.8955 + 0.0189 09710 + 0.0106 0.9316 + 0.0176  0.6574 + 0.0236  0.7552 + 0.1870
NB 0.5714 + 0.2417 0.9089 + 0.0105 1.0000 + 0.0000 0.9658 + 0.0054 09196 + 0.0106 0.7202 + 0.0021

knnRODM+Reduct ~ 0.5571 + 0.0598 0.9426 + 0.0129 1.0000 + 0.0000 0.9814 + 0.0036 0.9824 =+ 0.0037 0.6713 + 0.0140

« Naive Bayes(NB)[48]. This model assumes that the attributes are independent and need training data to fit the parameters
of the model. The trained model will directly output the class label for the new object without comparing it with the
neighbors.

Table 4 demonstrates the results of the classification accuracy over the six UCI datasets, respectively. All results are
performed under the settings with the 10-fold cross validation strategy and the parameter k ranges from 1 to 5. And the
average performances were reported with the style of i + o2, where p represents the average and o2 is the deviation. The
table shows that the classifier knnRODM with reduct attributes completely outperform the classifier KNN+Hamming over the
six UCI data sets. The table also shows that the performance of the classifier knnRODM is better than C4.5 and NB, except
for the dataset Breast. In this experiment, the loss of information caused by the Hamming distance leads to a decrease
in the performance of the classifier. At the worst case, the classification accuracy of kKNN+Hamming is 0.0000, which fully
demonstrates the unreliability of Hamming distance measure for classification tasks. Therefore, the loss of information is
the main source of defects for the Hamming distance based Rough set model. Moreover, it can be seen that reduction
attributes have the same classification ability as full attributes. In summary, the experimental results show the reliability of
our proposed RODM and the effectiveness of the attribute reduction algorithm, HTSAR.

6. Conclusion

How to effectively represent data in a friendly form is a difficult task due to the complexity of data. This work proposed
a Y¥-neighborhood rough set model to map data to a multi-scale representation by using the RODM metric for nominal data.
The 1/-neighborhood rough set model extends the classic rough set model to a more robust, representative, and effective
model which is close to the characteristic of nominal data. Besides, the strategy of dynamically adjusting the indiscernibility
relationship of data based on the parameter i value provides a new viewpoint to detect latent knowledge from nominal
data and extends the rough set model from the data-driven perspective. Base on the i-neighbor rough set model, we
proposed a heuristic two-stage attribute reduction algorithm(HTSAR) to perform attribute reduction tasks. Experiments show
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that the y-neighborhood rough set model can take advantage of more potential knowledge in nominal data and achieve
better performance for attribute reduction than the existing rough set model.

Several aspects of the new method are worth investigating in further depth, including the strategy of searching an op-
timal value of ¢ according to a specific dataset, the dissimilarity measure for nominal data, and the discovery of more
complex relationships in the nominal data, etc.
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