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Abstract. The decision-theoretic rough set model based on Bayesian decision theory is a main
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rough set models in an ordered information system. Moreover, three kinds of multigranulation
decision-theoretic rough set model are analyzed carefully in an ordered information system. In order
to explain probabilistic rough set model and multigranulation decision-theoretic rough set models in
an ordered information system, an illustrative example is considered, which is helpful for applying
these theories to deal with practical issues.
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1. Introduction

Rough set theory proposed by Pawlak [17], is an extension of the classical set theory and could be
regarded as a mathematical and soft computing tool to handle imprecision, vagueness and uncertainty
in data analysis. This relatively new soft computing methodology has received great attention in recent
years, and its effectiveness has been confirmed successful applications in many science and engineering
fields, such as pattern recognition, data mining, image processing, medical diagnosis and so on. Rough
set theory is built on the basis of the classification mechanism, it is classified as the equivalence relation
in a specific universe, and the equivalence relation constitutes a partition of the universe. A concept,
or more precisely the extension of a concept, is represented by a subset of a universe of objects and is
approximated by a pair of definable concepts of a logic language. The main idea of rough set theory is the
use of a known knowledge in knowledge base to approximate the inaccurate and uncertain knowledge.

Due to the existence of uncertainty and complexity of particular problems, several extensions of the
rough set model have been proposed in terms of various requirements, such as the variable precision
rough set model [46, 43], rough set model based on tolerance relation [11], the Bayesian rough set model
[25], the decision-theoretic rough set model [37], the fuzzy rough set model and the rough fuzzy set
model [3] and many others investigations [19, 28]. In many circumstances, relations in ordered infor-
mation systems are not equivalence relations, but partial relations. Such as the dominance relation. It is
vital to propose an extension called the dominance-based rough set approach [26] to take account into
the ordering properties of criteria. The innovation is mainly based on substitution of the indiscernibility
relation by a dominance relation. Studies have been made on properties and algorithmic implementa-
tions of dominance-based rough set approach. In recent years, researchers have enriched the ordered
information system theories and obtained many achievements. For instance, Shao et al. further explored
an extension of the dominance relation in an inconsistent ordered information system [21]. Xu et al.
constructed a method of attribute reduction based on evidence theory in an ordered information system
[31], and others [2, 35].

Pawlak and its generalized rough sets are constructed based on one set of information granule, which
are induced from a partition or a covering. In 1985, Hobbs proposed the concept of granularity [8], and
Zadeh first explored the concept of granular computing [45] between 1996 and 1997. They all think that
information granules refer to pieces, classes, and groups into which complex information are divided in
accordance with the characteristics and processes of the understanding and decision-making. Currently,
granular computing is an emerging computing paradigm of information processing. It concerns the
processing of complex information entities called information granules [27]. Information granules, as
encountered in natural language, are implicit in their nature. To make them fully operational so that they
become effectively used in the analysis and design of intelligent systems, we need to make information
granules explicit. This is possible through a prudent formalization available within the realm of granular
computing. Pal et al. presented the relationship among granular computing, rough entropy and object
extraction [16]. Skowron et al. introduced basic notions related to granular computing on the information
granule syntax and semantics as well as the inclusion and closeness (similarity) relations of granules [24],
the foundations of rough-neural computing [23]. Yao first promoted the relationship between information
granulation and rough set approximation theory [38]. Peters et al. proposed an approach to measures
of information granules based on rough set theory [18]. In order to make rough set theory have a wider
range of applications, Qian et al. extended Pawlak’s single-granulation rough set to a multigranulation
rough set model [20]. And later, many researchers have extended the multigranulation rough sets. Xu et
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al. developed a fuzzy multigranulation rough set model [29], a generalized multigranulation rough set
approach [30] and a multigranulation rough set model in ordered information systems [28]. Yang et al.
proposed the hierarchical structure properties of the multigranulation rough sets [34], multigranulation
rough set in incomplete information system [33], and presented a test cost sensitive multigranulation
rough set model [32]. Lin et al. presented a neighborhood-based multigranulation rough set [14]. She
et al. explored the topological structures and the properties of multigranulation rough sets [22]. Li et al.
developed a further study of multigranulation T-fuzzy rough sets, relationships between multigranulation
and classical T-fuzzy rough sets were studied carefully [13].

Recently, decision-theoretic rough set has been paid close attentions. The acceptance of decision-
theoretic rough sets is merely due to the fact that they are defined by using probabilistic information,
which is more general and flexible. Yao presented a new decision making method based on the decision-
theoretic rough set, which is called three-way decision theory [39, 40]. Decision-theoretic rough sets can
derive various rough set models through setting the thresholds. Professor Yao gave a decision theoretic
framework for approximating concepts in 1992 [36] and later applied this model to attribute reduction
[41]. Azam and Yao proposed a threshold configuration mechanism for reducing the overall uncertainty
of probabilistic regions in probabilistic rough sets [1]. Jia et al. proposed an optimization representation
of decision-theoretic rough set model and raised an optimization problem by considering the minimiza-
tion of the decision cost [9, 10]. Liu et al. combined the logistic regression and the decision-theoretic
rough set into a new classification approach, which can effectively reduce the misclassification rate [15].
Yu et al. applied decision-theoretic rough set model for automatically determining the number of clusters
with much smaller time cost [42]. Qian et al. discussed the decision-theoretic rough set theory based
on Bayesian decision procedure into the multigranulation perspective [19]. Zhou et al. investigated a
comparative study of two kinds of probabilistic rough set model, namely the decision-theoretic rough set
model and the confirmation-theoretic rough set model [44]. These studies represents a snapshot of recent
achievements and developments on the decision-theoretic rough set theory.

Probabilistic rough sets in the classical information system are based on the equivalence relation.
In many real situations, one may often face the problems in which the ordering of properties of the
considered attributes play a crucial role. Relevantly, Greco et al. discussed a Bayesian decision theory
for dominance-based rough set model in 2007 [7], Kusunoki et al. studied an empirical risk associated
with the classification function [12], their approach aimed to take account into costs of misclassification
in fixing parameters of the dominance-based rough set approach, while didn’t transact the essence of
the problems about how to construct a probability measure space in an ordered information system.
Once one uses the probabilistic rough set theory into ordered information systems, it may face with the
problems that the relations are dominance relations, namely can’t induce probability measure spaces.
In this paper, our objective is to explore how to apply the probabilistic rough set theory into ordered
information systems and develop the multigranulation decision-theoretic rough set theory in an ordered
information system through combining multigranulation idea with the Bayesian decision theories. The
rest of this paper is organized as follows. Some preliminary concepts about the probabilistic rough set,
the Bayesian decision procedure and the multigranulation rough set in an ordered information system
are briefly reviewed in Section 2. In Section 3, we developed the probabilistic rough set in an ordered
information system. In Section 4, we proposed the multigranulation decision-theoretic rough set in an
ordered information system, and discussed three kinds of this multigranulation decision-theoretic rough
set model in an ordered information system. Then in Section 5, an illustrative example was presented in
an ordered information system. Finally, Section 6 gets the conclusions.
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2. Preliminaries

In this section, we review some basic concepts about rough sets in an ordered information system, prob-
abilistic approaches to rough set theory, the decision-theoretic rough set based on Bayesian decision
theory and the multigranulation rough set in an ordered information system. Throughout this paper, we
assume that the universe U is a non-empty and finite set.

The notion of information system provides a convenient basis for the representation of objects in
terms of their attributes. An information system is a triple I = (U, AT\, F'), where

e U is a non-empty and finite set of objects, and U = {x1,x2,- - -, 2y };
e AT is anon-empty and finite set of attributes, and AT = {a1, as, - -, am};
o F={filU— V,l<m}, fiisthe value of a; on x € U, V] is the domain of a;, a; € AT.

In an information system, if the domain of an attribute is ordered according to a decreasing or increas-
ing preference, then the attribute is a criterion. An information system is called an ordered information
system if all condition attributes are criteria [4, 5, 6]. As the decreasing preference can be converted
to increasing preference, in this paper we only consider the increasing preference without any loss of
generality.

Assume that the domain of a criterion a; € AT is complete pre-ordered by an outranking relation
>a,> then x >, y means that x is at least as good as y with respect to criterion a;. And we can say that
x dominates y. We define = >,, y by fi(z) > fi(y) according to increasing preference, where a; € AT
and z,y € U. For a subset of attributes A C AT, x > y means that v >,, y for any a; € A, and that
is to say = dominates y with respect to all attributes in A. In general, we denote an ordered information
system by IZ = (U, AT, F).

Let IZ = (U, AT, F) be an ordered information system, A C AT and Rf is a dominance relation
in 17, denote R = {(z,y) € U x U|fi(z) > fi(y),Ya; € A}, and U/R5 = {[#] gz |z € U} is the

. . . . > . .
set of dominance classes induced by a dominance relation R, where [z] > is called dominance class

Ry
containing x, and [x]R% ={yeU|(y,z) € Ri}.

Forany X C U, R5(X) = {z € U\[x}RE C X} and Ei(X) ={z e UH:I:]R% X # 0} are
the lower and upper approximations of X in the ordered information system I~ = (U, AT, F)). When
Ei(X) # Ri (X), one may call X is a rough set.

Especially, decision ordered information system is a special case of an ordered information system in
which, among the attributes, we distinguish decision attributes. The other attributes are called condition
attributes.

As one has introduced in the former section, probabilistic approaches to rough sets have many forms,
such as the Bayesian rough set model, the variable precision rough set model, the decision-theoretic
rough set model and other related studies including multigranulation decision-theoretic rough set. In
classical information systems, Pawlak’s rough set is based on certainty knowledge base, namely its ap-
proximation space is completely certain. It means that Pawlak rough set ignores the uncertainty of the
available information system. If one still handles the data analysis with Pawlak rough set in this knowl-
edge base, it may not reflect the essence. To overcome this issue, we need to discuss the probabilistic
rough set.
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Let U be a non-empty and finite set of objects, one can define P as probability measure if the set-
valued function P maps from 2V to [0, 1]. P satisfies the two conditions: P(U) = 1;if AN B = (), then
P(AUB) = P(A)+ P(B). Then P is a probability measure of o — algebra which is combined by the
family subset of U.

In an information system, given U as a non-empty and finite set of objects, where R is an equivalence
relation in U. Denote [z]g is the equivalence class with respect to z. And P is a probability measure
of o — algebra which is combined by the family subset of U. The triple Ap = (U, R, P) is called
probability approximation space. And P = (X|Y) is the conditional probability of whether concept X
happens or not depends on Y.

Definition 2.1 [36] Let 0 < § < a < 1, for any X C U, the lower and upper approximations based on
thresholds «a, 8 with respect to Ap = (U, R, P) are defined as follows

prig?(X) = {z € UIP(X|[z]r) = a},

pr?(X) = {z € U|P(X|[z]r) > B}.

If ﬂg,ﬁ ) (X) = WE?’B ) (X), then X is a definable set, otherwise X is a rough set.

Accordingly, the probabilistic positive, negative and boundary region are

pos(X) = prlef(X) = {z € UIP(X][a]r) > a};
neg(X) = U —pry”(X) = {z € U|P(X|[x]r) < B}
bn(X) = prig’? (X) — prie?(X) = {x € U8 < P(X|[z]) < a}.

The parameters «, 3 in the probabilistic rough set theory above can be determined by special methods
according to some additional conditions. From Bayesian decision theory as one will introduce next, the
parameters «, 3 can be obtained.

In the Bayesian decision produce, a finite set of states can be written as 2 = {w1,ws, -+ ,ws},and a
finite set of m possible actions can be denoted by A = {a1,as,--- ,a,}. Let P(w;|z) be the conditional
probability of an object z being in state w; given that the object is described by x. Let \(a;|w;) denote
the loss, or cost for taking action a; when the state is w;, the expected loss function associated with
taking action a; is given by

R(ailr) = > Mailwj) P(wj|z)
j=1

In Pawlak’s rough set theory, lower and upper approximation operators partition the universe U into
three disjoint sets. Using the conditional probability P(X|[x]r), the Bayesian decision procedure can
decide how to assign x into these disjoint three regions.

With respect to the membership of an object in X, we have a set of two states and a set of three
actions for each state. The set of states is given by 2 = {X, X C} indicating that an element is in X and
not in X, respectively. The set of actions with respect to a state is given by A = {ap,ap,an}, where
P, B and N represent the three actions in deciding x € pos(X), deciding = € bn(X), and deciding
x € neg(X), respectively. The loss function regarding the risk or cost of actions in different states is
given by the 3 x 2 matrix:
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X (P) X (N)
ap App APN
ap )\BP )\BN
an ANP ANN

In the matrix, App, Agpp and Ayp denote the losses incurred for taking actions ap, ap and ay,
respectively, when an object belongs to X, and Apy, Apy and Ay denote the losses incurred for
taking the same actions when the object does not belong to X.

The expected loss R(a;|[z]r) associated with taking the individual actions can be expressed
as [37, 39]

R(apl|[z]r) = AppP(X|[x]r) + Apn P(XC|[2] R);
R(apl[z]r) = AppP(X|[z]r) + ApnP(X|[2]r);
R(an|[z]r) = ANpP(X|[2]r) + AvnP(XC|[2]R).

When A\pp < Ayp < App and Apy < Ayny < Apn, the Bayesian decision procedure leads to the
following minimum-risk decision rules:

(P) If P(X|[z]r) > vand P(X|[z]r) > «, decide pos(X);

(N) If P(X|[z]r) <  and P(X|[z]r) < 7, decide neg(X);

(B) If p < P(X|[z]r) < a, decide bn(X).
Where the parameters «, § and -y are defined as:

o APN — ANN )

(Anp = Apn) + (App — ANN)’

5= ANN — ABN .

(ABp — AnpP) + (ANN — ABN)’
APN — ABN

(Anp — App) + (Apn — ABN)'

If a loss function further satisfies the condition: (Apy —AnN)(ABp—Anp) = (Anp—App)(ANN —
ABN), then we can get v > v > f.

When o > 3, we have o > v > 3. The decision-theoretic rough set has the decision rules:

(P) If P(X|[z]|r) > «, decide pos(X);

(N)If P(X|[z]r) < B, decide neg(X);

(B) If B < P(X|[z]r) < a, decide bn(X).

Using these three decision rules, we get the probabilistic approximations:

apr®P)(X) = {x € UIP(X|[z]r) > o},

apre?(X) = {z € UIP(X|[z]g) > B}.

If %g,ﬁ) (X) = WS"B) (X), then X is a definable set, otherwise X is a rough set.

When o = 3, we have o = v = 3. Then the decision-theoretic rough set has the decision rules:
(P) If P(X|[z]|r) > «, decide pos(X);

(N) If P(X|[z]r) < «, decide neg(X);

(B) If P(X|[z]r) = «, decide bn(X).
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We get the probabilistic approximations:
apr'$P)(X) = {x € U|P(X|[z]r) > a},

apryy?(X) = {o € U|P(X|[x]r) > a}.

In real application of the probabilistic rough set models, we obtain the thresholds «, 5 based on an
intuitive understanding the levels of tolerance for errors. Just like we confirm the value of parameters a
and 3 included in the Section 3, Section 4 and the illustration in Section 5. And the calculation methods
of the conditional probability can also meet for demands in application. Based on the well-established
Bayesian decision procedure, the decision-theoretic rough set model is a kind of probabilistic rough set
model. Decision-theoretic rough set provides systematic methods for deriving the required thresholds on
probabilistic rough set.

The multigranulation rough set was first proposed by Qian et al. [20], and generalized into the
ordered information system by Xu et al. [28]. From the view of granular computing, the approximation
of a set is described by using a single relation (granulation) on the universe. And the multigranulation
means at least two or two more relations, in the ordered information system, the relations are dominance
relations, which is what we will study next.

In the multigranulation decision-theoretic rough sets, we assume that the values of Ay (a;|w;), k < m
are all equal to each other. It also means that the thresholds «, 5 and « in each granular structure are
also same to each other. The determined procedure of the parameters «, 3 and +y is consistent with that
of classical decision-theoretic rough sets.

Definition 2.2 [28] Let /= = (U, A, F) be an ordered information system, set Rlz, RQE,- - R% as

the dominance relations., VX C U, [z] >is called dominance class contains x with respect to Riz, the

R
pessimistic multigranulation lower and upper approximations of X are denoted by

SR
=1

PES m
(X) ={z € U| /\(MR; c X},
i=1

poes PES

Y RE (X)={zcU\/(la]pz N X £0)}.
] i=1

Similarly, we have the optimistic multigranulation lower and upper approximations of X in ordered
information systems as following

OPT

YRS (0 ={zreUl\/(lal € X)},
i=1 =1

OPT

YR (X)={z Ul Azl n X #0)}.
i=1 =1

Multigranulation is a new and interesting topic in the theory of rough set. It provides a new perspec-
tive for decision making analysis based on the rough set theory. The multigranulation rough set in an
ordered information system is different from Pawlak’s rough set approach since the former is constructed
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on the basis of a family of dominance relations instead of single equivalence relation. In the following,
we will discuss the probabilistic rough set in an ordered information system.

3. Probabilistic rough sets in an ordered information system

Probabilistic rough set models allow a tolerance inaccuracy in lower and upper approximations. While
in an ordered information system, the relations are never equivalence relations but dominance relations,
which will not produce the probability measure space. We can handle the dominance classes with an
operator, and transform the non-probability measure into a probability measure space.

In the ordered information system 1= = (U, AT, F), A C AT and Ri is a dominance relation in
IZ. [z] B2 is the dominance class containing z. And P(X|Y") is the conditional probability of whether

concept X happens or not depends on Y. We get the following definition.

Definition 3.1 [31] Let [= = (U, AT, F) be an ordered information system, A C AT and RA? is a
dominance relation in 1= .The basic set assignment function j is from 2V to 2V, is defined as

J(X) = o e Ulla] iz = X}, X € 2.

Obviously, z € j(X) & [z] > = X.
A

The basic set assignment function j([z] ,>) contains these two properties:
A

e U jX)=U;
XCU

e For X #Y,j(X)Nj(Y)=0.

It is easy to notice that the function j([z],>) is a partition function of the universe U, one can also
A

call the partition function as set-valued mapping approximation operator. Accordingly, in the ordered
information system, this operator transforms the triple Ap = (U, Ri, P) into probability measure ap-
proximation space.

Definition 3.2 Let [~ = (U, AT, F) be an ordered information system, A C AT and Ri is a dominance
relation in 1=, Set 0 < B < a < 1, for any X C U, the lower and upper approximations based on
parameters «, 3 with respectto Ap = (U, R%, P) are defined as follows

i (X) = {z € UIP(X|j([#] ) > o,
i (X) = {z € UIP(Xj((a] ) > 8}

If jprg‘;ﬂ (X) = WS:;B ) (X), then X is a definable set, otherwise X is a rough set.
— a1 A

A
Accordingly, the probabilistic positive, negative and boundary region are

pos(X) = jpri?(X) = {x € UIP(X|j(a] 52)) > a};

neg(X) = U — jprd” (X) = {z € UIP(X]j (] i2)) < B):

bn(X) = jpr s (X) - jprl®? (X) = {z € UIB < P(X|j([a] =) < a}.

> >
R3 RZ A
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In the following, an example is employed to present the probabilistic rough sets in an ordered infor-
mation system.

Example 3.1 Table 1 is an ordered information system, U = {x1,z2, -+ ,2z7} is a universe which
consists of 7 objects, a1, az, a3, as are the conditional attributes of the system. One uses A, B, C, D to
denote the values of these attributes. Moreover, A > B > C > D.

Table 1. An ordered information system

U ai as as aq
T B C C D
To C B B A
3 B B C B
T4 A D A C
T5 C B B A
Tg B A D B
T7 B C C D

Here we consider all of these four conditions: a1, az, as, a4, accordingly, RZ is the dominance rela-
tion induced by these four attributes. Then one can obtain that the dominance classes are as following

[w1]pz = {z1, 23,27} = X1, [w2] > = {w2, 35} = Xo, [w3]p> = {w3} = X, [wa] g = {wa} =
Xy, [x5]g> = {w2, 25} = Xo,

[26]p> = {we} = X5, [27]p> = {71, 23,27} = X,

It is obvious that these seven classes form a covering of the universe, but not a partition. Accordingly,
one may use the partition function j. Then we can get j(X1) = {x1, 27}, j(X2) = {x9, 25}, j(X3) =
{as}, §(Xa) = {z4}, j(X5) = {we}

It is easy to notice that j(X71), j(X2), j(X3), 7(X4) and j(X5) form a partition of the universe U.

Given X = {z2,x3, x5} is a subset of universe U. Assume that « = 2/3, 5 = 1/4. Conditional
probability is P(X|Y"), where

PX|Y) = !X’Q’YI

Then the conditional probabilities with respect to RZ are shown as following:

P(X|j([z1]r>)) = 1/3, P(X|j([z7]r>)) = 1/3,

P(X|j([x2]g=)) = 1, P(X[j([w5]=)) = 1,

P(X|j(lzs]g=)) = 1,

P(X|j([z4]g=)) =0,

P(X|j([z6]g=)) = 0.

The lower and upper approximations based on parameters «, § with respect to Ap = (U, RZ, P ) are
computed as

jor SV (X) = (w € UIP(X|j([e]ge)) > 2/3) = (w2, 3, 25},
!

jprﬁz’z)(X) = {z e UIP(X|j([x]g=)) > 1/4} = {1, 22, 3, x5, 27}.
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And then the probabilistic positive, negative and boundary region are

1
pos(X) = jﬂg:gfl)(X) = {22, 23, 25};

win

(21
neg(X)=U —jprlfz"‘)(X) = {z4,26};
(21 21
bn(X) = Tprig? (X) — jor'es? (X) = {ay, 7).

In an ordered information system, through the basic set assignment function j, one can easily achieve
the probability approximation space. Furthermore, in the ordered information system, one can propose
multigranulation decision-theoretic rough set theory, which will be introduced in the next section.

4. Multigranulation decision-theoretic rough set in an ordered informa-
tion system

Multigranulation decision-theoretic rough set in an ordered information system is different from rough
sets in an ordered information system because the former is constructed based on a family of probability
measure. Dominance relation induces a covering rather than a partition of the universe in an ordered in-
formation system, and dominance classes may not product a probability measure, where the equivalence
classes really do. As one has studied in Section 3, we use set-valued mapping approximation operators
to transform non-probability measure into probability measure spaces.

In the ordered information system, set RIZ, RQZ, .-+, RZ as the m granular structures. For any X C
U, the lower and upper approximations in a multigranulation rough set approach to ordered information
system can be represented as two fusion functions, respectively.

ZRZZ = fl(RlzuR227 7Rr%)7
=1

m
ZR? - fu(RlzvR22> T vR%)-
i=1
Where f; is called a lower fusion function, and f, is called an upper fusion function [19]. These two
fusions are used to compute the lower and upper approximations of a multigranulation rough set through
these m granular dominance relations.

And in practical applications of multigranulation rough sets, the fusion function has many forms
according to various semantics and requirements. Through the probabilistic way, let Ay (a;|w;) denote
the loss, or cost, which means taking action a; when the state is w; by the k — th dominance relation RE.

Let P(wj|xy) be the conditional probability of an object  being in state w;, given that the object
is described by x; under & — th dominance relation Rf, obviously, the k — th (k = 1,2,--- ,m)
dominance relation Rf may not induces the probability measure space. One also need to transform the
non-probability measure into probability measure by using basic set assignment function. And then the
expected loss associated with taking action a; is given by

R(ailwr, @a, - wm) = Y Y Aelailwy) Plws|zr).

i=1 j=1
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The expected loss R(a;|x1,z2,- - ,xy,) is a conditional risk. 7(z1,x9,- - ,ym) specifies which
action to take, and its value is one of the actions a1, a9, - - , a,. The overall risk R is the expected loss
with the decision rule 7(x1, 2, - - , T, ), the overall risk is defined by

R = Z R(T(:Clvav"' ,fL‘m)‘I']_,LUQ,"' ,$m)P($1,$27"' al‘m)-

T1,T2, ,Tm

Where P(z1, 22, - ,Zm) is a joint probability, which is calculated through fusing (P(z1), P(x2),-- -,
P(z,)) induced by m granular structures and induced by the same universe.

In the ordered information system, given multiple dominance relations Rlz, R22, -+, Rz, the multi-
granulation decision-theoretic rough sets aim to select a series of actions for which the overall risk is
as small as possible, in which the actions include deciding positive region, deciding negative region and
deciding boundary region.

For each single element Ri2 among Rlz, RQZ, .-~ ,RZ, one can convent the dominance class by
R,f into a partition by the basic set assignment function, namely the partition function, where the new
definable approximation in correspondence with the dominance relation approximation.

Definition 4.1 Let I> = (U, AT, F) be an ordered information system, Ry, Ry, --- , R are all dom-
> is a dominance class induced by RZ. The partition function j : 2V — 2V is

defined as following: for any Riz,

inance relations, [x]

J(X) ={z e Ula]z =X} X e2".

Itis obvious that z € j(X) < [z],

> = X. Here we can use j([z] > ) instead of j(X), respectively.
Accordingly, each j([x] > ) forms a partition of U, one can satisfy the condition of probability measure.

In the following, we will discuss three kinds of multigranulation decision-theoretic rough set model
in an ordered information system. It should be pointed out that the parameters «, 3 are derived from the
Bayesian decision procedure and Bayesian decision principle.

Definition 4.2 Let [~ = (U, AT, F') be an ordered information system, Rlz, RQZ, -+, Rz are all domi-
> 1s a dominance class induced by RZZ. Forany X C U, thresholds 0 < S < a < 1,
the mean multigranullation lower and upper approximations are denoted by

nance relations, [z]

m M m
D RF (X)) ={z e U P(X]j(la]g2)))/m = a},
i=1 (a,B) i=1
m M m
YR (X) = {z U P(X|j(lal g2)/m > B},
i=1 () i=1

Where P(X|j([z],>)) is the conditional probability of the equivalence class j([z].>), with respect
to X. ' '
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We can also define the mean multigranulation positive, negative and boundary region of X in the
ordered information system.

m M m
pos(X) =) Ry (X)={z € UIY_PX|j(lz]52))]/m > a};
=L (o) =

neg(X)=U-Y RF (X)={ze Uy PX[j([a] g2 )]/m < BY;
i=1

m Z}l 7 m M m
m(X)=) RY (X)-) R (X)={zeUlp <[} PX|j([]z)]/m<a}.
=1 (ap) ' (@.8) =1

Similar to the classical decision-theoretic rough sets, we can obtain the decision rules

(Pan) 1 [ P(X|j([a] 2 )))/m > o decide pos(X):

(Nap) If [zzl P(X|j([x] 2)))/m < B, decide neg(X);

m
(Bam) If B < [>° P(X[j([z]z>))]/m < a, decide bn(X).
i=1 :
When a = 3, we have o = v = (. Then the mean multigranulation decision-theoretic rough set in
the ordered information system has the following decision rules:

(Pap) It é P(Xj([] =)} /m > o, decide pos(X);

(Nap) Tt [i P(Xj([] ) /m < o, decide neg(X );

3

(Byp) If [Z (X|j([l’]Rzz))]/m = «, decide bn(X).

Definition 4.3 Let /= = (U, AT, F) be an ordered information system, R1 , R2 .-, RZ are all domi-
nance relations, [z] ,> > 1s adominance class induced by Rz . Forany X C U, thresholds 0 < 8 < a < 1,
the pessimistic multilgranulation lower and upper approximations are denoted by

PES
ZR— (X )—{xem/\ (X1j([2]2)) > )},
=L (aB)
pos PES
YRF (X )—{er!\/ (X1i(2] 32)) > B)}-
=l (o))

Where P(X|j([] ,>) is the conditional probabilistic of the equivalence class j([z] ,> ) with respect to X..

K3
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We can define the pessimistic multigranulation positive, negative and boundary region of X in the
ordered information system.

PES

pos(X) =Y R7 (X )—{erl/\ (X[5([2]g2)) = @);
‘ (.,8)
pe PES
neg(X)=U—-Y RZ (X )—{weUl\/ (X[5([2]g2)) < B)};
=l (a,p)
— PES PES
=> R ZR* (X).
=l <aﬂ> (@,8)

Similar to the classical decision-theoretic rough sets, we can obtain the decision rules:

(Ppps) If Vi € {1,2,--- ,m}, such that P(X|j([z],>)) > «, decide pos(X);
(Npps) If 3i € {1,2,--- ,m}, such that P(X|j([z] ,>)) < B, decide neg(X);
(Bpgs) Otherwise, decide bn(X).

When o = 3, we have @ = v = 3. Then the pessimistic multigranulation decision-theoretic rough
set in the ordered information system has the following decision rules:

(Ppps) If Vi € {1,2,--- ,m}, such that P(X|j([x]R3)) > a, decide pos(X);
(Npps) If 3i € {1,2,- - ,m}, such that P(X|j([z] 5>)) < a, decide neg(X);
(Bpgs) Otherwise, decide bn(X).

(3

Definition 4.4 Let I> = (U, AT, F) be an ordered information system, R, R5, - - - , RZ are all domi-
R is a dominance class induced by RZZ. Forany X C U, thresholds 0 < f < a < 1,
the optimistic multiglranulation lower and upper approximations are denoted by

nance relations, [z]

OPT

> R; <>—{er\\/ (X1j (2] p2)) = @)},

‘ (a,8)

o OPT

SR (X)=U—{ee Ul AP =) < B))-
= () i=1

Where Pr(X|j([z],>) is the conditional probability of the equivalence class j([z],>) with respect
to X. ' '
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We can define the optimistic multigranulation positive, negative and boundary region of X in the
ordered information system.

OPT

pos(X)=> Ry (X )—{er\\/ (X5 (2] =) 2 @)};
=l (a.p)
™ OPT
neg(X)=U-> RZ (X )—{rveUl/\ (X[5([2]p2)) < B);
=1 ()
p- OPT m OPT
=D RS (X)-) RS (X)
i=1 (a,8) 1=1 (a,B)

Similar to the classical decision-theoretic rough sets, we can obtain the decision rules:
(Popr)If Ji € {1,2,--- ,m}, such that P(X|j([x}Ri2)) > «, decide pos(X);
(Nopr) If Vi € {1,2,--- ,m}, such that P(X]j([:c]Riz)) < B, decide neg(X);
(Bopr) Otherwise, decide bn(X).

When a = 3, we have @ = v = (. Then the optimistic multigranulation decision-theoretic rough
set in the ordered information system has the following decision rules:

(Popr) If 3i € {1,2,--- ,m}, such that P(X|j([z],>)) > «, decide pos(X);
(Nopr) It Vi € {1,2,--- ,m}, such that P(X|j([z], )) < a, decide neg(X);
(Bopr) Otherwise, decide bn(X).

5. Illustrative example

The concept of three-way decision plays an important role in many real world decision-making problems.
One usually makes a decision based on available information and evidence. When the evidence is insuf-
ficient or weak, it might be impossible to make either a positive or a negative decision. One therefore
chooses an alternative decision that is neither yes nor no. The idea of multigranulation and the theory
of decision-theoretic rough set can be combined to data mining and decision-making in real-life appli-
cations. According to multigranulation decision-theoretic rough set model in an ordered information
system, we can make more comprehensive decisions in the actual decision-making processes.

Table 2 is an ordered information system about the bird flu (HIN1), where U = {z1,z2, - , 10}
is a universe which consists of 10 patients with the clinical features degree; Hyperpyrexia, Cough, Rhin-
orrhoea, Myodynia, Diarrhea, Nausea are the conditional attributes of the system. One uses 1, 2, 3, 4 to
describe the degree of these six features, where the numbers 1, 2, 3, 4 are respectively for None, Slight,
Middling, Serious. Clearly, 4 >3 > 2 > 1.

We consider the situation that when m = 2, the dominance relations contain RlZ and RQZ, where RlZ
is a dominance relation formed by three attributes: Hyperpyrexia, Cough, Rhinorrhoea and R22 is a dom-
inance relation formed by three attributes: Myodynia, Diarrhea, Nausea. X = {xa,x4, x5, 27,28, T9}
is the set of patients who really get the bird flu (HIN1).



W. Li and W. Xu/Multigranulation Decision-theoretic Rough Set in Ordered Information System 81

Table 2. An ordered information system about the bird flu (HIN1)

U Hyperpyrexia  Cough  Rhinorrhoea  Myodynia  Diarrhea  Nausea
1 1 2 1 2 2 3
T 3 4 2 3 3 2
T3 2 2 3 3 1 4
Ty 4 1 4 2 4 3
x5 3 4 2 2 4 3
Tg 1 2 1 3 1 4
T7 1 2 1 3 3 2
T 4 1 4 2 4 3
Zg 2 2 3 2 2 3
10 4 1 4 3 3 2

Next we will make sure the patients who need to get treatments, who need not to get treatments
and who need a deep observation. Then computing the above three kinds of multigranulation decision-
theoretic rough sets in the ordered information system is a natural. From Bayesian decision procedure,
one can give the values \ip = A(a;|X), \in = Aa;|X), and i = P, B, N, accordingly, one either
assumes that o = 3/4, 8 = 1/2. Similar to Example 3.1, we set the conditional probability

We can get the dominance classes based on Ry

X1 = [z1] >
X12 = [x2] >
X13 = [x3] :
X14 = [24] >
>

Xo1 = [z1]
Xog = [x2]
Xo3 = [13]
Xoy = [x4]

It is obvious that these classes [z;]

universe, but not a partition, so as to [x;]

XNyl

P(XY) = 5

as follows

= [xG]R> = [x7]Rl> = {$17$2,x3,$5,$6,$7,$9},

= [ws5] gz = {22, 25},

]
= [xo]
]

R> = {z2, 23, 5, 20},

[xs R> = [:L’l()]R> = {$47$87$10}

[$10]R> = {962,567,5610}
R = {903,1‘6}

= [#s]pz = {24, x5, 28}
> (Z = 17 27 e
1

,10) with respect to RlZ form a covering of the

J(i=1,2,,

RZ 10). Accordingly, one may use the partition

function j to construct the partitions of universe U. Then we can get the equivalence classes in terms of

>
RT as

J(X11) = {z1, 26, 27}, §(X12) = {22, 75}, j(X13) = {23, 29}, j(X14) = {74, 78,710}
And the equivalence classes in terms of RQ2 as

J(Xo1) = {1, 29}, j(X22) = {2, 27, 710}, j(X23) = {73, 26}, j(X24) = {74, T5, 28}
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Then the conditional probabilities with respect to Rl2 are shown as following:

P(X]j(Xn)) = P(X]j([a1]p2)) = P(X[j([ze] p=)) = P(X|j([27] p2)) = 1/3,

P(X]j(X12)) = P(X[j([z2] p=)) = P(X|j([25] p=)) = 1,

P(X]j(X13)) = P(X|j([zs] p=)) = P(X|j([20] p=)) = 1/2,

P(X]j(X10)) = P(X|j(lza)2)) = P(X|j([s] 52 )) = P(X]j([10] ) = 2/3.

Accordingly, the lower and upper approximations based on parameters «, 3 with respect to Ap =
(U, RIZ, P) are computed as

31
i (X) = (z € UIP(X1j([al ) > 5} = (2,75},
Jpr 2t (X) = {z e UIP(X|j([2]2)) > } {22, 24,25, 28, 210}
Then the probabilistic positive, negative and boundary region are

pos(X) = ypr“ 2(X) = {a,25};

_ (31
neg(X) =U — jp?”;g?)(X) = {1, 23, 6, T7, 29 };
1
(i 3) (3:3) _
bn(X) = jpr 2 (X) — jpr ;] > (X) = {4, 28,210}

Similarly, we can get the following conditional probabilistic in term of RQZ are

P(X]j(Xa1)) = P(X[j([21] p2)) = P(X|j([29] pz)) = 1/2,
P(X]5(X22)) = P(X]j([z2] )) = P(X|j([7]p )) (XIJ([wro] 2)) =2/3,
P(X|j(X23)) = P(X|j([ws]p )) = P(Xj([zelp, ))

[zl [25]

P(X]j(X24)) = P(X|j([x4 )) = P(X1j([zs )) (XIJ([:L“s] >)) =1L
The lower and upper approx1mat10ns based on parameters o, B with respect to Ap = (U, RQZ, P) are
computed as

itV (X) = o € UIP(X1j(s] ) 2 5} = {oa,5,25),

m«“( X) = { € UIP(X[j(] ) > 3} = {2, 22, 05, 07,5, 710).

Then the probabilistic positive, negative and boundary region are

31
pos(X) = jpr (4>2)(X) = {x4, x5, 8 };
2
(3.3
Ry
(3 3) (3:3) _
bn(X) = jpr 22(X) = jpr 22 (X) = {2, 27, 210}

2

neg(X) =U — jpr 2 (X) = {z1, 23, z6, To };

According to the three multrgranulatron decision-theoretic rough sets in ordered information system,
we can ensure a patient belongs to which region within the positive, negative and boundary region, which
determines whether this patient need the treatments or not.
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(1) By the mean multigranulation decision-theoretic rough set theory in ordered information system,
the lower and upper approximation are computed as

2 M
ZR? (X) = {$2,$4,$5},
=3

NI

)

S

2

S R? (X)) = {w2, 3, T4, T5, T7, T8, To, T10}-

NS
We can obtain three decision regions:
(Par) pos(X) = {x2, x4, 25 };
(Nap) neg(X) = {x1, x6};
(Bm) bn(X) = {x3, 27,78, 79, T10}
(2) By the pessimistic multigranulation decision-theoretic rough set theory in ordered information

system, the lower and upper approximations are computed as

,  PES
>
SRS (X)) = (),
— 13
———PES
> R? (X) = {w2,v3, T4, T5, T7, T8, Tg, T10}-
= ey

We can obtain three decision regions:

(Ppps) pos(X) = {x2};

(Npps) neg(X) = {1, 26 };

(Bpgs) n(X) = {z3, 74, T5, 77,78, T9, T10}-

(3) By the optimistic multigranulation decision-theoretic rough set theory in ordered information
system, the lower and upper approximations are computed as

5 OPT
>
E :RZ (X) = {z2, 24, w5, 27, 3, T10},
=1 31
——(i3
———OPT
>
E R (X) = {x2, 23, 24, 5, 7, 28, T9, T10}.
i=1 31
(472)

We can obtain three decision regions:

(Popr) pos(X) = {x2, x4, x5, 27, 28, T10};

(Nopr) neg(X) = {z1, 6 };

(Bopr) bn(X) = {3, 9}

In Section 4, we introduced three kinds of fusion function and produced three pairs of lower and

upper approximation operators. Table 3 is the upper and lower approximations of X in three types of
multigranulation decision-theoretic rough set models.
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Table 3. Multigranulation decision-theoretic approximations in an ordered information system

Type Lower approximation Upper approximation
Mean multigranulation To, T4, Ty

T2,T3,T4,T5,T7,T8, LY, T10

Pessimistic multigranulation To T2,T3,T4, L5, T7, T8, L9, L10

Optimistic multigranulation | x2, 24,5, T7, X8, T10 T2, X3,T4, L5, T7, T8, L9, T10

These three models have different range of application in real life. For the example about bird flu
(HIN1), we can make a decision whether a patient needs the treatments by the above three kinds of

multigranulation decision-theoretic rough set model in an ordered information system. The positive,
boundary and negative regions are shown in Table 4.

Table 4. Regions of multigranulation decision-theoretic rough sets in an ordered information system

Type Positive region Boundary region Negative region
Mean multigranulation To, T4, Ts T3, 27,28, L9, T10 T1,Te
Pessimistic multigranulation To T3, X4, L5, T7, L8, Ty, L10 T1,Te
Optimistic multigranulation T2,%4,T5,T7, T8, T10 T3, Tg T1, %6

We have the following evaluations and analyses:

(1) According to the decision regions of mean multigranulation decision-theoretic rough set model
in an ordered information system, the patients x2, r4 and x5 belong to positive region means that
these three patients really need the deep treatments; x; and x¢ belong to negative region means

that they need not to get treatments; x3, x7, g, Tg and x19 belong to the boundary region means
that they need further observations to make the decisions.

i . : Treatments

: Observations - No treatments

Figure 1. Results of mean multigranulation decision-theoretic rough set in an ordered information system

Comparing with the given set X = {x9, x4, x5, x7, 23,29}, even though patients z7, xg and z9
infect with bird flu (HIN1), they may need further observations to make sure whether they need
the treatments; persons x3 and x19 are who don’t infect with bird flu (HIN1) also need further
observations to determine whether they need the treatments (see Figure 1).

(2) According to the decision regions of pessimistic multigranulation decision-theoretic rough set
model in an ordered information system, the patient z9 belongs to positive region means that these
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two patients really need the deep treatments; patients x; and xg belong to negative region means
that they need not to get treatments; patients s, x4, -5, 7, T3, 9 and x1¢ belong to the boundary
region means that they need further observations to make the decisions.

& poke : Treatments

: Observations : No treatments

Figure 2. Results of pessimistic multigranulation decision-theoretic rough set in an ordered information
system

Comparing with the given set X, even though x4, x5, z7, xg and xg infect with bird flu (HIN1),
they need further observations to make sure whether they need treatments; persons x3 and x1g is
who doesn’t infect with bird flu (HIN1) also need further observations (see Figure 2).

(3) According to the decision regions of optimistic multigranulation decision-theoretic rough set
model in an ordered information system, the patients x2, 24, T5, 7, 3 and x19 belong to posi-
tive region means that these six patients really need the deep treatments; patients x; and x¢g belong
to negative region means that they need not to get treatments; patients 3 and xg belong to the
boundary region means that they need further observations to make the decision.

Ay A\
x1 \x1\
\ A
.-
1 b
= i
O X : Treatments

: Observations : No treatments

Figure 3. Results of optimistic multigranulation decision-theoretic rough set in an ordered
information system

Comparing with the given set X, even though zg infects with bird flu (HIN1), he (or she) needs
further observations to make sure whether they need treatments; while person x1¢ is who doesn’t
infect with bird flu (HIN1) may need to get the treatments; x3 is who doesn’t infect with bird flu
(HINT) need the further observations (see Figure 3).

In real applications of the probabilistic rough set models, one may directly supply the parameters o
and [ based on an intuitive understanding the levels of tolerance for errors [46]. This means that one
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indeed uses an intermediate result of the decision-theoretic rough set model without an in-depth under-
standing of its theoretical foundations [37]. It should be pointed out that the uses of special parameters
« and § may largely due to an unawareness of the well-established Bayesian decision procedure [40].
As a final remark, one may find it much easier to give loss functions that can be related to more intuitive
terms such as costs, benefits, and risks, than to give abstract threshold values [40]. This is particular true
in situations where the costs can be translated into monetary values. This study develops a framework of
multigranulation decision-theoretic rough set in an ordered information system, in which there are many
interesting issues to be explored.

6. Conclusions

The Bayesian decision procedure is a useful tool to generalize the probabilistic rough sets in classical
information systems. By considering the probabilistic rough sets in ordered information systems, the
basic set assignment function is introduced into our work. In ordered information systems, the rela-
tions are always dominance relation, but not equivalence relation, it results in a non-probability measure
space. Using the basic set assignment function, we can transact the covering of universe U induced by a
dominance relation into a partition of the universe U. Relevantly, we have applied the partition function
into the multigranulation probabilistic rough sets, which contains the multigranulation decision-theoretic
rough set. This paper mainly discusses the probability measure, Bayesian decision principle and the
multigranulation decision-theoretic rough sets in ordered information systems. As to handling the multi-
granulation decision-theoretic rough sets in an ordered information system, we use three forms of multi-
granulation decision-theoretic approximations spaces which are mean, pessimistic as well as optimistic
lower and upper approximation spaces. Among this article, we construct a real life example about the
bird flu (HINI) to present the theories about the multigranulation decision-theoretic rough sets in an
ordered information system to be much easy to accept.
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