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Highlights (for review)

Highlights

To handle the uncertainty decision problems in incomplete hybrid data, a
generalized three-way neighborhood decision model is proposed by distributing
the interval-valued loss function to each object and averaging the interval-valued
loss functions of all objects in the data-driven neighborhood class.

A matrix-based approach for representing three-way regions in the generalized
three-way neighborhood decision model is presented by introducing the matrix
forms of related concepts and the matrix operators.

An efficient framework for dynamically updating the three-way regions is
provided when objects and attributes increase simultaneously.

An incremental algorithm based on matrix is designed for maintaining the three-
way regions.

Experimental results demonstrate that the proposed incremental algorithm has an
advantage in improving the computational performance.
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Abstract
18
19 The theory of three-way decisions, as a powerful methodology of granular computing, has been widely used in making
20 decision under uncertainty environments. Decision tasks in incomplete hybrid data including heterogeneous and
g; missing features are of abundance in realistic situations. To deal with these tasks, some work based on three-way
53 decisions has been investigated. However, the losses used for evaluating objects are precise real numbers, which makes
o these decision models have some limitations in applications when there exist missing values in incomplete hybrid data.
o5 Thus, this paper constructs a generalized three-way neighborhood decision model by assigning the interval-valued
26 loss function to each object and further adopting an average strategy to integrate the interval-valued loss functions of
27 objects in each data-driven neighborhood class. Moreover, considering that the objects and attributes of incomplete
28 hybrid data will simultaneously change over time, this paper also provides an efficient framework to dynamically
29 maintain three-way regions of the proposed model. An approach based on matrix to compute the three-way regions
30 is first presented by introducing the matrix operations and the matrix forms of related concepts. Then, with the
31 simultaneous variation of objects and attributes, the matrix-based incremental mechanism and algorithm are proposed
32 for updating the three-way regions, respectively. Experimental results on nine datasets indicate that the proposed
33 incremental algorithm can effectively improve the computational performance for evolving data in comparison with
34 the static algorithm.
35
36 Keywords: Three-way decisions, Incomplete hybrid data, Matrix approach, Incremental learning.
37
38
39
40 1. Introduction
41
42 As an important cognitive approach to deal with the issues of uncertain classification, the theory of three-way
43 decisions has become an emerging and significant application direction of rough set theory and granular computing
44 since it was introduced by Yao [40-43]. The kernel idea of three-way decisions is to divide a domain into three
45 pairwise disjoint positive, negative and boundary regions based on a pair of thresholds, and then make three different
46 decisions for these three regions, which are acceptance, rejection and deferment, respectively. Over the past decades,
a7 three-way decisions have been extensively employed to address the complex and uncertain problems in various realms,
48 such as image recognition [26], cluster analysis [44], medical diagnosis [37] and recommendation system [47].
49 To further improve and popularize the theory of three-way decisions, there are a large number of researchers
S0 committed to investigating it in depth from the perspectives of theory and application. For instance, Liang et al. [16—
g% 18] constructed three novel three-way decision models by generalizing the loss functions in decision-theoretic rough
53 sets with interval numbers, intuitionistic fuzzy numbers and dual hesitant fuzzy elements, respectively. Meanwhile,
54
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Zhang et al. [46] presented a new three-way decision model associated with the intuitionistic fuzzy numbers when
both cost parameters and attribute values are intuitionistic fuzzy numbers. Li and Huang [15] introduced the fuzzy
T cos-equivalence relation with the aid of Gaussian kernel method, and advanced a novel three-way decision model
in fuzzy condition decision information systems where the condition attributes are all fuzzy. Hu [3, 4] detailedly
discussed three-way decision spaces and three-way decisions on account of the partially ordered sets, and further
established three-way decisions based on semi-three-way decision spaces by introducing the concept of semi-decision
evaluation functions. Jiao et al. [11] introduced two three-way decision models with single-valued neutrosophic sets
on the basis of the cosine similarity measure and the Euclidean distance. Li et al. [13] constructed a framework
of neighborhood based decision-theoretic rough set model to handle numerical data associated with noisy values,
and then gave a three-way decisions based neighborhood classifier to solve the classification problems. Yang et al.
[33] respectively proposed two dominance three-way decision models for interval-valued decision systems with the
categorical and interval-valued decision attributes on account of a 6-overall dominance relation. Liu and Liang [20]
established an ordering three-way decision model based on an integrated decision system consisting of the ordered
information and the losses. Zhao and Hu [49] developed an extended three-way decision model in multiset-valued
information systems through expanding the loss function into multiset values. Li et al. [14] systematically investigated
a series of three-way decision models on two universes.

Unfortunately, these proposed three-way decision models can not be employed for resolving the uncertainty
decision-making problems in incomplete data with missing values. To address this issue, Liu et al. [21] redefined
a novel similarity relation, and then provided a new three-way decision model with incomplete information by the aid
of a hybrid information system based on the combination of the incomplete information table and the loss functions.
On this basis, Xu and Wang [32] presented a new aggregation method of the interval loss functions to construct a new
three-way decision model. Luo et al. [23] built a conceptual framework for modeling similarity under incomplete
information and discussed three-way decisions in incomplete information systems. Yang et al. [36] deeply studied the
three-way decision rules by introducing the intuitionistic fuzzy sets to fuzzy incomplete information systems. Fur-
thermore, Huang et al. [7] presented a three-way neighborhood decision model on the basis of the data-driven neigh-
borhood relation in Incomplete Hybrid Information Systems (IHIS) containing the missing categorical and numerical
attributes values. However, in practical applications, the losses employed for estimating objects may be imprecise and
different when utilizing three-way decisions to deal with the uncertainty decision issues in incomplete hybrid data.
Thus, the three-way neighborhood decision model has certain limitations in processing IHIS with missing values con-
sidering that the losses are the same precise real numbers. To overcome this drawback, it is necessary to introduce the
formats of uncertainty to handle the issues with imprecision. Interval number, as a common format for characterizing
incomplete and complex information, exists widely in real world. The advantage of interval number is that it can cater
for the cognitions of decision makers and collect all possible variables within two endpoints without too much prior
knowledge and assumptions, which is beneficial for proper expression of uncertain information. Motivated by the su-
periority of interval number, we employ interval number to depict the loss function and assign the interval-valued loss
function to each object in IHIS. Further, we introduce a Composite Incomplete Hybrid Information Systems (CIHIS)
by combining IHIS and the interval-valued loss functions of objects together. Then, by averaging the interval-valued
loss functions of all objects in the data-driven neighborhood class, we propose a generalized three-way neighborhood
decision model, which can be regarded as the generalized form of the model in [7].

Along with the popularization and development of information technology, data derived from the practical appli-
cations generally emerge the dynamicity, which can be described as the insertion and removal of objects, the addition
and deletion of attributes and the modification of attribute values. When analyzing and processing the uncertainty
classification problems under dynamic environments, the traditional batch-learning methods are time-consumption
or even ineffective since they need to relearn the whole models with regard to the newly updated data. To this
end, by simulating human cognitive mechanism, the incremental learning technologies are devised to deal with the
continuously changing data. It can effectively improve the computational performance and facilitate knowledge main-
tenance through using the previously acquired results. Based on this superiority, much attention has been attracted
to incorporate the incremental learning technologies into rough set theory, and a tremendous amount of outstanding
achievements have been presented when objects, attributes or attribute values in information systems vary individ-
ually [5, 6, 19, 22, 24, 25, 45]. However, under dynamic environments, data may be no longer confined to the
single-dimensional variation but to the multi-dimensional variations, namely, objects, attributes or attribute values
may evolve over time simultaneously [1, 9, 10, 29-31, 34]. Generally, the phenomenon of simultaneous variation
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Figure 1: The overall structure diagram of the whole work.

of objects and attributes is frequent in real-life applications. For instance, in the diagnosis of unknown infections
diseases, when patients continue to increase over time, new disease symptoms that have not appeared before may
arise; In product quality analysis, when more product samples are tested, some new performance indicators may need
to be considered. With respect to the simultaneous variation of objects and attributes, Chen et al. [1] provided a
dynamic framework for maintaining approximations in decision-theoretic rough sets; Huang et al. [9] presented the
incremental principles for the update of the rough fuzzy approximations; Wang et al. [29] introduced the incremental
algorithms for the maintenance of the approximations in dominance-based rough sets. But the above-mentioned meth-
ods could not be directly applied to process the real-time classification problems in dynamic incomplete hybrid data
with multi-dimensional variations. Hence, the another objective of this paper is to establish an efficient framework for
dynamically maintaining three-way regions in the generalized three-way neighborhood decision model when objects
and attributes are added into CIHIS simultaneously.

As an extremely powerful mathematical tool, matrix method is simple and intuitive for the description and com-
putation of knowledge, which has been successfully applied to rough set theory [2, 8, 12, 35]. In accordance with the
advantage of matrix method, we firstly propose a matrix-based approach for the fast calculation of three-way regions
in the generalized three-way neighborhood decision model by constructing the matrix forms of related concepts and
the matrix operations. Then, considering that objects and attributes in CIHIS simultaneously evolve over time under
dynamic environments, we present a matrix-based incremental mechanism for facilitating the continuous generation
of three-way regions. Subsequently, we design a matrix-based incremental algorithm for maintaining the three-way
regions according to the proposed updating principles. Finally, we conduct the extensive comparative experiments to
demonstrate the superiority of the incremental updating approach. To better illustrate the associations between the
above-mentioned work, an overall structure diagram about this paper is shown in Figure 1.

The main contributions about this work are summarized as follows. (1) A generalized three-way decision model is
proposed to deal with the uncertainty classification problems in IHIS. (2) The matrix-based framework of computing
the three-way regions in the proposed model is constructed. (3) The matrix-based incremental principles for updating
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the three-way regions are discussed in detail when objects and attributes vary over time simultaneously. (4) The com-
parative experiments are carried out to verify the effectiveness and the efficiency of the incremental method. The rest
of this paper is organized as follows. Section 2 reviews the fundamental concepts of the relative knowledge. Section
3 presents a generalized three-way neighborhood decision model. Section 4 introduces a novel matrix approach to
represent three-way regions of the proposed model. Section 5 constructs an efficient approach based on matrix for
incrementally maintaining the three-way regions with the simultaneous addition of objects and attributes. Section
6 presents the matrix-based static and incremental algorithms for updating the three-way regions when objects and
attributes increase with time. Section 7 carries out a series of evaluation experiments to validate the efficiency of the
incremental algorithm. Section 8 summarizes the work and discusses the future research topics.

2. Preliminaries

For the convenience of discussion, this section briefly reviews some basic concepts and results about three-way
decisions [40], decision-theoretic rough sets [38, 39] and the data-driven neighborhood relation [8], respectively.

2.1. Three-way decisions in decision-theoretic rough sets

In rough set theory, an information system is often represented as a 4-tuple S = (U, AT, V, f), where U denotes
a non-empty finite set of objects; AT denotes a non-empty finite set of attributes consisting of condition attributes A
and decision attributes D, i.e., AT = AUD (AND = 0); V=1,ear Vu and V, is a non-empty finite set of attribute
values of a; f : U X AT — V is a mapping function such that f(u,a) € V, for each u € U and a € AT. In classical
rough set model, the indiscernibility relation is formally expressed as

Ep={(u,v) € U? |Vae Q, f(u,a) = f(v,a)}, YO C A. D

Apparently, the indiscernibility relation satisfies reflexivity, symmetry and transitivity, which is also called as the
equivalence relation. Then, with regard to any concept X C U, the lower and upper approximations of X in terms of
E are denoted respectively as

Eo(X) = {u € Ullulg, € X, o
Eo(X) = {u € Ullulg, N X # 0},

where [u]g, is the equivalence class of u under Eyp, i.e., [ulg, =1{v € Ul(u,v) € Eg}.

From this pair of approximations, it can easily be found that the classification must be completely correct or
certain, which makes the classical rough sets difficult to achieve effective knowledge from the practical applications
[39, 50]. To overcome this limitation, a pair of decision thresholds & and 8 are introduced into the probabilistic rough
sets. Then, the lower and upper approximations in the probabilistic rough sets can be represented respectively as

E(Q"’ﬁ)(X) = {u € U|Pr(X|[ulg,) = a},

3)
ESP(X) = {u € UIPr(XI[ulz,) > B

1XN[ulg,|
—2 and0<pB<ac<l
Hlllbg\

To systematically calculate the parameters o and 3, decision-theoretic rough sets are constructed based on Bayesian
decision procedure [38].

As is known to all, decision-theoretic rough sets are made up of two states and three actions. The state set is given
by Q = {X, X’} indicating that an element belongs to X and does’t belong to X, respectively. The action set is given
by A = {Ap, A, An}, where Ap, Ap and Ay denote three actions in classifying u, that is, deciding u € POS (X),
deciding u € BND(X) and deciding u € NEG(X), which are corresponding to the acceptance decision, the non-
commitment decision and the rejection decision, respectively. In addition, the loss function in regard of the risk or
cost of different actions in different states is described by a 2 X 3 matrix, shown in Table 1, where App, App and Ayp
respectively denote the costs of taking actions Ap, Ap and Ay when the object u is in X, and Apy, Apy and Ay
respectively denote the costs of taking same actions when the object u is not in X.

4

where Pr(X|[u]g,) denotes the conditional probability of u in X, i.e., Pr(X|[ulg,) =



O©CoO~NOOOITA~AWNPE

Table 1: The loss function

ﬂ P ﬂ B ﬂN
X(P) App App Anp
X'(N) ApNn AN ANN

According to the given loss function matrix, the expected losses L(A|[ulg,) (x = P, B, N) associated with the
actions Ap, Ap and Ay can be expressed respectively as

L(Apl[ulg,) = AppPr(X|[ulg,) + ApnPrX'|[ulg,);
L(Apllulg,) = AppPr(X|[ulg,) + ApnPr(X'|[ulE,); “4)
L(Anlule,) = AnpPrX|[ulg,) + Ann Pr(X’|[ulg,).

By the Bayesian decision procedure, it can easily be deserved the following minimum-cost decision rules.

(P) If L(Aplule,) < L(Apllule,) and L(Ap|[ulg,) < L(AN|ulg,), decideu € POS o(X);
(B) If L(Apllulg,) < L(ApIule,) and L(Apl[ulg,) < L(Anlulg,), decide u € BNDo(X);
(N) If L(Anllule,) < LI(APpIulg,) and L(A|[ulg,) < L(Apllulg,), decide u € NEGo(X).

In view of the reasonable semantic explanations of the loss functions with App < Agp < Ayp and Ayy < Ay < App,
the decision rules can also be simplified as

(P)HIf Pr(X|[ulg,) > a and Pr(X|[u]g,) > v, decide u € POS o(X);
(B") If Pr(X|[ulg,) < a and Pr(X|[ulg,) 2 B, decide u € BND(X);
(N') If Pr(X|[ulg,) < B and Pr(X|[ulg,) <y, decide u € NEGo(X).

— (Apn—ABN) — (Apy—ANN) — (Apn=ANN)
where @ = (Apn=ApN)+(Agp—App)’ B= o=+ e ¥ = Con=wn)+nr—rp) and 0 < § <y < a < 1. Therefore, the

minimum-cost decision rules can be re-represented respectively as

(P")If Pr(X|[ulg,) = @, decide u € POS o(X);

(B")If g < Pr(X|[ulg,) < a, decide u € BNDy(X);

(N")If Pr(X|[ulg,) < B, decide u € NEGo(X).
It is obvious that the minimum-cost decision rules don’t contain y. Then, the positive, boundary and negative regions
can be expressed respectively as

POS$P(X) = {u € U| Pr(X|[ulg,) > a);

BNDgﬁ)(X) = {ue Ul < Pr(Xl[ulg,) < a}; 5)

NEGZ?(X) = {u € U| Pr(X|[ulg,) < B}.

2.2. Data-driven neighborhood relation

In many real applications, the data always show the heterogeneity and incompleteness [27, 28, 48]. Such data can
be represented by IHIS. First, we simply introduce the definition of THIS [8].

Definition 2.1. [8] Let S = (U,AT = AU D,V, f) be an information system. If the condition attribute set A is
composed of the categorical attribute set A€ and the numerical attribute set AV, i.e., A = ACUAN (AS AN = 0), and
there exist u € U and a € A such that f(u,a) = = or f(u,a) =?, then S is called as IHIS.
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Table 2: Description of related symbols

Symbol Meaning

vk the k-th known categorical attribute value with respect to a;

Vé the /-th known numerical attribute value with respect to b;

V,I the set of all known categorical attribute values with respect to a, i.e., V) = {VL}, VI

VbT the set of all known numerical attribute values with respect to b, i.e., VZ = {Vl}, cee V;”2 };

H, the set of objects with known attribute values under a, i.e., H, = {u € U|f(u,a) # = A f(u,a) #7};

H, the set of objects with known attribute values under b, i.e., H, = {u € U|f(u,b) # = A f(u,b) #7};

s’; the number of objects such that f(u,a) = Vf under a, i.e., s’; =l{u € Hy|f(u,a) = V§}|2

n the number of objects such that |f(u, b) — < op under b, 1.e.,n, = [{u € Hy u,b) — < Opils
fj h ber of obj h that |f(u, b) Vélé der b, i 2|{ H,|lf(u, b) Vél opll

Op the threshold value with respect to b.

With respect to THIS, Zhao and Qin proposed a neighborhood-tolerance relation by integrating the neighborhood
relation and the tolerance relation when all unknown values are “do not care” condition [48]. Similarly, Huang et al.
presented a neighborhood-characteristic relation to handle IHIS with “do not care” and “lost value” unknown values
[8]. Obviously, the characteristics of data distribution are not well considered during the construction of the binary
relations. Therefore, Huang et al. also constructed a data-driven neighborhood relation based on two kinds of pseudo-
metric functions only with the reflexivity [8], which can be considered as a generalized form of other neighborhood
relations that deal with IHIS. For the convenience of understanding, the detailed explanations of some symbols in the
pseudo-metric functions are summarized in Table 2.

Definition 2.2.

[8] Let S be an IHIS and Q = Q€ U Q" C A. Suppose that p€ : U*x Q¢ — Randp" : U*x Q" - R

denote two pseudo-metric functions with regard to Q€ and QV, respectively. Then, for any a € Q€ and b € QV,

S, v,a) =

and

o~ (u,v,b) =

0, u=vVv fu,a ="
0, (f(w,a),f(v,a)e VJ) A f(u,a) = f(v,a);
0, sh/IHd = k1 A((f(u,0) = Vi A f(v,a) =) V (f(u,a) = = A f(v,a) = V) ©)
0, (#v)ACE GHIHD? = k1 A (f(u,a) = % A f(v,a) = %));
0, f(u,a)=x*A f(v,a) =",
oo, otherwise,
0, u=vV f(u,b) =
[fu.b) = f(,b)l,  f(u,b), f(v.b) € V,;
0, [ |Hpl = k2 A ((f(u,b) = Vy A f(v,b) = %) V (f(u, b) = % A f(v,b) = V}));
0, (u #v) A2 [\HD? /| Hp| 2 ko A (f(u, b) = % A f(v,b) = %));
0, f(u,b) == A f(v,b) =72,
00, otherwise,
(7N

where k| and k, denote two given threshold values, respectively.

Definition 2.3. [8] Let S be an IHIS, and Q = Q€ U QN C A. The data-driven neighborhood relation with respect to
Q can be defined as
N ™ = {(u,v) € UVg € Q,(g € 0 = p“(u,v,q) = 0) A (g € Q" — p"(u,v,9) < 6,)}, ®)
6
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where 6 = {04lq € oV).

For simplicity, we employ the symbol Ng to replace N(Qd”“ “2) in the following. Then, the data-driven neighborhood
class of u can be expressed as Ng(u) ={v e Ul(u,v) € Ng}. Furthermore, by Egs. (6) and (7), the two pseudo-distance

functions p¢ and p" satisfy regularity, but do not necessarily satisfy symmetry or triangle inequality. Hence, the data-
driven neighborhood relation is only reflexive.

3. The generalized three-way neighborhood decision model in IHIS

In this section, we focus on exploring an effective three-way decision model to process the uncertainty decision
problems in IHIS. First, a CIHIS is introduced by integrating IHIS and the interval-valued loss functions of all objects.
Then, by averaging the interval-valued loss functions of all objects in the data-driven neighborhood class, a generalized
three-way neighborhood decision model is presented.

Definition 3.1. Let S = (S, A, g) be a CIHIS, where S = (U,AT = AU D,V, f) is an IHIS; A is the set concluding the
interval-valued loss functions of all objects, i.e., A = ey (App(), Agp(u), Anp(u), Ayn(u), Apy(u), Apy(w)); g : U — A
denotes a mapping function such that g(u) = (App(u), Agp(u), Anp(), Any (W), Ay (1), Apn(W))) for any u € U.

It is noteworthy that A4.(u) = [A5, (), AL, (w)] (* = P, B,N;o = P,N), where A3, (u) and A}, («) denote the lower
and upper bounds of Ao (10), respectively. Assume that A = (17, /lI’] and 1, = [13, /15 ] respectively represent two
interval numbers, then we have:

(i) A+ =[] + 45,4 + 31
(i) Ay — A =[] - A%, 47 - 451
(iii) /:11 X Ay = [min(A; A7, A7 A3, AT A5, AT A3), max(A; A7, Ay A, AT A5, AT A3
(iv) A1/z = [A], 471 x [1/45,1/43], where 0 ¢ [15, A3 ];
(v) kAy = [kA],kAT], where k € R and k > 0.

Furthermore, taking the reasonable semantic explanations of the loss functions into account, we can get the following
conditions:

/l;’P(u) < /l;;P(u) < /lﬁp(ul AZP(M) < AEP(M) < /l];p(u);

Ay (@) < Ay W) < Apy(u), Ayyw) < Ay W) < Apy(u).

C))

Given a CIHIS S in which Q € A. Considering that the objects in a data-driven neighborhood class Ng(u)
may have different interval-valued loss functions, it is significant to investigate available approaches to aggregate the
interval-valued loss functions of all objects in Ng(u). Liu and Liang [21] introduced two strategies to integrate the
interval-valued loss functions of all objects belonging to an indiscernibility class, which are the optimistic aggregation
strategy and the pessimistic aggregation strategy, respectively. The optimistic and pessimistic aggregation strategies
respectively employ the union and intersection operations to integrate these losses to generate the aggregated loss
functions. Obviously, both two strategies have their own drawbacks, that is, the length of the aggregated loss function
is too broad and too narrow, respectively. To tackle these issues, we utilize the average value of the interval-valued loss
functions to represent the aggregated loss function, which can use the the characteristics of the interval-valued loss
functions of objects in Ng(u) and make the length of the aggregated loss function neither too broad nor too narrow.
Then, the expected losses of taking actions Ap, Ag and Ay for object u can be represented respectively as

2N (w) Apn (V)
INg @
ZveNg(u) (Ao (), A ()]
ING )l

2veNs ) App(v)
NG (W)
S rensolAmp (). 0]
) NG Gl

LApINYw)) = PrXINQ(w)) + Pr(X'INg(u)

10)

Pr(XINQ(w)) + Pr(X' Ny (w));
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2veN () Apn(v)
INg @)
ZVENZ(M)[AZ;N(VL Apy]
ING )l

DveNdw Agp(v)
INg @)
Zvend [ App()s Agp (V)]
) NG (W)

LAINY W) = PrXINY(w)) + Pr(X'INg(u)

an

Pr(XINQ(w)) +

Pr(X' Ny (w));

ZveNg(u) Ann(v)
ING )l
2veng Ay (), Ay )]
INg @)l

ZveNg(u) Anp(v)
NSl
ZveNg(u) [y p(1), A4 p(M)]
) NS (W)

L(AyINYw) = PrXINg(u)) + PrX'IN(w))

12)

Pr(XINgw)) + Pr(X'|Ng(u)).

Based on the Bayesian decision procedure, we need to compare the expected losses .E(ﬂplNg(u)), L(ﬂBINg(u))

and L(AyIN g(u)) to acquire the minimum-cost decision rules. However, since the aggregated loss function of Ng(u)
is also an interval number, it is hard to compare these expected losses intuitively. To tackle this matter, it is necessary to
explore an effective method to rank the interval-valued losses. The 6 ranking method [17], as a typical certain method
for ranking interval numbers, utilizes the lower and upper bounds of interval numbers to transform interval numbers
into real numbers. Considering that the 6 ranking method has advantages in easy implementation and simplifying
computation when ranking interval numbers, we employ it to compare the interval-valued expected losses.

Definition 3.2. [17] Let A = [A~, A*] be an interval number and 6 € [0, 1]. The transformed formula of A can be
defined as

Q) = (1 -1 +0at, (13)
where h%(2) and 8 denote a transformed outcome and the risk attitude of decision maker; respectively.
From Definition 3.2, it can easily be found that 2%(2) € R. Then, combined with Condition (9), we have

R (App(w)) < h’(App(u)) < h*(Anp(u));

- _ _ 14
R nw)) < h*(Apyw)) < h°Apn(u)). (1

By applying the 6 ranking method, the Bayesian decision procedure can deduce the following three minimum-risk
decision rules:
(P1) If K(L(ApINGW))) < H(LABINGW))) and h*(LAINYW))) < ' (L(ANING(w))), decide u € POS o(X);
(B1) If W*(L(ABING))) < h(L(ApINYw))) and h’(LIAINGw)) < K(L(ANINGW))), decide u € BNDo(X);
(ND) If B (LANING@))) < b (LAPING(w))) and B (L(ANING W) < B (L(ABINY(w))), decide u € NEG o(X).

where
LNy = 2D sy ZR O s
ING(w)l ¢ NG ()l ©
sy = 22D gy« Z OO (1s)
NG ()] ¢ ING ()] e
he(L(ﬂNlNg ) - DveNs ) he(/lNP(V))Pr(XlN‘S )+ 2veNs R (AN () PrOCING ().
ING @) © ING @) ©
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Considering that Pr(X| INg(u)) + Pr(X’INg(u)) = 1, the decision rules (P1)-(N1) can intuitively be represented as
follows.

(P1")If Pr(XINQ(w)) > & and Pr(XINg(u)) > 7", decide u € POS o(X);
(BI") If Pr(XINg(w)) < @ and Pr(XINp(u)) = B, decide u € BND(X);
(N1 If Pr(XINg(u)) < B" and Pr(XINg(u)) <¥", decide u € NEGy(X).

where
» Zreng ' (Apy() = B (Apn(v)))
B ZveNg)(u)(he(/_lPN(V)) — hf(Apv(v)) + ho(App(v)) — he(/_lPP(V)));
B - ZueNg(u)(hg(ZBN(V)) - (AN (v))) . 6
ZveNg(u)(hg(/_lBN(V)) = h Ay () + BOAnp(v)) — B(Agp(v)))
= ZVENg(u)(hG(/-lPN(V)) - h(Ann ()

ZVENZ)(M)(hH(/_lPN(V)) — WQAyn () + B QAnp(v)) — B (App (V)

Apparently, it follows from Condition (14) that 0 < @* < 1,0 < 3* < 1 and 0 < " < 1 for any u € U. Besides, to
make rule (B1’) meaningful, it is reasonable to assume that 8* < &". By a series of uncomplicated calculations, it is
easy to yield that 0 < 8“ < 9" < @" < 1. Then, the decision rules (P1’)-(N1”) are simplified respectively as follows.

(P1”) If Pr(XINg(u)) = @", decide u € POS o(X);
(B1")If B < Pr(XINy(u)) < &", decide u € BNDy(X);
(N1") If Pr(XINg(u)) < B, decide u € NEGo(X).

It can obviously be found that the minimum-cost decision rules are only related to parameters @ and 3, where @ =
{@“|Vu € U} and B = {B“|Yu € U}. On this basis, the positive, boundary and negative regions in the generalized
three-way neighborhood decision model can be expressed respectively as follows.

POS $P(X) = ulPr(XINS () > &, Vu € U);
BNDSP (X) = (ul" < PrXIN(w) < &, Yu € U); (4
NEGSP(X) = (ulPrXINg(w)) < B, Yu € U).

Similarly, with respect to the multi-category case, we also construct the positive, boundary and negative regions
in the generalized three-way neighborhood decision model.

Definition 3.3. Given a CIHIS S and Q C A. If U/D = {Dy,D,,--- , D,,}, the three-way regions of D with regard to
Ng are defined by

3

POS$P(D) = U POSSP (D)) = | JulPr(DINyw) = &, Yu € U;

J=1 J

(=

BNDSP (D) = U BNDSP (D)) =

J=1 J

{ulB" < Pr(D;INg(w) < &",Yu € U}; (18)

m

NEGGP(D) = U - (POS (D) U BNDSP (D)) = [ {ulPr(D,IN(w)) < B, ¥u € U},

To visually view the process of the above discussions, an lexample about the neonatal disease screening is employed
to explain the generalized three-way neighborhood decision model. As is known to all, the neonatal disease screening
is the population census of some serious congenital and genetic diseases at the birth of newborns, which includes
the neonatal hearing screening, the neonatal fundus screening and the genetic metabolic diseases screening, etc. Its
purpose is early diagnosis and treatment to avoid irreversible physical and intellectual development disorders.

9
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Table 3: A CIHIS about the neonatal disease screening

U a a a3 a4 d /_lPP /_1313 /_1NP /_lNN /_131v /_lPN

uy F F 32 02 1 [0,1R] [1A,2A] [4h,6R] [1A,1.5R] [2Ah,4R)] [5h,8A]
u, * P 83 0.7 1 [0.5A,1.5h] [2h,4R] [5h,7h] [1h,2R] [2.5h,4R] [4.5R,6.5R]
uz * 7 29 03 0 [1.5h3A] [3h,5h] [6h,8R] [1.5A,2.5h] [3h,4h] [4.5h,7h]
u, P P 27 04 1 [0,1.5R] [1.5A,3R] [3.5h,5h] [0A,2A] [2.5h,4.5h] [5h,7.5R]
us P P 19 ? 0 [1A2.5K] [3.5R,5h] [5.5h,7.5R] [0.5R,2.5h] [2.5h,4.5R] [5h,7R]
uge F F 31 * 0 [1A,2R] [2.5h,4R] [4.5h,6.5A] [17,3R] [3.5R,5.5R] [67,8R]

Note: & is an unit cost determined by the individual administration.

Table 4: The results of the thresholds @, B and ¥

U 1%@pp) K% App) h*(Anp) %3 QAnn)  h%Apy)  H™(Apw) a B ¥

uj 0.50 1.50 5.00 1.25 3.00 6.50 0.6857 0.4250 0.5467
Uy 1.00 3.00 6.00 1.50 3.25 5.50 0.5294 0.3684 0.4444
Uz 2.25 4.00 7.00 2.00 3.50 5.75 0.6471 0.4342 0.5347
Uy 0.75 2.25 4.25 1.00 3.50 6.25 0.6471 0.5556 0.6000
Us 1.75 4.25 6.50 1.50 3.50 6.00 0.5000 0.4706 0.4865
Ug 1.50 3.25 5.50 2.00 4.50 7.00 0.6857 0.4250 0.5467

Example 3.1. Table 3 shows a CIHIS about the neonatal disease screening S = (S, A, g), where S = (U,AT = AU
D,V, ). InTable 3, U = {u;|]1 < i < 6} denotes 6 different newborns; A = ACUAN = {a1, ax}U{as, a4} = {a1, a», as, as)
denotes the 4 different disease screening programs, where ay, ay, az and ay represent the hearing screening, the fundus
screening, Congenital Hypothyroidism (CH) and Phenylketonuria (PKU), respectively; D = {d} denotes the decision
attribute set. With respect to attributes a, and a,, the symbols “P” and “F” indicate that the newborn passed and
failed the primary hearing (fundus) screening, respectively. With respect to attributes as and a4, the values represent
the concentrations of Thyroid Stimulating Hormone (in mIU/L) and Phenylalanine (in mg/dL) in neonatal plantar
bloods, respectively. With respect to the decision attribute D, the values 0 and 1 represent “normal” and “abnormal”,
respectively. In addition, “*” and “?” represent two kinds of unknown values in the screening process, respectively.

Let k1 = kp = 0.5 and 6 = {045,04,} = {0.30,0.20}. According to Definition 2.3, we have: Nj(ul) = {uy, ug},
NS(u2) = {un), NS (uz) = {ur, us, ug, ugl, N§(us) = {ua}, NS(us) = {us}, N§(ue) = {uy, ue).

For the decision attribute set D = {d}, we have U/D = {Dy, D,}, where D\ = {uy,uy,us} and D, = {us, us, ug}.
Then, the conditional probabilities of all objects can be computed as: Pr(Dlle(ul)) = 0.5, Pr(Dlle(uz)) =1,
PrDINS(s)) = 0.5, PHDYING W) = 1, PrDiING(us)) = 0, Pr(DiINS () = 0.5; Pr(DaN3(wy) = 05,
Pr(DaN3(u2)) = 0, Pr(D2N§(u3)) = 0.5, Pr(DaN§(us)) = 0, Pr(D2IN§(us)) = 1, Pr(Dy|N3(ue)) = 0.5.

Moreover, suppose that 6 = 0.5, the interval-valued loss functions can be transformed into real numbers by
Definition 3.2. On this basis, the thresholds @', B and ¥* with regard to object u can be obtained according to Eq.
(16). The detailed results are listed in Table 4. i i

Then, by Eq. (17), the three-way regions of Dy and D, are calculated as: POS f’ﬁ )(Dl) = {uy, us}, BNDX_”'B )(Dl) =
{wr,us, ug), NEG{P/(Dy) = {ush; POS§P(D2) = {us), BNDP/(D,) = {ur, u3, u6), NEGY? (D2) = {uz, us).

Finally, it follows from Definition 3.3 that POS "*\(D) = {u2, us, us}, BND"? (D) = {uy, us, us}, NEGP(D) = 0.

4. Matrix approach to the generalized three-way neighborhood decision model

This section focuses on studying the generalized three-way neighborhood decision model from the view of matrix.
Firstly, the matrix forms of related concepts in the generalized three-way neighborhood decision model are introduced.

10
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Then, with the help of several effective matrix operators, the matrix-based representation of the three-way regions in
the generalized three-way neighborhood decision model is presented.

Definition 4.1. Let S be a CIHIS, where U = {uy,uy,--- ,u,} and X C U. The characteristic vector of X can be
described by an n X 1 column vector, defined as

1, ie€EX 1 <i<m
GX)=1[g1,82. " -gnl", where g; = ! L= (19)
0, u,»&‘X,lSiSn,

and “T” is the transpose operation.

Definition 4.2. Let S be a CIHIS, and U/D = {D, D, - - , D,,}. The decision matrix is defined as

1, M,‘GDj,lSl'Sn/\lSjSm;

D= [d[j]nxma where dij = { (20)

0, ui¢D,1<i<nAl<j<m.

From Definition 4.2, it is apparent that D = [G(D,), G(D3), - -+ ,G(D,,)]. In addition, because the binary relation
under the decision attribute set D is an equivalence relation, the summation of the elements in every row in D is
identically equal to 1, i.e., 377, djj = L.

As is known to all, the traditional relation matrix is employed to describe the binary relations between objects.
which plays a crucial role in matrix-based method of computing the related knowledge in rough set theory [5, 10].
Unfortunately, the traditional relation matrix is unfeasible to update the three-way regions in our proposed model
under dynamic data environments. Therefore, we defined a new relation matrix in our previous work [7], which can
be viewed as the generalized form of the tradition relation matrix. For the discussion, we call it as the double-value
relation matrix.

Definition 4.3. Let S be a CIHIS, where U = {uy,us, -+ ,u,} and a € A. The double-value relation matrix with
respect to a is denoted as M* = [m?j]m, where

(1) when (u; # uj) N[(f(ui,a) = * A f(uj,a) #7) V (f(u;,a) #? A f(uj,a) = *)], then

) 51\
nt ={ (1,1), uje No(uy); o
0,1), otherwise.
(2) when (u; = uj) vV (f(uj,a) =0V (f(uj,a) =) v (f(w;, a), f(u;,a) € V;), then
) S(1r -
. { (1,0), u; € No(uy); )
’ (0,0), otherwise.

Considering that the elements in the double-value relation matrix are a pair of values consisting of 0 and 1, i.e.,
(0,0), (0, 1), (1,0) and (1, 1), the multiplication operation rule between a pair of values is different from that between
single values. Let mf] = (x%,y*) and mf’] = (1%, y” ) be two elements in the double-value relation matrices M® and M,

respectively. The multiplication operation “X” between mfj and mf’j can be denoted as follows.

Ifx*=x=1, thenmfjxmf’jz(x“/\xb,y”Vyb). (23)
If x* = x" = 0, then mf; x m; = (x* A X, y* Ay"). (24)
AP YV, =1
If x* = 1 and * = 0, then mf; x m, = ( YV Y (25)
X AXP,y AN, Y =0.
¥ ALY VYD), =1,

Ifx*=0andx” =1, thenm?jxmfj: ( by yb) Y (26)
X AX, P AY), ¥ =0.

where “V” and “A” are the disjunction and conjunction operations, respectively. On this basis, it can easily be
calculated the double-value relation matrix with regard to an attribute set.

11
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Definition 4.4. Let S be a CIHIS and a, b € Q. Let M* = [m{ ],,X1 and M? = [m ],,Xz be the double-value relation

matrices. The Hadamard product “®” of M® and M is defined as M* @ M = [m“Ub luxi, where m"JUb = m X mlj

Lemma 4.1. Givena CIHISS, Q ={a1,az,- - , a9} € A. Let M% = [mf;],,x,, and M€ = [mg],,x,, be the double-value
relation matrices with respect to a; (1 < k < |Q|) and Q, respectively. Then,

M2 = M“ @ M® ... @ M“2 27

For simplicity of presentation, we use symbols rs and ss to describe a pair of values of ms in M€, respectively,
ie., mg = (rg, Sin)' Based on Definition 4.3 and Lemma 4.1, several simple results can be easily observed: (1) the

diagonal elements in M€ are identically equal to (1,0), i.e., mg = (1,0); (2) the double-value relation matrix M€ is

not necessarily symmetric, i.e., ms

* mJQl (i # j); (3) the sum of the first values of all elements in i-th row of M€ is
the cardinality of the data-driven neighborhood class containing u;, i.e., |Ng(u,-)| Z’]’ 1 r . Furthermore, the related
induced matrices presented later are merely related to the value rg in M€, Therefore, in the following, a new function
is introduced.

Definition 4.5. Ler M2 = [mg]nxn be a double-value relation matrix. The relation valued function on M€ can be
defined as

F(M9) = [F(mg)],,x,,, where F(mg) = rg. (28)

Definition 4.6. Let S be a CIHIS, Q C A. M9 = [min]an denotes the double-value relation matrix under Ng. The
induced diagonal matrix of My is defined as

1€ = diag[1/72,1/%2,--- . 1/¥2], where y? ZF(mfj). (29)

Definition 4.7. Let X = [x;jl,q and Y = [y; J]lxp denote two matrices. The inner product *“ e ” of matrices X and Y
can be deﬁned asXeY = [Zl]]nXp: where Zij = Zk 1 XikYk -

Definition 4.8. Let S be a CIHIS, Q € A. D = [dilum MC = [mZ ]y and T2 = diag[1/y2,1/y5, -+, 1)y are the
decision matrix, the double-value relation matrix and the induced dzagonal matrix, respectively. The condition matrix
in regard to Q is defined as

02 =12 o (F(M?) o D) = T2 ¢ X = [¢2 ], (30)

where ¢u =iy F(m )dk])/y and X2 = F(M9) e D, named as the intersection matrix.

Apparently, Definition 4.8 provides an effective matrix approach to calculate the conditional probability, and the
element ¢ in @2 is equal to Pr(D; IN‘S ), i.e., ¢Q |N6 (u;) N D; |/|N5(u )l. In what follows, we concentrate on

exploring a matrix-based method for computing the threshold parameters of all objects, i.e., @ and 3.

Definition 4.9. Let S be a CIHIS, U = {uy,us, - -+ ,u,}. The loss matrix is denoted by an n X 6 matrix, defined as

R Qpp(u)),  j=1;
R App(u)),  j =2
R Anp(ui), =3
R w)), j =4
R (ui),  j=5;
R (Apn(ui)),  j =6,

]Le = [/L'j]nxé, where /lij = (31)

where h? denotes a transformed function, introduced by Definition 3.2.

12
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Definition 4.10. Let X = [x;jl,sq and Y = [y;jlaxa denote two matrices. The dot divide “©” of matrices X and Y can
be defined as X @ Y = [Wjjluxi, where w;; = ;ﬁ
) .

Definition 4.11. LetS be a CIHIS, Q C A. M2 and LY are the double-value relation matrix with regard to Ng and the
loss matrix, respectively. T® = [t1,t2, -+ , 1,17 and TP = [01, 02, -+ , 0417 are called the a-threshold and B-threshold

vectors, defined respectively as follows.
T* = (F(MP?) o (L°(-,6) - L°(-, 5))) @ (F(M?) & (IL(-,2) = L’(-, 1) + L°(-, 6) = L., 5)));

32
T = (F(M©) o (L7(, 5) - L°(, 4))) @ (F(M?) » (L°(-, 3) - L°(-,2) + L(;, 5) = L°(, 4))), 42

where LO(-, i) (1 < i < 6) denotes the i-th column in 19,

From Definition 4.11, it can easily be calculated a pair of thresholds @ and 8 from the perspective of matrix,
and the elements ¢; and o; in T¢ and T? are equal to @*% and 8% in & and 3, respectively. Moreover, for simplicity
of presentation, suppose that H-? = F(M2) e (LY(-,2) — LY(-, 1)), H®® = F(M?) e (LY(-,3) = LY(-,2)), H*> =
FM9) e (LY(-,5) — LO(-, 4)) and H>® = F(M2) e (L7, 6) — L(-, 5)). Then, Eq. (32) can be represented as follows.

T = HO9 o (H2 + HO9);

T8 = HS o (HY + H*Y). (33)

Definition 4.12. Let X = [x;],x1 and Y = [yilux1 be two column vectors, B = [b;jl,xm be a matrix. The operations
“B>" and “>” can be defined respectively as follows.

1, x <bjj<y;

(1) X>B>Y= [vilj],,xm, where v,!j = {

0, otherwise.
I, xi<bj<ys

(2) X > B> Y = [V ]nxm where V2, =
iy ” 0, otherwise.

Definition 4.13. Let S be a CIHIS, Q C A. 2 = [¢S]Mm be the condition matrix with regard of Q, T = [1;]ux1

and TP = [0;],x1 be the a-threshold and B-threshold vectors, respectively. Three cut matrices of @ can be defined as
follows.

PO =T > 00 & 1 = [J ] ms
P =T & 00 & T = [§ 2] 34
P2 =02 02> T = [P
where 1 denotes the column vector that all elements are 1, and 0 denotes the column vector that all elements are 0.
Theorem 4.1. Given a CIHIS S, Q C A. Let 2 = [%S]nxm, PO = [lﬁg]nm and ¥Q = [lﬁg]nxm be three cut matrices

in regard of Q. Then, the characteristic vectors of three-way regions with respect to D, i.e., G(POS (Q(Y’B )), G(BND(Q@”B))
and G(NEG(Qd’ﬁ )) can be calculated respectively as follows.

LoV gl=t

, otherwise.

G(POS §P(D)) = il where pi; = {

G(BNDSP(D)) = [V;lx1. where vi = (35)

0, otherwise.

{ Lo Vi g =1

G(NEG(S’B (D)) = [Wilux1, where w; =
0, otherwise.

70 _ 1.
{ ) ;nzl g =1

13
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Proof. Tf \/., Lﬁg = 1, there exists j € [1,m] such that J/S = 1. It follows from Definitions 4.12 and 4.13 that
;i < ¢g < 1, namely, Pr(DjINg(u,-)) > a". Then, according to Definition 3.3, we have u; € POS g’ﬁ )(D), namely,
i =110V J/g = 0, then Jrg = 0 for any j € [1,m]. From Definitions 4.12 and 4.13, we have ¢g < t;, namely,

Pr(D jINg(u[)) < a". Then, by Definition 3.3, we have u; ¢ POS (gﬁ) (D), namely, y; = 0. The remainder of this
theorem follows in a similar manner. O

Example 4.1. (Continued from Example 3.1) First, we compute the decision matrix. By Definition 4.2, we have

el LI B ¢ ol
SRR 001 0 1 1]

Next, we compute the double-value relation matrix under A. According to Definition 4.3, the double-value relation
matrices with regard to a,, ay, a3 and ay can be computed respectively as

[(1,0) (1,1) (1,1) (0,0) (0,0) (1,0)] [(1,0) (0,0) (0,0) (0,0) (0,0) (1,0)]
(1,1 (1,0) (1,1 (1,1) (1,1) (1,1) (0,0) (1,0) (0,0) (1,0) (1,0) (0,0)
ppr - |51 LD (1L0) (LD (1,1 (4,1 M = (1,0) (1,0) (1,0) (1,0) (1,0) (1,0) ’
(0,0) (1,1) (1,1) (1,0) (1,0) (0,0) (0,0) (1,0) (0,0) (1,0) (1,0) (0,0)
(0,0) (1,1) (1,1) (1,0) (1,0) (0,0) (0,0) (1,0) (0,0) (1,0) (1,0) (0,0)
[(1,0) (1,1) (1,1) (0,0) (0,0) (1,0)] (1,0) (0,0) (0,0) (0,0) (0,0) (1,0)]
[(1,0) (0,0) (1,0) (0,0) (0,0) (1,0)] [(1,0) (0,0) (1,0) (1,0) (0,0) (1, 1)]
(0,0) (1,0) (0,0) (0,0) (0,0) (0,0) (0,0) (1,0) (0,0) (0,0) (0,0) (0,1)
ypes = | (150 (0,00 (1,0) (1,0) (0,0) (1,0) . (1,0) (0,0) (1,0) (1,0) (0,0) (1,1) .
(0,0) (0,0) (1,0) (1,0) (0,0) (0,0) (1,0) (0,0) (1,0) (1,0) (0,0) (1,1)
(0,0) (0,0) (0,0) (0,0) (1,0) (0,0) (1,0) (1,0) (1,0) (1,0) (1,0) (1,0)
[(1,0) (0,0) (0,0) (0,0) (0,0) (1,0)] [(1,1) (0,1) (1, 1) (1, 1) (1,0) (1,0)]

Based on Lemma 4.1, it is easy to obtain

[(1,0) (0,0) (0,0) (0,0) (0,0) (1,1)]
(0,0) (1,0) (0,0) (0,0) (0,0) (0,0)
(1,1) (0,0) (1,0) (1,1) (0,0) (1,1)
(0,0) (0,0) (0,0) (1,0) (0,0) (0,0)|
(0,0) (0,0) (0,0) (0,0) (1,0) (0,0)
1(1, 1) (0,0) (0,0) (0,0) (0,0) (1,0)]

M4 = M* @ M® @ M* @ M% =

Then, by Definition 4.6, the induced diagonal matrix of M can be computed as = diag[%, 1, }1, 1,1, %]. Hence,
from Definition 4.8, the condition matrix with respect to A can be calculated as

[1 00 0 0 1] [t o) [§ %]
01 00 0 0/ (1 0O 10
11 1 1 01 1 0 1| [0 1 i1
CDA=FA-(F(MA)o]D)=diag[§,1,z,1,1,§]o 00010 oo =i (2).
000 O0T1 0/ (01 0 1
1 0 0 0 0 1] [0 1]} [3 3
14



O©CoO~NOOOITA~AWNPE

In the following, it follows from Definition 4.9 that the loss matrix can be computed as

0.50
1.00
2.25
0.75
1.75

11.50

]LO.S —

1.50
3.00
4.00
2.25
4.25
3.25

5.00
6.00
7.00
4.25
6.50
5.50

1.25
1.50
2.00
1.00
1.50
2.00

According to Definition 4.11, we have

3.00 6.50]
325 5.50
3.50 5.75

3.50 6.25|

350 6.00
450 7.00)

T = (F(M*) o (LY —L%)) @ (F(M*) o (L% - L% + L% - 1L.%%)

1

- o o = o
o o o o —~ ©

0

S O O = O O
S o = = O

S = © O O O

—_— O O = O =

3.50
2.25
2.25
275
2.50
2.50]

S O O O = O

‘»—oo»—o»—n

0

o O o = O

0

S O = = O

0

S = © O O

‘r—kOO»—O»—A

4.50]
425
4.00
425
5.00

14.25]

TF = (F(M*) o (L% - L) @ (F(M*) o (LY - L% + L% - 1L%))

S o o = O

- o © = © =

0
0
1
1

0
0

S © © = O O

S = O O O O

l»—iOO»—AO»—A

[1.75]
1.75
1.50
2.50
2.00

2.50]

S © © O = O

rr—OO»—O»—t

Then, it follows from Definitions 4.12 and 4.13 that

B0
IS
1l
o O = O = o
- © o ©

0]

=l
Q
Il

‘P—‘OOb—‘or—“

l»—oo»—AOH‘

&>

0 o
0 1

oo

“lo 1|
10
[0 0]

0

S © O = O

0

S O = = O

0

S = O O O

[5.25]

"—‘OO*—‘O’—‘

14.75]

4.75
4.50
4.50
4.25

[6.00] [8.75]
225 4.25
11.00| [17.00

@

2.75 425
2.50 5.00
| 6.00| [8.75]
[4.25]  [10.00]
1.75| | 4.75
8.25| [19.00

(%)

2.50| | 4.50
200 |425

4.25]  |10.00

[0.4250)

0.4250)

0.6857
0.5294
0.6471
0.6471
0.5000

10.6857|

0.3684
0.4342
0.5556|
0.4706

Combined with Theorem 4.1, we can obtain the characteristic vectors of three-way regions with respect to D.

G(POS TP (D)) =10,1,0,1,1,01";

G(BND™P(D)) = [1,0,1,0,0,117;
G(NEGP (D)) = 10,0,0,0,0,0]".

5. Matrix-based incremental mechanism for updating three-way regions in dynamic CIHIS

In this section, an efficient incremental framework for maintaining three-way regions of the generalized three-
way neighborhood decision model based on matrix is constructed when objects and attributes in CIHIS increase with
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time simultaneously. As we have stated in the previous section, the three-way regions can be derived from three cut
matrices through the construction of the decision matrix, the double-value relation matrix and the loss matrix. It is
evident that the loss matrix can be intuitively built in view of the loss functions. Consequently, the important step for
the maintenance of the three-way regions is to update the decision matrix and the double-value relation matrix. In
what follows, we mainly focus on investigating the incremental strategies for the update of the decision matrix and
the double-value relation matrix under the simultaneous variation of objects and attributes.

For simplicity of presentation, let ' = (S?, A%, g") be a CIHIS at time ¢, where S’ = (U’,A" U D, V', f) and
U'/D = {D{,D),---,D,,}. When new object set AU and attribute set AA are added to S" at time 7 + 1, S’ is updated
as SHI — (S’”,/_l’”,g’”), where SHI — (UHI,AHI U D, V[+1,ft+1), UHI =U'U AU, At+1 = A" UAA and UHI/D -
{Dfl”,th”, ‘e ,Dﬁ;l,D”;il, ‘e ,quﬂm,}. Suppose that |U’| = n, |AU| = n’, |A’| = [, |AA| = I, then |[U"*!| = n + n’ and
|A™!| = [+ I'. In addition, let [N/‘j,]UHl and [ij 1V"" be the data-driven neighborhood relations with regard to A’ and
A" on U™, respectively.

Obviously, the variation of the condition attributes can not give rise to the change of the decision matrix. Thus,
we merely need to discuss the updating principle of the decision matrix with the addition of new objects.

Theorem 5.1. Let S’ be a CIHIS at time t, and D' = [d| j]nxm be the decision matrix at time t. When new object set
AU and attribute set AA are added to S', suppose that D' = [dl?;.’l](,,ﬂ,/)x(,,ﬁmr) denotes the decision matrix at time
t + 1. Then the decision matrix D'™*! can be updated as follows.

d;j, I1<i<nAl<j<m
di' =31, w €D An+1<i<n+n (36)
0, (d<isnAm+1<j<m+m)V@weDi An+l<i<n+n),

Proof. When adding AU and AA simultaneously, it is straightforward to yield that the decision matrix is updated as

(n+n') X (m+m’) matrix, i.e., D! = [dlfj](,,+,,/)x(m+m/). For the ease of description, the process of proof can be divided

into the following three parts.

(1) Forany 1 <i<nand1<j<m,ifu € D’j, ie., dfj =1,thenu; € D;.“, ie., dlf;.r' = 1; otherwise, u; ¢ D;.”, ie.,
df;’l = 0. It follows that d,?;." =dj;whenl<i<nand1<;j<m.

(2) Forany 1 < i <nandm+1 < j < m+m', we have 3" i = It it — ¥, dit'. Considering
that Y+ dlf;.'l = land 37, dlf;.'l = Y0, dj; = 1, then $700" dl?jfl = 0. So, dl’.}'l =Owhenl <i < nand

j=1 Jj=m+1
m+l1<j<m+m.
(3) Forany n+1 < i < n+n’, the elements in the updated decision matrix need to be calculated from scratch according

to Definition 4.2. Thus, if u; € D;“, then dlf;.rl = 1; otherwise, dl?;.rl =0. O

Theorem 5.2. Let S' be a CIHIS at time t, and ij, = [mf}'],,x,, = [(r;“j', s‘l.“jr)],,x,, be the double-value relation matrix
under A" on U' at time t. When new object set AU and attribute set AA are added to S', suppose that MLA]/} = [mﬁA]nX”

t+1

and Mfl‘]’:, = [mf} l(ntn)xnan) denote the double-value relation matrices in regard to AA and A" on U' and U™ at
time t + 1, respectively. Then the double-value relation matrix M*I};:
(1) Whenl <i<nand1 < j<n,

o If slf‘jr =0, then

, can be updated as follows.

AI rA,/ = O
AL m” N ij 5
mp; = : - (37
I { mgA, otherwise.
° Ifs’l.“].[ =1, then
mgA, riAjA =0;
mf" =4 D, M =1 A e INGIY () (38)

O, 1), ™ =1Au;¢ NI ).

ij
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(2) Whenn+1<i<n+norn+1<i<n+rn,

(1,0), ¥ =0Aujel

i U (wy);
wor_ ) 0,0, s =0 w2 NGV )

T . s =1 Au e NG Y

©.1), & =1Au; ¢ N1V ().

AI+]]

(39)

Proof. When adding AU and AA simultaneously, it can obviously be obtained that the double-value relation matrix is

updated as (n + n’) X (n +n’) matrix, i.e., MU,H [m "Nowswyxnen)- Forany 1 < i, j < n, assume that M4, = [mA/]an
e

denotes the updated double-value relation matrix W1th respect to A" on U’ after adding objects, then we have m] o=
mj‘j X m A according to Lemma 4.1. (i) When s = O it can easily be observed that the element m " in MA keeps

unchanged with the addition of objects, i.e., m = m '. Consequently, 1f rA = 0, we have ml.j - m '; otherwise, we
have mAH] = mpt. (i) When s7; = 1, itis easy to find that the element 7} 'in MA may vary with the increase of objects,
ie.,ifu; € [N‘s,]Ut+ (u;), then "A/ =(1,1); 0therw1se =(0,1). Accordlngly, when rAA 0,ie., m = (0,0) or

lj = (0, 1), it can easily be ylelded that ml.j = mlj When rAJA =1,1e., m =(1,0) orm =(1,1), 1fm =(1,1),
then mf}m = (1, 1);if ml.j’ =(0,1), then mAjM = (0, 1). Furthermore, foranyn+1 <i<n + norn+1< ] <n+n,

we need to compute the element m "in MA"! from scratch based on Definition 4.3 and Lemma 4.1 due to the lack of

Ur+l
priori knowledge, namely, when s =0, ifu; € [Njﬁ,]UHl(u,) then mAH = (1, 0); otherwise, m?j’“ = (0, 0); when
i = 1wy € ING, 1Y (), then ml™ = (1, 1); otherwise, m" = (0, 1) O

Based on the above results, we can easily obtain the following strategies for dynamically updating the induced
diagonal matrix and the condition matrix.
Corollary 5.1. Let S' be a CIHIS at time t, My, = [m],x, and T, = diag[1/y}", 1/y5 .-+ .1/ | be the double-

value relation matrix and the induced diagonal matrix of MA/ at time t, respectively. When new object set AU and at-

A+l

tribute set AA are added to S, let M/l*]/[:l = [m! " Ty and FUM = diag[1/y] A l/yAM , l/y;"“ IR 1/7’3:']
denote the double-value relation matrix and the induced diagonal matrix of M4 UH' at time t + 1, respectively. Then the

induced diagonal matrix FA’:, can be updated as follows.
(1) If 1 <i<n,then

P =yt Y FmE T — Fe )(Feml Y @ Fmf) + Y Foml™); (40)
j=1

Jj=n+1

(2) Ifn+1<i<n+n, then

n+n’

/+l Z F( AHI (41)

where “®” indicates the logical exclusion OR operation.

Proof. According to Theorem 5.2, the results can be easily proved. O

Corollary 5.2. Let S' be a CIHIS at time t, D' = [dt Tnsems M2, = [m?j']nx,Z and X/;‘Jf, = [Xf‘j']nxm be the decision matrix,
the double-value relation matrix and the mtersectlon matrlx at time t, respectzvely When new object set AU and

f+1

attribute set AA are added to S', suppose that D! = [ ](n+n Ny and I\\/JIUHl = [m ln+n)x(n+n) denote the

decision matrix and the double-value relation matrix at tlme t + 1, respectively. Then X/?;H, [Xﬁ‘;” lntnyxmemry can
be updated as follows.
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(1) If1 <i<nandl < j<m,then

n+n’

= Y Fm ) = Fonf )(Fomyy ) @ Flmi))di; + > Fomy )dis! (42)
k=1

k=n+1

(2) Ifn+1<i<n+n and1 < j<m, then
n+n’

/\/iqul _ ZF( Ar+1)d]l<] + Z F( Al+l)d][:]-l. (43)
k=1

k=n+1

(3) Ifm+1< j<m+mn', then

n+n’

1+1 t+1
K= Fomy gt (44)
k=n+1
Proof. 1t is apparent from Theorems 5.1 and 5.2 that the conclusions hold. O

Obviously, when new objects and attributes are added to CIHIS 51multaneously, by Corollaries 5.1 and 5.2, the
condition matrix can be updated as (DUH»I = [¢fj”l](,,+,,/)x(m+m,), where ¢A AHI /yA Moreover, it can intuitively

be found that the thresholds @ and 8 may change with the variation of objects and attributes based on the introduction
in Section 3. Therefore, in what follows, we focus on discussing the principles for updating the thresholds @ and j3.

Theorem 5.3. LetS' be a CIHIS at time t, and Hf’ [/lt luxe be the loss matrix at time t. When new object set AU and
attribute set AA are added to S', suppose that Lt = = [AlF i ](,H,, yx6 denotes the loss matrix at time t + 1. Then the loss
matrix Ll . can be updated as follows.

A 1<i<n

RQAppw), n+l1<is<n+n Aj=1;

WApp(u)), n+l<i<n+n Aj=2;

/lZ‘r] =3 WQup(u), n+l1<i<n+n Aj=3; 45)
WQAxyW), n+l1<i<n+n Aj=4;

Wgyw)), n+l1<i<n+n Aj=5;

he(/_lp]v(u,‘)), n+l1<i<n+n Aj=6.

Proof. From Definition 4.9, it is obvious to obtain this result. O
Corollary 5.3. Let S' be a CIHIS at time t, MAt = [mA']an and ]Le = [/1’ 1nx6 be the double-value relation matrix and
the loss matrix at time t, respectively, and H\" 2) = F(M4,) e (LY(-,2) - ]Le( 1) = [{ax1, H H>Y = = F(Mf, e (LY, 3) -
L{(52) = [loxt, HYY = FOMIE) o (LG, 5) = LG, 4) = [95], HY® = FOM,) o (L4.6) ~ LI 5) = (-

t+l

When new object set AU and attribute set AA are added to S', suppose that I\\AIUH1 [m lnnyxnany and ]L
[/l[ ; ](n+n’)><6 denote the double-value relation matrix and the loss matrix at time t + 1, respectlvely Then, we have

HP = FOE) o (LY (,2) = LY (5 1) = [ N awxts
HED = FOM) o (LY, (43) = LY, (4, 2)) = 17 ew it
HYY = FOMA) o (LY, (4 5) = LY, (5 4) = [ Y ewxis

t+1 t+1

HEO = FOMA) o (LY, (,6) = LY, (4, 5)) = [EF Temixts
where
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(1) if 1 <i<n,then

n n+n’
1+1 t t+1 t 1+1
G =g Y Fn D = Fanf D(Fmfy ™) @ Fomi (Al = A+ Y Flm (! = a571;
j=1 j=n+1
n+n’

2 t+1 t t+1 t t+1
it =l D Fn™) = Fon )(Fomly) @ Famf (s = Ap) + ) Fomll )5 = at3h;
j=1

Jj=n+1
n n+n’ (46)
t+1 t t+1 t 141
I = 9+ Y (Fml ) = Fon)Fon™) @ Fami) )5 = ) + D Flmf S = a4h;
J=1 j=n+1
n n+n’
t+1 t t+1 t 141
el =g+ Y (Fmf™) = FonlD)F(mli™) @ Famf (g = Ais) + > Flmf (A = A8,
=1 jen+1
(2) ifn+1<i<n+n, then
n n+n’
t+1 t+1 t+1
G = DO A = A+ D Femf ! -
J=1 j=n+1
n n+n’
1 +1 t+1
= D En Ay = )+ > P A - A
J=1 j=n+l1
- @7
t+1 t+1 t+1
9 = Y Fo s = G+ Y Fon AR - a5
J=1 j=n+1
n n+n’
g = Y Foml W = A+ > Fomly ! — a5,
J=1 j=n+1
Proof. According to Definition 4.11 and Theorem 5.2, the results can be easily proved. O

Based on the above analysis, when objects and attributes in CIHIS increase with time simultaneously, it follows
from Definition 4.11 that two threshold vectors can be updated as T?, | = [Lf*l](,,+,,/)><1 and Tﬁrl = [0§+1](n+nf)><1 , where
dH = g E 1 2y and of*! = 901 (90 407+, Then, the updated three-way regions in the generalized three-way
neighborhood decision model can be yielded directly in accordance with Definition 4.13 and Theorem 4.1.

In the following, an example is introduced to illustrate the proposed incremental mechanism of updating three-way

regions in the generalized three-way neighborhood decision model.

Example 5.1. Let S' = (S', ', g") be a CIHIS about the neonatal disease screening at time t, which is shown in
Table 3. From Table 3, due to the limitation of medical conditions at time t, hospitals in some areas only provide free
screening of hearing, fundus, CH and PKU for newborns. With the continuous development of medical technology,
hospitals have added two disease screening projects with high incidence, i.e., Congenital Heart Disease (CHD) and
Glucose-6-Phosphate Dehydrogenase Deficiency (GOPDD). Therefore, at time t + 1, for new newborns, there are six
disease screening programs. For simplicity of expression, let AU = {uy, ug, ug, u10} be the newly added newborns, i.e.,
the added object set, and AA = {as, ag} be the newly added disease screening programs, i.e., the added attribute set,
where as and ag represent CHD and G6PDD, respectively. With respect to the added attribute as, the symbols “+”
and “-” indicate that the screening results of CHD are positive and negative, respectively. With respect to the added
attribute ag, the attribute values denote the activities of Glucose-6-Phosphate Dehydrogenase (in U/g Hb) in neonatal
plantar bloods. Then, as the new object set AU and the new attribute set AA are appended to S' at time t + 1, S' is
updated as S™L which is shown in Table 5.

First, based on the previously acquired decision matrix from Example 4.1 and Theorem 5.1, the decision matrix at
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Table 5: A CIHIS about the neonatal disease screening at time 7 + 1

U a a a3 a4 as ag d App App Anp ANN AN Apy

uy F F 32 02 + 221 [0,1R] [1R,2R] [4R,6R] [1R,1.5R] [2R,4R] [5h,8R]
u, * P 83 07 + 19 1 [0.5A,1.5A] [2Rh,4R] [5h,7R] [1R,2R] [2.5h,4h] [4.5h,6.5R]
uz * 7 29 03 - * 0 [1.5h3h] [3R,5R] [6R,8R] [1.5h,2.5h] [3h,4h] [4.5h,7h]
ugy P P 27 04 * 20 1 [0,1.5A] [1.5A,3R] [3.5h,5h] [0R2R] [2.5h,4.5h] [5h,7.5h]
ws P P 19 2 - 510 [1h2.5h] [3.5h5h] [5.5h,7.58] [0.5h2.5h] [2.5h,4.58] [5h,7h]
ue¢ F F 3.1 * - 49 0 [1”h2A°] [2.5h,4h] [4.5h,6.5R] [1R,3R] [3.5R,5.5R] [6R,8R]
u; F P 80 06 + 2.1 1 [0.5R2.5h] [3h4.5kh] [5.5h,7h] [1R,2R] [2.5R,5h] [5.5h,7.5h]
ug F F * 09 - 23 1 [2hR3.5h] [4.5h,6.5R] [7h,9h] [2R,3R] [4h,6.5R] [6.5h,8.5h]
ug P P 46 05 + 6.2 0 [0.5h,2A°] [2h,4R] [5h,7.5R] [1.5R,3R] [3.5h,5.5R] [6h,9h]
ugoyg P P 15 03 - 77 0 [0h1.5A] [2R,3.5R] [4.5R,5R] [1R,2.5R] [2.5R,5R] [6.5h,8R]

time t + 1 can be updated as follows.

In the light of the double-value relation matrix from Example 4.1 and Theorem 5.2, we just need to compute m

AA

myy, m?f, mSAg‘ and mg‘lA in M?f,‘. Let 6,, = 0.3. It follows from Definition 4.3 that m}}

AA _

msy =

t+1 _

T
1101001100

“loo1 0110011

16

= (0,0), m?

A
1

AA
16
= (0,0),

(1, 1), m?é“ = (0,1) and méf‘ = (0,0). Then, according to Theorem 5.2, the double-value relation matrix at
time t + 1 can be updated as follows.

t+1
MA =

U+l T

[(1,0) (0,0) (0,0) (0,0) (0,0) (0,0) (0,0) (0,0) (0,0) (0,0)]
(0,0) (1,0) (0,0) (0,0) (0,0) (0,0) (1,1) (0,0) (0,0) (0,0)
(0,0) (0,0) (1,0) (1,1) (0,0) (0,1) (0,0) (0,0) (0,0) (0,0)
(0,0) (0,0) (0,0) (1,0) (0,0) (0,0) (0,0) (0,0) (0,0) (0,0)
(0,0) (0,0) (0,0) (0,0) (1,0) (0,0) (0,0) (0,0) (0,0) (0,0)

0,0) (1,1) (0,0) (0,0) (0,0) (0,0) (1,0) (0,0) (0,0) (0,0)
(0,0) (0,0) (0,0) (0,0) (0,0) (0,0) (0,0) (1,0) (0,0) (0,0)
(0,0) (0,0) (0,0) (0,0) (0,0) (0,0) (0,0) (0,0) (1,0) (0,0)

(0,0) (0,0) (0,0) (0,0) (0,0) (1,0) (0,0) (0,0) (0,0) (0,0)|

1(0,0) (0,0) (0,0) (0,0) (0,0) (0,0) (0,0) (0,0) (0,0) (1,0)]

20



O©CoO~NOOOITA~AWNPE

According to Corollary 5.1, the elements in the induced diagonal matrix at time t + 1 can be updated as follows.

‘yAH-]
1

t+1

3

3

t+1

t+1

-ﬁﬁﬁﬁﬁﬁﬁﬁ&

(=]

Hence, we have TX o = diag[l

=y = Fomi) + X1 Fm ) =2-1+0=1;

=y + 2% F(m A’*‘)_1+1_2

=yA’—F(mA’) F(m ARDH A””)_4 2+0=2;
_yA +Z )—1+0—1

=i+ A’*‘)_1+0_1

—yA—F(m )+z FomfTy=2-1+0=1;

Z A”l)_

=32 A”‘)—l

=32 A’”)—l,

= Z_;:1 A”‘) =1.

AL L L L

By Corollary 5 2, the elements in the intersection matrix at time t + 1 can be updated as follows.

Ar+l
X1

A/+]
X21

/\/‘34;”

Ar+l
Xs1

A/+]
Xe1

X‘?;H

Ar+l
Xsgi

Ar+l
Xoi

A/+]
X101 =

Ar+l
X12

A/+]
X2

/\/AH]
XZ%H
49

Ar+l
Xs1

A/+]
Xe2

X‘?;]

Ar+l
X8

AH]
X9

A/+]
X102 =

Xﬁ;ﬂ —

Then, we have

_Xf;—F(mf;;) d' F(m A”‘)d’+1 =1-0+0=1;
_X21+z A”‘)df;l_1+1_2
= X4y — Fomi)dyy = Famids, + 310 Fomg Ddit =2 - 1-0+0 = 1;
A A X Fmg Hd = 1+0=1;
= x4 + 20 F( A'”)d’“ 0+0=0;
= Xay = Fmg)dly + 330 Fmi )d'3 = 1-1+0=0;
= Y9, F(m A’“)d’l +z F( A’“)dH1 =1+1=2;
=35, Fomdd, + 2% A'”)d”[l =0+1=1;
=%, F(m A”‘)d'1+z my Nd = 0+0 = 0;
S Flmti ), + Z ?&}' i =0+0=0,
= Xq‘;—F(mf;;)f (A”‘)d’+1 1-1+0=0;
_X22 F(m A”‘)d’“ =1+1=2;
= x4 - F(m iy = Fmiodly + 310 F(my, Hd's' =2-0-1+0=1;
=xh+ 2% A’“)df“ 0+0=0;
=x‘;‘2+2.,~:7 A’* )d’“ =1+0=0;
= Xay = Fmg)dly + 310 F(mi )d's = 1-0+0 = 1;
= Y9, F(m A'”)d’2+2j F( A’“)d”1 0+0=0;
< Zj:l A1+1 +Zl A;+1)d342-1 =0+0=0;
=Y0,F A” )d’2+2 Fmyd3t =0+1=1;
Py IF(me);])dfz + 21 Fmijg )d% = 0+1=1.
T
1211002100
0010110011
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Based on this, the condition matrix at time t + 1 can be updated as follows.

T
1 001 100
01 1 0011

Az+l 1 1

U+l T O 0

[T

In the following, according to Theorem 5.3, the loss matrix at time t + 1 can be updated as follows.

0.50 1.50 5.00 1.25 3.00 6.50]
1.00 3.00 6.00 1.50 3.25 5.50
225 400 7.00 200 3.50 5.75
0.75 225 425 100 3.50 6.25
1.75 425 6.50 1.50 3.50 6.00
1150 325 550 2.00 450 7.00|
1.50 375 625 150 3.75 6.50
275 550 8.00 250 5.25 7.50
125 3.00 625 225 450 7.50
0.75 275 475 175 3.75 7.25]

According to Corollary 5.3, the elements in Hgilz ) can be updated as follows.

o= - F(mA')(/l’ - )+ T2 F( A’“)(A”1 A =275 -1.75+0 = 1.00;
A”' _ 4,2 F( AH')(/lHl _ /lﬁl) =2+25=450;

L=+ 0 F( A’“)w+l A1) =15+ 0 = 1.50;
$ = 45’ + 30, F A'”)(/l’“ /1;.71) =2.5+0=2.50;
P Al)(/l — A+ 200 Famt Y@ - A%ty =275 -1 = 1.75;
A’“ Z] 1 F(m AHI)(/I _ /11 )+ 210 Ar+1)(/lz+l /1?;1) =2+2.5=4.50;

A1+1 Z?_ F(m AM)(/l )+Z A’* )(/lH'l /1t+l)_0+275=275'
& = =)+ =0+ =
A’” ( A’”)(ﬂ /l’ MED A'”)(/lf“ /1’”) 0+1.75 = 1.75;
1+1 r+1 r+l
10 Z Fmig (A = A + 10 Fmly, )(/lf+1 A’ﬁl) =042 = 2.00.
So we have

HYY = [1.00,4.50, 3.25, 1.50,2.50, 1.75, 4.50,2.75,1.75,2.00] .

t+1

By analogy, H*) H* and H(S % can be updated respectively as follows.

t+1 7 T+l

H>Y = [3.50,5, 50,5.00,2.00,2.25,2.25, 5.50,2.50, 3.25,2.00]";
H(“) [1.75,4.25,4.00,2.50,2.00,2.50,2.75,2.25,1.75,2.00]";

t+1

H = [3.50,5.00, 5.00,2.75,2.50, 2.50, 5.00, 2.25, 3.00, 3.50]" .

t+1

Then, by Definition 4.11, the threshold vectors T, | and T

"1 are updated respectively as follows.

=[0.7778,0.5263,0.6061,0.6471,0.500,0.5882,0.5263, 0.4500, 0.6316, 0.6363]";
= [0.3333,0.4359, 0.4444,0.5556,0.4706, 0.5263, 0.3333,0.4737, 0.3500, 0.5000]" .

t+1 -

z+1

22
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According to Definition 4.13, it is easy to obtain the three cut matrices at time t + 1.

1T
v A+l 1101001100
lIIU1+1 = >
0 0 0 0
1T
= qr+l 0 0 1 0 0 O 0 0
lIIUMI = ?
0 0 1 0 0 0 00
- 1T
AAH] O 0 O 0 1 1 0 0
lIlU)url =
1 101001100

Based on Theorem 4.1, the characteristic vectors of the three-way regions at time t+ 1 can be computed as follows.

POS(G/,,B)(D) — [1’ 1,0, 1’ 1’ 1, 1, 1, 1, I]T’

Al+l
BNDGR (D) = 10,0, 1,0,0,0,0,0,0,0";
NEGER(D) = 10,0,0,0,0,0,0,0,0,0]".

Therefore, {uy, uy, uq, us, g, 7, ug, g, u10} € POSS;/?)(D) and {uz} € BNDS;[?)(D).

6. Matrix-based static and incremental algorithms for maintaining three-way regions when adding objects and
attributes in CIHIS

Through the detailed analysis stated before, the three-way regions in the generalized three-way neighborhood de-
cision model are always evolving over time under dynamic environments. To highlight the superiority of the updating
strategies more intuitively, this section focuses on developing and analyzing the static and incremental algorithms for
maintaining the three-way regions based on the matrix when objects and attributes in CIHIS increase simultaneously.

6.1. The static algorithm for updating the three-way regions

Algorithm 1, abbreviated as MSACTR, is a matrix-based static algorithm for the update of the three-way regions
with the simultaneous variation of objects and attributes in CIHIS. Step 2 is to calculate the partition determined by
the decision attribute set D, whose time complexity is O((n + n’)?). Based on this partition, step 3 aims at constructing
the decision matrix ID'*! at time 7 + 1 by Definition 4.2, and its time complexity is O((m + m’)(n + n’)). Steps 4-
11 are the computation of the double-value relation matrix M/?],:I at time ¢ + 1, in which Steps 4-10 are building
the double-value relation matrix with respect to each attribute a € A™*! according to Definition 4.3 and Step 11 is
computing the double-value relation matrix in terms of the attribute set A”*! according to Lemma 4.1. Without doubt,
the total time complexity is O((I + I')(n + n’)?). Step 12 is the calculation of the induced diagonal matrix I" ’(‘Jfl at time
t + 1 by Definition 4.6, whose time complexity is O((n + n’)?). Then, on the basis of the three matrices generated
from the above steps, the condition matrix (I)*l‘]’,il, at time ¢ + 1 can be easily computed by Definition 4.8 in Steps
13-18, and the time complexity is O((m + m’)(n + n')?). Step 19 aims at constructing the loss matrix LfH at time
t + 1 according to Definition 4.9, whose time complexity is O((n + n")). Step 20-26 and Step 27 are to compute two
threshold vectors and three cut matrices at time 7 + 1 in the light of Definitions 4.11 and 4.13, respectively, and the
corresponding time complexities are O((n + n’)?) and O((m + m’)(n + n’)), respectively. Then, based on the three cut
matrices, it can directly be obtained the characteristic vectors of the three-way regions according to Theorem 4.1 in
Step 28, whose time complexity is O((m + m’)(n + n")). Therefore, the total time complexity of Algorithm MSACTR
isOL+ 1 +m+m)(n+n)).
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Algorithm 1: Matrix-based static algorithm for computing three-way regions when adding objects and attributes
simultaneously (MSACTR)

S 7. I VR SR

_-
= S

-
)

13

15
16

17

19

20

21

22

Input:

(1) ACIHIS §' = (S', 2", g") at time 1, where S* = (U',A' U D, V', f)), U' = {uy,uz,--- ,un}, A" = {ay,az,--- ,a;};
(2) The four parameters 6, k1, k2 and 6;

(3) The newly added object set AU = {u41, Un+2, - , Upsy } and attribute set AA = {aj1, aje2, -+, aer ).

At+l At+l

Output: The updated three-way regions: POS @B p), BNDP) (D) and NEGX?{?(D).

begin
Compute the partition determined by D: U™*!/D = {D‘l“ , D’z+1 e, Df;;'m, b
Construct the decision matrix D'*! = [dHl (n+n)x(m+m) according to Definition 4.2;
forl1<i<n+n do // Construct the double-value relation matrix MUM [m?j](m,,/)x(,ﬁ,lf) by Definition 4.3;
for1 < j<n+n"do
for a € A do
Compute mj.‘/.;
end ‘
end
end
Compute the double-value relation matrix M?] . [mAH] l(n+n")x(n+ny according to Lemma 4.1;
Compute the induced diagonal matrix FUM = diag[ — VAM R 7’*}” IEEEIN yﬁ] according to Definition 4.6;
1 2 n+n’
forl<i<n+n do // Compute the condition matrix CDU'*‘ [¢j.4j/+l](,”n,)x(m+m/) by Definition 4.8;
for 1 <]<m+m do
‘ XA’” n+n A’*] dr+l . // C XA — F MA’*] D+ = Artl .
Z ) kj ompute U”' =F( U“l). = [Xij ](n+n’)><(m+m’),
end
A’*] _ Ar+l r+l.

end

Construct the loss matrix L?

i+l [/l ](,,+,,/)X6 according to Definition 4.9;

forl <i<n+n"do // Compute two threshold vectors Tf,, = [f”](mn’)xl and
4.11;

§g+l an F(m;.“jt+l)(/l}+] /l“'l)
1 _ Al 1 1
H Zn+n F(mij )(/1?5 _/l;; ),

~1 = [0 Jwyx1 by Definition

+1
23 ﬁliﬂ 2n+n F(m?jt )(/lrjgl 4 /]zjzl );
1 _ g Artl 1 1y.
2% §1+ Zn n F(m )(/l” _ /l; );
25 r+1 le/((Hl +£t+l) 0 19?1/(77?1 + 19?1);
26 end
27 Compute three cut matrices of \PUHI , \P?,t;ll and ‘YUH]] according to Definition 4.13;
28 Compute the characteristic vectors of three-way regions G(POS xf fl)(D)), G(BNDZZ;BI) (D)) and G(NEG(‘:ﬁ) (D)) according to Theorem
4.1;
2 Out } - @p @B @p)
put the updated three-way regions: POS , '/(D), BND, /(D) and NEG , [\ (D).
30 end
24
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6.2. The incremental algorithm for updating the three-way regions

From the incremental updating principles discussed in Section 5, it can distinctly be found that the core step of
dynamically maintaining three-way regions in the generalized three-way neighborhood decision model is the update
of the double-value relation matrix under the simultaneous variation of objects and attributes. To this end, a matrix-
based incremental algorithm for updating the double-value relation matrix is devised based on Theorem 5.2, which
is summarized in Algorithm 2. Subsequently, an incremental algorithm for the maintenance of the three-way regions
based on matrix is developed by cooperation with Algorithm 2 when new objects and attributes are appended to CIHIS
simultaneously, which is outlined in Algorithm 3, abbreviated as MIAUTR. Step 2 is to initialize these related matrices
with the achieved knowledge at time 7. Step 3 is the update of the partition determined by decision attribute set D with
the addition of objects, whose time complexity is O((m + n")n”). On this basis, Steps 4-9 are the update of the decision
matrix D! in accordance with Theorem 5.1, whose time complexity is O((m + m’)n’). Step 10 is the update of the

1+1

double-value relation matrix M?]Hl in line with Algorithm 2, and the time complexity is O(((n + ) —g))l+1)—eil),

where gy and £; denote the number of elements “(0,0)” and “(1,0)” in M’l‘]’,, respectively, and €y + €] < n?. Step 11
is the update of the loss matrix L?

++1 by Theorem 5.3, whose time complexity is O(n"). Combined with the updated

results of the above matrices, the condition matrix @g:, , the a-threshold vector T?, | and the S-threshold vector Tﬁil
can be easily calculated based on the incremental strategies described in Corollaries 5.1, 5.2 and 5.3 by Steps 12-50,

and the time complexity is O(( + nn’)m + (n + n’)n’(m + m’)), where n expresses the number of “r;.‘}"’ whose value

changes during the update of the extended relation matrix, and n < n?. In particular, Steps 12-36 and Steps 37-50
aim at updating and computing the original elements and new elements in Fﬁ:,, X/z;:,, Hglf ), Hiif ), Hii‘f) and Hgif ),
respectively. Then, in line with Definition 4.13 and Theorem 4.1, the three cut matrices and the characteristic vectors
of three-way regions can be simply computed in Step 51 and Step 52, respectively, and their time complexities are all
O((n+n")(m+m’)). Consequently, the total time complexity of Algorithm MIAUTR is O(((n+n’)* —eo)(I+1') — &1+
(m +nn)m + (n + n’")n’(m + m’)), which is less than that of Algorithm MSACTR when objects and attributes increase

with time simultaneously.

7. Experimental evaluations

To reflect the superiority of the proposed incremental algorithm in updating three-way regions of the general-
ized three-way neighborhood decision model when objects and attributes increase simultaneously, several groups of
comparative experiments are carried out on nine different datesets in this section. In these datastes, six real datasets
Molecular Biology (MB), Mushroom (MR), Statlog Image Segmentation (SIS), Ozone Level Detection (OLD), Ar-
rhythmia (AR) and Cylinder Bands (CB) come from the machine learning data repository, University of California
at Irvine (UCI) (http://archive.ics.uci.edu/ml/), and three artificial datasets with the missing categorical and numerical
attribute values named CIHD1, CIHD2 and CIHD3 are constructed in the light of the method in [7]. The detailed
descriptions about the nine datasets are summed up in Table 6. However, considering that these data from real ap-
plications can not be directly applied to the comparative experiments, a series of preprocessing steps are adopted to
restructure the six real datasets. With respect to the complete datasets without missing values, i.e., MB and SIS, there
are 2% of known attribute values transformed to the unknown ones at random, in which half of the unknown attribute
values are “the lost” values and the other half are “the do not care” values. With respect to the incomplete datasets
with missing values, i.e., MR, OLD, AR and CB, half of the existing “the lost” values are converted to “the do not
care” values at random. Subsequently, for the datasets with numerical attributes, we employ a normalization method,
that is, f(u, a) = (f(u,a) — min(V,))/(max(V,) — min(V,)), to recalculate these numerical attribute values. Moreover,
the interval-valued loss functions are constructed on the basis of condition (9), and then appended to each object in
the nine datasets. The related algorithms are implemented by MATLAB R2016a, and all comparative experiments are
performed on a personal computer with 64-bit Windows 10 operation system and Intel (R) Core(TM) i7-8700 CPU
3.20GHZ, 16.0 GB of memory.

The performance comparisons between static and incremental algorithms for maintaining three-way regions in
the generalized three-way neighborhood decision model will be demonstrated from the following two aspects when
objects and attributes in CIHIS evolve over time concurrently. One is the comparison of running time between Al-
gorithms MSACTR and MIAUTR with the different sizes of datasets when the increment ratio remains unchanged,

25
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Algorithm 2: Matrix-based incremental algorithm for updating the double-value relation matrix when adding
objects and attributes simultaneously

10
11
12

13

14
15
16
17
18
19
20

21

22
23

24
25

26
27

Input:
(1) ACIHIS §' = (S', A, g") at time ¢, where S* = (U, A" U D, V', "), U' = {u,uz,--- ,u,} and A’ = {ay,az,--- ,a;};
(2) The four parameters 6, k1, k> and 6;

(3) The result of the double-value relation matrix at time ¢: Mg,;
(4) The added object set AU = {up+1, Un+2,"** , Un+y } and attribute set AA = {ajy1, arv2, -+, apr )
Output: The updated double-value relation matrix M*l‘/t:] .
begin
AlF] Al L
MUr+l A Mun
for1<i<ndo // Update the first n rows of the double-value relation matrix M?II;]] by Theorem 5.2;
for1 < j<ndo
Compute miA.A;
J
if 5 == 0 then
| i == 1 then m" = md;
ij T ijo T My
else
if & == 0 then
AL AAL
‘ My =
else
if uj € [N,V (u;) then m;}’*‘ =(1,1);
else m;‘j’” =(0,1);
end
end
end
forn+1<j<n+n"do
‘ Compute m{‘.’“ ;
J
end
end
forn+1<i<n+n do // Update the last n’ rows of the double-value relation matrix Mgﬁll

end

5.2;

end

Output the updated double-value relation matrix M

for1 <j<n+n do

end

AH—] .
Compute mios

yt+l

by Theorem

26
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Algorithm 3: Matrix-based incremental algorithm for updating three-way regions when adding objects and

attributes simultaneously (MIAUTR)

Input: (1) ACIHIS §' = (S/,A’, g") at time ¢, where S* = (U',A'U D, V', 1), U' =
U'/D ={(D\,D,--
H§2’3), H§4"5), and Hﬁs’(’); (4) The added object set AU = {up+1, Ups2, - -+

P0S P (D), BND®P (D) and NEG®P (D).

Output: The updated three-way regions: Al e A+l

begin
D+l — Dt MA”I

—

Al+1 A+l

MA, TAT A AT Al 8 1f HD

{ur, uz, -+
, D! }; (2) The four parameters 6, 1, k2 and 6; (3) The related results at time 7: D,

, Uy, } and attribute set AA =

>

H(l \2) H(2 3)

up}, A' = {ar, az, -+ ,a;}, and ,
t t 3 1,
M4, TA XA L HP,

{am1, a2, anr}.

2.3) 1745 4,5) 17(5,6) (5,6).
2 yt+l Ut UH—l yt> Syl U’ T+l 1+1 t+1 Ht ’ HH-] < Ht ’ Ht+1 < Ht ’
3 Update the partition induced by D at time ¢ + 1: U™*!/D = {D'1+1, D’z*l, cee Dﬁ;l, cee f;’im, I
4 forn+1<i<n+n do // Update the decision matrix D™! = [df;.'l](n+nr)><(m+m/) by Theorem 5.1;
5 for1 < j<m+m'do
6 if u; eD}“ then d;;l =1;
7 else dtf}’l =0;
8 end
9 end
. . +1 . N
10 Update the double-value relation matrix M’;’;} = [m; AI l(n+n")x(n+n’y according to Algorithm 2;
1 Update the loss matrix L, o) [/1 ](n+n’)><6 accordmg to Theorem 5.3;
12 for 1 <i<ndo
13 for'<j<ndo 1
14 if F(m )@F(mAH ) == 1 then
15 if F(m ) ==0and Fon}"") == 1 then
r+l t+1
16 Y = 4
17 (Hl (;+l + (/13_2 —/l' ) 77t+1 _ nt+l + (/lt _Arz) 19:+1 l9§+1 + (/l_t/S _/15_4)’ glﬁl - f:f” + (/13'6 _/1;5);
18 for 1 s’{c]s m d,91
AL
19 ‘ Xy = +dy:
20 end
;; e] )/AHI )/AH] 1
23 (Hl (t+l (ﬂ _/1{ ) 771‘+1 (/lt —/lt ) 19[+1 ﬂ§+l _ (ﬁt/s _/13_4)’ é;:_‘+l — §1{+1 _ (/1[]6 _/1;5);
24 for 1 sr{c] <m dy?l
AT ‘.
% ‘ Xik = djk’
26 end
27 end
28 end
29 end1 1 1
1+ _ + ’ Af+ .
30 PR AR Y F(mi{ % 1
=+ +
31 é«l_t+l (Hl + Z;’+Z+1 (m;«‘; )(/13;1 —/lt,ﬂ) 77[_ _ nt+l + Z;H’rlrﬂ (mﬁ )(/lzlﬂ /IHI)
+1 +1
3 ﬂ;+] — ﬂ;+] t;;rlzﬂ F(mf‘; )(/l;."" /lt+]) §t+] §1{+I ’]I'IS-H (m:‘}’ )(/132' _/1;_-;1)’
3 for 1 EHI-C] < mggl n+n’ A1+l t+l At+] AH—I /+1
34 ‘ X =Xg Xl Fng dy =xy I
35 end
36 end
37 fcrn+l<z<n+n’do”]
38 7= Z'”” FOmf ™)
3 é«l_t+l _ F(mAHl)(/l[ _/ll )+Z’/Hzr1l+l F(m?jm)(/l';l _/lt+l [+l Zn F(m A”l)(/l _/l,/'z)+2’/1+;t;1 F(m A’“)MHI —/lHl)
+1 +1 ’ ’ +1
40 19§+1 = Z?—l F(mA' )(/lt _/lt4)+ ?:ZH F(mf‘; )(/I;TI /lt+1)€r+l 23;1 F(ln‘l.“/.+ )(/1_,‘6_/1;5)"' ;;+ry’,+l F(mA' )(ﬂtn /1r+l)
4 fOl‘ 1 Sr{cl sm ‘30 A”] n+n’ Ar+1 t+1 At+l At+1 At+l
2 |l = 2 P+ e Fond ™ o™ = 1y
43 end
44 end
45 for1<i<n+n do
46 t+l le/([Hl +f[+l) 0 ﬁ$+l/(n;+l + 19?1);
4 fOl‘m+H1] <k< m+m d(1)+] 1+1 1+1 /+1
s | = Fond o™ =
49 end
50 end ] 1
51 Compute three cut matrices of ‘i"?/’;l , ‘i”?;l and ‘P’;M according to Definition 4.13; 7
52 Compute the characteristic vectors of three-way regions G(POS (‘f f])(D)) G(BND((f +'81)(D)) and G(N. EGZﬁ) (D)) by Theorem 4.1;
53 Output the updated three-way regions: POS (‘f fl)(D) BND(‘fﬁ) (D) and NE G(",f?(D).
54 end
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Table 6: The descriptions of datasets

No. Data Sets Samples - Attrlbutes. Missing Values  Classes
Categorical Numerical Total
1 MB 3190 60 0 60 3828 3
2 MR 8124 22 0 22 2480 2
3 SIS 2310 0 18 18 832 7
4 OLD 2536 0 72 72 14938 2
5 AR 452 73 206 279 408 16
6 CB 540 19 20 39 999 2
7 CIHDI 5000 20 20 40 4000 5
8 CIHD2 3000 30 30 60 3600 4
9 CIHD3 2000 50 50 100 4000 3

and the other is the comparison of running time between Algorithms MSACTR and MIAUTR with the different in-
crement ratios when the sizes of original datasets keep constant. Meanwhile, the performance comparisons between
the proposed incremental algorithm and other incremental algorithms will also be shown. For convenience, in the
comparative experiments, the parameters «i, k2 and ¢ to compute the data-driven neighborhood relation are always set
as 0.5, 0.5 and 0.3, and the risk attitude of decision maker 6 is always set as 0.5. Besides, several experiments will be
implemented to study the effect of these parameters on the computational time of Algorithm MIAUTR.

7.1. Performance comparison between static and incremental algorithms with the increasing sizes of datasets

This subsection concentrates on comparing the computational performance of the proposed incremental algorithm
(Algorithm MIAUTR) with that of the static algorithm (Algorithm MSACTR) when the sizes of datasets increase
gradually but the increment ratio of adding objects and attributes keeps unchanged. For each dataset listed in Table
6, we picked out 15%, 30%, 45%, 60% and 75% objects and attributes to make up five original datasets, which are
viewed as original dataset 1, original dataset 2, ..., original dataset 5, respectively. In succession, we choose objects
and attributes that the size is 20% of each original dataset from the remaining part of each dataset at random to append
to the corresponding original dataset. The visual results of comparative experiments on the nine datasets are displayed
in Figures 2 and 3, respectively.

Figure 2 exhibits the running time of Algorithms MSACTR and MIAUTR for updating the three-way regions with
the increasing sizes of the original datasets when adding objects and attributes simultaneously. With respect to each
sub-figure in Figure 2, the x-coordinate and y-coordinate pertain to the five gradually growing original datasets and
the computational time of Algorithms MSACTR and MIAUTR, respectively. Based on the trend lines in Figure 2, it
can easily be found that the running time of two algorithms raises with the amplification of the scale of the original
dataset. In particular, the running time of Algorithm MIAUTR is always lower than that of Algorithm MSACTR,
and the differences between the static and incremental algorithms become more and more obvious as the sizes of the
original datasets continue to grow. In addition, Figure 3 describes the speedup ratios between Algorithms MSACTR
and MIAUTR on nine different datasets when objects and attributes of the same increment ratio are added to the five
different original datasets, where the x-coordinate and y-coordinate concern the nine different datasets and the speedup
ratio of the two algorithms, respectively. From Figure 3, it is apparent that the speedup ratio with respect to each
original dataset of the nine incomplete datasets is always greater than 1, which indicates that the proposed incremental
algorithm has a significant advantage in updating the three-way regions compared with the static algorithm when the
sizes of the original datasets grow with time.

7.2. Performance comparison between static and incremental algorithms with the increasing increment ratios

This subsection concentrates on comparing the computational performance of Algorithm MIAUTR with that of
Algorithm MSACTR when the increment ratio of adding objects and attributes grows with time but the sizes of
the original datasets keep constant. With regard to each dataset shown in Table 6, the 50% objects and attributes
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Figure 2: The comparison of computational time between MSACTR and MIAUTR versus different sized datasets.

are randomly taken out to comprise the original dataset. Meanwhile, 20%, 40%, 60%, 80% and 100% objects and
attributes are randomly selected from the remaining objects and attributes to form five added datasets. To demonstrate
the superiority of the proposed incremental algorithm on updating three-way regions in the generalized three-way
neighborhood decision model intuitively, the running time of Algorithms MSACTR and MIAUTR is depicted in
Figure 4 when appending objects and attributes of the different increment ratios. In each sub-figure of Figure 4, the
x-coordinate corresponds to the increment ratios of adding objects and attributes, and the y-coordinate pertains to the
computational time of two algorithms.

According to the changing trends in Figure 4, we observe that the computational time of the static and the proposed
incremental algorithms always raises when the increment ratio of adding objects and attributes increases consistently,
and the incremental algorithm is invariably faster than the static algorithm. Furthermore, the speedup ratios between
Algorithms MSACTR and MIAUTR on the nine datasets are provided in Figure 5 when the different amounts of
objects and attributes are added into the original dataset. In line with the experimental results in Figure 5, it is apparent
to find that the speedup ratios between two algorithms decrease with the increase of increment ratio, and are always
greater than 1. Consequently, Algorithm MIAUTR can be regarded as an effective way for the maintenance of three-

29


Administrator
高亮

Administrator
高亮

Administrator
高亮

Administrator
高亮

Administrator
高亮


O©CoO~NOOOITA~AWNPE

T T T T T
B Original datasct | [l Original datasct 2 [l Original dataset 3 [_Original datasct 4 IBlOriginal dataset 5 |

Seeped ratio
v
T
|

MB MR SIS oLD AR cB CIHD1 CIHD2 CIHD3
Dataset

Figure 3: The speedup ratio between MSACTR and MIAUTR versus different sized datasets.

way regions in the generalized three-way neighborhood decision model when objects and attributes are appended to
CIHIS simultaneously.

7.3. Performance comparison with other incremental algorithms

To process evolving data with the simultaneous variation of objects and attributes efficiently, a number of in-
cremental approaches have been developed for facilitating knowledge maintenance under dynamic environments.
However, these approaches could not be used to incrementally update three-way regions in the generalized three-way
neighborhood decision model directly when both objects and attributes in CIHIS continue to increase. Although there
are no related incremental algorithms for maintaining the three-way regions with the simultaneous variation of objects
and attributes in CIHIS, Huang et al. [7, 8] constructed a matrix-based incremental framework for updating approx-
imations when attributes in IHIS vary with time (referred to as IUA for short) and introduced a dynamic algorithm
based on matrix to maintain the three-way regions when objects in IHIS change over time (referred to as ITUO for
short), respectively. For comparing Algorithm MIAUTR with these two incremental algorithms that applied to handle
THIS with single-dimensional variation, Algorithm IUA and Algorithm IUO are combined together to dynamically up-
date the three-way regions with the simultaneous increase of objects and attributes, which is abbreviated as [UA+IUO
in this paper.

Figure 6 shows the running time of Algorithms MIAUTR and IUA+IUO for computing the three-way regions
when the increment ratio of adding objects and attributes increases gradually. The x-coordinate and y-coordinate
in each sub-figure of Figure 6 pertain to the increment ratios of dataset and the computational time of Algorithms
MIAUTR and IUA+IUO, respectively. From Figure 6, it can easily be seen that the running time of the two algorithms
rises with the increase of the increment ratio, and the proposed algorithm MIAUTR is better than the combination
algorithm IUA+IUQ. Furthermore, the speedup ratios between IUA+IUO and MIAUTR on the nine datasets are
shown in Figure 7 when adding objects and attributes of different increment ratios. Based on the experimental results
in Figure 7, we can easily observe that the speedup ratios between the two incremental algorithms decrease with
the increase of increment ratio, and are always greater than 1. Accordingly, when objects and attributes in CIHIS
evolve over time simultaneously, our proposed algorithm has superiority in the maintenance of the three-way regions
compared with the combination algorithm.

7.4. Experimental evaluation under the variation of parameters

According to the complexity analysis presented in Section 6, it can easily be found that the update of the double-
value relation matrix and the corresponding induced matrices has a major influence on the computational performance
of the proposed incremental algorithm, which means that the impact of parameter 6 on the running time can be ignored
compared with parameters k|, k; and 6 employed for calculating the data-driven neighborhood relation. Therefore, this
subsection merely focuses on discussing the effect of parameters «1, k, and ¢ on the time efficiency of the incremental
algorithm when objects and attributes are added into CIHIS simultaneously. For simplicity, assume that «; is always
equal to ky, i.e., k = k| = k2, and J, € 9 is same for each numerical attribute a.
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Figure 4: The comparison of computational time between MSACTR and MIAUTR versus different increment ratios.

For each incomplete dataset listed in Table 6, 90% objects and attributes are extracted as the original dataset at
random, and the remainder is viewed as the added dataset. The parameters « and § increase gradually from 0.1 to
0.9. Figures 8 and 9 depict the detailed variation tendencies with regard to the computational time of the incremental
algorithm with the changing of parameters k and J, respectively, where the x-coordinate respectively concerns the
parameters « and ¢, and the y-coordinate pertains to the computational time of Algorithm MIAUTR.

As demonstrated in Figure 8, we can evidently observe that the running time of Algorithm MIAUTR on nine
different incomplete datasets emerges a faint downward trend with the growth of parameter x, which means that the
variation of parameter « has a slight influence on the computational time of Algorithm MIAUTR when adding objects
and attributes simultaneously. Meanwhile, from Figure 9, it can easily be found that the running time of Algorithm
MIAUTR on datasets consisting of categorical attributes, i.e., MB and MR, fluctuates a little versus different parameter
o, but that on the rest six datasets rises gradually with the increase of parameter 6. Furthermore, the computational
time on datasets SIS, OLD, AR and CB eventually reaches a steady fluctuation. However, the computational time of
three artificial datasets CIHD1, CIHD2 and CIHD?3 increases slowly when parameter 6 rises from 0.1 to 0.5, and then
fluctuates greatly when parameter ¢ rises from 0.5 to 0.9. The main reason for the phenomenon is that the difference
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between different attribute values under each numerical attribute in the artificial datasets is large. Then, based on the
complexity analysis in Section 5, the time complexity of Algorithm MIAUTR is relevant to the number of (1, 0), (1, 1)
and (0, 1) in the double-value relation matrix when the fixed amount of objects and attributes are inserted into CIHIS
simultaneously. Obviously, the increase of parameters x and ¢ will cause the reduction and addition in the number of
(1,0) and (1, 1) in the double-value relation matrix, respectively. Therefore, the experimental results are consistent
with the complexity analysis of Algorithm MIAUTR.

8. Conclusions

To overcome the limitation of the three-way neighborhood decision model that the loss function employed for
estimating all objects in incomplete hybrid data with missing values is the precise real numbers, this paper proposed
a generalized three-way neighborhood decision model by distributing the interval-valued loss function to each object
and averaging the interval-valued loss functions of all objects in each data-driven neighborhood class. Moreover, con-
sidering that the incomplete hybrid data may change with the form of multi-dimensions in realistic scenarios under
dynamic environments, a dynamic framework of updating three-way regions in the generalized three-way neighbor-
hood decision model was investigated when adding objects and attributes simultaneously. To this end, an approach
based on matrix for computing the three-way regions was proposed by the introduction of the matrix forms of relevant
concepts and the matrix operations, which can conduce to resolve the uncertainty classification issues in incomplete
hybrid data more intuitive. Then, with the simultaneous increase of objects and attributes, the matrix-based incre-
mental mechanism was established for the maintenance of the three-way regions. On this basis, the matrix-based
incremental algorithm of maintaining the three-way regions was developed. Finally, several groups of evaluation
experiments were implemented on datasets from UCI as well as artificial datasets to verify the efficiency of the pro-
posed algorithm. The comparative results demonstrate that the incremental approach has an obvious advantage in
reducing the computational time of updating the three-way regions in contrast to the static approach when objects and
attributes evolve over time simultaneously. In our proposed model, considering that the certain ranking method has
advantages in both easy implementation and simplifying computation, we employed the 6 ranking method to compare
the interval-valued expected losses of taking different actions. However, this method can lead to the loss of fuzzy
information in the process of transforming interval numbers into real ones, which may affect the stability of the gen-
eralization three-way neighborhood decision model in real applications. In the future work, we will aim to investigate
an effective and efficient ranking method to compare the interval numbers, and further improve the framework of the
proposed model. Besides, incomplete hybrid data may be composed of the categorical, numerical and interval-valued
attributes with the missing values in real-life applications. Therefore, another important task is to seek for an effec-
tive model to handle such incomplete hybrid data and then develop a feasible approach to update knowledge under
dynamic environments.
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