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larger scale data. Second, MGRSs comprise a supervised learning method, so they often
require a large amount of labeled data. However, in the era of big data, labeling all data

gi{ﬁ?gﬁs_'theoreﬁc rough set is almost infeasible in some cases. In this study, to address these issues, we propose
Limited labeled data the combination of local rough sets with multigranulation decision-theoretic rough sets
Local rough set to obtain local multigranulation decision-theoretic rough sets (LMG-DTRSs) as a semi-
Multigranulation unsupervised learning method. We also explore a number of important properties of LMG-
Rough set DTRSs. In addition, we verify the efficiency of a concept approximation algorithm designed

with LMG-DTRS based on theoretical and experimental analyses. Furthermore, we present
two types of local MGRS frameworks under PRSs and variable precision rough sets, where
the relationships between them and the LMG-DTRS model are also discussed. We show
that many local MGRS models can be derived from the LMG-DTRS framework.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Rough set theory was proposed by Pawlak in 1982 [24] and it has become an extremely useful tool for handling and
modeling the vagueness and uncertainty of data. We do not need to have any transcendental knowledge regarding the data
when utilizing rough set model to handle data [25]. Thus, this method has been applied in many areas, such as feature
selection [30,48,56], rule extraction [2,9], uncertainty reasoning [27,39], granular computing [32], pattern recognition [38,
42], classification [59], and knowledge discovery [1,20,57,58].

Many extensions of the rough set model have been proposed to meet various requirements, which can be classified
into two types depending on whether the decision risk is considered: rough set models without decision risk and rough
set models with decision risk. The former type includes tolerance rough sets [46], dominance rough sets [5], neighborhood
rough sets [8], and fuzzy rough sets [23]. These models do not consider the decision risk so they have no capacity for fault
tolerance and they are extremely sensitive to noisy data. The second type includes decision-theoretic rough sets (DTRSs)
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[12-14,41,50,55], the probabilistic rough set model [51,52,61], the Bayesian rough set model [40,54], the variable precision
rough set model [62], game-theoretic rough sets [7], parameterized rough set models [6], and double-quantitative rough set
models [3,60] which are robust when dealing with noisy data.

In rough set theory, concept approximation using two subsets known as the lower and upper approximations is a cardinal
task. It has been applied successfully in image segmentation [21,22,26]. Peters et al. [26] proposed an image segmentation
approach where a set of pixel values were partitioned into bins that represent equivalence classes using a new indiscernibil-
ity relation based on k-means clustering of pixel values. Then, a form of upper and lower approximation specialized relative
to sets of pixel values. Mohabey et al. [21] proposed an interesting method for color image segmentation introducing histon
that correlates with upper approximation of a set such that all elements belonging to this set are classified as possibly
belonging to the same segment or segments showing similar color value. According to how many granular structures are
used for concept approximation, rough sets can be divided into two classes: single granulation rough sets and multigran-
ulation rough sets (MGRSs). In single granulation rough sets, the concept approximation is calculated by a single relation
(a single granular structure). By contrast, a target set is approximated by multiple equivalence relations (multiple granular
structures) in MGRSs. The MGRS was first proposed by Qian in 2006 [29] and it has became a major research area in rough
set theory. There are many real-life applications of the MGRSs, such as multi-source information systems, distributive infor-
mation systems, and multiagent systems [28]. For a multi-source information system, each source used by the information
system can be regarded as a granular structure. From this viewpoint, a multi-source information system can also be called
a multigranulation (MG) information system. In theory, MGRSs have been generalized into fuzzy rough sets [49], DTRSs
[28,37,47], variable precision rough sets [4], neighborhood rough sets [19], and other types in recent years. Moreover, Wu et
al. proposed a granular computing method that uses multi-scale data measured at different levels of granulation [44]. Liang
et al. [15] also presented an efficient feature selection algorithm for large-scale data based on a MG strategy. Moreover, She
et al. [39] studied the structure of MGRSs. To extend the theory of DTRSs, Li et al. [10] investigated MG-DTRSs in ordered
information systems. Recently, Li et al. [11] explored the relationship between MGRSs and concept lattices based on rule
acquisition. In 1989, Rasiowa et al. [35] attempted to allow the total agents to reach conclusions based on a consensus, i.e.,
by agreeing to common statements. Rauszer [36] proposed a complete formal system for reasoning based on incomplete
information in a multi-agent system. These tasks can be regarded as MG fusion problems in MGRSs.

In the present study, we combine the optimistic MGRS [33] and DTRS [55] in the same representative rough set model,
which we refer to as the global optimistic (GO) MG-DTRS (GOMG-DTRS) [28]. Throughout this study, we assume that
(U, AT) is an approximation space, where R1, Ry, ..., Ry € AT are m equivalence relations on U, U is a nonempty finite
object set, R; is an equivalence relation on U, U/R; = {[X]g, : x € U} is an equivalence class induced by R;,and 0 <8 <a < 1.
Then, VX C U, the lower and upper approximations of X are defined as follows:

m _ (GOMG-DTRS, &)
Zilei (X)={x: P(X|[x]g,) = ¢ vV P(XI[X]g,) = V --- vV P(X]|[X]r,) = ¢, x € U}, (1)

————(GOMG-DTRS, §)
ilei (X)=U — {x: P(X|[x]g,) < B A P(X|[X]g,) < BA--- AP(X|[X]g,) < B,x€ U}. (2)

From the definition given above, we can observe two limitations of the global MG-DTRS, as follows.
(1) Computational inefficiency

Similar to other rough set models, the MG-DTRS is highly time-consuming because it is necessary to scan all the objects
when approximating a concept. Its time complexity is O(n®) without pre-ranking and O(nlogn) with pre-ranking. In par-
ticular, in the era of big data, the number of data objects is huge. The existing methods based on classical rough sets also
have difficulty dealing with huge-scale data. Thus, reducing the computational time is our first motivation.

(2) Semi-supervised property of big data

The increasing scale of data makes it impossible to label all of the data in some cases, whereas collecting them is
relatively easy, so big data possess a semi-supervised property, i.e., some data are labeled whereas others are not. These
types of data are often represented as a data table, as shown in Table 1 [34], where U = {x1, X2, ---, xp} is the set of all
objects, U' = {x1, X2, ---, Xp} is an object set labeled with class labels {d1,d,--,d}, and U — U’ = {Xp 41, Xp42, -+, Xz} is an
unlabeled object set. However, existing rough sets-based models often require large amounts of labeled data when they are
used for analyzing rough data. Thus, even if we obtain a large-scale data set comprising the objects from U, we can only
use the granules induced by objects from the set U’ to compute the lower and upper approximations of a target concept.
Thus, much of the information related to objects in the set U — U’ is wasted. Thus, when calculating the lower and upper
approximations of a target concept, making full use of the information related to the objects in U — U’ by applying the
semi-supervised concept to reconstruct MG-DTRSs is the second motivation of this study, i.e., building models based on
MG-DTRSs to handle data characterized by the semi-supervised property of big data.

According to the discussion above, it is necessary to develop generalized MG-DTRSs called local MG-DTRSs (LMG-DTRS)
in order to improve the global MG-DTRSs by addressing the two disadvantages described above based on theoretical and
experimental analyses.
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Table 1
Data table containing a limited number of labeled objects.
Objects X1 Xp Xn—1 Xn
a a(x1) ai(xp) a(Xn—1) ay(Xn)
az az(x1) ax(xp) a(Xn—1) az(Xn)
ag ag(x1) ag(xp) ag(Xn—1) ay (xn)
Class labels dq dq dy S dr d, * % % * *

The remainder of this paper is organized as follows. First, some basic concepts related to Pawlak’s rough sets (PRSs),
DTRSs, and MGRSs are briefly reviewed in Section 2. Section 3 defines LMG-DTRSs and their properties are considered. In
Section 4, we present two types of local MGRS models and the relationships between them. Finally, we give our conclusions
and suggestions for further research.

2. Preliminary knowledge about rough sets

In this section, we briefly review some basic concepts related to PRSs, DTRSs, local rough sets (LRSs), MGRSs, and MG-
DTRSs.

2.1. PRSs

In rough set theory, real-world data are represented by an information system. An information system is a tuple:
S = (U, AT,{Vq4la € AT}, {fqla € AT}), where U is a finite nonempty set of objects, AT is a finite nonempty set of at-
tributes, V, is a nonempty set of values of a € AT, and f;: U — V, is an information function, which maps an object from
U to exactly one value in V.

When a decision is added to an information system, we refer to it as a decision information system, which is given by
S=(U,ATUD,{V4la € AT}, {fqala € AT}), where AT is a set of condition attributes characterizing the objects and D is a
set of decision attributes indicating the classes of objects.

Each nonempty subset B C AT determines an indiscernibility relation, which is defined as Rg = {(x,y) e U x U | fa(x) =
fa(y),Va e B}.

The relation Rp partitions U into some equivalence classes given by U/Rpg = {[x]g|x € U}, where [x]p ={y € U|(x,y) €
Rg}.

For any X C U, the sets RgX =U{Y e U/IND(B) | Y € X} and RgX =U{Y e U/IND(B) | Y N X # ¢} are called the lower
and the upper approximations of X with respect to B, respectively.

The area of uncertainty or boundary region is Bn(X) = RgX — RpX.

2.2. DIRS

In order to consider the decision risk or enhance the robustness (to noisy data) of a rough-set-based decision, Yao
proposed the DTRS model [55]. We briefly review some basic concepts regarding the DTRS model with an equivalence
relation.

In the Bayesian decision procedure, a finite set of states can be written as Q = {w1, w3, ---, ws}, and a finite set of m
possible actions can be denoted by A = {ay,az,---,a;}. Let P(wj|X) be the conditional probability of an object x being in
state w; given that the object is described by X. Let A(aj|w;j) denote the loss, or cost, for taking action a; when the state is
wj, then the expected loss associated with taking action a; is given by

R@I0 =Y Mailo)P(@jlx). (3)

An example is provided as follows to better understand formula (3). For example, in medical decision making, a subject
denoted by x has a medical examination. The set of states is given by Q = {Health, Ill}, where Health and Ill represent
the two states of being healthy and ill, respectively. In addition, the set of actions given by A = {Treatment, No treatment}
indicates that the doctors take measures for the subject. Let A(Treatment|Health) denote the loss incurred for taking action
Treatment when the subject is healthy, A(Treatment]|ill) denote the loss incurred for taking the same action when the sub-
ject is ill, A(No treatment|Health) denote the loss incurred for taking action No treatment when the subject is healthy, and
A(No treatmentlill) denote the loss incurred for taking action No treatment when the subject is ill. These states and losses are
shown in Table 2. In general, the losses induced by different actions are provided by experts. Losses may be estimated using
techniques such as cost-effectiveness analysis and cost-benefit analysis [52]. P(Health|x) and P(Ill|x) are the probabilities
that the subject is healthy and ill, respectively. The expected losses R(Treatment|x) and R(No treatment|X) associated with
taking Treatment and No treatment, respectively, can be written as:
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Table 2
Data set description.
Health 11
Treatment MA(Treatment|Health) A(Treatment|Ill)
No treatment A(No Treatment|Health) A(No Treatment|Ill)

R(Treatment|X) = A(Treatment|Health) P (Health|X) + A(Treatment|Ill) P (1ll|X),
R(No treatment|X) = A(No treatment|Health) P (Health|X) + A(No treatment|Ill) P (Ill|x).

The losses may be interpreted based on the harm caused by treating patients who do not have the disease and the
benefits obtained by treating patients with the disease.

In classical rough set theory, the approximation operators partition the universe into three disjoint classes: POS(A),
NEG(A), and BND(A). By using the conditional probability P(X|[x]), the Bayesian decision procedure can decide how to
assign x to these three disjoint regions. The expected loss R(a;|[x]) associated with taking each of the individual actions can
be expressed as [53,55]

R(a1|[xX]) = 211 P(X|[x]) + 212 P (X“[[X]),
R(az|[X]) = A21 P(X|[x]) + A22 P (X“[[X]), (4)
R(as|[x]) = 231 P(X|[x]) + A32 P (X“[[X]),

where A1 = A(a;|X), Az = A(@i|X6), and i =1,2,3. When A1 < A31 < A21 and Ay < A3z < A12, the Bayesian decision

procedure leads to the following minimum-risk decision rules [50]:

(P) If P(X]|[x]) >y and P(X|[x]) > «, then decide PO S(X);
(N) If P(X|[x]) < B and P(X]|[x]) <y, then decide NEG(X);
(B) If B < P(X|[X]) <, then decide BND(X);

where
o Az — A3
(A31 —A32) — (A1 — A12)”
Y= A2 — A2
(A21 — A22) — (M1 — A12)”

= A3 — A
(A21 — A22) — (A31 — A32)
If a loss function with A11 < A31 < A21 and Az < A3y < A1z also satisfies the condition:

(A2 = 232) (221 — A31) = (A31 — A11)(A32 — A22),
then o >y > B.
When « > g, we have « > y > . The DTRS has the following decision rules:

(P1) If P(X|[x]) > «, then decide PO S(X);
(N1) If P(X|[x]) < B, then decide NEG(X);
(B1) If B < P(X|[X]) < &, then decide BND(X).

Using these three decision rules, we obtain the probabilistic approximation:

RGrs.a)(X) = {x| P(X[[X]) =, x € U}, (5)
Rrs.p)(X) = {x| P(X|[X]) > B, x € U}, (6)

where 0 <fg <o <1.
In the DTRS framework, the PRS model, variable precision rough set model, Bayesian rough set model, and the
0.5-probabilistic rough set model can be pooled together and studied based on the notion of a conditional function.

2.3. LRS

In order to obtain a rough set < lowerapproximation, upperapproximation > of any subset on sample set, all the infor-
mation granules are first computed by comparing the difference between any two objects from a given data set. This
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implies that a global rough set must observe the relationships between a target concept and each of the information gran-
ules. However, this is not a good strategy for approximating a target concept X C U. In fact, the information granules
{[x]: [xXIN X =¢, x € U} are not useful for computing the lower/upper approximation of X. Indeed, we only need to cal-
culate the information granules related to the target concept X. In particular, for a very large-scale data set, it is often true
that n > |X|, where n and |X| are the number in the data set and the number of X, respectively. This time reduction im-
provement would be very useful for rough data analysis based on big data. According to this consideration, Qian et al. [34]
reconstructed the rough set model as follows.

Definition 1. Let (U, R) be an approximation space and D be an inclusion degree defined on P(U) x P(U). Then, for any
X C U, the a-lower and B-upper approximations are defined by

Rirs,a)(X) ={x| D(X/[x]r) = a, x € X}, (7)
Rars,py(X) ={x| D(X/Ixlg) > B, x€ U} = U{[xIg | D(X/[x]r) > B, x € X}. (8)

The pair (B(LRS‘Q)(X), ﬁ(LRSJQ)(X)) is called the LRS.

The boundary of X is denoted by BNg(X) = E(LRS,;;) (X) — R(LRrs,)(X), which we refer to as the local boundary region
of X.

We should note that when o =1 and 8 =0, the LRS above will degenerate into a PRS. Thus, the LRS model will have the
same form and semantics as the original PRS model (it can be viewed as a type of global rough set). From this viewpoint,
the reconstruction does not change the original idea of rough set theory proposed by Pawlak and it has a consistent capacity
to deal with uncertainty.

Unlike a global rough set, according to the definition of the rough set given above, the computation of its lower/upper
approximation is based only on the information granules determined by objects within a target concept, rather than those of
all objects from a given universe, which can significantly reduce the time consumed when computing approximations. Thus,
we refer to these types of rough sets as LRSs. For a local rough set, we refer to R(;rs,«)(X) as the local lower approximation
of X and ﬁ(Lquﬁ)(X) as the local upper approximation of X.

Proposition 1. Let (U, R) be an approximation space and R be an equivalence relation on U, then for any X C U, the g-upper
approximation of GRS is equal to that of the LRS model, i.e., R(irs, g)(X) = R(Grs,g)(X).

Proof. For any x € R(1gs,g)(X), based on the definition of R(.gs,g)(X), we can obtain [x]r € Rirs,g)(X) and it is easy to
see that x € Rigrs.p)(X), 50 R(trs.p)(X) S R(Grs.p)(X). 3 3

By contrast, for any x € R(grs,g)(X), based on the definition of R(rs,g)(X), it is easy to find that x € R s g)(X), and
thus R(GRS,ﬂ)(X) - R(LRS,ﬂ)(X)~ Hence, R(LRS,/g)(X) = R((;Rs’ﬂ)(X). O

2.4. MGRS

In 2006, Qian et al. [29] proposed an extended model of the PRS called the MGRS where a target concept is approxi-
mated by multiple binary relations. Furthermore, two types of common MGRSs were defined according to optimistic and
pessimistic strategies, i.e., the optimistic MGRS and pessimistic MGRS, respectively [33,31].

Definition 2. Let S = (U, AT, f) be an information system, A1, Aa,---, Am C AT, and X C U. The optimistic lower ap-
0
proximation and upper approximation of X with respect to A1, Ay,---, A are denoted by Zf":] A,~OX and Z:n:] A X,

respectively, where

m 0 .

Zi:l Ai (X)= U{x e U | [x]a; € X, for some i <m}, 9)
m Y m 0

Do A O=~) A (X, (10)

Then, (Z'I-“:l A,~OX, 27;1 AiOX) is the optimistic MGRS [33]. The word “optimistic” is used to express the idea that in
multiple independent granular structures, we only need at least one granular structure to satisfy the inclusion condition
between an equivalence class and a target concept. The upper approximation of the optimistic MGRS is defined by the
complement of the lower approximation. In addition, the area of uncertainty or boundary region in the MGRS is Bn%,, (X)=

i=1
—0
271:1 A X\ 27;1 Aiox~
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The pessimistic MGRS is defined as follows:

ZL AL () = ke U] [XIa; S X Alxla, S XA AlXla, € XY (11)
—mn 7’ m P
Do A=~ A (X, (12)

Then, (2?1:1 AiPX, Z:n:] AiPX) is the pessimistic MGRS [31]. The word “pessimistic” is used to express the idea that in
multiple independent granular structures, we need all the granular structures to satisfy the inclusion condition between an
equivalence class and a target concept. The upper approximation of the optimistic MGRS is also defined by the complement
of the lower approximation. In addition, the area of uncertainty or boundary region in the MGRS is

— m P
BNym o ()= A (O\Y . A (X).

Selecting relevant granules is a key issue with MGRSs. Information granularity can help to choose more suitable granular
structures for approximating a target concept with much higher approximation accuracy. Several definitions of information
granularity have been proposed according to various perspectives and viewpoints. Liang et al. [17,18] used two forms of
information granularity for measuring complete data and incomplete data. Wierman [43] gave a so-called granulation mea-
sure for evaluating the uncertainty of knowledge in a knowledge base, where its formulation is the same as that of Shannon
entropy to some extent. The combination granulation proposed by Qian and Liang [16] can also be used to measure the
granulation degree of knowledge in a knowledge base. Xu et al. [45] improved the concept of roughness in the rough set
theory proposed by Pawlak [25], which also can be viewed as an information granularity. Qian et al. [1] first presented a
new concept called the fuzzy granular structure distance for differentiating two fuzzy granular structures from the same
universe.

2.5. MG-DTRS

By combining the DTRS and MGRS, Qian et al. [28] developed a new MGRS model called the MG-DTRS. In this subsection,
we review two MG-DTRS models called the optimistic MG-DTRS (OMG-DTRS, also called GOMG-DTRS) and the pessimistic
MG-DTRS (PMG-DTRS, also called the global pessimistic MG-DTRS or GPMG-DTRS).

Definition 3. Given Ry, Ry, ---, Ry € R m equivalence relations and VX C U, the optimistic MG lower and upper approxi-

(GOMG—DTRS, ) (GOMG—DTRS,p)

mations are denoted by Y% R; (X) and Y 1L, R; (X), respectively,

m (GOMG—-DTRS,a)
> Ri (X) = {x: P(X|[xIg,) = @ v P(X[[xlg,) = @ V --- v P(X|[x]g,) = &, X € U}, (13)

= (GOMG—DTRS, )
Zilei (X)=U —{x: P(X|[x]g,) < B A P(X]|[X]g,) < BA--- AP(X|[X]R,,) < B,x €U}, (14)

where R={R1, Ry, ---, R} is a set containing m equivalence relations, [x]g,(1 <i <m) is the equivalence class of x induced
by R;, P(X]|[x]g;) is the conditional probability of the equivalent class [x]g, with respect to X, and «, B are two probability

constraints.
imati - ..  —=——(GOMG-DTRS.p) )
By the lower approximation Zlm:l R,-(GOMG DTRS.a) (X) and upper approximation Zf”:] R; (X), the opti-

mistic MG boundary region of X is

(GPMG—DTRS. ) (GPMG—DTRS, )

BNGOMG—DTRS (xy _ Z:":l R; (X) — Z:":l Ri (X). (15)

ZT:l R;

Proposition 2. Given R1, Ry, - - -, Ry € Rm equivalence relations on U, then for VX C U and 0 < B < « < 1, the following properties
hold:

m

i=1

(GOMG—DTRS, B) m.
Ri (X) = Riccrs.p (X). (16)

i=1

where R={R1, Ry, ---, Ry} is a set containing m equivalence relations, [x]g, (1 <i <m) is the equivalence class of x induced by R;,
P(X|[x]g;) is the conditional probability of the equivalent class [x]g; with respect to X, R_,-(GRS,,_«;)(X) =
{x: P(X|[xIr,) > B,x € U}, and a and B are two probability constraints.
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———(GOMG—DTRS,p)
Proof. For any x€ » " R; (X), X C U, we have

—————(GOMG-DTRS.f)
Vx € Z R; (X) & xeU—{x: P(XI|[x]r,) < BAXI[[X]g,) < BA---APX|[X]r,) < B,x€ U},

i=1
& xe{x: P(X|[[xIry) > BV (X|[X]g,) > BV --- Vv P(X|[X]g,) > B,x € U},
& xe{x: P(X|[x]g,) > B, xeU}orxe{x: P(X|[x]g,) > B, xcU}or --- or
x € {x: P(X|[x]g,,) > B,x € U},

& x € RiGRrs,p)(X) orx € Rygrs,p)(X) Or -+ Or X € Rm(crs, p)(X),
m

&SXe UR_i(GRS,ﬂ)(X)-
i=1

—— (GOMG-DTRS, _
Thus, we can obtain > 1 Ri( ﬁ)(X) = UL, Ricrs,p)(X).

By Proposition 2, we see that the optimistic MG lower approximation can be obtained by the union of the corresponding
multiple single granulation lower approximations. O

Definition 4. Given R1, Ry, ---, Ry € R m equivalence relations and VX C U, the optimistic MG lower and upper approxi-
. m (GPMG—DTRS, @) <m 5 (GPMG-DTRS,B) .
mations are denoted by ) ;" R; (X) and ) ;7 R; (X), respectively,
m (GPMG—DTRS,a)
> ki (X) = {x: P(X|[xIr,) = & A P(X|[XIg,) = @ A~ A P(X|[XIR,,) = &, X € U}, (17)
= (GPMG—DTRS,f)
i Ri (X)=U—{x: P(X|[X]g,) =BV P(X|[X]g,) < BV -V P(X|[X]g,,) < B.x €U}, (18)
where R={R1, Ry, ---, R} is a set containing m equivalence relations.
. _ .. =———(GPMG—DTRS,f) .
By the lower approximation Y ", R,-(GPMG DTRS’O‘)(X) and upper approximation Y it R; (X), the opti-
mistic MG boundary region of X is
— 7 (GPMG-DTRS,B) (GPMG—DTRS, )
GPMG-DTRS ;yy _ N\ " b, N :
BNgm P =) Ri X - Ri (X). (19)

3. LMG-DTRS

In this section, we extend the classical/global MG-DTRS to a LMG-DTRS. In fact, different fusion strategies yield various
versions of LMG-DTRSs, including local optimistic (LO), local pessimistic, and local mean MG-DTRSs. For convenience, we
mainly consider the LO version in this study. In the following, we provide a framework for the LOMG-DTRS.

3.1. LOMG-DTRS

The classical MG-DTRS can approximate a concept by using multiple equivalence relations, but these objects need to be
labeled. Thus, this can be regarded as a supervised learning method in some sense. However, the existing MG version cannot
deal with data sets that contain a limited number of labels. Therefore, it is necessary to develop a new rough set based on
multiple relations to handle big data with limited labels. In this subsection, we provide a definition of the LOMG-DTRS and
investigate some of its properties.

Definition 5. Given R1, Ry, ---, Ry € R m equivalence relations on U, and VX C U, the lower and upper approximations of

) _ — _(LOMG-DTRS, B) )
X in a LOMG-DTRS are denoted by Y |, R;LOMC=DTRS. @)y and STLRi (X), respectively.

m (LOMG—DTRS, «)
> Ri X) ={x: P(X|[x]g;) Za vV P(X|[X]g,) Z ¢ V -+ V P(X[[X]g,,) = @, X € X}, (20)

= (LOMG—DTRS, )

R;

i X =JRiwrs.p (X, (21)

i=1
where R={R1, R2,---, Ry} is a set containing m equivalence relations, [x]g,(1 <i <m) is the equivalence class of x induced
by R;, P(X|[x]g,;) is the conditional probability of the equivalent class [x]g, with respect to X, Rii(LRs,ﬁ)(X) = U{[x]g, :
P(X|[x]g;) > B,x € X}, and o and B are two probability constraints.
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— Set X Set X

I:I Equivalence class R1
l:’ Equivalence class R2

. Global lower approximation

Equivalence class R1

Equivalence class R2

|

Local lower approximation

Parameter a=0.5 Parameter a=0.5

(a) GOMG-DTRS (b) LOMG-DTRS

Fig. 1. Difference between the GOMG-DTRS and LOMG-DTRS.

The area of the boundary or region of uncertainty is defined as:

(LOMG—DTRS. ) (LOMG—DTRS, )

BNLOMG-DTRS () _ Z:’; R; (X) — le R (X). (22)

YL Ri
From the definition we obtain the following interpretations:

(1) The lower approximation of a set X with respect to Y i R; is the set of all elements, which can be classified as X
using Z;":] R; with the probability greater than or equal to « and be from X.

(2) The upper approximation of a set X with respect to Y I*; R; is the set of all elements, which can be classified as X
using Z}":] R; with the probability greater than .

(3) The boundary of a set X with respect to Z;-“:] R; is the set of all elements, which can be classified as X using Z;-“:] R;
with the probability greater than g and less than «.

The difference between GOMG-DTRS and LOMG-DTRS is shown in Fig. 1. According to Definition 1 and Fig. 1, the
lower/upper approximation is only related to the equivalence classes of some objects from a target concept. However, in
global rough sets, the lower/upper approximation always depends on the equivalence classes of all the objects. When cal-
culating approximations, the most time-consuming process is obtaining the equivalence classes. Considering the amount of
equivalence classes, the LOMG-DTRS has a great advantage compared with the GOMG-DTRS, particularly when the scale of
the observed concept set is relatively small compared with that of the entire data set. Fig. 1(a) shows that the equivalence
classes of all the objects need to be computed. Moreover, we note that its 0.5-lower approximation set overflows the target
concept X. Thus, in the GOMG-DTRS, there is a complex relationship between the lower approximation set and a target set
(including <, =, >). By contrast, for the LOMG-DTRS, their relation only includes > because the lower approximation set is
included in the target concept X. This is a useful property because it makes the LOMG-DTRS more robust when handling
noisy data.

The properties of the GOMG-DTRS model were described in a previous study [28]. In the following, we provide a theo-
retical comparison between the LOMG-DTRS and GOMG-DTRS.

Proposition 3. Given R, Ra, - --, Ry € R m equivalence relations on U, where R ={R1, R2, ---, R} is a set containing m equiva-
lence relations, then for VX C U and 0 < 8 < « < 1, the following properties hold:

(]) Zm ) Ri(LOMG—DTRS, a)(X) c Zm . Ri(GOMchTRS, oz)(X)
1= = 1= ’
) Z:m—R(LOMG—DTRS, B) (GOMG—DTRS, B)
i=1 M

X) =21 Ri (X).

— (LOMG-DTRS,
Proof. (1) Vxe > i, R,-( ﬁ)(X),VX C U, we have

m (LOMG—DTRS,@)
e " Ri (X), X SU & xe (x: PXIIXIR,) = @ V (X|[XIgy) =@ v -+ v P(X|[XIg,) =

xeX}l,xeXCU,

= xe{x: P(X|[X]g,) Z @ Vv (X[[X]g,) = & V- -+ vV P(X|[X]g,,) = ¢, x € U},
(GOMG—DTRS, )

m
:xezi: R; (X),

and thus we can obtain Y 1", R;LOMC=DTRS.®) xy > R;(COMC=DTRS.@) vy

(2) According to Proposition 1, we can obtain R(LRS,/S) (X)= E((;qulg)(X). Furthermore, based on Definition 5 and Propo-
sition 2, we have
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Table 3

A toy information system comprising data with limited labels.
Project Locus Investment Population density Decision
X1 Good Very High Big Yes
X2 Good Very High Big Yes
X3 Good High Big *
X4 Common Medium Medium No
X5 Common Medium Medium *
X6 Common Medium Medium No
X7 Bad Low Small No
Xg Bad Very low Small *

—m——(LOMG-DTRS,p) e e o
i R; (X) = R1rs,p)(X) URa1rs,p)(X) U---URmrs,g) (X),

= R1(Grs.p)(X) UR2(Grs,p)(X) U+~ U Rmcrs,p)(X),

m
= URi(GRs,,s)(X),
i=1

—7——(GOMG—DTRS,p)
=> ., Ri (X),

(LOMG—-DTRS,B) (GOMG—DTRS,ﬂ)(X

and thus we can find that 31 ; R; X) =Y Ri

Proposition 3 shows the relationships between the lower and upper approximations for the LOMG-DTRS and GOMG-
DTRS, which indicates that the LO lower approximation is not more than the GO lower approximation, and the LO upper
approximation is equal to the GO upper approximation.

Next, we provide an example to illustrate the process used for computing the upper and low approximations of a target
X for both the LOMG-DTRS and GOMG-DTRS, as well as their difference.

Example 1. A toy information system is shown in Table 3. Suppose that ¢ = 0.6, 8 = 0.4, X = {X1,X2, X4, X7}, and Ry =

{Locus}, Ry = {Investment}. For the attribute Decision, its attribute domain is {Yes, No}. The objects with decision values of
x are not labeled.

For the LOMG-DTRS, we only need to obtain equivalence classes for these objects from X. After a computation, we have
[(X1]r, = {X1, X2, X3}, [X2]R, = {X1, X2, X3}, [XalR, = {X4, X5, X6}, [x7]R, = {X7, X8},
[X11r, = {X1, X2}, [X2]Rr, = {X1, X2}, [Xalr, = {X4, X5, X6}, [X7]R, = {X7},

2 2 1 1
P(X|[x11gr,) = 3 P(X|[x2]r,) = 3 P(X|[xalr,) = 3 P(X|[x71r,) = 7

1
P(X|[x1]r,) =1, P(X|[X2]r,) = 1, P(X[[X4]r,) = 3 P(X|[x7]r,) = 1.

Thus,

2 (LOMG-DTRS, 0.6)

Zi:l Ri

2
i=1

(X) = {x1, X2, x7},
(LOMG—DTRS, 0.4)

R; (X) =[x11r, U x2]r; U [x7]R, U [X11R, U [X2]R, U [X7]R, = {X1, X2, X3, X7, Xg}.

In the GOMG-DTRS, we need to calculate the equivalence classes of all the objects from U. By a computation, we have

[X11r; = {X1, X2, X3}, [X2]R, = {X1, X2, X3}, [X3]R, = {X1, X2, X3}, [X4]R, = {X4, X5, X6},
[x5]1r, = {Xa, X5, X6}, [X6]1R, = {Xa, X5, X6}, [x7]R; = {X7, X8}, [X8]R; = {X7, X8},

[x11r, = {x1, X2}, [x2]R, = {x1, X2}, [X3]R, = {X3}, [X4]R, = {X4, X5, X6},

[X5]r, = {X4, X5, X6}, [X6]r, = {X4, X5, X6}, [X7]R, = {X7}, [Xg]r, = {Xs}.

Then,
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2 2 2
P(X|[x11r,) = 3 P(X|[x21r,) = 3 P(X|[x3]r,) = 3 P(X|[xalr,) =

)

N[ = W[ =

’

1 1 1
P(X|[x5]r,) = 3 P(X|[xs]r,) = 3 P(X|[x71r,) = 3 P(X|[xg]r,) =
1
P(X|[x1]r,) =1, P(X|[X21r,) =1, P(X|[x3]r,) =0, P(X[[X4]r,) = 3

1 1
P(X|[x5]r,) = 3 P(X|[xe1r,) = 3 P(X|[x7]r,) =1, P(X|[x7]r,) = 0.

Thus, we can obtain
5 (GOMG—DTRS, 0.6)

Zi—l Ri

(X) = {x1, X2, X3, X7},

(GOMG—DTRS, 0.4)
R; (X) =U — {x4, x5, X6} = {X1, X2, X3, X7, X8}.

2
i=1

In Example 1, in order to obtain the lower and upper approximations of X for the LOMG decision sets, eight equiv-
alence classes need to be computed. However, we need to calculate 16 equivalence classes for the GOMG decision sets.
Obviously, the computational time is reduced by half with respect to the number of equivalence classes. Thus, the LOMG-
DTRS model can reduce the computational time, which is the first motivation of this study. Furthermore, based on

LOMG—DTRS, 0.4
the results above, we have 21‘2:1 Ri(LOMc_DTRS’ 0'6)(X) C Z,-z:1 Ri(GOMG_DTRS’ 00 ( )
(GOMG—DTRS, 0.4)

(X) and 21‘2:1 R; X) =
21‘2:1 R; (X). This observation is consistent with the finding of Proposition 3.

We illustrate the second motivation based on Example 1. According to Table 3, we know that the objects x3, X5, Xg are not
labeled. The equivalence classes need to be computed in advance when we calculate the lower and upper approximations
of a target concept X. To calculate the equivalence class for each element of X, we use the labeled data x1, x2, X4, Xg, X7, as
well as the unlabeled data x3, x5, Xg. Therefore, the reconstructed MG-DTRS model, i.e., LOMG-DTRS, can make full use of
the information hidden in unlabeled data.

In the following, we consider some interesting properties of the LOMG-DTRS.

Proposition 4. Given R, R, ---, Ry € R m granular structures on U, where R = {R1, Ry, ---, Ry} is a set containing m granular
structures, then for VX C U and 0 < 8 < « < 1, the following properties hold:

LOMG—-DTRS,
(1) X1 Ry " (X)C X,
——+——(LOMG—-DTRS, B)

(2) Bel0.min{P(X|[xlg;:x€ X, i=1,2,--.m})=XC Y R X,
LOMG—DTRS, —7——(LOMG—DTRS, B)
(3) X R @)=Y Ri @) =9,
LOMG—DTRS, —=m - (LOMG-DTRS, B)
(4) T R’ W) =T R U)=U.
Proof. (1) By the LOMG lower approximation in Definition 5, we can easily obtain VX C U, ZT:] Ri(LOMchTRS’ D‘)(X) C X.

(2) For Vx € U, we can obtain x € [x]g; and [x]g; N X # ¢. Hence, we have P(X|[x]g;,) > 0. Thus, when g ¢

[0, min{P(X|[x]g, :x € X,i=1,2,---,m}), we find that Vx € X, P(X|[x]g;) > B holds. This also implies that x € U{[x]; :
—  (LOMG-DTRS,
P(X|[xIg,) > B,x € X}. Furthermore, x € UL, U{[x]; : P(X|[x]g,) > B, x € X}. Therefore, X € Y I, Ri( ﬂ)(X) is

true when g € [0, min{P(X|[X]g; :x € X,i=1,2,---,m}).

(3) For Vx € U,x ¢ ¢ and thus P(¢|[x]g;) =0 <« and P(¢|[x]g;) =0 < B. Therefore, for any 0 < 8 <« <1, we have
x¢{x:VP(¢|lxlg) >, xeX,i=1,2,---,m}and x ¢ U'f:] U{[x]; : P(X][X]g;) > B.x€ X}, i.e, {x: VP(¢|[x]g,) >, xeU,i=
1,2,---,m}=¢ and JT, U{[x]; : P(X|[x]g,) > B, x € X} = ¢. According to Definition 5, we have Y o, R;(FOMC=DTRS. o) 4

—————(LOMG—DTRS,f) LOMG—DTRS, ————(OMG-DTRS.f)
=¢ and 3, R; (¢) = ¢. Thus, Y1, Ry @) =31 Ri @) =¢.

(4) For Vx € U, [x]g; € U and thus P(U|[x]g;) =1>« and P(U|[x]g;) =1 > B. Therefore, for any 0 < g <a <1, we
have x e {x: VP(U|[x]g;)) >, xe X,i=1,2,---,m} and x € U'Iﬂzl U{[x]i : P(X|[x]gr;) > B,x € X}, ie, {x: VP(U|[x]g,) = a,x €
u,i = 1,2,---,m} = U and UT:] U{lx]li : P(X|[xlg;) > B,x € X} = U. According to Definition 5,

_ ————(LOMG—DTRS, _
we have Y RFOMOTPIRS D@y — y and T, R Py = u. Thus, s R FOMETPTRS, @y
(LOMG—DTRS, f)
ST R ) =u.

By term (1) in Proposition 4, we can find that the lower approximation of the LOMG-DTRS must be included in a target
concept when 0 < « < 1, whereas it may not for the GOMG-DTRS. Similar to the GOMG-DTRS, the upper approximation of
the LOMG-DTRS may overflow the range of the target concept. Furthermore, the lower and upper approximations of two
special sets (empty set and universal set) are the lower and upper approximations of themselves. 0O
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Proposition 5. Given R, Ry, - - -, R, € R m equivalence relations on U, where R ={R1, R2, ---, Ry} is a set containing m equiva-
lence relations, and VX C U, then the following properties hold:

LOMG—-DTRS, .
(1) Y R "(X) 2 Rigiks, ay(X),i €{1,2, -+, m},

————(LOMG—-DTRS, B) — .
(2) YL Ri (X) 2 Rirs, py(X),i€{1,2,---,m},
LOMG—-DTRS,
(3) Y R ¥ (X) = UM, Ricirs, a) (X).

Proof. (1) Vx € Ri(rs, «)(X), we have

X€Rirs, 0)(X),i€{1,2,--- ., m} & xe X, PX|[X]g,) >, i €{1,2,---,m}
=xe€ X, P(X|[X]g;) 2@ vV P(X|[x]g,) =@ V-V P(X|[x]g;)) =V ---

V P(X|[X]R,) = o,

m (LOMG—DTRS, @)
=xe) Ri (X),

(LOMG—DTRS, @)

and thus we can obtain ) | R; (X) 2 Rirs, wy(X),i€{1,2,---,m}.

(2) Vx e R_i(LRS, ﬁ)(X), we have

x € Rirs, py(X),i€{1,2,---,m} = x € Ry(irs, p)(X) or x € Ra(1ks, p)(X) OF -+ Or X € Rm(irs, py(X),

= x € {R1(trs, py(X) UR2(trs, py(X) U+~ Ux € Rin(Lrs, p)(X)},
(LOMG—DTRS, 8)
m
=xe Zi:] R (X),
. ———(LOMG-DTRS, )
and thus we can obtain ) ;" ; R;

(3)vxeY R;(FOMC=DTRS. )y "we have
m _ (LOMG—DTRS,a)
X € i R;
i=

(X) 2 Riqrs, p(X),ie{1,2,---,m}.

(X) & xe X, P(X|[X]g,) = vV P(X|[X]r,) 2@ V -+ vV P(X|[X]r,,) > &,
& xe X, P(X|[x]g,) 2aorxe X, P(X|[X]g,) =aor --- orx € X, P(X|[X]g,) >,

< X € Ryrs, )(X) Or X € Ra(1Rs, o) (X) OF - -+ O X € Rm(LRS, o) (X),

m
& Xe U Ri(Lrs, o) (X),
i=1

: : LOMG-DTRS,
from which we can obtain "™, R;' «

X =UL Rie(X). O

Proposition 5 shows the relationships between the approximations of the local DTRSs and the approximations of the
LOMG-DTRSs. By term (3) in Proposition 5, we can see the LOMG decision-theoretic lower approximation can also be
obtained by the union of the local decision-theoretic lower approximation in terms of each granular structure.

Proposition 6. Given R1, Ry, - -+, Ry € R m equivalence relations on U, where R ={R1, Ra, ---, Rip} is a set containing m equiva-
lence relations. Suppose that VX1, X2 C U and X; C X». Then,

LOMG—DTRS, LOMG—DTRS,
(1) Y, Ry DX Y, R D (Xy),

————(LOMG—-DTRS,pB) ————(LOMG—-DTRS,pB)
(2) YL R X)) S R (X2).

(LOMG—DTRS, a)

Proof. (1) Suppose that X1 € Xa, then for any xe Y 1" | R; (X1), we have

m  (LOMG—DTRS,)
Vx € i Ri (X1), X1 € Xy & xe{x: P(X1l[xIr,) = o VvV (X1][X]g,) = a V-V P(Xq]|[x]g,,) > «,

x € X1}, P(X2l[x]g;) = P(X1l[xIr;),
= x€{x: P(X2|[x]g,) = a VvV (X2][X]g,) =@ V-V P(Xa2[X]g,) > &,

xe X3},
(LOMG—DTRS,a)

m
=xe Zi:] R (X2).
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LOMG—DTRS,« (LOMG—DTRS,«)

X1 S YL R (X2).
——(LOMG—DTRS, B) . .
(2) Suppose that X1 € X, for any x€ Y 11, R; ¢ (X1), then according to Definition 5, we have

Hence, Y 1" | R;

————(LOMG—DTRS.f)
Vx € Z ) R; (X1), X1 € X2 = x € U{[X]g, : P(X1][X]g,) > B} or x € U{[x]R, : P(X1l[x]g,) > B},

or --- orx € U{[x]g,, : P(X1|[XIr,) > B}, P(X2l[x]r,) = P(X1l[xr,),
= x € U{[x]g, : P(X2[X]gr,) > B} or x € U{[X]g, : P(X2|[X]r,) > B},

or --- orx € U{[X]g,, : P(X2|[x]r,,) > B},

———(LOMG—DTRS,f)
:xez, 1R,~ (X2),

i=

(LOMG—-DTRS, B) (LOMG—-DTRS, B)

so we can obtain Y " ; R; (X1) S Y R (X2). O

By Proposition 6, we can see that the lower and upper approximations of a target concept become much larger as the
size of the target concept increases. Thus, if an inclusion relationship exists between the two sets, their lower and upper
approximations also satisfy this relationship.

3.2. Computing the LOMG decision-theoretic lower approximation of a target concept

Next, we provide an algorithm for computing the LOMG lower approximation of a target concept.
Algorithm 1. Computing the LOMG decision-theoretic lower approximation of a target concept (LOMGDTLAC).
Input: Given Rq, Ry, ---, R € R m equivalence relations on U and a target concept set X C U

Output: The local lower approximation LLA of a target concept X
Step 1: Fori=1tom

For j=1 to |X]|
compute [Xj]g;;
end
end

Step 2: LLA=¢,j=1;
Step 3: For j=1 to |X]
If VP(X|[xj]r,) > &, where i=1,2,---,m
LLA < LLAUX;j;
end
end
Step 4: Return LLA.

In addition, we provide the algorithm for computing the GOMG lower approximation of a target concept in Algorithm 2.

Algorithm 2. Computing the GOMG decision-theoretic lower approximation of a target concept (GOMGDTLAC).

Input: Given Rq, Ry, ---, Ry € R m equivalence relations on U and a target concept set X C U
Output: The global lower approximation GLA of a target concept X
Step 1: Fori=1tom

For j=1 to |U]|
compute [Xj]g;;
end
end

Step 2: GLA=¢,j=1;
Step 3: For j=1 to |U|
If VP(X|[Xjlg,) = o, where i=1,2,.--,m
GLA <~ GLAUXj;
end
end
Step 4: Return GLA.
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Table 4

Time complexity of computing the LOMG decision-theoretic lower approximation of a target

concept.
Algorithms Step 1 Step 3 Other steps  Total time consumption
GOMGDTLAC ~ O(Im||U|?) O(m||X||U|)  Constant O(ml|UJ? + |m||X||U])
LOMGDTLAC o(m|IX||u)  o(m|IX[») Constant O(m||X||U| + |m||X|*)

In the LOMGDTLAC algorithm, Step 1 needs to compute |m||X| equivalence classes by scanning the entire universe U, so
the time complexity for computing |X| equivalence classes on |U| based on |m| binary relations is O(Jm||X||U|). However,
for a GOMG decision-theoretic lower approximation, the time complexity for computing all the equivalence classes on |U|
based on |m| binary relations is @(Jm||U|?). In Step 3, computing the lower approximation requires comparisons of |m||X|?
equivalence classes with the target concept X. Thus, its time complexity is O(jm||X|?). However, the time complexity of the
global approximation process is O(Jm||X||U|). The time complexity of the other steps can be treated as constant. To illustrate
the high efficiency of the LOMGDTLAC algorithm, we denote the algorithm for computing the GOMG lower approximation
by GOMGDTLAC, and their time complexities are shown in Table 4. Next, we quantitatively analyze the relationship between
the time complexity of the LOMGDTLAC and GOMGDTLAC algorithms.

Theorem 1. Given R1, Ry, -- -, Ry € R m equivalence relations on U, where R={R1, Ra, - - -, Rn} is a set containing m equivalence
relations, and a target concept X C U, the time reduction ratio with the LOMGDTLAC algorithmisp =1 — % relative to the GOMGDT-
LAC algorithm. The time efficiency improvement with the LOMGDTLAC algorithm is t = "%l‘ relative to the GOMGDTLAC algorithm.

Proof. From Table 4, we can obtain
p=0(m||U*> + [m||X[|U]) — O(m||X||U| + Im||X|*)/O(Im||U|* + |m||X||U)
=O(m||U> + |m||X[|U| — [m||X||U] — [m||X|*))/O(m||U[* + [m]||X||U|)
=O(m||U|* = |m||X[*))/O(m||U[* + |m||X||U])
= O(m|(JU| + [XD(U| — |X)/O(m|(U| + |XDIU])
=0(U| - |X]))/0(U])

=1-—,
U]

t=O(m|[U[* + [m||X||U])/O(Im||X||U| 4 |m]|X|*)
=O(m|(U]+ XDIUD/O(mI(U| + IXDIX])
_luj
|X]
Thus, the time reduction ratio with the LOMGDTLAC algorithm is p=1 — % relative to the GOMGDTLAC algorithm,

and the time efficiency improvement with the LOMGDTLAC algorithm is t = % relative to the GOMGDTLAC algorithm. This
completes the proof. O

Based on the analysis using the theorem above, we can see that the LOMGDTLAC algorithm is much more efficient
at obtaining a local lower approximation. In the big data era, the scale required to deal with the target concept is often
smaller compared with the scale of a given data set. In particular, when |X| « |U|, the LOMGDTLAC algorithm is still
efficient, whereas the GOMGDTLAC algorithm may have difficulty to calculate the lower approximation. From Theorem 1,
we can see that the LOMGDTLAC algorithm is more efficient when the scale of a data set is bigger.

3.3. Experimental analysis

In this subsection, we illustrate the efficiency of the LOMGDTLAC algorithm by using the six UCI data sets shown in
Table 5 to compare the computational performance of the LOMGDTLAC and GOMGDTLAC algorithms.

The experimental setting comprised a personal computer operating Windows 10 with an Intel(R)Core i7-4790 CPU
3.6 GHz processor and 16 GB DDR3 memory. The software used was Matlab (2012a). Without loss of generality, we used
the parameters of « =0.5, « =0.7, and o = 1.

The data sets all comprised categorical data. Among the six data sets, Mushroom was a data set with missing values.
To ensure the uniform treatment of all the data sets, we removed the objects with missing values. In the experimental
design, we fixed the size of a target concept, which comprised the first 10% of the objects in each of the six data sets. To
distinguish the computational times, we divided each of the six data sets into 10 parts of equal size. The first part was
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Table 5
Data set descriptions.
Id Data sets Cases Features Classes
1 Backup-large 376 35 19
2 Kr-vs-kp 3196 36 2
3 Mushroom 5644 22 2
4 Ticdata2000 5822 85 2
5 Letter-recognition 20000 16 26
6 Shuttle 58000 9 7

= [l LOMGDTLAC (a=1) 400 | | I LOMGDTLAC (a=1)
e , B8 coucoriag o) :
LOMGDTLAC (a=0.7) 350 | | Il LOMGDTLAC (a=0.7)
@ GOMGDTLAC (2=0.7) = S | Il GOMGDTLAG (a=0.7)
= I LOMGDTLAC (a=0.5) = = %00 | | LOMGDTLAC (a=0.5)
g [ ] GOMGDTLAC (a=0.5) g S o] [_] GOMGDTLAC (a=0.5)
£ £ £
3 2 3 200
f=4 f= c
2 2w 2 ]
£ £ 60 £
= = = 100
40 -
50 4
u1 u2 u3 u4 us ue u7 us U9 U0 u1 u2 u3 U4 us ue u7 us us U0 o u1 u2 u3 U4 us ue u7 us us  u10
Sizes of data sets Sizes of data sets Sizes of data sets
(a) Backup-large (b) Kr-vs-kp (¢) Mushroom
600 25000 ~
[l LOMGDTLAC (a=1) [ LOMGDTLAC (a=1) Il LOMGDTLAC (a=1) )
GOMGDTLAC (a=1) 2000 - GOMGDTLAC (a=1) GOMGDTLAC
LOMGDTLAC (a=0.7) LOMGDTLAC (a=0.7) 20000 LOMGDTLAG
= GOMGDTLAC (a=0.7) = GOMGDTLAC (a=0.7) - GOMGDTLAC
s 400 - | I LOMGDTLAC (a=0.5) = 1500 | B LOMGDTLAC (a=0.5) e
% [ ] GOMGDTLAC (a=0.5) % [ ]GOMGDTLAC (a=0.5) % 15000 4 |_] GOMGDTLAC (a=0.5)
£ 300 E E
2 2 1000 4 2
8 8 8 10000
@ 200+ [0} [}
£ E £
= = 500+ " 5000
100 4
o4
u1 u2 us u4 us ue u7 us U9 u10 u1 u2 us u4 us ue u7 us U9  u10 u1 u2 u3 u4 us ue u7 us U9 u1o
Sizes of data sets Sizes of data sets Sizes of data sets
(d) Ticdata2000 (e) Letter-recognition (f) Shuttle
Fig. 2. Times required by LOMGDTLAC and GOMGDTLAC versus the size of the universe.
Table 6
Computational times required for concept approximation using LOMGDTLAC and GOMGDTLAC.
Data sets a=0.5 a=0.7 a=1
LOMGDTLAC GOMGDTLAC LOMGDTLAC GOMGDTLAC LOMGDTLAC GOMGDTLAC
1 0.123179 1692173 0.122745 1.700576 0.122273 1.704785
2 18.2299 195.3078 18.1549 194.0444 18.9128 193.6883
3 37.2664 384.5981 36.612398 371.9906 36.9675 369.7628
4 52.3869 526.3573 52.3747 524.7541 50.7401 507.0200
5 199.7684 2005.2692 199.9358 2003.1935 200.6743 2007.9204
6 2273.5318 22895.8649 2146.9253 21811.1123 2273.5317 22895.8649

regarded as the first data set, the combination of the first part and the second part was treated as the second data set, the
combination of the second data set and the third part was regarded as the third data set, ..., and the combination of all 10
parts was treated as the tenth data set. Furthermore, the attribution sets were split into two parts, which were regarded as
two binary relations. These data sets were used to calculate time required by the LOMGDTLAC and GOMGDTLAC algorithms,
and to represent this time in terms of the size of the universe based on two binary relations. To ensure fairness, the two
algorithms were not optimized.

The experimental results obtained using the six data sets are shown in Fig. 2 (the x-coordinate denotes the size of the
data set starting from the smallest and the y-coordinate represents the computational time) and Table 6. Fig. 2 shows
that the computational time increased with the size of the data set using each of the two algorithms. In addition, for
each of values of the parameter ¢, the LOMGDTLAC algorithm was consistently faster than the GOMGDTLAC algorithm
when using the same universe and attribute set. Moreover, as the scale of the data set increased, the time consumption
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required by the LOMGDTLAC algorithm increased in a linear manner, whereas the time consumption by the GOMGDTLAC
algorithm increased according to the square of the number of objects. Table 6 shows the computational times required by
the LOMGDTLAC and GOMGDTLAC algorithms using the tenth data set based on the six original data sets, which indicates
that LOMGDTLAC only required one-tenth of the execution time consumed by GOMGDTLAC. Thus, in terms of computing
the local lower approximation of a target concept, the LOMGDTLAC algorithm based on LRSs is an efficient tool for handling
big data.

4. Two types of local MGRS model as well as the relationships between them

In this section, we consider two more types based on the local MGRS framework using PRSs and variable precision
rough sets, which we denote as local MG-PRS model and local MG variable precision rough set model, respectively. For
convenience, we mainly describe the optimistic versions. The pessimistic versions can be obtained in a similar manner so
we omit them.

4.1. LOMG-PRS model

First, we give a definition of the optimistic MG PRS model.

Definition 6. Given Ri, Ry, -+, Ry € R m equivalence relations on U and VX C U, the LOMG Pawlak’s lower and upper
L. m LOMG—PRS —m 5 LOMG-PRS
approximations of X are denoted by > ;" R; (X)and ) ;" R;

m LOMG—PRS
>R (X) = {x: [xlg, S X VX, S X V- VIxlg, S X, x € X), (23)

= LOMG—PRS m
>R X)) =JRip0, (24)

i=1

where R={R1, Ry, ---, Rpp} is a set containing m equivalence relations and R_i,g(X) =U{[x]g, : [XIg;, N X # ¢, x € X}.

From the definition we obtain the following interpretations:

(1) The LOMG-PRS lower approximation of a set X with respect to Zf"zl R; is the set of all elements, which can be classified
as X using Z?‘zl R; with the probability equal to 1 and being from X.

(2) The LOMG-PRS upper approximation of a set X with respect to Z}T’:] R; is the set of all elements, which can be
classified as X using Y_I" ; R; with the probability greater than 0.

By Definitions 5 and 6, we can easily obtain the relationship between the LOMG-DTRS and LOMG-PRS.

m (LOMG—DTRS, «) m LOMG—PRS
>R X)2) R X).

m (LOMG—DTRS, B) TLOMG—PRS
Y. Ri XSy R (X).

Furthermore, when o =1, 8 = 0, the LOMG-DTRS becomes the LOMG-PRS model.

m _ (LOMG—DTRS, a=1)
Zﬁl Ri (X) ={x: P(X|[XIr,) = 1V P(X[[X]g,) =1V -V P(X]|[X]g,,) = 1,x € X},

I (LOMG—-DTRS, B=0) m

R; (X)=U(U{[X]R,-:P(XI[X]R,-)>/3,X€X}),

i=1 \
i=1

m LOMG—PRS
=> R (X) =1{x: [xIg; € XV [XIg, S X V-V [k, S X,x€ X},

m LOMG—PRS m
Do Ri X) = JOlIxIr, : [XIg, N X # §. x € X)),

i=1

Definition 7. Given Ry, Ra,---, Rm € R m equivalence relations on U and VX C U, the GOMG Pawlak’s lower and upper
GOMG—PRS GOMG—PRS

approximations of X are denoted by Y I* ; R; (X) and Y11 R; (X).



134 Y. Qian et al. / International Journal of Approximate Reasoning 82 (2017) 119-137

m GOMG—PRS
Do R (X) = {x: [XIr, S XV [Xlg, SX V-V [x]g, € X.x € U}, (25)
= GOMG—PRS
i Ri X)={x:[XIg, N XA P AKX, NXF SN AN[X]g,, N X # P, x€ U}, (26)
where R={R1, Ry, ---, R} is a set containing m equivalence relations.

From the definition we obtain the following interpretations:

(1) The GOMG-PRS lower approximation of a set X with respect to 2?1:1 R; is the set of all elements, which can be
classified as X using Y 1" ; R; with the probability equal to 1.

(2) The GOMG-PRS upper approximation of a set X with respect to Y |-, R; is the set of all elements, which can be
classified as X using Z?l:l R; with the probability greater than 0.

In fact, the LOMG-PRS model is equal to the GOMG-PRS model.

m LOMG—PRS

> Ri (X) = {x: [xIr, S XV [Xl, X V-~V [xlg,, S X.x € X),
m LOMG—PRS m

>R X) = JUlIxlg, : [xXIr, N X 5 ¢, x € X}),
B i=1
m GOMG—-PRS

=D . Ri (X)={x:[xlg, SXV[Xlg, S X V- V[xlg, S X,x€ U},

i GOMG—PRS
i R; X=X X, N XAPAXIR, NXF#P AN AXIg,, N X £ PN, x € U}

According to this perspective, LOMG PRSs do not change the semantics of classical rough sets.
4.2. LOMG variable precision rough set model (LOMG-VPRS)

In this subsection, we first define the LOMG-VPRS model.

Definition 8. Given Rq, Ry, ---, R;; € R m equivalence relations on U and VX C U. The LOMG variable precision lower and
s m (LOMG—VPRS, a) —=m 5 (LOMG-VPRS, )
upper approximations of X are denoted by > ;" ; R; (X)and ) ;" R;
m (LOMG—VPRS, @)
> ki (X) = {x: P(X|[x]g,) = @ v P(X[[Xg,) = @ V-V P(X|[xlR,,) = &, X € X}, (27)
= (LOMG—V PRS, ) mo
Y. Ri X) = JRia(X), (28)
i=1
where R={R1, Ry, ---, R} is a set containing m equivalence relations and Rjq(X) = U{[xR, : P(X|[x]g,) > 1 —a,x € X}.

From the definition we obtain the following interpretations:

(1) The LOMG-VPRS lower approximation of a set X with respect to Y " . R; is the set of all elements, which can be clearly
i=1
classified as X using Y 1" ; R; with the probability greater than or equal to « and being from X.
(2) The LOMG-VPRS upper approximation of a set X with respect to ) i, R; is the set of all elements, which can be
classified as X using Z:":l R; with the probability greater than 1 — «.

By Definitions 5 and 8, we can easily determine the relationship between LOMG-DTRS and LOMG-VPRS. When o + 8 > 1
and 0<B<a <1,

(LOMG—DTRS, a) (LOMG—V PRS, o)

SR =" R X,

= (LOMG—DTRS, ) = (LOMG—V PRS, o)

Ri X)€Y Ri X).

i=1 i=1

Whenao+B<land 0<B<a <1,
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m (LOMG—DTRS, ) m (LOMG—-VPRS, )
> Ri X)=) _Ri (X),
i=1 i=1
- (LOMG—DTRS, f) oS R (LOMG—VPRS, ) N
R X2} R X).
When a + =1 and 0 <8 <« <1, the LOMG decision-theoretic rough set LOMG-DTRS becomes the LOMG-VPRS.

m _ (LOMG—DTRS, &)
Zi:l R; (X) ={x: P(X|[x]g,) = ¢ vV P(X|[X]g,) = ¢ V -+ - vV P(X]|[X]r,) = o, x € X},

—————(LOMG-DTRS, f=1-a)

> Ri X) = JRip(X).

i=1

m (LOMG—VPRS, a)
=> R (X) = {x: P(X|[xIr,) = @ v P(X[[XI,) =@ V-V P(X|[xlR,,) = &, X € X},
] (LOMG-VPRS, a) m.o
o Ri %) = JRia(X).
i=1
Definition 9. Given Rq, Ry, ---, Ry € R m equivalence relations on U and VX C U, the LOMG variable precision lower and

(GOMG—VPRS, ) (GOMG—VPRS, a)(

upper approximations of X are denoted by > " ; R; (X) and Y11 R;

m (LOMG—VPRS, a)
Zi:l Ri (X) ={x: P(X|[x]r,) = @ v P(X|[X]g,) = V- -V P(X][X]g,,) = &, x € U}, (29)
—7——(LOMG—VPRS, a)
i R; (X)={x:PX|[X]g)) > 1 —a Vv PX|[x]lg)) >1—aV---vVPX|[X]g,) >1—a,xe U},
(30)
where R={R1, R, ---, Ry} is a set containing m equivalence relations.

From the definition we obtain the following interpretations:

(1) The GOMG-VPRS lower approximation of a set X with respect to > i ; R; is the set of all elements, which can be clearly
classified as X using 271:1 R; with the probability greater than or equal to «.
(2) The GOMG-VPRS upper approximation of a set X with respect to Y i*; R; is the set of all elements, which can be

classified as X using Z:":] R; with the probability greater than 1 — «.

When o =1, the LOMG-VPRS is equal to the GOMG-VPRS.

m  (LOMG-VPRS, a=1)
Zi:l R; X) ={x: P(X|[X]g,) = 1V P(X[[X]g,) =1V -V P(X|[X]g,,) = 1,x € X},

= (LOMG—V PRS, a=1)

m
o Ri X) = JRia(X).
i=1
(GOMG—-VPRS, a=1)

= Zzl R; (X) = {x: P(X|[X]r,) = 1V P(X[[X]g,) =1V ---V P(X][X]g,,) = 1,x € U},

—7——(GOMG-VPRS, a=1)
2 i Ri
i=1

Based on the analysis above, we can see that the LOMGRS model degrades into different forms of optimistic MGRS
models when the two parameters « and g satisfy diverse constraint conditions. Thus, the LOMGRS model is robust and
flexible for complex real-world systems.

According to the discussion above, we can determine the relationships among LOMG-DTRS, GOMG-DTRS, LOMG-PRS,
GOMG-PRS, LOMG-VPRS, and GOMG-VPRS as shown in Fig. 3.

(X) = {x: P(X|[x]g,) > OV P(X|[X]g,) > OV ---V P(X|[X]g,) > 0,x € U}.

5. Conclusions

MG-DTRSs where the lower and upper approximations are constructed using multiple granular structures derived from
multiple binary relations enhance the flexibility when employing rough set theory for analyzing data. Using the same data
background, related granular structures can be selected for specific tasks. However, as the information acquisition technology
improves and the number of information sources increases, constructing a raw database is becoming increasingly easier (raw
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LOMG-PRS

GOMG-PRS

LOMG-DTRS

LOMG-VPRS

Fig. 3. Relationships among LOMG-DTRS, GOMG-DTRS, LOMG-PRS, GOMG-PRS, LOMG-VPRS, and GOMG-VPRS (“—" and “—" indicate that two models are
equal and that one model degenerates into the other when the constraint is satisfied).

data comprise data that have not been processed, such as labeling normalization). It is known that MGRS models require a
large amount of labeled data. Thus, if only use the data with labels, a vast amount of unlabeled data will be wasted. The
LRS proposed by Qian et al. is an excellent solution for dealing with data that have limited labels. In this study, we proposed
a new MG-DTRS by combining the MG-DTRS and LRS, which we refer to as the LMG-DTRS. When calculating the upper and
lower approximations, most of the time required is consumed obtaining the information granules. Unlike the GOMG-DTRS,
the LOMG-DTRS does need not to obtain information granules for all the objects in a given data set in advance, but instead
it only computes them for objects from a specific target concept, which is an efficient computation strategy. Moreover, it
should be noted that the proposed method can employ more of the information provided by unlabeled data. Indeed, there
are many different versions of LMG-DTRSs. For convenience, we considered the LOMG-DTRS as an example to investigate
some of its properties and design an algorithm for computing the LOMG lower approximation of a target concept. We
also described other types of local MGRS models and explored the relationships among the LOMG-PRS, LOMG-VPRS, and
LOMG-DTRS. Furthermore, the proposed approach has several applications. It is well known that the MG-DTRS can be
applied to special information systems, such as multi-source information systems, distributive information systems, and
groups of multiagent systems. However, if some objects are not labeled in each source, distributive system, or agent in
these information systems, as shown in Table 1 (the advent of the big data era means that labeling data is an expensive
and laborious task, and sometimes even infeasible, whereas unlabeled data are cheap and easy to obtain, so this situation
is very common), the global MG-DTRS cannot deal with these tasks, whereas the LMG-DTRS can.

This study provides a bridge between the MG-DTRS and LRSs, thereby enriching both their theories simultaneously as
well as being very helpful for knowledge discovery in various data sets in the context of MG and data with limited labels.
Various issues need to be studied in the future, such as LMG-DTRSs for other types of data sets, attribute reduction, and
rule extraction.
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