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Double-quantitative decision-theoretic rough sets (Dq-DTRS) provide more comprehensive description
methods for rough approximations of concepts, which lay foundations for the development of attribute
reduction and rule extraction of rough sets. Existing researches on concept approximations of Dq-
DTRS pay more attention to the equivalence class of each object in approximating a concept, and
calculate concept approximations from the whole data set in a batch. This makes the calculation of

Keywords: approximations time consuming in dynamic data sets. In this paper, we first analyze the variations
Double-quantitative decision-theoretic of equivalence classes, decision classes, conditional probability, internal grade and external grade in
rough sets dynamic data sets while objects vary sequentially or simultaneously over time. Then we propose

Concept approximations

! the updating mechanisms for the concept approximations of two types of Dq-DTRS models from
Incremental learning

incremental perspective in dynamic decision information systems with the sequential and batch
variations of objects. Meanwhile, we design incremental sequential insertion, sequential deletion, batch
insertion, batch deletion algorithms for two Dq-DTRS models. Finally, we present experimental com-
parisons showing the feasibility and efficiency of the proposed incremental approaches in calculating
approximations and the stability of the incremental updating algorithms from the perspective of the
runtime under different inserting and deleting ratios and parameter values.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Rough set theory is an effective mathematical tool for study-
ing inaccurate and uncertain knowledge from information sys-
tems [1], which has been widely used in decision supporting,
cloud computing, machine learning and intelligent information
processing. In the contemporary era, uncertainties of data have
increased dramatically due to the increase of collection means
and the amount of data. As an effective uncertainty analysis tool,
rough set theory attracts great attention. At present, some re-
searchers are studying how to calculate concept approximations
quickly, because it is the indispensable cornerstone of knowledge
representation and feature selection in rough sets [2-4].

In classical Pawlak model, concept approximations mainly
consider the inclusion and intersection relationships between an

* No author associated with this paper has disclosed any potential or
pertinent conflicts which may be perceived to have impending conflict with
this work. For full disclosure statements refer to https://doi.org/10.1016/j.knosys.
2019.105082.

* Corresponding author.

E-mail address: cctsang@must.edu.mo (E.C.C. Tsang).

https://doi.org/10.1016/j.knosys.2019.105082
0950-7051/© 2019 Elsevier B.V. All rights reserved.

approximated concept and basic knowledge generated by condi-
tional attributes in the universe. It is a qualitative model with
no fault tolerance capability. Considering the technical limita-
tions and other uncertainties in data collection, we find that
some actual data may have missing values and small fluctuations.
So this classical model has been popularized to make it fault-
tolerant, thus enhancing its applicability. Different quantitative
extension models of rough sets are proposed such as tolerance
rough sets [5], graded rough sets [6], variable precision rough
sets [7], probabilistic rough sets [8], decision-theoretic rough
sets (DTRS) [9,10] and fuzzy variable precision rough sets [11].
Moreover, the development and application of DTRS are remark-
able. Yang et al. [12] and [13] put forward sequential three-
way methods for multi-class decision and dynamic hybrid data
with the temporal-spatial composite variation, respectively. Fu-
jita et al. [14] first put forward the proposal of applying three-
way decisions to the resilience analysis of critical infrastruc-
tures. More noteworthy is that some composite models based
on DTRS with double fault tolerance capabilities are proposed,
which thoroughly describe the approximation space through the
double quantitative indicators with complementary relationship.
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Li et al. [15] constructed Dq-DTRS based on graded and decision-
theoretic rough set models. Yu et al. [16] established multi-
granulation Dq-DTRS models. Xu et al. [17] proposed generalized
multi-granulation Dg-DTRS models. Fan et al. [ 18] proposed logi-
cal double-quantitative rough fuzzy sets. Guo et al. [19] and [20]
proposed logical double-quantitative rough fuzzy sets and local
logical disjunction double-quantitative rough sets, respectively.

All of the above composite models study concept approxima-
tions under static decision information systems. However, the
object set, attribute set and attribute values of decision informa-
tion systems may vary individually or associatively over time in
sequences or in batches. How to comprehensively and efficiently
approximate concepts in dynamic decision information systems
is our focus. Incremental learning is an efficient technology of
dynamic data mining, which can acquire knowledge from current
data more quickly based on the prior knowledge from previ-
ous data and the correlation of real time data. It can be used
not only to process dynamic data such as dynamic multi-source
data [21], but also to process large data from the perspective of
updating data sequences [22,23]. Researchers study incremental
updating of rough sets from different aspects such as incre-
mental approximations [24], incremental decision rules [25] and
incremental feature selection [26,27]. This paper focuses on incre-
mental approximation updating in dynamic decision information
systems.

When the object set varies over time, Chen et al. [28] stud-
ied systematically the approximation updating mechanisms of
variable precision rough sets. Luo et al. [29] established the in-
cremental approximation updating mechanism of DTRS based on
matrix form. Liu et al. [30] studied the incremental updating
approach of interesting knowledge. Cheng [31] proposed dynamic
maintenance approaches of approximations for fuzzy rough sets.
Li et al. [32] proposed an incremental method for fast updating
approximations of dominance-based rough sets. Yu et al. [24]
and Luo et al. [33] analyzed profoundly the incremental updating
mechanisms of rough sets in interval-valued and set-valued sys-
tems, respectively. Liu et al. [34] and [35] proposed the incremen-
tal learning methods of knowledge discovery in incomplete in-
formation systems and business intelligent systems, respectively.
When the attribute set varies over time, Chan et al. [36] first
studied the incremental approximation updating of rough sets.
Liu et al. [37] studied systematically incremental approximation
updating of probabilistic rough sets. Some researchers have stud-
ied incremental approximation updating in set-valued ordered
decision systems [38], hierarchical multi-criteria decision sys-
tems [39] and interval-valued ordered information system [40].
When the attribute values varies over time, Chen et al. [41]
studied the incremental approximation updating mechanisms of
rough sets. Zeng et al. [42] proposed dynamically updating ap-
proximation approaches of fuzzy rough sets when coarsening or
refining the attribute values. Li et al. [43] and Hu et al. [44]
put forward the incremental approaches for dynamic mainte-
nance of approximations of dominance-based rough sets and
multi-granulation rough sets, respectively. Luo et al. [45] stud-
ied the updating mechanisms of three-way decisions in incom-
plete multi-scale information systems with the variation of scales.
In addition, some researchers study incremental approximations
with the simultaneous variation of the object set, attribute set and
attribute values. Wang et al. [46] presented the efficient incre-
mental approximation updating methods in ordered information
systems with the simultaneous variation of the object set and
attribute values. Yang et al. [47] proposed a unified framework
for the incremental updating of the probabilistic regions of DTRS
with multilevel variations of the object set, attribute set and
attribute values.

At present, there is little research on the dynamic maintenance
of approximations of composite models. In view of the large scale,

fast updating speed and the uncertainty of data, incremental ap-
proximation updating of composite models contribute to efficient
expression of knowledge and rules. This paper studies the in-
cremental approximation updating of a representative composite
model in dynamic decision information systems. Considering that
(1) Dynamic data sets with the variation of objects are ubiquitous,
such as credit card applications, spam classification, TV dramas
and movie recommendation systems etc.; (2) The computational
complexity of rough approximations is positively correlated with
the square of the number of objects, which makes the compu-
tation of approximations time-consuming or even infeasible in
large-scale dynamic data sets; (3) The static calculation method
of approximations takes up a large amount of storage and the
calculation speed is slow, so it cannot satisfy the requirements
of fast analysis and decision-making in the era of rapid data up-
dating; our research background is the dynamic decision system
with the variation of objects. Combining the reasonable semantic
interpretation for decision-making process and the completeness
of describing approximations of Dq-DTRS and the efficiency of
incremental learning, we study the incremental approximation
updating of Dg-DTRS in dynamic decision systems with the se-
quential and batch variations of objects, which can help to update
quickly the approximations and promote feature selection and
rule extraction of Dg-DTRS in dynamic and large-scale data sets.

The main contributions of this paper are as follows: (1) From
the perspective of incremental learning, we make full use of prior
knowledge to study dynamic approximation updating mecha-
nisms of the composite model Dg-DTRS. (2) Efficient incremental
sequential and batch algorithms for updating approximations of
two Dg-DTRS models are proposed in dynamic decision systems
with the insertion and deletion of objects in sequences or in
batches. (3) Considering the influence of different inserting and
deleting ratios and parameter values on the performance of in-
cremental algorithms, we analyzed the stability of incremental
algorithms. (4) The research of incremental approximations in
this paper provides a basis for the incremental feature selection
and rule extraction of composite models.

The rest of the paper is organized as follows. In Section 2, we
mainly reviewed some basic knowledge of decision information
systems and two Dq-DTRS models. In Section 3, we study sys-
tematically incremental approximation updating approaches of
two Dg-DTRS models in dynamic decision systems with the se-
quential and batch insertions of objects, respectively. In Section 4,
we explored deeply the incremental approximation updating ap-
proaches of Dq-DTRS models in dynamic decision systems with
the sequential and batch deletions of objects, respectively. In Sec-
tion 5, two static algorithms and eight incremental algorithms are
proposed to verify the feasibility and efficiency of the incremental
approximation updating approaches. In Section 6, experimental
results show the computational efficiency and stability of our
proposed incremental algorithms in calculating approximations.
Section 7 concludes the paper and elaborates future studies.

2. Preliminaries

We first introduce some basic concepts about decision infor-
mation systems and two types of Dq-DTRS models.

LetS = (U, A, V, f) be a decision information system, where U
is the universe; A = CUD is the union of conditional attribute set
C and decision attribute set D, and C ND = @; V = UgeaV, is the
attribute value domain; f : U xA — V is an information function,
ie, Va € A x € U, that f(x,a) € Vg, where f(x, a) is the value
of the object x under attribute a. R is the equivalence relation
generated by C in the universe U. [x]g represents the equivalence
class of x with regard to R, where [x]g = {y € Ulf(y,a) =
f(x,a),Ya € C}. U/C denotes the conditional partition consisting
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of equivalence classes generated by C in U and U/D denotes the
decision partition consisting of decision classes generated by D in
U. Symbol |-| denotes the cardinality of a set.

In Pawlak model, concepts are approximated by the upper and
the lower approximations which consist of equivalence classes
completely and possibly contained in concepts, respectively.
Some scholars quantify the relationships between concepts and
equivalence classes, then propose quantitative extension models.
Yao [5] proposed decision-theoretic rough sets (DTRS) based on
the relative quantitative information described by conditional
probability and minimum Bayesian decision risk. For any concept
X (X < U), in the DTRS model, the upper approximation is
Reupy(X) = U{lxlr | P(Xl|[xlg) > B,x € U} and the lower
approximation is g(w)(X) = U{[x]lg | PX|[x]r) > o, x € U}.

The basic idea of DTRS is to approximate concepts by equiv-
alence classes with conditional probability in acceptable fault
tolerance thresholds, where thresholds o and 8 are determined
based on the minimum Bayesian decision risk and the loss func-
tion given by experts. Any object has two states with respect to
a target concept. In each state, this object can be divided into
positive, boundary and negative regions, which correspond to ac-
ceptance, non-commitment and rejection decisions, respectively.
Let ap, ag and ay denote the actions of classifying objects into pos-
itive region, boundary region and negative region, respectively.
The six parameters of the loss function are briefly introduced.
Let App, Agp and Anp denote the losses caused by taking actions
ap, ag and ay, respectively, when an object belongs to X; and
Apn, Agy and Any denote the losses incurred for taking the same
actions when the object does not belong to X. This paper mainly
studies the general case, namely 8 < «, which can produce
three rough regions and the corresponding three-way decisions.
So the loss function concerned satisfies the two basic conditions
App < Agp < Anp, ANN < Apy < Apy and (Anp — App)(Apy — Apn) >
(Agp — App)(Agy — Ann). The values of threshold parameters are

APN —ABN ABN —ANN
o= ——PN_2BN ____ apd = .
(ApN—ApN)+(App—App) B (AN —ANN)+(ANp—ABP)

Considering that the relative quantitative information ignores
the information differences of different equivalence classes con-
taining the target concept to some extent, Li et al. [8] further pro-
posed two types of double-quantitative decision-theoretic rough
sets (Dg-DTRS) by cross-using relative and absolute quantitative
information to characterize concepts in the upper and lower
approximations.

In the first type of double-quantitative decision-theoretic
rough set model (DqI-DTRS), the upper and lower approximations
of any concept X (X C U) are

Rie.s)X) = Ullxlr | P(XI[xIe) > B, x € U} (2.1)
R(X) = U{[xlr | g([xIr.X) <k, x € U} (2.2)
where 0 < k < [Uland 0 < B = | BN =R <1

ABN—ANN)+H(ANp—App) —

P(X|[x]r), called conditional probability [5,8], refers to the relative
number of the elements belonging to X in equivalence class [x]g,
which can be calculated by P(X|[x]r) = % g([x]r, X), called
external grade [ 16], refers to the absolute number of the elements
belonging to [x]gz outside concept X, which can be calculated
by g([x]r, X) = |[xIr| — |[x]g N X]|. In the DqI-DTRS, the upper
approximation of X is the union of equivalence classes whose
conditional probability about X is greater than 8 and the lower
approximation of X is the union of equivalence classes whose
external grade about X is less than or equal to k. The positive,
negative, upper boundary, lower boundary and boundary regions

of X in the D:]I—DTRS model are pos'(X) = E;aﬁ)(X) N RL(X);
neg'(X) = (R(a’ﬁ)(X) U BL(X))(:; ubn'(X) = R(a,ﬁ)(x) - BL(X);
Lbn'(X) = Ri(X) — E{a, 5 (X); bn'(X) = Ubn'(X) U Lbn'(X). Based

Table 1

The representations of related concepts with the variation of objects.
Time t t+1
System S=(U,AV,f) s =W, AV, f)
Universe U U
Decision classes D1,D,,...,Dy Dy, D'2 ,,,,, D;,
Equivalence classes Ei,Ey, ..., En E;, Eé, . E,

on the positive, negative and boundary regions, we can obtain
the acceptance, rejection and non-commitment decision rules,
respectively.

In the second type of double-quantitative decision-theoretic
rough set model (DqlII-DTRS), the upper and lower approxima-
tions of X are
R.(X) = Ullxlx | E([xIx. X) > k.x € U} (23)
R () = Ulixle | PXI[X]) = @, x € U}

APN—A
oo Gor ) =
1. g([x]g, X), called internal grade [16], refers to the absolute
number of elements belonging to [x]z inside X, which can be
calculated by g([x]g, X) = |[x]g N X|. In the DqII-DTRS, the upper
approximation of X is the union of equivalence classes whose
internal grade about X is greater than k and the lower approxi-
mation of X is the union of equivalence classes whose conditional
probability about X is greater than or equal to «. Similar to
the DqI-DTRS model, the rough regions and the corresponding
decision rules of X in the DqII-DTRS can be obtained based on
Re(X) and RY, 5,(X).

where 0 < k < |[Uland 0 < 8 < a =

3. Incremental approximation updating of Dq-DTRS with the
sequential and batch insertion of objects

Concept approximations are the indispensable knowledge for
feature selection and rule extraction of the Dq-DTRS models. This
paper focuses on how to quickly obtain the approximations of
DqI-DTRS and DqII-DTRS in dynamic decision information sys-
tems with the insertion and deletion of objects in sequences or
in batches over time. We study the dynamic changes of objects
from time ¢ to time t+ 1. The basic information about the relevant
concepts with the variation of objects at two moments is shown
in Table 1.

In this section, we propose methods for updating the concept
approximations of DqI-DTRS and DqII-DTRS when new objects are
inserted sequentially or simultaneously over time.

Firstly, we study the updating methods when many objects are
inserted sequentially at time t+ 1. Considering that the sequential
approximation updating of many objects is the cumulative result
of the updating one object after another, we mainly present the
updating process of DqI-DTRS and DqlI-DTRS when a new object
xT is inserted. Then the approximation updating of many objects
in the case of sequential insertion is realized by iteration loop.

The insertion of a new object will affect the granular structures
of the previous conditional attribute set and decision attribute set,
and then cause the variations of conditional probability, external
grade and internal grade. Let P = (Pjj)nsm, E = (€j)nsm and
I = (ijj)nsm be the conditional probability matrix, external grade
matrix and internal grade matrix of time t, respectively; P’ =
(Pi)wsm E' = (€j)wsm and I' = (i) be the corresponding
matrices of time t + 1. It should be pointed out that p; =
P(DilE)), e; = g(E;, D). iy = g&(E,Dy), p; = P(DE). e; =

g(Ej’, D}) and 11’1 = g(Ej’, D). Detailed variations of decision classes,
equivalence classes, conditional probability, external grade and
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internal grade with the insertion of a new object are shown in the
following lemma, where the other decision classes, equivalence
classes, conditional probability, external grade and internal grade
remain unchanged except that mentioned in the conclusions.

Lemma 3.1. When x* is inserted at time t+1, we have the following
conclusions:

(1) IfD; = DU {xT} (i € {1,2,...,
(j€{1,2,...,m}) there are
P/U < P1j,P/2j < sz,--wPLLj < Pifl,j,Pl/»j > PijaP,/-H,j <

n}) and E; = Ej U {xT}

/ .
Pit1js « -+ Ppj < Pnjs
/ / / / /
eU > €yj, ezj > €25, .0, ei*l,j > €i—1, ei+1,j > Citljs - enj
> enj;
oo
lij > lij.
;o +\ /4 ’ vt
(2 IfD;=D;U{x"}(ie{l1,2,....,n}))and E|, = E;  , = {x"},
there are
/ / _— p— 0 / p—
Pimt1 D, m+1 pH mi1 = Dimyr =
L Ditmr = pz+2 me1 = =Py, m1 = ; )
e m1 e met T = € 1mt1 1, mi
0, e, m+] = =Com = == =e€imi1 = L; i}
’1 mel = 12 m = figmir = 0l = Ly s =
IH—Z m+1 = = ln m+1 =
(3)IfD/,—Dn+1_{x+}andEj’:EjU{x+}(]e{1 .,m}),
there are
’ ’ _ ’ ’
pn;ﬂ,] Pni1,2 Pny1j1 0, Ppy1j
—_ / — — . ...=1 =
El+1° Pntrjrn = Poprjr2 = 000 = Popam = 0,
/ / / .
Dyj < P1j> Pyj < D2js - -+ Pyj < Pnjs
/ ’ . / L / _
ey > eU,ezj > €5, ..., €y > enj, € [E1l, ep12 =
|Eal, . n+1 m = |Enl;
o _ . _ +
’n+11 = 0 g1 =00l =006y = L0,
=0,. fm m=0.
/ +
(4) IfDn, = +1 = {x*} and E; , = Em+1 = {x"}, thfre are
Phit1 pn+1 2 = = Prvim = O0Ppiimer =
1plm+1 p2m _"':pnm+],:0; )
en+ll = |E1l.epp1p = 1E2ls oo €y = [Eml €y iy =
Oelm+1_62m+1=' y enmqtl_‘1
’n+11 = ln+1 2= = hytm = 00y = Ly =
b1 =" =l =

Proof. By D; = D; U {x*} and E; = E; U {x*}, there are |E]| =
|Ej| + 1, D] ﬂEj/| = |D1 NEl, ---,1Di_, ﬂE/| = |Di-1 NEjl,
D,V B = 1Dy Bl + 1, 1D}y, NE]| = IDija NE, - D, NE]| =
|D; N Ej|. According to the deflmtlons of the conditional proba-
bility, external grade and internal grade, the conclusions of case
(1) are obvious. Other conclusions of cases (2), (3) and (4) can be
obtained similarly. O

In the following, we give more intuitive results of the varia-
tions of conditional probability, external grade and internal grade
at time ¢ + 1.

P11 o P1j-1 < DPij P1,j+1 o Pim
f bi-1,1 Pi—1,j—1 <Pi-1j Pi-1j+1 Pi—1,m
P(l) = pi1 Pij-1 > pjj DPij+1 ©* DPim
Di+1,1 Di+1,j—1 < DPi+1j Pi+1,j+1 Pi+1,m
P cr Pnj-—1 < Pnj Pn.j+1 ©t+ Pnm
P11 s P1j-1 p1j P1j+1 ©t+ Pim ; 0
, Pi—1,1 Pi-1j-1 DPi-1j Pi—1j+1 Pi—1,m i 0
P(z) = pi1 Pij-1 pij Pij+1 o Pim 1
Pit1.1 Pi+1,j—1  Pi+1j Pi+1j+1 o Piyim ! 0
|
Pn1 c Pnj—1 DPnj Pnj+1 ©t+ Pnm ' 0

Eyy=

Epy =

Iny =

loy =

3) =

Puy =

Es =

Eay =

Is) =

€i+1,1

€it1,j—1 €it1,j+1

e s €151 > egij €1,j+1 crc @
€i—1,1 €i_1j—1 > €i—1j €i—1j+1 €i—1,m
€i1 s 6y €ij €ij+1 ©r Cim
€it1,1 €it1j—1 > C€iy1j  Ciy1j+1 €it1,m
€n1 R A | > €nj €n,j+1 ©t €nm
e S eqj e1,j+1 s em ; 1
‘
ei—1,1 €i-1j-1 €i—1j €i—1j+1 ei—tm ! 1
ej1 e 81 ejj i j+1 T eim 1 0
€it1,1 Cit1j—1  Cilj  Cit1,j+1 eitim ! 1
‘
en1 T epj-1 €nj €n j+1 0 enm !
111 cee 1151 1y 11,j+1 s lim
li—1,1 li1j-1 lic1j lie1j41 li-1,m
li1 e i > i lijp oo lim
lit1,1 lit1j—1  lit+1j  lit1j+1 lit1,m
In1 R T | Ipj Inj+1 s Inm
i R A i1 i1,j+1 e 10
; : ; ; ‘
fi-1.1 fioj-1 diery o dierge fimim 1 0
ii1 s i iij lij+1 o lim 1
1,1 o i1 dip1j o G141 liyim 1 0
- - o o " L
In1 R . | Inj Inj+1 soo lnm ' 0
P11 o P < DPiyj DP1,j+1 o0 Pim
Pi-1.1 Pi-1j-1 < DPi-1j Di-1j+1 Di—1,m
Di1 ©r+ Dij—1 < Dy Dij+1 *++ Dim
Di+1.1 DPi+1j-1 < DPi+1j DPi+1,+1 Di+1,m
Pn1 Pnj—1 < Dnj Pn,j+1 Pnm
,,,,,,,,,,,,,,,,,,,,,,,,, LG RN ' RS .. S
0 0 |Ejl+1 0
P11 P1j-1 Pij P1j+1 o Pm 1 0
‘
Pi-1,1 Pi-1j-1 Pi-1j Pi-1,j+1 Pi-im 1 0
Dpi © Dij-1 pij DPij+1 © DPim 1 0
Pi+11 -0 Pitlj—1  Pi1j  Pit1j+1 Pitim 1 0
‘
Pl Pnj—1 ___Pnj ___ Pnj+1 ___ i __ Pum 1 0
0 0 0 0 1
en €1,j-1 > egij €1,j+1 R = T
€i-1.1 €i-1j-1 > €8i-1j €i-1j+1 €i—1.m
€i1 €ij—1 > egjj €ij+1 ctr o €im
€it1,1 €it1j—1 > €8it1j  Cit1j+1 €it1,m
e enj-1 > Cnj____ ! Cnja____cii_  Gam__
|Eq] [Ei-1l |l [Ejiyal -+ |Eml
eq1 e1,j—1 ey e1,j+1 e i
I
€i—1,1 €i-1j-1 €i—1j €i—1j+1 ei-1m ! 1
ei1 e ejj €ij+1 S eim 1
eitim ! 1
L
I
‘
‘
‘

ii—11 li—1j-1 li-1j+1 ii—1,m
1i1 e i Ljj Lij+1 s lim
liv1,1 lit1j-1  lit1j  lit1,j+1 lit1,m
In1 Inj—1 Inj Inj+1 Inm
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i R A i1 i1,j+1 im0 0
ii—1,1 fi—1j-1  dic1j  fi—1j+1 fiim 1 0
I/ _ i1 e i ijj lij+1 s im 0
(4) 11 o it ’i+1,j ’i+1,j+1 im0 0
. I
I3 A Inj—1___ M ___ Inje1 oo gm0 0
0 0 0 0 0 1

/ 4 / 3
From the above P(;y (4, E(})_ 4y I(1)_4)» We can see the infor-

mation association and the change between time t and t + 1.
In the P(,l)—(4)’ E(/l)_(4), I(/l)_ 4 the information on the right or the
bottom of the dotted line of the matrix is new probability or
grade information. In cases (1)-(4), when updating the upper and
lower approximations of original decision classes, we are mainly
concerned with the information of the jth or (m + 1)th column
of Py 4)»5(1) (ay: [(1)_(a)- In cases (3)-(4), when calculating the
approx1mat10ns of a new decision class, we can only recalculate
them according to formulas (2.1)-(2.4) because there is no prior
knowledge.

3.1. The updating mechanisms for the concept approximations of
Dql-DTRS with the insertion of a new object

We first propose the updating mechanisms for the approxima-
tions of DqI-DTRS when a new object x™ is inserted at time t + 1.
For any decision class D; (D; C U), we present the update process
of the approximations of Dj.

Case 1: The new object belongs to one original decision class,
namely 3x; € U, Vd € D, s.t. f(x;, d) = f(xT, d).

Proposition 3.1.1. When |[x"z| = 1, for the upper and lower
approximations of D), we have the following properties:

(1) x* ¢ D}, Ry (D)) = Ry (D).

(2) x* ¢ D, if k > 0, then Ri(D}) = Ri(D;) U
Ri(D}) = Ri(Dy).

(3) x* € D, Ry (D)) = Ry (DU X+, R(D))

{xT}; otherwise,
= Ri(D;)U{x™}.

Proof. (1) From |[x"]g| = 1 and x* ¢ D|, there are [xT]z = {x*}
and D, = D;. By P(D/|[x+]R) = 0, we have x* ¢ EZa,ﬂ)(D;)' So the
conclusion R « ﬁ)(D )= R(a p)(Di) is true.

(2) According to [x*]g = {x*} and D; = Dj, there is g([x" ]z,
D)) = 1.If k > 0, then x™ € g([x* Iz, Dj). So Ri(D;}) = Ri(D;) U{x"}.
If k =0,x" ¢ g([x"]r, D}). Therefore, Ri(D;) = R(D;).

(3) From |[x*]g] = 1 and x* € Dj, there are [x*]g = {x*}
and D; = D; U {x+} By P(D|[x"1r) = 1 and g([x" I, D’) =0, we
can get x* € R( p(D;) and x* € R(D;). Therefore, R(aﬁ (D}) =
Ria5(Di) U {x*} and R(D)) = R(D)) U {x*}.

Thus, Proposition 3.1.1 is proved. O

According to Proposition 3.1.1, when the equivalence class of
the new object is a singleton set, there are (1) The upper and
lower approximations of the decision class to which the new
object belongs can be updated directly; (2) The lower approxima-
tions of those decision classes to which the new object does not
belong also need to be updated as long as the grade parameter k
is greater than 0.

When the equivalence class [x]; is not a singleton set, we
suppose that x* belongs to one original equivalence class E;. At
time t + 1, this equivalence class E; becomes E;, where Ej’ =

Ej U {X+}.

Proposition 3.1.2. When |[x"]g| > 1, x* € E;, if x* € D, the
following properties for ﬁia’ ﬂ)(D;) and KL(D; ) hold.

- = o=l
(1) When E; C R, ﬂ)(D ), there is R, 4)(D;) = R(“’ﬁ)(,[,)i) U {xt}.
(2) When E; 7_‘ Rw( ) ifP(D/|E/) > ,8 then R, 4(D}) =
=
R .ﬂ)(D) !; otherwise, R(a ﬂ)(D )= R(a 8) (D)
(3) When E; C R’( Dy), there is R(D)) = Ri(D;) U {x*}.
(4) When E; ¢ Ri(D;), there is Ri(D}) = Ri,(D;).

Proof. By [[x"]g| > 1,x* € Ejand x* € D, there are E =E U{xt}
and D} = D; U {x*}.

(1) When E; C R( ,3)( i)
IEjnD;| |Eij,~|+1 P(D;E;)
BT T B+ ilEp).
—I =
Rep 00 = R (DU 1)

(2) When E; ¢ R, 4)(Di), there is P(D; |E) < B.By P(D’|E’)
P(Dy|E)), if P(E], D;) > B, we obtain E; < Ra (D). So Ra D)=
—I L
Ry p(Di) U Ej/. If P(Ejf, D) < B, then Ej ¢ R p)(Di). Therefore,
Riq (D) = R (D)

(3) When E; C R}(D;), we can get g(E;, D;) < k. By g(Ej/, D)) =
|E/|—|E] N Dj|="|Ej|—|E; N Di|= g(E;, Dy), there is E/ < Ry(D)).
Therefore, Ri(D;) = Ri(Di) U {x*}

(4) By E; ¢ Ri(D;) and g(Ej, D;) = g(E/, D)), it is true that
Ri(D) = Ri(Dy).

Thus, the proof of Proposition 3.1.2 is finished. O

, there is P(Dj|Ej) > B. By P(Di|E[) =
Lo, .
there is E < R(ayﬂ)(D;). It is true that

According to Proposition 3.1.2, when the equivalence class
of the new object is not a singleton set and this new object
belongs to one original decision class, there are (1) When the
equivalence class to which this new object belongs is contained
in the upper (lower) approximation of the original decision class,
the upper (lower) approximation of the corresponding current
decision class can be updated directly; (2) When the equivalence
class is not contained in the upper approximation of the original
decision class, the upper approximation of the corresponding
current decision class needs to be updated as long as the current
conditional probability is greater than §.

Proposition 3.1.3. When I[xt1rl > 1, xT € E, ifxt ¢ D, the
following properties for R(a (D;) and B’(Df) hold.

(1) When E; C R(D”3 (Di), if P(D|E]) > B, then R(a ﬁ)(D) =
Rig. (D)) U tx +); otherwise, Rlalﬁ)(D/) R(a 5 (D) —

(2) When E; ¢ R(a p)(Di), there is R, ﬁ)(D’) = R(a ) (Di).

(3) When E;j € Ri(Dy), if g(E{, D;) < k, then R(D)) =
{x*}; otherwise, Ri(D;) = R}.(D;) — Ej.

(4) When E; ¢ Ri(D;), there is Ri(D}) = Ri.(D;).

Ri(D;) U

Proof. By |[x"]r| > 1,x" € Ejand x* ¢ Dj, there are E; = E;U{x"}
|EiND;|
|E]j\+1

and D; = D;. We further get two conclusions: P(D|E;) =
P(Di|E;) and g(E/, Dg) |Ej|—1E; N Di|+1 > g(E;, Dy).

g) When E,;lg Ry Dy, if P(E/ D)) > p, then E] C R, 5(D)).
So R(aﬁ)(D;) =R, (D)) U Ej/ = }i(f“ﬁ)( DU {xt). On£111e contrary,
Ej’ A R(&?)(Dg) is truj By Ei C R, 4)(Di) and Ej’ & R(a,ﬁ)(D,f), we
can get Ry, 4(D}) = Ry, 4)(Di) — E;.

(2) By E ¢ Ry 4(D;) and P(D}|E)) < P(DjE), we obtain
E/ ¢ Ry 5)(D}). Therefore, Ry, 4,(D}) = Ry 5,(Dy)-

(3) By E; € Ri(Dy) and g(E/, D) < k, we can get E/ C Ri(D}). So
R(D)) = Ry(D)UE] = R(D;) U {x*}. On the contrary, E| ¢ R/(D)).
By E;j C Ri(Dy), it is true that RUD)) = Ri(D;) — ] =R, (D) E;.
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Table 2
A decision information system of time t.
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Table 3
The system with the insertion of an object.

U a, a

Q
&
Q
&

X1
X2
X3
X4
X5
X6
X7
Xg

SR (RGN N o J S UG
e R = o e o)
[ [N N o Qe
S| O = =L O ===

R, OO0 = = =00 a

X9

(4) According to E; ¢ R’( ;) and g(Ej’, D;) > g(E;, Dy), there is
E/ ¢ Ri(D;). Therefore, Ri(D}) = Ri(D;). O

From Proposition 3.1.3, when the equivalence class of the new
object is not a singleton set and this new object does not belong
to one original decision class, the upper (lower) approximation
of the corresponding current decision class needs to be updated
only when the equivalence class is contained in the upper (lower)
approximation of the original decision class.

By deeply analyzing the relationships among Propositions 3.1.1
-3.1.3, we find that Proposition 3.1.1 is a special case of Proposi-
tions 3.1.2-3.1.3. In the following discussions, no more attention
is paid to whether the equivalence class of a new object is a
singleton set.

Case 2: A new decision class appears at time t + 1, namely D™ =
{x*).

Proposition 3.1.4. For x*, if Vx; € U, 3d € D, s.t. f(x;, d) # f(x*, d),
there are

(1) If P(D*|[x* 1) > B, then Ry, 4(D*) = [x*1g; otherwise,
Rg.sy(D) = 1.

(2) Forje{1,2,...,m'}, ifg(Ej’,D*) <k, then Ri(D*) = U{E]}.

Proof. According to the definition of lower and upper approxi-

mations of DqI-DTRS (formulas (2.1) and (2.2)), the above con-
clusions are obvious.

Example 1. A decision information system S = (U,A = C
D,V,f) at time t is shown in Table 2, where the universe U
{x1, X2, X3, X4, X5, Xg, X7, Xg}, the conditional attribute set C =
{ay, az, as, a4} and the decision attribute set D = {d}. At time t+1,
a new object xg is inserted and its detailed information is shown
in Table 3. We elaborate on the incremental approximation up-
dating mechanisms of DqI-DTRS with the insertion of an object,
where 8 = 1 and k = 1.

U

At time t, we know that U/D = {D; = {x1,X2,Xs,X7}, D2 =
{x3,X4, %5, xg}} and U/C = {E; = {X1, X3, X6}, E2 = {X2, %7}, E3 =

{x4}, E4 = {5, xg}} from Table 2. Moreover, there are

2
3 P(D4|E;) = 1, P(D1|E3) = 0, P(D1]|E4) = 0

P(D4|E1) =

]
P(D,|E1) = 3 P(D;|Ez) = 0, P(D3|E3) = 1, P(Dy|Es) = 1;
8(E1,D1) = 1,g(Ez, D1) = 0, g(E3, D1) = 1, g(E4, D1) = 2,
&(E1, Dy) = 2, g(E>, Do) = 2, g(E3, Dy) = 0, g(E4, D2) = 0.

According to formulas (2.1) and (2.2), there are Eéa ﬂ)(Dl) =E U
E», Ri(D1) = E; UE, UE;, R( «.p)(D2) = E3 U Eq, Ri(D;) = E3 U Ey.
At time t+1, we know that D} = D1U{xe} = {X1, X2, Xg, X7, X0},
D), = Dy = {X3, X4, Xs, Xg} and Eﬂ = E,E, = B, E}, = E3,E) =
E4 U {xg} = {x5, X3, X9} from Table 3.
By x9 € E4 and x9 € D}, we calculate the approximations
of D according to Proposition 3.1.2. Because E4 ¢ ﬁéa,ﬁ)(fh)
.=l , -
and P(D{[E}) = 5 # B, there is R, 4(D}) = Ry, 4(D1) by the
conclusion (2) of Proposition 3.1.2. Because E4 ¢ EL(D1 ), there is
Ri(D}) = Ri(D1) by the conclusion (4) of Proposition 3.1.2.
By xo € E4 and x9 ¢ D), we get the approximations of
D), according to Proposition 3.1.3. Because E; C E:a.ﬁ)(Dz) and
, - -
P(Dy|E}) = 2 > B, there is Ry, 4(D,) = Ry, 4(D2) U {Xo} by
the conclusion (1) of Proposition 3.1.3. Because E; C RL(DZ) and
g(E,,D,) = 1 < k, there is R(D)) = Ri(D2) U {xo} by the
conclusion (3) of Proposition 3.1.3.

3.2. The updating mechanisms for the concept approximations of
DqlI-DTRS with the insertion of a new object

In the following, we study the updating mechanisms of the
upper and lower approximations of DqII-DTRS when a new object
xt is inserted at time t + 1.

Case 1: The new object belongs to one original decision class,
namely 3x; € U, Vd € D, s.t. f(x;, d) = f(xT, d).

Based on the previous research experience of Section 3.1, we
directly assume that x* belongs to one equivalence class E; of the
decision information S. At time t 4 1, the equivalence class E;
becomes Ej, where E/ = E; U {xt}].

Proposition 3.2.1. Let x* € Ej, if x* € D], the following properties
for R (D}) and RY, 4 (D}) hold.
(1) When E; C Ek(D,-), there is E:(D’) = E:(D U {xt).
(2) When E; ¢ Ry(Dy), ifg(E’ D) > k, then Ry (D)) =
otherwise, EZ(D/) R, (Dy).
(3) When Ej C Ry, 4,(Di), there is Rf, 5(D;) = R, 5(Di) U {x*}.
(4) When E; ¢ R{, 5(Dy), if P(DJIE}) > a, then Rf, 5(D}) =

Rl 4(Di)U E’ otherwise, R, ﬁ)(D§) =R, 4(Di).

EZ(Di)UE-';

Proof. By Ef = E; U {x"} and D; = D; U {x"}, we can get
Z(E/, D)) > §(E;, D;) and P(D]|E]) > P(D{lE;).

(1) When E; € Ri(Dy), there is g(E, D)) > k. By 8(E/, D)) >
g8(E;,Di) > k we can get E| < EZ(D;). Therefore, EZ(D;) =
R, (D) U ('}, .

(2) According to E; ¢ R (D;) and g(E;, D;) > k, we can get E; <
E;:(le) and ﬁz(Dg) = EL’(D,J U E/. In another case, by E; ¢ EZ(D,-)
and E/ ¢ Eﬁ(D;), we can obtain Eﬁ(D;) = ﬁ;(l(Di).
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(3) When E; C R, 4(Dy), there is P(D;|E;) > . By P(Dj|E]) >
I{’(Jlr)ilEj), so we can get E/ C R{,, ;(D}) and R{,, ;,(D}) = R{, ) (D YU
Xt

(4) When E; ¢ R 4(1 p(Di), if P(D’lEf) > «, there is E/ <
R(a 5)(D;). Therefore, Ra ﬂ)(Df) = 451 ) (D-) U E/. On the contrary,

by E ¢ R,C(Dl) and E/ ¢ Rk(D;), we get R}, (D)) =R, 5(Di). O

From Proposition 3.2.1, we first consider a prerequisite,
namely the new object belongs to one original decision class.
When the original equivalence class to which this new object
belongs is contained in the upper (lower) approximation of the
original decision class, the upper (lower) approximation of the
corresponding current decision class can be updated directly.
When this original equivalence class is not contained in the
upper (lower) approximation of the original decision class, we
need to further determine whether the current internal grade
(conditional probability) meets the threshold requirement. Then
we decide whether to update the upper (lower) approximation.

Proposition 3.2.2. Let x* € E;, if x* ¢ D|, the following properties
for Rk(D/) and RY,, 4,(D;) hold.

(1) When E; C R, (D;), there is R, (D}) = R, (D) U {x"}.

(2) When E; ¢ R, (D;), there is R, (D}) = R, (D;).

(3) M;hen Ei < ngﬁ)(Di)v i}"P(DI;fIEf) ,2 @, Ifhen Bf'a,,g)(D,f)
Ry (DU {>l<l+}' otherwise, R(anﬁ)(D 1) = 4& 0 y(Di) — Ej.

(4) When E; & Ry, 4)(D1), there is Ry, 4)(D}) =

Rl (D)

Proof. By E; = E; U {x"} and D] = D;, we can get g(E], D))
g(E;, D;) and P(D;|Ej’) < P(Dj|E;). The conclusions about R;:(D;)
and R, ;(D}) can be obtained by formulas (2.3) and (2.4) and
two expressions g(E/, D;) = g(E;, D;) and P(D§|Ej’) < P(Dj|E;). This
proof is similar to the proof of Proposition 3.2.1. O

From Proposition 3.2.2, the prerequisite is that the new object
does not belong to one original decision class. When the original
equivalence class to which this new object belongs is contained
in the upper (lower) approximation of the original decision class,
the upper (lower) approximation of the corresponding current
decision class needs to be updated.

Case 2: A new decision class appears at time t + 1, namely D™ =
{x*}).

Proposition 3.2.3. For xT, if Vx; € U, 3d € D, s.t. f(xl,d) #
f(x*, d), then the following properties for RZ D*) and R 4,1 5(DF)
hold, where D™ = {x*}.

(1) If Zx*1r. D*) > k then Ry(D*) =
R.(D*) =0.

(2) If P(D+|[X+]R) > o then Kﬁl,ﬂ)
R 5 (DY) =

[x*1g; otherwise,

(DY) = [xt]g; otherwise,

Proof. According to the definition of lower and upper approxi-
mations of DqII-DTRS ( formulas (2.3) and (2.4) ), we know that
only equivalence classes that intersect w1th Dt are not empty
may be included in the approximations Rk(D+) and R 40( 5(DT). So
the above conclusions are obvious. O

Example 2 (Continuation of Example 1). We elaborate on the
incremental approximation updating mechanisms of DqlI-DTRS
with the insertion of an object, where the parameters of Dqll-
DTRS are k=1 and o = 2.

At time t, we get that the internal grade and conditional
probability are

g(E1, D1) = 2,g(Ez, D1) = 2, g(E3, D1) = 0, g(E4, D1) = 0,
8(E1,D;) = 1,8(Ey, D;) =0, g(E3, Dy) = 1, 8(E4, Do) = 2;

P(D1|E1) = 3, P(D11Ez) = 1, P(D1]E3) = 0, P(D4]E4) = 0,

P(D;|E1) = 7. P(D2|E2) = 0, P(D|E3) = 1, P(Dy|E4) = 1.

w\_nw \S]

By formulas (2.3) and (2.4), there are E;:(Dﬂ = E1UE,, ng,ﬁ)(Dl) =

Ey UE;, R(Dy) = Eg, RY, 4(Dy) = E3 UE,.

At time t+1, we know that D} = D;1U{xq} = {X1, X2, Xg, X7, Xo},
DIZ =D, = {X3,X4,X5,X8} and E; = E1,Eé = Ez,Eé = E3,E:l =
E4 U {x9} = {Xs, Xg, Xg} from Table 3.

By x9 € E4 and xg € D}, we calculate the approximations

of D} according to Propositiorlll 3.2.1. Belclause Ey & ﬁz(Dl) and
8(E;, D)) = 1 # k, there is R (D)) = Ek(Dl) by the conclusion
( ) of Proposition 3.2.1. Because E; ¢ R 405 (D1) and P(D}|E}) =

z «a, there is R’a pD) = B(a,ﬂ)(Dﬂ by the conclusion (4) of

Proposmon 3.2.1.
By x9 € E4 and X9 ¢ D), we calculate the approximations of

D/Zjlccording tEHProposition 3.2.2. Because E4 C Eﬁ(Dz), there
is R,(D,) = Ry (D3) U {xo} by the conclusion (1) of Proposi-
tion 3.2.2. Because E; C R, 4(D,) and P(Dy|E)) = 2 > «a,

3
there is R, 4)(D5) = R, 4(D2) U {xo} by the conclusion (3) of
Proposition 3.2.2.

3.3. The updating mechanisms for the concept approximations of
Dq-DTRS with the batch insertion of objects

Based on the research of the first two Sections 3.1-3.2, we can
achieve the approximation updating of DqI-DTRS and DqlI-DTRS
by iteration loop when many objects are inserted sequentially at
time t + 1. In this Section 3.3, we study the approximation updat-
ing methods for DqI-DTRS and DqII-DTRS when many objects are
inserted in batches over time. Let AU denote the newly inserted
object set at time t + 1. Next, we directly analyze the effects
of these new objects on the granular structures, then propose
incremental approximation updating mechanisms of Dql-DTRS
and DqlI-DTRS.

Let AU/D = {My,M,, ..., M, Msyq,...,My} and AU/C =
{N1,N3,...,N¢,Nyy1,...,N,} denote decision partition and
conditional partition of AU, respectively. Then the decision par-
tition of U’ is U’'/D = {D|,D,,...,D;, D;H,...,D/ D;1+1’---’
Dy, . s}, wherefori=1,2,...,s,D; = D;UM; denote the original
changed decision classes generated by incorporating the newly
inserted decision classes into the corresponding original decision
classes; fori = s+ 1,s+2,...,n, D; = D; denote the original
unchanged decision classes; fori =n+1,n+2,...,n4+u —s,
D} = M;_n+s denote the newly inserted decision classes. The con-
ditional partition of U’ is U’/C = {E}, E;, .. ES’,, E) i o Ens
Er/n+1""’Et/n+vfs’}' where for j = 1,2,.. s, E/ = E UN;
denote the original changed equivalence classes generated by
incorporating the newly inserted equivalence classes into the
corresponding original equivalence classes; for j = s + 1,s" +
2,...,m, Ej’ = E; denote the original unchanged equivalence
classes; forj=m+1,m+2,....m+v—¢, Ej/ = Nj_mt+y denote
the newly inserted equivalence classes. In Table 4, we give in-
formation about decision classes, equivalence classes, conditional
probability, external grade and internal grade when many objects
are inserted at the same time.
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Table 4
Information related to updating approximations with the batch insertion of objects.
Blocks D; Ej P(D; |Ejf) Variation g(E}, D;) Variation E(Ejf, D;) Variation
1. i=12,..., s/ D UM EUN: JEjND; |+IN;nM; | N |Ej| — |Ej N Djl - |E; N Dy N
i=12...s B I+ +INj| = IN; N M| - +IN; N M| -
i=1,2,...,s E;NDj|
2. PR DiUM  E ‘ij\’ = IE| — | N Dy = |E; N Dy| -
i — IN. M| _
3. i=12,....s , D;i U M; Nj*erS, JIN"HS [ b lNJ mss'| b ‘N —mis Ml b
j=m+1,..., m+v-—s Jmms’ |N7m+sﬂM,»|
i=s+1,...,n , ) . |EjND;| |Ej| + [Nj|— : ; _
Y2 Dy EUN  mimwg < IE; N Dyl g £ Dl =
i=s+1,..., n |E;ND;|
5. i=s 41 m D; Ej 5 = |Ej| — 1Ej N Dy = |Ej N Dy =
i=s+1,...,n [ 1 L
6 j=m+1,....m+v—s D; Ny 0 ’ IN s | g 0 b
i=n+1,..., n+u—s IN;OMi_p | |Ej| + IN;|—
7. ) M- EjUN; L b J J b N; N M;_ b
j= 1,2’ s i—n+s “j 'j EI+INj] |N] ﬂMi—nJrsl ‘ 'j i n+s‘
i=n+1, n4+u-—s
5 j= s: 1 m+ Minss E 0 ’ ] ’ 0 ’
i = 1,... - IN_ o Mis] N /|-
g i=nt+l....ntu-s My s Nymse J‘Ji/‘* b IN s | b IN_m N Micass] b
j=m+1,..., m+v-—s J—m+ts |Nj—m+s' N Mi—ps|
2Denotes that the relationship between the original probability and the corresponding current probability is uncertain.
bDenotes that the newly inserted information about conditional probability, external grade and internal grade at time t + 1.
From Table 4, we know that two approximations of the newly Table 5 ) ) _ _
inserted decision classes (D}, i = n+1,...,n+u—s)in DqI-DTRS  The system with the insertion of objects.
and DqII-DTRS models can only be calculated by the formulas u a a2 a3 a4 d
(2.1)-(2.4), because there is no prior knowledge from time t. X1 1 0 1 1 0
X2 1 1 1 1 0
" - .. . x 1 0 1 1 1
Proposition 3.3.1. For the original changed decision classes D;, i = xj 0 1 0 1 1
. . =l
1,2,...,s, the following properties for R, 4(D;) and Bﬁ(D;) hold. :5 1 (l) } (]) (1)
6
(1) ForE;,j=1,2,...,s X7 : : : . ®
X3
/ 1 0 1 1 0
(ay) V\;hen E C Ra #(Di), lfP(DI|E )> B, then R(a ﬁ)(D )= :jo b ] b 1 0
R (D) U N], otherwise, R, ﬁ)(D/) R(a ﬂ)(D) E;. X1 g g : } 3
X12
(a) whenE; ¢ R(a )(Di), if P(D; |E ) > B, then R(a 8) (D)
—I
Ra,ﬁ)(D ) U E/; otherwise, R(a ﬂ)(D )= R(a 8) (Dl)
) !’ / — .
(b1) when E; 9 Ri(D)), if g(E/.D}) < k, then R(D)) = (by) when E; ¢ Ri(D), there is Ri(D}) = Ri(D;).

Ri(D) U N;; otherwise, Ri(D.) = R\(D;) — E;.
(by) when Ej ¢ Ri(D;), there is Ri(D) = Ri(D;).

(2) For Ejj = s + 1,8 +2,...,
Riy (i) and R(D}) = RY(D;).

(3 ForBj = m+1m+2..
R(Ot p(Di) = Raﬂ)(Di) U
R(Dy) U {E]Ig(E], D}) < k}

71 f
= m, there are R(a'ﬁ)(Di) =
,m + v — s, there are
{E/IP(D}|E}) > B} and RY(D)) =

Proposition 3.3.2. For the original unchanged decision classes D;,
i=s+1,s+2,...,n, the following conclusions for R(a ‘3)( 1) and
R,(D}) hold.

(1) ForEj,j=1,2,...,¢

(a1) when Ej € Ra (D), if P(D{IE}) > B, then R(a »(Di)
R(a,ﬁ)(Di)UEj = R(a,lg)(Di)UNj; otherwise, R(a,ﬁ)(Di) =
=
R(a,ﬁ)(Di) - 1?

(a;) when Ej ¢ R, 4,(Dy), there is R wp)(D) = R(a ) (Di).

(by) when E; < Ri(Dy), if g(E], D/) 5 k, then Ri(D})

RI(D;) UN: otherwise, R’(D’) R(D)) — E;.

(2) For Ej,j = s + 1,8 + 2,...,m, there are ﬁ:a,ﬂ)
—I ,
Ry 4(Di) and Ri(D}) = Ri(D;). 1
(3) FOI’EJ j=m+1,m+2,..., m+v—s, there are Ry, 4 (D}) =

R, ﬁ)(D)andR(D’)—R’(D) {Niomis| IN-mis1< K}

D) =

According to the formulas (2.1)-(2.2) and the probability and
external grade information of Table 4, Propositions 3.3.1-3.3.2 are
valid.

Example 3. A decision information system S = (U,A = C U
D,V,f) at time t is shown in Table 2. At time t + 1, the object set
AU = {x9, X10, X11, X12} is inserted and its detailed information is
shown in Table 5. We elaborate on the incremental approxima-
tion updating mechanisms of DqI-DTRS with the batch insertion
of objects, where 8 = 1 and k = 1.

From Table 5, there are AU/D {M; {x9, X10}, M2
{x11, X12}} and AU/C = {N1 = {xo}, N2 = {x10}, N3 = {x11, X12}}.
Then we can get U'/D = {D, D, D}}, where the original changed
decision class D] = D1 UM; = {X1, X2, Xg, X7, X9, X190}, the original
unchanged decision class D, = D, {x3, X4, X5, Xg} and the
newly inserted decision class Dy = M, = {xq1, X12}. Similarly,
we obtain U'/C = {E}, E}, E}, E,, EL}, where the original changed
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equivalence classes E; = E; UN; = {x1,X3,Xs,Xo} and E, =
E; UN; = {x3, X7, X10}, the original unchanged equivalence classes
Ef = E3 = {x4} and E;, = E4 = ({xs,xg}, the newly inserted
equivalence class E; = N3 = {x11, X12}. From Example 1, we know
that Ry, (D1) = E1UEs, RY(D1) = E1 UE, UEs, Ry, (D) = E3UEs,
Ri(D2) = E3 UEy.

First, we calculate the approximations of D} by Propo-
sition 33.1. By Ey C Ry (D) PIDGIE) = 2 > B E C
R(aﬂ(D1) P(D’ |[E;) = 1 > g and P(D{|E;) = 0 # B, there is
R(a 8) (D ) = R(a 8) (D1) UN1 UN, from the conclusions (a;) and
(2-3) of Proposition 3.3.1. Similarly, by E; C B’(Dl) g(Ey, D) =
1 <k E; C Ri(D1), g(E;.D}) =0 < k and g(E., D}) =2 £ k, we
can get Ri(D;) = Ri(D1) UN; U N, from the conclusions (b) and
(2-3) of Proposition 3.3.1.

Then we calculate the approximations of D), by Proposi-

. = - .=

Elon 3.32.By E1 Z R, 4)(D2), E2 & R, 4)(D2), there is R, 4)(D;) =
R(ayﬂ)(Dz) from the conclusions (a,) and (2-3) of Proposition 3.3.2.
Similarly, by E; ¢ Ri(D1), E2 ¢ R,(Dy) and [N3| = 2 £ k,
we get Ri(D,) = Ri(D,) from the conclusions (b,) and (2-3) of
Proposition 3.3.2.

Finally we calculate the approximations of D} according to
formulas (2.1) and (2.2), which are Ezoz,ﬁ)(D/S) = E, and R(D}) =
E; UEL.

Proposition 3.3.3. For the original changed decision classes D}, i =
1,2,...,s, the following properties for Eﬁ(Dg) and Ry, 4(D;) hold.

(1) ForEj,j=1,2,...,¢

(@) when E; € Ry(Dy), there is R, (D)) = Ry(D;) UE, =
—II
Re (D) UN; 11 1

(ay) Mjlhen Ei ¢ R,(Dy), if@EIEJT,D;) >” k, then R (D;) =
R (Di) U E/; otherwise, R, (D;) = R (D;).

(b1) when E; C R’a (D0, if P(D{E]) = a, then Rf, 4(D}) =
Rl 4(D;) UN;j; otherwise, R(,, f,)(D/) Rl (D) — E;.

(by) when E; ¢ R, 5(Dy), if P(D}|E]) > a, then R{, 4(D}) =
R, 4)(Di) UE}; otherwise, Rf, B)(D,f) = R{}, 5(Di).

(2) For E; ,j =5+ 1,5 +2,...,m, there are EZ(D;) = EZ(Di)
and Ry, 4(D}) = R, 4(Dy). )

(3) ECIJIrE,,]—m+1,m+2 .,m+v —¢, there are R (D}) =
R, (Di) U {Nj—mys|  INjomes N Mi|> k} and R(O, ﬁ)(D,{) =

IN; _ s’ M|
Rl (D) U Nimiys | === > a).

|Nj—m+s

Proposition 3.3.4. For the original changed decision classes D;, i =

;—i;dl s+2, ..., n, the following properties for EZ(D;) and RY}, 4,(D;)
old.

(1) For Ej,j=1,2,...,5,

(a) if Ej € Ry(Dy), then Ry(D!) = R,(D;) U Nj; otherwise,
R, (D) = R(D)).

(b1) when E; C R, ;(Dy), if P(D}|E]) > a, then Rf, 4(D}) =
R, 4(Di) U N;; otherwise, R{,, ;(D}) = R{,, ﬂ)(D) E;.

(by) when Ej ¢ R, 5(D;), there is Rf,, ;(D}) = Ry, 5(D;)-

(2) ForEjj=s+1,5 +2,....m+v—¢, there are R, (D)) =
J k\ =i
—l ,
R, (Di) and R, 4(D;) = Ry, 4(Di).

According to the formulas (2.3)-(2.4) and the probability and
internal grade information of Table 4, Propositions 3.3.3-3.3.4 are
obvious.

Example 4 (Continuation of Example 3). We elaborate on the
incremental approximation updating mechanisms of DqlI-DTRS
with the batch insertion of objects wherek = 1and o = % From

Example 2, we know that Rk(D1) = E{UE,, Ra ﬂ)(D1) = E{ UE,,
Rk(Dz) = E4, R}, 4)(D2) = E3 UE,.
First, we calculate the approximations of D) by

Proposition 3.3.3. By E; C R,(D1), E2 C Ry(D1) and |N5 N M;| =
0 # k, there is ﬁz(D’) = EZ(DQ UN; UN, from the conclusions
(aq) and (2-3) of Proposition 3.3.3. By E; C R 401 )(D1), P(D}|E}) =

2>w0EC BW(D]) P(D}|E}) = 1 > « and Wﬂ” =0%a

there is Rf,, ;(D}) = R{,, 4,(D1) U Ny U N, by the conclusions (b;)
and (2-3) of Proposition 3.3.3.
Then we calculate the approximations of D) by

Proposition 3.3.4. By E; ¢ EZ(DZ) and E, ¢ E;(I(Dz), there is
EZ(D’Z) = E:(Dz) from the conclusions (a) and (2) of Propo-
sition 3.3.4. By E1 ¢ R{, 4(D;) and E; ¢ R}, ;(D2), there
is R{, 5(Dy) = R, 4(D,) from the conclusions (b,) and (2) of

Proposition 3.3.4.
Finally we calculate the approximations of D} according to

. i1 , )
Ific/)rmulas (2.3) and (2.4), which are R, (D) = E{ and R{}, ;,(D}) =
..

4. Incremental approximation updating of Dq-DTRS with the
sequential and batch deletion of objects

In this section, we first study the incremental approximation
updating mechanisms of DqI-DTRS and DqlI-DTRS with the se-
quential deletion of objects over time. We mainly present the
approximation updating process when deleting an object, and
that process of the sequential deletion of many objects is realized
by iteration.

Let x~ be a deleted object, where x~ € D; and x~ € E;.
So we have D; = D; — {x"} and E; = E; — {x7}. The other
equivalence classes and decision classes that do not contain x~
remain unchanged.

According to the information in Table 1, if the decision class
including the object x~ is a singleton set, then n’ = n — 1;
otherwise, n" = n. If the equivalence class including the object
X~ is a singleton set, then m’" = m — 1; otherwise, m’ = m.
Detailed variations of conditional probability, external grade and
internal grade are shown in the following lemma, where the other
decision classes, equivalence classes, conditional probability, ex-
ternal grade and internal grade remain unchanged except that
mentioned in the conclusions of Lemma 4.1.

Lemma 4.1. When an object x~ is deleted at time t + 1, we have
the following conclusions:

() IfIDi] > 1(i € {1,2,...,
m}), there are
Py > P1js Py > Djs -

n})and |Ej| > 1(G € {1,2,...,

/ / /
sDi—1j > Pi-1j>Pyj < Pij> Pipqj >

/ .
Di+1js -+ Pnj > DPnj;

/ / / / /
E]j < ey, 62]- < €, ..., 61-71’]- < €i—1,js ei+1$j < Cifljs o> enj
< €nj;

o .
lij < ljj.

(2 IfIDil > 1(i €{1,2
m}), there are
p{l,_) :p,ZJ = .. :p;l,j =

n})and |E| =130 € {1,2,...,

/

. pl — o — —
X; € j=e;=--=¢€
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s/

3! — — - .
llj b= =l;=x where x represents the deleted

value.
3)IfIDil =1(i e€{1,2,...,
m}), there are

n})and |E| > 1( € {1,2,...,

Piv = Pig = 0 = Pim = X Py > PPy >

P2js - s Disqj > Pi- 1],p,+”>pz+1,,.--,p;,>pnj;

e;1_elz_ -=e _xeu<eU,eZJ<ezj,...,e§71’j<

e;_ l]’el+1}<el+]J"' e <€n],

=i, = =10 = x
(4)If|D,|_1(16{1,2,...,n})and|Ej|=1(je{1,2,...,

m}), there are

—_ 1 — / —_ — —_ — .
pl]_plz_ '_p,i,m_x'el,j_elj_ ’_F/)”J_X’
e,l —elz = :./e,-,m = X,./elﬁj:.eij: Ten.j: X3
11_112_ :li,m:X’l'l,j:lZ,j:”.:lrLj:X'

The conclusions of Lemma 4.1 can be obtained similar to the
proving method of Lemma 3.1. In the following, we give more
intuitive results of the changes of conditional probability, external
grade and internal grade with the deletion of an object.

P11 o Prj—1 > Pij D1,j+1 0 Dim
, Di-1,1 Di-1j-1 > Pi-1j Di-1j+1 Di-1,m
Pqyy=1] pa <+ Dij—1 < Dpj Pij+1 “ Dim
Di+11 P1+1J 1 > Diy1ij  DPit1j+ Di+1,m
Pn1 s Pnj-1 > Pnj Pn.j+1 *+ Dnm
P11 s P1j-1 X P1j+1 o Pim
, Pi-11 -+ Pi—1j-1 X Pi—1j+1 Pi—1,m
Poy=1 pi ©o Pij-1 X Pij+1 ©* DPim
(2)
Pi+1,1 - DPit1j-1 X Di+1,j+1 Di+1,m
Pn1 c Pnj—1 X Pnj+1 c+ Pnm
en e €151 < ey €1,j+1 R 3 T}
, €11 Ci—1j-1 < @€i-1j €i_1j41 €i—1,m
Eny=1 en T @i €j €ij+1 “t @im
€11 €ip1j-1 < €ip1j €ip1j41 €ir1,m
€n1 s epj1 < €nj €n,j+1 ctr o €nm
e11 s e1j-1 X €1,j+1 o em
, ei—1,1 ei—1j-1 X €i_1j+1 ei—1,m
E(z) = el cee 81 X €ij+1 s eim
€ir1,1 0 €11 X €it1,j+1 €it1,m
en1 o epj— X €nj+1 st enm
i R TR iy i1,j+1 e dim
/ i1 fi-1j-1 die1y o dierger o dieim
I(l) = in s i <ij  dije e im
fip1,1 o dipj-1 Gk digj+r o dipim
in1 croger iy g e
i sy Xk BRI ST
, i1 fierj-1 X0 i e diem
I(z) = in iij-1 X i s im
liv1,1 0 liplj-1 X lit1j+1 - liglm
in1 R | X inj+1 cooinm
P11 s P1j-1 > pij P1j+1 o Pim
f bi—-1,1 bi-1j-1 > DPi-1j Pi-1j+1 Pi—1,m
p(3) — % Y x x Y

bit1,1 - Pit1,j-1 > Pit1j  Pit1,j+1

Pn1 0 Pnj-1 > Pnj Pn,j+1 *t* Pnm

P11 o P1j-1 X P1j+1 o Pim
, Pi-1,1 - DPi-1j-1 X Di-1j+1 Pi—1,m
P(4) = X X X X X
Pi+1,1 -+ Pit1,j-1 X Pi+1,j+1 Pi+1,m
Pn1 0 Pnj-1 X Pn,j+1 co+ Pnm
e11 s €141 < eyj €1,j+1 o €m
' €i—1,1 v €i-1j-1 <@€i-1j €i—1j+1 €i—1,m
5(3) — x ox x x ox
€i+1,1 €1 <€i+1j  Ci+1j+1 €it1,m
en1 st epj—1 < enj en,j+1 coc enm
e11 s €141 X €1,j+1 o em
, €i-1,1 €i—1,j-1 X €i—1,j4+1 €i—1,m
E, . = x X x x e x
(4)
€i+1,1 - Gip1j-1 X €i+1,j+1 €i+1,m
en1 o e x €n,j+1 s enm
i R A iy i1,j+1 cedim
, ii—1,1 fi—1j-1  di-1j  Gi-1j+1 0 dicim
= X cee X X X cee X
Ii5) : ; : : :
Lig1,1 oo ligi—1 o ligj o i+ o liklm
in1 tr in,j—1 inj in,j+1 coe inm
i1 N WA Xy e i
, ii-1,1 fi—1j-1 X i_1j+1 0 dieim
.. = x X x x eox
(4) ; ; i .
li+t1,1 - liprj-1 X lit1j+1 - livim
in1 cee in.j—l X in,j+1 s inm

In the above P(;y_ 4, E(1)_(ays I{1)_4) the blue crosses represent
the deleted values. From the P(y_ 4, E(1)_(a)» I(1)_(a), We can see
the information association and the change between time t and
time t + 1 with the deletion of an object. When updating the
upper and lower approximations with the deletion of an object,
we are mainly concerned with the information changes between
the equivalence class including this object and decision classes,
that is, the jth column of the above matrices.

4.1. The updating mechanisms for the concept approximations of
DqI-DTRS with the deletion of an object

We first study the updating mechanisms for the approxima-
tions of DqI-DTRS when x~ is deleted from the original decision
system at time t + 1. Let x~ € Ej, then Ej/ =E—-{x"}

Proposition 4.1.1. Let x~ € E;, if x~ € D;, the following properties
for Ry 5,(D}) and R,(D}) hold.

(1) When E Raﬂ)( i), if P(D|E]) > B, then R(a pD;) =
—I —I
R(a p(Di) — {x }; otherwise, R(a 8) (D’) = R(ffﬂ)(D) E;.
(2) When E; ¢ R(a p)(Di), there is R(a ﬂ)(D/) = R, 5)(Di):
(3) When E; C R «(Di), there is R (Dj) = ( i) — {x"}.
(4) When E; ¢ R(Dy), there is Ri(D;) = Ri.(D;).

€ D;, we can get E/

Proof. When x~ € E; and x~ J

D;=D; — {x"} and |E]f ND{| = |END;| — 1.
- L .=l y
(1)By E; € R(a,ﬂ)(D,‘) and P(DilEj) > B, there is R(a.ﬂ)(Di) =
Ria, (D) — nt
Ej’ ¢ R(ayﬁ)(Di), we can get R(ayﬂ)(Dg) =

=E - {x7},

{x~}. On the contrary, according to E; C ﬁ(mﬂ)(D,-) and
— )
R 4)(Di) — Ej.
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. - - EiND;|—1
(2) According to E; ¢ R(a,s( ;) and P(D; |E) = ‘)IEI ‘1

P(Dj|E;), we can obtain that E/ Z Raﬁ)( 1) So R(aﬂ (D) =
Riq.5(Dy)-
(3)By E; € Ri(D) and g(E;, D))
Therefore, Ri(D;) = Ri(Di) — {x"}.
(4) According to E; ¢ Ri(D;) and g(E;, D})
get R(D)) = Ri(D;). O

= g(E;, D), there is E] € R (D).

= g(Ej;, D), we can

From Proposition 4.1.1, we first consider a prerequisite,
namely the deleted object belongs to one original decision class.
In the DqI-DTRS model, when the original equivalence class
to which the deleted object belongs is contained in the upper
(lower) approximation of the original decision class, the upper
(lower) approximation of the corresponding current decision
class needs to be updated.

Proposition 4.1.2. Let x~ € E;, If x~ ¢ D;, the following properties
for Rg(D}) and Ri(D}) hold.

(1) When E; C R(a 5 )(Dy), there is R(,, ﬂ)(D) R(m 8) y(Di) — {x~}.

(2) When E; ¢ R(wg) D;), if P(D;|Ej’) > S, then R(a,ﬁ)(Dl/») =
= I —I
R, p)(Di) UE]; otherwise, R, 4)(D}) = Ry, 4)(Di):

(3) When E; C Ry(D;), there is Ry(D}) = R(D;) — {x}.

(4) When E; ¢ Ri(D;), if g(E], D}) < k, then Ri(D;) = Ri(D;) UE];
otherwise, Ri(D}) = Ri(D;).

Proof. From x~ € E;j and x~ ¢ D;, we can get Ej/ =E - {x7},
D; = D; and |E]./ N D;| = |E; N Dy|. Furthermore, two inequations
P(D|E})) > P(DilE;) and g(Ej, D;) < g(Ej, D;) are obtained. The

properties of Eia. ﬁ)(Dg) and BL(D;) can be obtained by analogous
to the proof method of Proposition 4.1.1. O

In Proposition 4.1.2, the prerequisite is that the deleted object
does not belong to one original decision class. In the DqI-DTRS
model, when the original equivalence class to which the deleted
object belongs is contained in the upper (lower) approximation
of the original decision class, the upper (lower) approximation of
the corresponding current decision class can be updated directly.
When this original equivalence class is not contained in the upper
(lower) approximation of the original decision class, we need
to further determine whether the current conditional probabil-
ity (external grade) meets the threshold requirement. Then we
decide whether to update the upper (lower) approximation.

Example 5. A decision information system S = (U,A = C U
D,V,f) at time t is shown in Table 2. At time t + 1, the object
xg is deleted. We elaborate on the incremental approximation
updating mechanisms of DqI-DTRS with the deletion of an object,
where f % and k = 1. From Example 1, we know that

- -
R\, 5(D1) = Ey U By, RYDy) = Ey UE, UEs, Ry, 4)(Ds) = E3 U Es,
Ri(Dy) = E3 U E4. At time ¢ + 1, we know that D} = D; =
{X1,%2,X6,%7}, D) = Dy — {xs} = {x3,X4,%5} and E} = E; =
{x1,%3, %6}, E) = Ey = {x2, %7}, E} = E3 = {4}, E, = E4 — {xg} =
{xs} from Table 2.

By x3 € E4 and xg € D,, we calculate the approxi'mations
of D} according to Proposition 4.1.1. Because E; C Ry, 4(D>),
=l , —I
P(Dy|E}) = 1 > B, E4 C Ri(D2), we get R, 4(Dy) = R, 4(D) —
{xs} and R(D,) = Ri(D>) — {xs} from the conclusions (1) and (3)
of Proposition 4.1.1.

By x3 € E; and xg ¢ D;, we calculate the approximations
of D according to Proposition 4.1.2. Because E4 ¢ Eéa,g)([h)‘
P(DJIE}) = 0 # B, Es ¢ Ri(D1) and g(E,,D;) = 1 < k we
get R (D)) = Ry 4(D1) and Ry(D}) = Ri(Dy) U E, from the
conclusions (2) and (4) of Proposition 4.1.2.

4.2. The updating mechanisms for the concept approximations of
DqlI-DTRS with the deletion of an object

In the following, we propose the updating mechanisms for the
approximations of DqlI-DTRS when an object x~ is deleted. Let
X~ € Ej, thenEf = E — {x7}.

Proposition 4.2.1. Let x~ € E;, if x~ € D;, the following properties
for Rk(D’) and RY,, 4,(D;) hold.

(1) When E; € Ry(D;), if 8(E]. D}) > k. then R,(D}) = Ry(D;) —
{x™}; otherwise, Ry(D!) = Ry(D;) — E;.

(2) When E; ¢ EL’(D,) there is R, (D}) = R, (D;).

(3) When E; C Ry, (D), if P(DJE)) > a, then Rf, 5(D}) =
R, 4)(Di) — { ~}; otherwise, R, ﬂ)(le) =R, 4(Di) — E

(4) When Ej ¢ R, 4(Dy), there is Rf,, ;(D;) = Ry}, 4,(Di).

Proof. When x~ € E; and x~ € D;, we can get Ej’ =E — {x7},
D; = D; — {x"} and |Ej’ﬂD;| = |E;ND;] — 1. Furthermore,
two inequations g(E/, D;) < g(E;, D;) and P(D{|E[) < P(Dj|E;) are
obtained. 7"

(1) According to E; < R(D;) and g(E;, D}) > k, we can get
R, (D)) = EL’ (D)—{x"). Otherwise, by F; < Re(D;) and E/ ¢ R,(D))
there is R, (D) = R, (D;) — E;.

(2) By E; ¢ R, (D)), there is E| ¢ R, (D). Therefore, R, (D)) =
=i
R, (Dy).

(3) When E; C R, 4(Dy), if P(D}E}) > a, there is E/ <
R{., 4(D}). Furthermore, we can get R/, ﬁ)(D’) = R{, 5(D;) — {x}.
On the contrary, by E/ ¢ R, 4 (D ) and E; C R{, 4(D;), we can

obtain R, 4 (D}) = Ry, ﬁ)(D) E;.
(4) By E; gz Ra )(Di) and P(D/|E/) < P(Dj|E)), it is true that
Rl (D)) = R, (D). O

From Proposition 4.2.1, we first consider a prerequisite,
namely the deleted object belongs to one original decision class.
In the DqII-DTRS model, when the original equivalence class
to which the deleted object belongs is contained in the upper
(lower) approximation of the original decision class, the upper
(lower) approximation of the corresponding current decision
class needs to be updated.

Proposition 4.2.2. Let x~ € E;, if x~ ¢ D, the following properties
for Rk(D’) and RY}, 4,(D;) hold.

‘ \), there is ﬁg(D,f) = Eg(D,-) —{x)

(2) When Ej ¢ R, (D;), there is R, (D;) = Ry, (D;).

(3) When E; C RY,, 4 (D), there is R{,, ;(D}) = R{,, ;(D;) — {x"}.

(4) When E] ¢ R, (D), if P(D{E)) > «, then R, 4 (D}) =
Rl (D)) UE]; otherwzse, B(a’ﬁ)(D:) =R}, 5(Di).

(1) When E; C Ek(D

Proof. The properties about Rk(D’) and R 4& p(D;) can be easily
obtained by formulas (2.3)-(2.4) and two expressions g(E], D) =
Z(E. D) and P(D/|E}) > P(Di|E}). I
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Table 6

Information related to updating approximations with the batch deletion of objects.

Blocks D;- E} P(D; \Ej') Variation g(E}f, D;) Variation Z(Ej’, D;) Variation

1. i=1,2,.. .,s/ D; — M; E — N, |END; | —IN; M| N |Ej| — |Ej N Dj] - |E; N Dy -
i=12...s s 15} 1IN —INj| + IN; N M| - —IN; N M| -
i=1,2,....s : ) EjNDi| — ) ) ) — ) . —

2 Y m—ves DM B o = 5~ IE; D = IE; N Dl =

3 1:1,2,...,5/ Di— M, b b b b b b b
j=m—-v+4+s +1,..., m

4 i=s+1....n—u+s D, E—N, 5001 - IEj| — INj|— < IE; N Dy| _
j=1,2, .S IEj|=INjl |Ej N Dy
i=s+1,..., n—u+s |EiND;| _ : ; i _ : ) _

> j=s +1,..., m—uv+s ' E IEjl - IEj| — 1& N Dil - IE; O Dil -

6. i=5+1,-~~,/n*u+5 D b b b b b b b
j=m—-v+s +1,...,m

- z::n—u+s-,|—1 ..... n b E—N b b b b b b
ji=12,..., s

8. i=n—u+s+ 1,..., n b E; b b b b b b
j=s +1,..., m-—uv-+s J

9. l—”—u+5/+1 ~~~~~ n b b b b b b b b

2Denotes that the relationship between the conditional probability of time t + 1 and that of time t is uncertain.
bDenotes that the deleted information along with the deletion of decision classes and equivalence classes at time t + 1.

In Proposition 4.2.2, the prerequisite is that the deleted object
does not belong to one original decision class. In the DqlI-DTRS
model, when the original equivalence class to which the deleted
object belongs is contained in the upper (lower) approximation
of the original decision class, the upper (lower) approximation of
the corresponding current decision class can be updated directly.
When this original equivalence class is not contained in the lower
approximation of the original decision class, we need to update
the lower approximation of the corresponding current decision
class as long as the current conditional probability is not less than
a.

Example 6 (Continuation of Example 5). We elaborate on the
incremental approximation updating mechanisms of DqlI-DTRS
with the deletion of an object, where k = 1 and @ = %

From Example 2, we know that RZ(DQ E{UE,, R R (@.8) (D1)
E;UE,, EZ(DZ) = Eq, R}, 4(D;) = E3 UE,. At time ¢ + 1, we know
that D} = Dy = {x1, X2, X6, X7}, D) = Dy — {x3} = {x3, X4, X5} and
Ef = E1 = {x1,x3,%}, E; = B, = {x2, %7}, By = E3 = {4}, Ej =
E4 — {xg} = {x5} from Table 2.

By xg € E4 and xg € D,, we calculate the approximations of D)

according to Proposition 4.2.1. Because E; C Rk(Dz) (E’ D)) =
1 # k Es C R{, 5(D2), P(DYIE,) = 1 > a, we get R,((D’z) =

R,((Dz) E, and R, 4 (D}) = R{,, 4(D2)—
(1) and (3) of Proposmon 4.2.1.
By x3 € E4 and x3 ¢ D;, we calculate the approxima-

tions of D according to Proposition 4.2.2. Because E4 ¢ Ei(Dl),
L -, —I

Es ¢ Rggﬂ(Dl), P(D{|E}) = 0 # a, we get R (D}) = R,(D1)

and Ry, ;(D}) = R, z(D1) from the conclusions (2) and (4) of

Proposition 4.2.2.

{xg} from the conclusions

4.3. The updating mechanisms for the concept approximations of
Dq-DTRS with the batch deletion of objects

In this subsection, we study the approximation updating
methods of DqI-DTRS and of DqII-DTRS when many objects are
deleted simultaneously at time t + 1. Next, we propose the

incremental approximation updating mechanisms of Dql-DTRS
and DqII-DTRS with the batch deletion of objects.

Let AU denote the deleted object set at time t + 1, and
AU/D = {Ml,Mz, ...,MS,MS+1, ...,Mu} and AU/C = {N],Nz,

.»Ny¢,Ny41,...,N,} denote decision partition and conditional
partition of AU, respectively. Then the decision partition of U’
is U/D = {D},Dj,...,D, Dy y,...,Dp_ s}, where for i =
1,2,...,s,D; = D; — Ml denote the original changed decision
classes; fori = s+ 1,s 4+ 2,...,n —u + s, D = D; denote
the original unchanged decision classes. Other decision classes
Di=M;_pi=n—u+s+1,n—u+s+2,...,n) are com-
pletely removed. And the conditional partition of U’ isU'/C =
{E/,Eé,...,Es’,,ES/H,...,Er’" vig )} Where for j = 1,2,...,¢
Ej/ = E; — N;j denote the original changed equivalence classes;
forj = s+ 1,5 4+2,....m—v+5, Ej’ = E; denote the
original unchanged equivalence classes. Other equivalence classes
Ej = Ni—mtv,j = m—v+s'+1, m—v+s'+2, ..., m, are completely
removed. In Table 6, we give information about decision classes,
equivalence classes, conditional probability, external grade and
internal grade when many objects are deleted at the same time.

From Table 6, we know that only the approximations of the
decision classes (D}, i = 1,...,n — u + s) in Dql-DTRS and
DqII-DTRS models need to be calculated at time t + 1.

Proposition 4.3.1. For the original changed decision classes D}, i =
1,2,...,s, the following conclusions for ﬁgayﬂ)(Dg) and R(D)) hold.

(1) ForEj,j=1,2,...,¢

(a) when Ej € Ry, 5,(Dy) ifP(D’lE/) > B, then Ry, (D)) =
=
R ﬂ)(D )— M, otherwise, R(a ﬂ)(D) R(a f) \(Di) — Ej.
(az) whenE; ¢ R(a )(Di), sz(D/lE ) > B, then Ra p(Di) =
=
R(a’ﬂ)(D yu E otherwise, Ra ﬁ)(D) R(a ﬂ)(D,)
(b1) when E; C R} ( i), there is R(D;) = Ri(Di) — N;.
(b,) when E; ¢ RL(Dy), if g(E/ D) < k, then Bi(D;) =
R(Di) UE]; otherwise, B;((Dl’) RI(Dy).

(2) ForEj,j=s+1,5+2,...,m—v+¢s/, there are ﬁ;a,ﬂ)(D,f) =
71 ,
R(a_ﬂ)(Di) and BL(DI) = BL(DI)
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(3) ForEj,j = m—v+5¢ +1m—v+s+2 ., m, there
7
are R(a p(Di) = Ry p(Di) — Ej = R(aﬁﬁ)(D;) — Nj,mﬂ and
RY(D)) = R(Dy) — Ej = Ri(Di) — Nj—m .

Proposition 4.3.2. For the original unchanged decision classes Dj,
i=s+1,s+2,...,n—u+s, the following conclusions for E{aqﬂ)(le)
and R}(D;) hold.
(1) ForEj,j=1,2,...,¢
—I . =l P
(aq) n/hen E C R(a’ﬂ)(Di), there is R(a,ﬂ)(Di) = R(aqﬂ)(Di) -
j.
(a;) when Ej ¢ Ry, 5)(Dy), if P(DJE}) > B, then Ry, 5,(D}) =
—I . = -
R, p)(Di) UE]; otherwise, R, 4)(D}) = Ry, 4)(Di):
(by) when E; C Ri(D;), there is Ri(D}) = Ri(D;) — N;.
(by) when E; ¢ Ri(Dy), if g(E],Dj) < k, then Ri(D}) =

Ri(Di) UE]; otherwise, Ri(D}) = Ri(D;).

(2) ForE,j_s +1,5+2,...,m—v+¢s, there areﬁéa’ﬁ)(le):
R(a ﬂ)(D)andR(D/)_R(D)
(3) ForE],j_m—v+s +1l,m—v+s+2,.

Rig5)(D}) = Rig sy(Di)—Ni_mr, and Ry(D}) =

, m, there are
(D) Nj m+uv-

According to the formulas (2.1)-(2.2) and the probability and
external grade information of Table 6, Propositions 4.3.1-4.3.2 are
true.

Example 7. A decision information system S = (U, A = C U
D, V,f) at time t is shown in Table 2. At time t 4 1, an object set
AU = {xs, xg, X7, Xg} is deleted. We elaborate on the incremental
approximation updating mechanisms of DqI-DTRS with the batch
deletion of objects, where 8 = % and k = 1.

From Example 1, we know that E’a 5(D1) = Ey UEy, Ri(Dy) =

E1 U E; U Es, R( ﬁ)(DZ) = E3 U Eg4, Rk(Dz) = E3 U E4. From
Table 2, there are AU/D = {M; = {xg,x7}, My = {xs5,xg}} and
AU/C = {N; = {x}, N2 = {x7}, N3 = {xs,xs}}. Then we can
get U'/D = {D}, D}, where the original changed decision classes
D) =Dy —M; = {x1,x2} and D, = D; — = {x3, X4}. Similarly,
we obtain U’/C = {E}, Ej}, E}}, where the original changed equiv-
alence classes Ej = E;—N; = {x1, x3} and E} = E; —N, = {x,}, the
original unchanged equivalence class E} = E3 = {x4}. It should be
noted that the original equivalence class E4 = {xs, xg} has been
completely removed.

We calculate the approximations of the original changed de-
cision classes D} and D, by Proposition 4.3.1.

—I , -

By E1 C Ry 4(D1). P(DJIE}) = 3 > B, E; C Ry, 4(D1) and
P(D}|E}) = 1 > B, the upper approximation of D is ﬁzaﬁ)(DQ) =
Ezoc,ﬂ)(D1) — Ny — Ny — E4 = {x1, X2, x3} from the conclusions
(a;) and (2-3) of Proposition 4.3.1. Similarly, by E; C BfC(DQ,
E, C Ri(Dy), the lower approximation of D is Ri(D;) = R(D1) —
Ny — N, —E4 = {1, X2, X3, X4} from the conclusions (b;) and (2-3)
of Propositionl4.3.l. .

By E1 ¢ Ry p(Da), P(DYIE)) = 5 > B, Ex & Ry, 4(D2) and
P(DS|E;) = 0 # B, there is Ry, 4,(D;) = Ry, 4(D2) UE] — Ey from
the conclusions (a;) and (2-3) of Proposition 4.3.1. Similarly, by
Ei ¢ RyDy), g(E{, D)) =1 <k E; ¢ R(D,) and g(E}, Dy) = 1 <
k, there is Ri(D}) = R\(D2) U E} UE, — E4 from the conclusions
(by) and (2-3) of Proposition 4.3.1.

Proposition 4.3.3. For the original changed decision classes D}, i =
1,2, ...,s, the following conclusions for ﬁ;’(D’) and RY,, 4,(Dj) hold.

(1) ForEj,j=1,2,...,5

(@) when E; € Ry(D;). if §(E},D}) > k then R (D))
R, (D;) — N;; I(I)therwise, R, (D) = R, (D) ~ B
(a;) when E; ¢ R, (D), there is R, (D;) = R, (D).
(b1) when Ej C R(, 4)(Dy), if P(DJIE]) > «, then Ry, (D ) =
R, 4)(Di) — Nj; otherwise, Ba’ﬂ)(D’) R, 4(Di) —
(b,) when Ej ¢ R{, 4(Di), if P(D}|E]) = a, then R, ﬁ)(D/)

Rl 4(Di) UE]; otherwise, Raﬂ)(Df) Rie. (D).

(2) ForE,j—s +1,8+2,...,m—v+5s, there areﬁz(le):
Rk(D ) and RY,, ;(D}) = R{,, m(D,)
(3)ForEj,j=m—-v+s+1m—-v+s+2,...,
=, -, =l
are R (D}) = Ri(D;) — N, and Rf, ;(D}) =
Nj—m+v-

m, there

R, 5(Di)

Proposition 4.3.4. For the original unchanged decision classes D),
i=s+1,s+2,...,n—u+s, the following conclusions for EL’(D;)
and RY,, 4(Dj) hold.

(1) ForEj,j=1,2,...,5

(a) if Ej € ﬁZ(Di), then ﬁZ(Dg) = ﬁ:(Di) — N;j; otherwise,

=l =l
Rk (D;) - Rk (IID') Il 11
(b1) [v\‘]/hen E < B(a,ﬂ)(Di)v there is B(a,ﬂ)(D;) = B(a,,s)(Di) -
j.

(by) when E; ¢ R(,, 5(Dy), if P(D}|E]) > a, then R{, 4 (D}) =

Rl 4(Di) UE]; otherwise, Raﬂ)(Df) Ric. (D)

(2) ForE,j—s +1,s’+2 m— v+, there areﬁﬁ(le):
Rk(D ) and RY,, ;(D}) = R{,, ﬁ)(D,)
(3)ForEj,j=m—-v+s+1m—-v+s+2,...,
I -
are R, (D}) = R(D;) = Nj_my, and R}, ;,(D;) =
Nj7m+v-

m, there

Riep(Di) —

According to the formulas (2.3)-(2.4) and the probability and
internal grade information of Table 6, Propositions 4.3.3-4.3.4 are
true.

Example 8 (Continuation of Example 7). We elaborate on the
incremental approximation updating mechanisms of DqlI-DTRS
with the batch deletion of objects, where the parameters are

k= 1and a = 2. From Example 2, we know that ﬁZ(Dﬂ = E;UE,,
—I

R, 4(D1) = E1UE;, Ry(D2) = Es, R, 4(D2) = E3UE,. We calculate

the approximations of D} and D), by Proposition 4.3.3.

By E; C Ry(D:), S(E,.D}) = 1 # k E, C R,(D;) and
g(E;,D}) = 1 # k, the upper approximation of D] is ﬁZ(D’l) =
EL’(Dl) — E{ — E; — E4 from the conclusions (a;) and (2 3) of
Proposition 4.3.3. Similarly, by E; C Ra p(D1), P(DIE}) = 5 1 %a,
E, C Ra p(D1) and P(D}|E}) = 1 > «a, the lower approximation
of D} is Rf, 4(D}) = R, 4)(D1) — Ey — Na — E4 = {x,} from the
conclusions (bq) and (2-3) of Proposition 4.3.3.

By E; ¢ R,(Dy) and E; ¢ Eﬁ(Dz), the upper approximation of
D, is EZ(D/) Eﬁ(Dz) E, from the conclusions (a;) and (2 3) of
Proposmon 4.3.3. Similarly, by E; ¢ R’a 5)(D2), P(D,|Eq) = 5 1 %a,
E, ¢ Ra #)(D2) and P(D,|E;) = 0 # «, the lower approximation
of D} is Y}, 4(Dy) = R{,, 4(D2)
(2-3) of Proposition 4.3.3.

— E4 from the conclusions (b,) and
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5. Static and incremental algorithms for updating approxima-
tions of Dq-DTRS in dynamic decision systems

In order to more intuitively demonstrate the feasibility and ef-
ficiency of the incremental approximation updating mechanisms
of Dg-DTRS, we design static algorithms (as a comparative stan-
dard) and incremental algorithms to calculate the approximations
of DqI-DTRS and DqII-DTRS at time t + 1, respectively.

5.1. Static algorithms for computing the approximations of Dq-DTRS
models

Two traditional approaches for computing the lower and up-
per approximations of DqI-DTRS and DqII-DTRS in dynamic deci-
sion information systems are given in algorithms 1 and 2.

Algorithm 1: A static algorithm of DqI-DTRS (SA-I)

Input : A decision 1nf0rmat10n system s = (U AV f) all
decision classes D i=1,2,---,n and parameters g, k.
Output: Raﬁ(D)andR’( ), i=1,2,---,1

1 begin

2 for each x € U do

3 compute: all equivalence classes Ejf,j =1,2,---,m

generated by C in U
4 end
5 fori=1,2,---,n do
—I

6 Init: (aﬂ(D <—(2JR(D)

7 forj=1,2,-- ,m do

8 compute:P(D;|E;) = |E; N Dj|/|E;]|

9 compute:g(E;, D) = |E;|—|E; N D}|

10 if P(D;|E;) > B then

1 E:a_ﬂ)(D;) <« ﬁéw)(D;) UE //[Compute the
upper approximation of DqI-DTRS by formula
21

12 end

13 if g(Ej, D,i) <k th?n /

14 R(D;) < R(D;) UE; //Compute the
lower approximation of DqI-DTRS by formula
2.2

15 end

16 end

17 end

return : R, (D)), Ri(D)),i=1,2,---,n
18 end

Algorithm 1 computes the approximations of DqI-DTRS from
the whole decision information system in a batch, which we call
it a static algorithm of DqI-DTRS and abbreviate it as SA-I. In
algorithm 1, steps 2-4 compute all equivalence classes generated
by C in U’ and with the time complexity of o(U’)? x |C)). Steps
5-17 compute the upper and lower approximations of all decision
classes by formulas (2.1) and (2.2), with the time complexity
of ©(JU’'/D| x |U’/C|), where |U’/D| and |U’/C| refer to the
number of decision classes and equivalence classes in universe
U’, respectively. Therefore, the time complexity of algorithm 1 is
O(U'[* x |C| +|U'/D] x |U'/C).

Algorithm 2 computes the approximations of DqII-DTRS, which
we call it a static algorithm of DqII-DTRS and abbreviate it as
SA-II. In algorithm 2, steps 2-4 compute all equivalence classes
generated by C in U’, with the time complexity of O(|U’|* x |C]).
Steps 5-17 compute the upper and lower approximations of
all decision classes by formulas (2.3) and (2.4), with the time

Algorithm 2: A static algorithm of DqII-DTRS (SA-II)

Input : A decision 1nf0rmat10n system s = (U AV f ), all
decision classes D i=1,2---,n and parameters «, k.
Output : Rk( ;) and R{, (D,.), i=1,2,---,n

1 begin

2 for each x € U do

3 compute: all equivalence class Ejf,j =1,2,---,m

generated by C in g

4 end

5 fori=1,2,---,n do

6 Init: R (D)) < 4, LARCAR

7 forj=1,2,~-,m do

8 compute: g(E;, D;) = |E; N D]

9 compute: P(D;\Ej/) = |Ej' n D;l/\Ej/l

10 if g(EIJf ,D}) > k then

1 E,:(D;) <« EZ(D;.) U E; /| Compute the
upper approximation of DqII-DTRS by formula
2.3

12 end

13 if P(D}|E;) > o then

14 Rl 4 (D’) &'; »(D)UE || Compute the
lower approximation of DqII-DTRS by formula
2.4

15 end

16 end

17 end

return : EZ(D;), Bffm)(D;), i=1,2---,n
18 end

complexity of O(|U’/D| x |U’/C|). Hence, the time complexity of
algorithm 2 is O(|U’)? x |C| + |U'/D| x |U’/C]).

5.2. Incremental algorithms for updating approximations of Dgq-
DTRS with the sequential variation of objects

Based on the prior knowledge of time t, we propose incre-
mental approximation updating algorithms of DqI-DTRS and Dqll-
DTRS models with the sequential insertion and deletion of objects
at time ¢ + 1, respectively.

5.2.1. Incremental updating algorithms for DqI-DTRS and DqlI-DTRS
with the sequential insertion of objects

Based on the incremental updating mechanisms in Sections 3.1
and 3.2, the incremental algorithms of two Dq-DTRS models are
first designed in dynamic decision systems with the sequential
insertion of objects. Detailed are shown in algorithms 3 and 4.

Algorithm 3 incrementally computes the approximations of
DqI-DTRS with the sequential insertion of objects, which we
call it an incremental sequential insertion algorithm of Dql-DTRS
and abbreviate it as ISIA-I. In algorithm 3, step 3 computes all
equivalence classes generated by C in U U {x"}, with the time
complexity of O(|U/C|), where |U/C| refers to the number of
equivalence classes in universe U. Steps 5-44 update the upper
and lower approximations of decision classes derived from time
t by Propositions 3.1.2 and 3.1.3, with the time complexity of
O(|U/D|), where |U/D| refers to the number of decision classes
in universe U. Steps 45-58 compute the approximations of the
new decision class by Proposition 3.1.4, with the time complexity
of O(|U’/C|), where |U’/C]| refers to the number of equivalence
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Algorithm 3: An incremental sequential insertion algorithm of DqI-DTRS (ISIA-I)

Input : (1) The decision information system S = (U,A=CUD,V,f) of time t, decision classes {D1, Dy, - - -, Dn}, equivalence classes {Eq, E3, - - -, Em}, the
upper and lower approximations of Dql-DTRS: ﬁza,ﬂ)(Di) and BL(D,-), i=1,2,---,n
(2) The inserted sequential object set AUy of time t + 1, parameters B, k
- /
i

Output : The updated approximations after the insertion of AUp: Ria.p)(D, ) and Bi(D;), i=1,2, ~~~,n,

1 begin
2 for x* € AUy do
/ /
3 compute:All equivalence classes E;. E,, ~~~,E, , of time t + 1; let x* € E;l and Ep = E, — xt.
m
4 flag « true
5 fori=1,2,---,ndo
6 if ngD,—,f(x‘*’,d):f(x, d) then
7 D; < DU {x*}
8 flag < false
9 if Ey C Rlg (D;) then
=l / =l
10 | Rlyp)(D)) < Rig (D)) U ()
11 else
/
12 if P(D;|E;) >  then
13 Eza,ﬂ)(D:) <« Efo(’ﬂ)(D,-) UE}; /| Update the upper approximation of the original changed decision class by Proposition 3.1.2
14 else
=l / =l
15 | R0 < Ra,p(DD)
16 end
17 end
18 if Ey C Rl (D;) then
19 ‘ B’((D;) <« BL(D,-) U {xty //Update the lower approximation of the original changed decision class by Proposition 3.1.2
20 else
/
2 | RLD)) < RY(D)
22 end
23 else
2 D, <D
25 if Ey € Rlg 4)(D;) then
26 if P(D;|E,) >  then
27 ‘ Ewyﬂ)(D;) <« Efayﬂ)(D,-) U {xT} //Update the upper approximation of the original unchanged decision class by Proposition 3.1.3
28 else
—_ , -
29 | Rlyp)(D}) < Rig (D)) — En
30 end
31 else
=l / =l
32 | Rap) (D) < Rl (D)
33 end
34 if Ey C Ri(D;) then
35 if g(E; . D;) < k then
36 ‘ Ki(D;) <« Bi(D,-) U xt) //Update the lower approximation of the original unchanged decision class by Proposition 3.1.3
37 else
/
3 | RL(D]) < RL(D;) — Ey
39 end
40 else
/
a1 | RLUD) < RLDY)
42 end
43 end
44 end
45 if flag then
/
6 Dn+1 /(_ {Xt}
47 if F(Dn+1‘Eh/) > B the/n
48 ‘ E(a,ﬂ)(Dnﬂ) <~ E, //Compute the upper approximation of the new decision class by Proposition 3.1.4
49 else
— ,
50 ‘ Ria.,p)(Dyy1) < 9
51 end
’ /
52 R.(D, +1) ~ @
’
53 forj=1,2,---,m do
54 if g(E;. D, |) < k then
/ / ’
55 B;<(Dn+l) <« B;((Dn+1)u Ej //Compute the lower approximation of the new decision class by Proposition 3.1.4
56 end
57 end
58 end
59 end
— / 1oy ’
return : Ry, g)(D;), Ry(D;),i=1,2,---.n

60 end
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Algorithm 4: An incremental sequential insertion algorithm of DqII-DTRS (ISIA-II)

© 0N O UhA W N

N NN N N N NN = = o o o o om o= e
N O U A WN = O © NS R W N =O

N
®

BB W oW W oW W oW WwWw WwWw N
E8 2 88 8 Y98 H U rE R

S

'
=)

47
48
49
50
51
52
53
54
55
56
57
58

59

Input

end

flag

end

end
end

return

: (1) The decision information system S = (U,A=CUD,V,f) of time t, decision classes {D1, Dy, ---, Dn}, equivalence classes {Eq, Ep, - - -, Em}, the

upper and lower approximations of Dql-DTRS: Eﬁ(D,-) and B{’a,ﬂ)(Di)' i=1,2,---,nm

(2) The inserted sequential object set AUy of time t + 1, parameters k, o

Output : The updated approximations after the insertion of AUp: E’:(D;) and ng_ﬁ)(Di), i=1,2,---,n
begin
for xT € AUy do

<« true

fori=1,2,---,ndo

if Vx € D;, f(xT, d) = f(x, d) then
D, < DU {x*}
flag < false
if Ey C Ry (D;) then
=,/ —II
Ry (D;) < R (Dy) U {xT}
else
if 5(E,, D)) > k then
=,/ I /
| Re(D) < R{(D)UE,
else
=,/ =
| RD) <R{D)
end
end

if E, C RU 5)(Di) then

(,

a.B)
else

if P(D;|E;) > o then

Ha,p o, p

else

1 / 1 .

| R (D) <RI (D)
end

end
else

D, < D;

if E;, C RL(D;) then
/
1

| RD) =Ry(D)U x+)

else
Syl
| R0 =R{0)
end
c I .
if Ep € E[o{,ﬂ)(Dl) then

if P(D;|E,) = o then

R CH ! (a.B)
else

end
else
11 / .
| Bl (0 < Rl 00
end

end

if flag then

/
Dpyy < X7}
e — S
if g(E,. D4

Sl
Ry (D
else

=,/
| RO, <9

) > k then

/
n+l) <_Eh

end
. / ’
if P(Dn+1 |Eh/) > the/n
|
‘ R, ) Png1) < Ey

else

1 /
| B (Do) <@

end

ol Nl NI
: (D) and R, (D)1 =1,2,--

,n

| Bl 50D < B, 5 (DU x*)

/ /
\ RIL 4(D}) < RIL o (D) UE,

/
‘ B{{L‘g)(Di) <~ E{L,ﬂ)(Di) —Ep

’

/ /

/ ’ / ’
compute: All equivalence classes Eq, E, -+, E , of time t + 1; let x* € E, and Ep =E, —xt.
m

//Update the upper approximation of the original changed decision class by Proposition 3.2.1

//Update the lower approximation of the original changed decision class by Proposition 3.2.1

//Update the upper approximation of the original unchanged decision class by Proposition 3.2.2

| R (D)) <RI 5 (D) U (xH)

//Update the lower approximation of the original unchanged decision class by Proposition 3.2.2

//Compute the upper approximation of the new decision class by Proposition 3.2.3

//Compute the lower approximation of the new decision class by Proposition 3.2.3
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Algorithm 5: An incremental sequential deletion algorithm of DqI-DTRS (ISDA-I)

Input : (1) The decision information system S = (U,A=CUD,V,f) of time t, decision classes {D1, Dy, - -

-, Dp}, equivalence classes {Eq, Ep, - - -, Em}, the

upper and lower approximations of Dql-DTRS: ﬁza.ﬁ)(Di) and BL(DI-), i=1,2,---,n;

(2) The deleted sequential object set AUy of time t 4 1, parameters B, k

’
i

Output : The updated approximations after the deletion of AUp: E{ox,ﬁ)(D ) and Bf((D;), i=12,---,n

1 begin
2 for x~ € AU do
3 compute: All equivalence classes E;, E;, e
4 fori=1,2,---,ndo
5 if Vx € Dj, f(x™, d) = f(x. d) then
6 D; < Dj —{x™}
7 if Ey C Rlg 4)(D;) then
/ !
8 if P(Dj ‘Eh) >  then
=l / —]
? Riq.5)(D;) < Rig gy(Di) — (x™}
10 else
= / —
1 ‘ Riq5)(D;) < Rigg)(Di) — Ep
12 end
13 else
4 , o
1 ‘ Ria.p)(D;) < Ria,)(Di)
15 end
16 if Ey C Rl (D;) then
b
v | RD) < ROy~ 1x)
18 else
1 | RL0) < Ry
20 end
21 else
2 D, < D;
2 if Ey C Rlg (D;) then
=1 / —I B
2 ‘ Ria.p)(D;) <= Rig p)(Di) — (x7}
25 else
% if P(D||E;) > f then
ol / =1 /
2 ‘ R )(D;) <= Rig g)(Di) U Ey
28 else
—I / —]
29 ‘ Ri,$)(D;) < Riq p)(Di)
30 end
31 end
32 if E, C RI(D;) then
» | R0 < RDp) — 1x)
34 else
3 if g(E;, D) < k then
8! ) ,
36 | RUD)) < RL(D)UE,
37 else
38 | RL(D]) < Ri(Dy)
39 end
40 end
M end
42 end
43 end
- PR ,
return : Ry, g)(D;), Ri(D;),i=1,2,---,n

44 end

,E/, at time t + 1; let x~ € Ep and E;:Eh—x‘.
m

//Update the upper approximation of the original changed decision class by Proposition 4.1.1

//Update the lower approximation of the original changed decision class by Proposition 4.1.1

//Update the upper approximation of the original unchanged decision class by Proposition 4.1.2

//Update the lower approximation of the original unchanged decision class by Proposition 4.1.2

classes in universe U’. Therefore, the time complexity of algo-
rithm 3 is O(|AUg| x (|U/C|+|U/D|+|U’/C])), where | AUy| refers
to the number of objects in AUj.

Algorithm 4 incrementally computes the approximations of
DqII-DTRS with the sequential insertion of objects, which we call
it an incremental sequential insertion algorithm of DqII-DTRS and
abbreviate it as ISIA-II. In algorithm 4, step 3 computes all equiva-
lence classes generated by C in UU{x"}, and its time complexity is
O(|U/C|). Steps 5-44 update the upper and lower approximations
of decision classes derived from time t by Propositions 3.2.1 and
3.2.2, with the time complexity of O(|U/D]). Steps 45-57 compute
the approximations of the new decision class by Proposition 3.2.3,
with the time complexity of O(1). Therefore, the time complexity
of algorithm 4 is O(|AUy| x (|U/C| + |U/D| + 1)).

Contrasting algorithm 3 (ISIA-I) and algorithm 4 (ISIA-II), we
can find that the complexity of computing the upper approx-
imation of the new decision class in steps 46-51 of DqI-DTRS
and DqII-DTRS is the same. But the complexity of computing
the lower approximation of the new decision class in DqI-DTRS
and DqII-DTRS models is different. In steps 52-56 of ISIA-II, only
the equivalence class containing x* may belong to the lower
approximation of the new decision class of DqlI-DTRS. However,
in steps 52-57 of ISIA-I, in addition to the equivalence class con-
taining x™, other equivalence classes may also belong to the lower
approximation of the new decision class of DqI-DTRS. Therefore,
the computation time of DqI-DTRS is more complex than that
of DqlI-DTRS because of the cyclic judgment of all the current
equivalence classes.
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5.2.2. Incremental updating algorithms for DqI-DTRS and Dqll-DTRS
with the sequential deletion of objects

Incremental algorithms 5 and 6 for updating approximations
of DqI-DTRS and DqlI-DTRS are designed in decision systems with
the sequential deletion of objects at time t + 1, respectively.

Algorithm 5 incrementally updates two approximations of
DqI-DTRS with the sequential deletion of objects, which we call
it an incremental sequential deletion algorithm of DqI-DTRS and
abbreviate it as ISDA-I. In algorithm 5, step 3 computes all equiva-
lence classes generated by C in U—{x~}, with the time complexity
of O(|U/C|). Steps 4-42 compute two approximations of Dql-
DTRS by Propositions 4.1.1 and 4.1.2, and the time complexity is
O(|U/D|). So the time complexity of algorithm 5 is O(|AUg| x
(lU/Cl + |U/DI)).

Algorithm 6 incrementally updates two approximations of
DqlI-DTRS with the sequential deletion of objects, which we call
it an incremental sequential deletion algorithm of DqII-DTRS and
abbreviate it as ISDA-II. In algorithm 6, step 3 computes all equiv-
alence classes generated by C in U —{x™}, and its time complexity
is O(|U/C|). Steps 4-42 compute two approximations of Dqll-
DTRS by Propositions 4.2.1 and 4.2.2, with the time complexity
of O(|U/D|). So the time complexity of algorithm 6 is O(] AUp| x
(lU/Cl + |U/D)).

Remark 1. In practical applications, sometimes objects are
deleted from and inserted into data simultaneously in a certain
order. Under such circumstances, we choose the algorithms (ISIA-
I, ISIA-II, ISDA-I and ISDA-II) that meets the actual needs to
update the approximations of Dq-DTRS according to the order of
object change.

5.3. Incremental algorithms for updating approximations of Dq-
DTRS with the batch variation of objects

Based on the incremental updating mechanisms for the case
of the batch insertion of objects in Section 3.3, the incremental
batch insertion algorithms of DqI-DTRS and DqII-DTRS models
are designed in dynamic decision systems. Detailed are shown in
algorithms 7 and 8.

Algorithm 7 incrementally updates the approximations of Dql-
DTRS with the batch insertion of objects, which we call it an
incremental batch insertion algorithm of DqI-DTRS and abbre-
viate it as IBIA-I. In algorithm 7, step 2 computes the decision
partition and conditional partition on the newly inserted object
set AU, with the time complexity of ©(]AU|%(|D| + |C])). Steps
3-6 update the decision partition and conditional partition on U’,
with the time complexity of O(|U/D| x |AU/D| x |D| + |U/C| x
|AU/C| x |C|), where |AU/D| and |AU/C| refer to the number
of decision classes and equivalence classes in AU, respectively.
Steps 7-35 update the approximations of the original changed
decision classes by Proposition 3.3.1, with the time complexity
of O(s x |AU/C|), where s refers to the number of the original
changed decision classes in universe U. Steps 36-52 update the
approximations of the original unchanged decision classes by
Proposition 3.3.2, with the time complexity of O((n—s)x|AU/C|),
where (n — s) refers to the number of the original unchanged
decision classes in universe U. Steps 53-55 compute the ap-
proximations of the newly inserted decision classes by formulas
(2.1)-(2.2), with the time complexity of O((u—s) x |[U’/C|), where
(u—s) refers to the number of the newly inserted decision classes.
Therefore, the time complexity of algorithm 7 is ©(|AU|*(|D| +
IC|)+ |U/D| x |AU/D| x |D| 4+ |U/C| x |AU/C| x |C| 4 |U/D| x
|[AU/C| 4 (u —s) x |U'/C]).

Algorithm 8 incrementally updates the approximations of
DqlI-DTRS with the batch insertion of objects, which we call
it an incremental batch insertion algorithm of DqII-DTRS and

abbreviate it as IBIA-II. In algorithm 8, step 2 computes the
decision partition and conditional partition on AU, with the
time complexity of O(|AU|*(|D| + |C|)). Steps 3-6 update the
decision partition and conditional partition on U’, with the time
complexity of O(|U/D| x |AU/D| x |D| + |U/C| x |AU/C| x |C]).
Steps 7-35 update the approximations of the original changed
decision classes by Proposition 3.3.3, with the time complexity of
O(s x |AU/C|). Steps 36-53 update the approximations of the
original unchanged decision classes by Proposition 3.3.4, with
the time complexity of O((n — s) x s’), where s’ refers to the
number of the original changed equivalence classes in universe U.
Steps 54-56 compute the approximations of the newly inserted
decision classes by formulas (2.3)-(2.4), with the time complexity
of O((u—s)x |U"/C|). Therefore, the time complexity of algorithm
8 is O(|AUX(|D| +|C|)+|U/D| x | AU/D| x |D| +|U/C| x | AU/C| x
IC|4+sx1AU/C|+(n—s) x s 4+ (u—s) x |U/C]).

Based on the incremental updating mechanisms for the case of
the batch insertion of objects in Section 4.3, the incremental batch
deletion algorithms of DqI-DTRS and DqII-DTRS are developed in
the dynamic decision systems, respectively. Detailed are shown
in algorithms 9 and 10.

Algorithm 9 incrementally updates the approximations of Dql-
DTRS with the batch deletion of objects, which we call it an
incremental batch deletion algorithm of DqI-DTRS and abbreviate
it as IBDA-I. In algorithm 9, step 2 computes the decision partition
and conditional partition on the deleted object set AU, with the
time complexity of O(|AU|*(|D| + |C|)). Steps 3-4 update the
decision partition and conditional partition on U’, with the time
complexity of O(|U/D|x|AU/D|x |D|+|U/C|x|AU/C|x|C]|). Step
5 removes the original completely deleted equivalence classes
from the upper and lower approximations of the original decision
classes corresponding to the current decision classes in U’, with
the time complexity of O(v — s’), where v — s’ refers to the
number of the original completely deleted equivalence classes.
Steps 6-31 update the approximations of the original changed
decision classes by Proposition 4.3.1, with the time complexity
of O(s x s’), where s and s’ refer to the number of the original
changed decision classes and the original changed equivalence
classes, respectively. Steps 32-45 update the approximations of
the original unchanged decision classes by Proposition 4.3.2, with
the time complexity of O((n —u) x s’), where n — u and s’ refer to
the number of the original unchanged decision classes and the
original changed equivalence classes, respectively. So the time
complexity of algorithm 9 is (’)(|AU|2(|D|+|C|)+|U/D| x| AU /D|x
ID| +|U/C| x |AU/C| x |C|+v+(n—u+s—1) xs).

Algorithm 10 incrementally updates the approximations of
DqII-DTRS with the batch deletion of objects, which we call
it an incremental batch deletion algorithm of DqII-DTRS and
abbreviate it as IBDA-II. In algorithm 10, step 2 computes the
decision partition and conditional partition on AU, with the time
complexity of O(|AU|?(|D| + |C|)). Steps 3-4 update the original
decision partition and conditional partition on U’, with the time
complexity of O(|U/D| x |AU/D| x |D| + |[U/C| x |AU/C| x
|C]). Step 5 removes the original completely deleted equivalence
classes from the approximations of the original decision classes
corresponding to the current decision classes in U’, with the time
complexity of O(v — s’). Steps 6-31 update the approximations
of the original changed decision classes by Proposition 4.3.3,
with the time complexity of O(s x s’). Steps 32-49 update the
approximations of the original unchanged decision classes by
Proposition 4.3.4, with the time complexity of O((n — u) x s’).
So the time complexity of algorithm 10 is O(|AU*(|D| + |C|) +
|U/D|x|AU/D|x|D|+|U/C|x|AU/C|x |C|4+v+(n—u+s—1)xs").

Remark 2. In practical applications, sometimes objects are
deleted from and inserted into data simultaneously. Under such
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Algorithm 6: An incremental sequential deletion algorithm of DqII-DTRS (ISDA-II)

Input

Output :

: (1) The decision information system S = (U,A=CU D V, f) of time t, decision classes {D1, Dy, - -,

upper and lower approximations of DqlI-DTRS: Rk( ;) and Bgy ﬁ)( i), i=1,2,---,n
(2) The deleted sequential object set AUy of time t + 1, parameters k,a

The updated approximations after the deletion of AUy: Rk( ) and B(L ﬁ)( ) i=1,2,-

Dp}, equivalence classes {Eq, Ea, - - -

s

Em}, the

begin
for x~ € AUy do
compute: All equivalence classes E;, E;, ceey

1

2

3

4 fori=1,2,---,n do
5

6

if Vx € D;, f(x~, d) = f(x, d) then
D] < Dj — {x7}
7 if Ep, < Rk(D,) then
3 if g(E’;, D)) > k then
/
9 ‘ ( )(D;) < R(aﬂ)(Di) —{x7}
10 else
-, I
n | RO} < RiDy) — Ey
12 end
13 else
I, -
14 | Rio) < Ko
15 end
16 if E C R" ( ;) then
17 if P(D \E ) > « then
18 | &, 0 < L D) — i)
19 else
20 \ RI (D)) <R (D) —E,
e, B) RCH N h
21 end
22 else
Rl (D R (D:
23 Ria p)(Di) < Ko y(Di)
24 end
25 else
26 D, < D;
27 if E;, C Rp(D;) then
I, 7 - _
28 | i) < Ri(o) — x7)
29 else
I
30 | R} <RiDy)
31 end
32 if By C gf’ p)(Di) then
U
£ | R (D) <RI (D) — ()
34 else
35 if P(D;|E;) = o then
/ /
% | Ez'a £)(P1) < By (DI U E
37 else
38 | RE 5(D)) < REL (D)
. p) o, p)N1
39 end
40 end
a1 end
42 end
43 end
=,/ 1l /oo /
return 5Rk(D')Ra5( Di=1,2,---,n
44 end

E , of time t + 1; let x~ € E; and 5;1 =Ep —x".
m

//Update the upper approximation of the original changed decision class by Proposition 4.2.1

//Update the lower approximation of the original changed decision class by Proposition 4.2.1

//Update the upper approximation of the original unchanged decision class by Proposition 4.2.2

//Update the lower approximation of the original unchanged decision class by Proposition 4.2.2

circumstances, considering the influence of data storage on com-
putational performance, we can update the approximations of
Dqg-DTRS with incremental batch deletion algorithms (IBDA-I and
IBDA-II), then get the final approximations with incremental
batch insertion algorithms (IBIA-I and IBIA-II).

6. Experimental evaluation

In this section, we evaluate the performances of our proposed
incremental algorithms for updating the approximations of Dg-
DTRS with the sequential and batch variations of objects on
several category data sets derived from UCI [48]. Static algorithms
(SA-I and SA-II) are used as benchmarks to verify the computa-
tional feasibility and effectiveness of the proposed incremental

algorithms of DqI-DTRS and DqII-DTRS models. In dynamic deci-
sion systems with the sequential and batch variations (insertion
and deletion) of objects, the computational efficiency of incre-
mental sequential insertion, batch insertion, sequential deletion
and batch deletion algorithms of DqI-DTRS and DqII-DTRS is ver-
ified by comparing them with the corresponding static algorithms
SA-I and SA-II, respectively.

6.1. Experimental design

Experiments are performed on a personal computer with
2.6 GHz CPU, 12.0 GB of memory and 64-bit Windows 10, and
have been implemented through Java 8. Six data sets are down-
loaded from UCI, detailed information is shown in Table 7.
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Algorithm 7: An incremental batch insertion algorithm of DqI-DTRS (IBIA-I)

Input : (1) The decision information system S = (U,A=CUD,V,f) of time t, decision classes {D1, Dy, - - -, Dy}, equivalence classes {E1, E3, - -, Em}, the

upper and lower approximations of DqI-DTRS: ﬁfa,ﬁ)(Di) and BL(D,-), i=12---,m
(2) The newly inserted object set AU of time t + 1, parameters S, k
Output : The updated approximations after the insertion of AU: Efa,ﬂ)(D;) and Bi(D;), i=1,2,---,n
1 begin

’

2 | Compute:r AU/D = {My.Mp. . Ms. M.~ Mu} and AU/C = (N1 Ny, -+ Ny Ny oo No
3 | Update: U'/D={D}. Dy, DD , .-~ Dp. Dy, Dy} where Dy = D UM;(i=1,2,---.5), D; = Dili=s+ 1,542, --,n),
D; =Mi_pnysi=n+1,n+2,---,n+u—s)
! ’ / ’ ’ ! ’ ’ ’ . ! ’ . ’ ’
5 U//C: {El’Ez’“"Es/’Es/Jrl’-“’Em’Em_H"/“’Em+u—s/}’ where E; = EUNi(j=1,2,---,5 ). E; = E(j =5 +1.5 +2,---,m),
6 Ej:Njim“/u:m+1,m+2,---,m+v—s)‘
7 fori=1,2,---,s do
8 forj:1,2,---,s/do
. =l
9 if £; C R(a;ﬁ)sDj) then
10 if P(DilEj) >  then
1 ‘ ﬁfa’ﬁ)(D;) <« Efa,;j)(Di) UN;j //Update the upper approximation of the original changed decision class by Proposition 3.3.1
12 else
—_ , .
13 | Rlap)D) < R0~ 55
14 end
15 else
16 if P(D;|Ej’) > B then
— / — ’
17 | e (D) < Rig, (D) UE,
18 else
-l / -l
19 | Rlaup) (D)) < Rig, (D)
20 end
21 end
22 if Ej C RI(D;) then
23 if g(Ej’ ,D) < k then
24 ‘ B;((D;) <« BL(DI-) UN;j //Update the lower approximation of the original changed decision class by Proposition 3.3.1
25 else
/
2 | RUD)) < RL(D;) —Ej
27 end
28 else
U
2 | RLD)) < RL(DY)
30 end
31 end
32 forj=m+1,m+2,~~~,m+vfs/do
33 ‘ Update E{aﬂ)(D;) and EL(D;) according to the conclusion (3) of Proposition 3.3.1
34 end
35 end
36 fori=s+1,54+2,---,ndo
37 forj=1,2,~~~,s/ do
. =l
38 if Ej C R(a; ﬁ)sDi) then
39 if P(Di|Ej) > B then
=l / =l
a | Rlapy(@) < RapyPIUN;
a1 else
42 ‘ ﬁza.ﬁ)(D;) <« ﬁza.ﬁ)(Di) —E //Update the upper approximation of the original unchanged decision class by Proposition 3.3.2
43 end
44 else
71 / 71
4 | R (D)) < Rl (0D
46 end
47 Update BL(D;) by steps 22-30. //Update the lower approximation of the original unchanged decision class by Proposition 3.3.2
48 end
49 forj=m+1,m+2,~»,m+v—s/do
50 ‘ Update B’((D;) according to the conclusion (3) of Proposition 3.3.2
51 end
52 end
53 fori=n+1,n+2,---,n+u—sdo
54 ‘ Compute ﬁfayﬂ)(D;) and EL(D;) by formulas 2.1-2.2
55 end
Lol ’ I/ 7 ’
return R(ayﬂ)(Di), R(D;), i=1,2,---,n (n =n+u-—s)
56 end
In both the sequential variation of objects and the batch vari- and deleting objects in data sets from t to t 4+ 1 are presented as

ation of objects, the dynamic processes for the cases of inserting follows:
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21

Algorithm 8: An incremental batch insertion algorithm of DqII-DTRS (IBIA-II)

20
21
22
23
24
25
26
27
28
29
30
31
32
33

34
35
36

37
38
39

a1
42
43

45

47

49
50
51
52

53
54

55
56

57

: (1) The decision information system S = (U,A=CUD,V,f) of time t, decision classes {D1, Dy, ---,

upper and lower approximations of Dql-DTRS: ﬁ;!(D,') and BZ,( ﬁ)(Di)- i=1,2,---,n

My} and AU/C:{Nl,NZ,--- Ny Ny

) and R( B

s +17

Hu sh whereD =DiUM(i=1,2,-

’
E

m+v—s

, }, where E;:EjUNj(j=1,2,~~,5,

Input
(2) The newly inserted object set AU of time t + 1, parameters k, o
Output : The updated approximations after the insertion of AU: Rk(
begin
Compute: AU/D = (M, My, ---,Ms, Ms41, -,
’ / /
Update: U/ /D=1{D{,Dy, -, D DH],-- Dn,DnH,m
D =Mj_nysi=n+1,n+2,-- n+u—s),
! ’ ’ ’ ’
UJC= BBy By By o A
’
Ej= Jm+/0 m+1,m+2,- m+v—s)‘
fori=1,2,---,s do

end

end

end

fori=n+1,n + 2
‘ Compute Rk( ) and R” (D ) according to formulas 2.3-2.4

end

return

fori=s+1,s+2,---,

forj:],z,---,s’ do
if g < EL’/ (b;) then

| R0 < ReDyUN;
else
if Z(E, ! D’) > k then

\ Rk(D ) < Ri(D) UE]
else

—II —II

| Reo) <Ry
end
end

) 1 :
f EC B(Ot;ﬂ)ED’) then
if P(D; \Ej ) > « then

-

1 /
| Bl (D)) < Bl gy (DOUN;
else
/
| R0 < B ()55
end
else
if P(D;\Ej/) > « then
11 / Il !
| Rl D) < Bl (PO UE
else
| R (D)) <RI (D)
a.p) (a,B)
end
end

end

forj=m+1,m+2,- m+vfs/do
Update EQ(D;) and Bgy 5(D;

end

n do
forj=1,2,---,s do
if 5 < EL’/ (D) then

| RiD)) < RyD)UN;
else

=II =

| RiD) < R0

end

if £ ggx M(Di) then

if P(D \Ej ) > o then

RIL (D)) <RL _(D)UN;
Ha.pPi) < Ko py PV U N

else

RIL (D)) <RL (D) —E
Ko p)\Vi) T Bapy)\ Vi) T
end

else
Il ! I
EATCARS D
end

end

n+u75do

/

t Ry (D;) and R, (D)), i=1,2,-

(D)), i=1,2,---,n

ooy Nob

Dy}, equivalence classes {Eq,Ep, -, En

S, Dy =Dili=s+1,54+2,---,n),

) Ej’ =E(j=5 +1,5 +2,---,m),

/| Update the upper approximation of the original changed decision class by Proposition 3.3.3

/| Update the lower approximation of the original changed decision class by Proposition 3.3.3

) according to the conclusion (3) of Proposition 3.3.3

/| Update the upper approximation of the original unchanged decision class by Proposition 3.3.4

/| Update the lower approximation of the original unchanged decision class by Proposition 3.3.4

-, n (n/:n-&-u—s)

}, the




22 Y. Guo, E.C.C. Tsang, M. Hu et al. / Knowledge-Based Systems 189 (2020) 105082

Algorithm 9: An incremental batch deletion algorithm of DqI-DTRS (IBDA-I)

Input : (1) The decision information system S = (U,A=CUD,V,f) of time t, decision classes {D1, Dy, - - -, Dy}, equivalence classes {E1, E3, - -, Em}, the

upper and lower approximations of Dql-DTRS: ﬁza,ﬁ)(Di) and Bi(D,-), i=1,2,---,n

(2) The deleted object set AU of time t 4 1, parameters S, k

Output : The updated approximations after the deletion of AU: E{a,ﬂ)(D;) and BL(D;), i=1,2,---,n

/

N,

/

,},whereE;:Ej—NjU:LZ,»»».s/), j:Ej(i:s/+1,s/+2,---,m—v+s/).

/|Update the upper approximation of the original changed decision class by Proposition 4.3.1

//Update the lower approximation of the original changed decision class by Proposition 4.3.1

//Update the upper approximation of the original unchanged decision class by Proposition 4.3.2

//Update the lower approximation of the original unchanged decision class by Proposition 4.3.2

1 begin
2 Compute: AU/D = {M1, My, ---,Ms, Mgy 1,---, My} and AU/C = {N1,Np, - -,Ns/,NS/+
3 | Update: U'/D={D}. Dy, DD, .- Dp_y) where D, =Dy —M; (i=1,2,---.5),D; =Dili=s+1.5+2,---,n—u+s)
4 U /€= {E By L E, o E
s s +1 m—v+s
! ! —]
5 | Remove Ny,w =5 +1.5 +2,....v from Ry 4)(Dj) and RY(Dy).i=1.2,---,n—u+s
6 fori=1,2,---,s do
7 forj=1,2,~~~,s/do
8 if Ej € Riy5)(Di) then
9 if P(D;\Ejf) > B then
= rooo
10 | Rla.p)(D)) < Ry (D)) — N;
11 else
= / =
12 | Rla.p)(D}) < Ry py(Di) — E;
13 end
14 else
15 if P(D;|Ej’) > B then
- / - /
16 ‘ Ria)(D}) < Rig )(D1) UE]
17 else
= rooo
18 | Rap) (D)) < Rl (D)
19 end
20 end
21 if Ej C RL(D;) then
U
2 | D) < RD) - N;
23 else
24 if g(Ej’ ,D) < k then
/ ’
2 | Ri(D)) < R(D) UE]
26 else
/
2 | RUD]) < RL(D;)
28 end
29 end
30 end
31 end
32 fori=s+1,s+2,---,n—u+sdo
33 forj:1,2,---,s/ do
34 if E C Ry (D) then
=l G
35 | Rap)(D) < Rl (D) — N
36 else
37 if P(D;lEj/) > B then
— / - /
38 | Rlapy(D)) < Rla )P UE,
39 else
= / =
40 | R0 < R, (D)
a1 end
42 end
a3 Update EL(D;) by steps 21-29.
44 end
45 end
— / 1o/ s ’o
return R(D(,ﬁ)(Di), Ek(Di), i=1,2,---,n (n =n—u+s)
46 end

(1) In the insertion experiments, we select 50% objects from
each data set as original data sets of time t. At time t + 1, we

Table 7
Data description.
No. Data sets Abbreviation Samples Attributes Classes
1 Chess Che. 3196 36 2
2 Mushroom Mus. 8124 22 2
3 Nursery Nur. 12 960 8 5
4 Letter recognition Let. 20000 16 26
5 Default of credit card  Def. 30000 23 2
clients
6 Bank marketing Ban. 45211 16 2

set the inserting ratio from 10% to 100% in steps of 10% from the
remaining objects of each data set.

(2) In the deletion experiments, we select each data set as
original data sets of time t. At time t + 1, we set the deleting
ratio from 5% to 50% in steps of 5% from each original data
set.

For the parameters of DqI-DTRS and DqII-DTRS, considering
the medium error tolerance acceptance level, we first set them
to B = 03,k = 2 and @« = 0.8. Meanwhile, we give a
detailed analysis of the influence of different performance values
on the computational performances of incremental algorithms in
Section 6.4. In the following Sections 6.2-6.3, the comparative
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Algorithm 10: An incremental batch deletion algorithm of DqII-DTRS (IBDA-II)

Input : (1) The decision information system S = (U,A=CUD,V,f) of time t, decision classes {D1, Dy, - -

-, Dp}, equivalence classes {Eq, Ep, - - -, Em}, the

upper and lower approximations of DqlI-DTRS: ﬁ;!(D,-) and Bgy ﬁ)(Di)- i=1,2,---,m

(2) The deleted object set AU of time t 4 1, parameters k, «

Output : The updated approximations after the deletion of AU: ﬁi’(D;) and ng.ﬂ}

/ ’

(D)) i=1.2---.n

/

) where E| =Ej —Nii=1,2.-.5 ) E = (=5 +1.5 +2.--.m—v+5).

(D;)i=1,2,---,n—u+s

//Update the upper approximation of the original changed decision class by Proposition 4.3.3

//Update the lower approximation of the original changed decision class by Proposition 4.3.3

//Update the upper approximation of the original unchanged decision class by Proposition 4.3.4

//Update the lower approximation of the original unchanged decision class by Proposition 4.3.4

1 begin
2 Compute: AU/D = {My, My, . Ms, Ms41, -+, My} and AU/C = {Ny.Na, -+ Ny Ny oo Nyl
3 | Update: U'/D = {D}.D}.---.Dg. D, .-~ Dy} where D) =Dy — M; (i=1,2,--,5), D, = Di(i=5+1,5+2,---,n—u+s);
4 U JC=(E By E, e,
s s +1 m—uv+s
/ / —] / /
5 Remove Ny, w=5s + 1,5 +2,..., v from Rg(Di) and B{f){_ﬂ)
6 fori=1,2,---,s do
7 forj:1,2,---,s/do
8 if Ej C Ry(D;) then
9 if E(E;. D;) > k then
i, I
10 | Re(D) < RiD)—N;
1 else
I, I
12 | ReD) < Reo) -
13 end
14 else
i, Il
15 | RD) < R0
16 end
ie g pll .
17 if Ej C B(a_é)(l?,) then
18 if P(D;|E;) > o then
i / 1 3 N:
1 | Bl (@) < Ry 00 =
20 else
11 / 1 N E.
2 | Rl P~ B D=5
22 end
23 else
24 if P(D;\Ej, ) > « then
1 / 1 . !
2 | Rl B0 < Bl (PO VE;
26 else
Il / 1
7 AR G
28 end
29 end
30 end
31 end
32 fori=s+1,s4+2,---,n—u+s do
33 forj=1.2,---,s/ do
4 if E; CRy(D;) then
ENTI —II
35 | RiD)) < Re) - N;
36 else
i, —II
37 | D) < R0
38 end
39 if E ggf’w)(o,-) then
U
40 EATICARS APKCOREY
41 else
2 if P(D; |Ej’ )> a then
1 / 1 . !
a | BP0 < Bl (PO VE;
44 else
i1 / Il .
s | Bl (0D < Rl 00
46 end
47 end
48 end
49 end
. —II / Il / . !’ !
return : Ry (D;) and B(ocﬁ)(Di)' i=1,2,---,n (n =n—u+s)
50 end

experiments between incremental algorithms and static algo-
rithms of DqI-DTRS and DqlI-DTRS are first carried out.

6.2. Comparisons of static and incremental algorithms of Dql-DTRS
in decision systems with the variation of objects

This subsection evaluates the effectiveness of incremental al-
gorithms of DqI-DTRS with the variation of objects on six data

sets from the perspective of computational time of approxima-
tions of all decision classes. It must be pointed out that compu-
tational time is measured in seconds.

In the case of inserting objects into data, we illustrate the
computational efficiency of the incremental sequential and batch
insertion algorithms of DqI-DTRS (ISIA-I and IBIA-I) by compar-
ing them with the static algorithm of DqI-DTRS (SA-I). Detailed
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Table 8
Comparisons of computational time about the static algorithm and incremental insertion algorithms of DqI-DTRS in inserting objects.
IR (%) Che. Mus. Nur. Let. Def. Ban.
SA-I ISIA-I IBIA-I SA-I ISIA-I IBIA-I SA-I ISIA-I IBIA-I SA-I ISIA-I  IBIA-I SA-I ISIA-I IBIA-I ~ SA-I ISIA-I  IBIA-I
10 0.136 0.021 0.028 0.460 0.046 0.056 2.660 0.120 0.143 13.012 0.545 0507 21.669 0781 1.038 42.107 1781 1.695
20 0296 0.027 0.035 0.980 0.107 0.136 5.620 0310 0.260 21200 1319 1.149 25966 1796 1.922 52216 4.297 3542
30 0.480 0.039 0.041 1544 0.186 0.194 8980 0.562 0510 29.960 2254 1.803 31326 3.328 2.865 64591 7.234 5798
40 0.686 0.059 0.058 2.170 0.286 0.242 12481 0.935 0.801 41.189 3394 3.099 37576 5.140 4213 79.388 12.547 8.273
50 0.936 0.075 0.072 2.892 0.396 0.393 16,574 1452 1.256 54.084 5.002 4.098 44966 7.843 5.808 96.873 19.031 11474
60 1216 0.091 0.083 3.664 0560 0.515 20.794 2.124 1651 68.772 6.939 5.036 53419 11.093 7.127 116.951 27.703 15.021
70 1676 0.123 0.111 4504 0825 0.763 25.140 2.949 1.929 85616 9.047 6.021 63200 15.187 8960 139.982 40.016 18.391
80 2076 0.139 0.134 5.394 1.066 0935 29.670 4.000 2.223 103.293 11.595 7.054 74.325 20.187 10.540 167.638 55.516 21.734
90 2446 0.151 0.142 6.380 1.346 1288 34330 5.223 2542 124252 14809 8.178 86.669 26.390 12.257 198.185 70.531 25.381
100 2.880 0.171 0.167 7.510 1746 1462 39.100 6.690 2.888 147.429 18473 9.326 100.685 32.890 13.986 234.091 88.328 29.519
25 ———— SA-I ———— SA-I ———— SA-I
—— ISIA-I 6 —— ISIA-1 30 —— ISIA-1
2 IBIA-I = IBIA-I . IBIA-I
E 15 E4 E
E = E
=1 = =1
| [~7 [~
2 10
| K
05 = A
0 kR F 0% P . Iy 0% o g W O
10% 20% 30% 40% 50% 60% 70% 80% 90%100% 10% 20% 30% 40% 50% 60% 70% 80% 90%100% 10% 20% 30% 40% 50% 60% 70% 80% 90%100%
(a)Che. (b)Mus. (¢)Nur.
100
SA- SA- 200 SA-
—H— ISIA-/ 80 —H— ISIA-/ —H— ISIA-/
100 IBIA-I = IBIA-I - IBIA-I
3 % e g
£ £ £
= = = 100
£ 5 g P 5
20 50
WMK ¥

10% 20% 30% 40% 50% 60% 70% 80% 90%100%
(d)Let.

(e)Def.

10% 20% 30% 40% 50% 60% 70% 80% 90%100%

10% 20% 30% 40% 50% 60% 70% 80% 90%100%

(f)Ban.

Fig. 1. Comparisons of runtime in static and incremental insertion algorithms of DqI-DTRS versus different inserting ratios.

experimental results are shown in Table 8, where IR denotes the
inserting ratio.

Table 8 shows that in comparison with SA-I, both ISIA-I and
IBIA-I greatly reduce the runtime of computing approximations
from each data set.

First, we compare the performance of ISIA-I and SA-I to find
a better way to update the approximations of DqI-DTRS in the
case of the sequential insertion of objects. On data set Che., the
runtime of ISIA-I shows a decrease up to 15.44%, 9.12%, 8.13%,
8.60%, 8.01%, 7.48%, 7.34%, 6.70%, 6.17%, 5.94% of that of SA-I
versus different inserting ratios, respectively. On the remaining
five data sets Mus., Nur., Let., Def. and Ban., the runtime of ISIA-I
is reduced to 23.25%, 17.11%, 12.53%, 32.67% and 37.73% at least
of the time of SA-I at inserting ratio 100%, respectively. On the
remaining five data sets, the runtime of ISIA-I is reduced by up
to 10.00%, 4.51%, 4.19%, 3.60% and 4.23% of the time of SA-I at
inserting ratio 10%, respectively. The above results imply that
ISIA-I updates knowledge faster than SA-I on data sets with the
sequential insertion of many objects.

Then we compare the performance of IBIA-I, ISIA-I and SA-I
to find a better way to update the approximations of DqI-DTRS in
the case of the batch insertion of objects. At each inserting ratio
on each data set, the computational time of IBIA-I is less than that
of SA-I. On the six data sets, the runtime of IBIA-I is reduced by up

to 5.80%, 11.15%, 4.63%, 3.90%, 4.79% and 4.03% of the time of SA-
I at the corresponding inserting ratios 100%, 40%, 20%, 10%, 10%,
10%, respectively. The performance of IBIA-I is far better than that
of SA-I. Then we compare the performance of IBIA-I and ISIA-I.
In the ten experiments of the above six data sets, the number of
times that IBIA-I performs better than ISIA-I is 7, 7, 9, 10, 8 and
10, respectively. On Che. and Mus., the performance of IBIA-I is
slightly better than that of ISIA-I. On Nur., IBIA-I performs better
than ISIA-I. On Let., Def. and Ban., the performance of IBIA-I is far
better than that of ISIA-I. So in dynamic data sets with the batch
insertion of objects, our optimal choice is IBIA-I for calculating
the upper and lower approximations of DqI-DTRS.

More intuitive comparisons are shown in Fig. 1. Fig. 1 depicts
the detailed changes of the runtime of static and incremental
algorithms of DqI-DTRS (SA-I, ISIA-I and IBIA-I) with the in-
crease of inserting ratios. Obviously, at each inserting ratio, the
computational speed of ISIA-I and IBIA-I is faster than that of
SA-I. Moreover, on each data set with the increase of the in-
serting ratio, the computational time of SA-I increases sharply,
that of ISIA-I and IBIA-I increases more slowly. In addition, IBIA-I
performs better than ISIA-I in many cases.

Therefore, incremental insertion algorithms ISIA-I and IBIA-I
are very efficient in dynamic maintenance of approximations of
DqI-DTRS with the sequential and batch insertion of objects.
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Table 9
Comparisons of computational time about the static algorithm and incremental deletion algorithms of DqI-DTRS in deleting objects.
DR (%) Che. Mus. Nur. Let. Def. Ban.
SA-I  ISDA-I IBDA-I SA-I ISDA-I IBDA-I SA-I ISDA-I IBDA-I SA-I ISDA-I IBDA-I SA-I ISDA-I IBDA-I SA-I ISDA-I IBDA-I
5 2470 0.073 0.034 6.829 0.245 0.132 38.829 0.382 0.364 129.368 5.586 0.716 88.840 4.797 1.780 195.247 13.594 3.330
10 2.014 0.114 0.053 5.841 0.466 0.255 34.094 0.810 0.636 108.622 10.640 1.172 76.262 9.844 3.154 165.216 25.734 5.119
15 1661 0.139 0.071 4.948 0.676 0367 29.589 1.298 0.981 90460 15.086 1.580 64.762 14.266 4.317 135466 38.188 6.739
20 1360 0.169 0.089 4062 0890 0469 24989 1734 1260 73.768 19.159 1960 54.887 18531 5370 112.481 49.562 8.197
25 1.090 0.200 0.105 3309 1.086 0.574 20509 2229 1550 59.096 22.765 2.324 46.293 21984 6.553 92309 59.187 9.602
30 0.840 0.233 0.126 2.638 1.234 0.687 16.549 2.650 1.765 46.109 26.202 2.644 38.949 25.609 7.447 80.606 67.562 10.847
35 0.636 0.252 0.140 2.007 1.366 0.783 12.753 3.034 1.941 34.893 29.130 2.928 32.652 28.625 8.485 65747 74906 11.993
40 0440 0.269 0.153 1438 1489 0.856 9253 3510 2.117 25619 31763 3.189 27.418 31453 9422 53325 81.484 12.995
45 0.285 0.280 0.163 0.909 1.609 0912 5.869 3.913 2292 17499 34.177 3431 22918 33.703 10.085 43.184 87.797 13.869
50 0.150 0.288 0.173 0420 1.705 0.962 2.649 4320 2428 10.182 36.306 3.631 18.574 35.859 10.665 35.044 94.016 14.664
———— Al 6 ———— Al ———— SA-I
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Fig. 2. Comparisons of runtime in static and incremental deletion algorithms of Dql-DTRS versus different deleting ratios.

In the case of deleting objects from data, the computational
efficiency of the incremental sequential and batch deletion algo-
rithms of DqI-DTRS (ISDA-I and IBDA-I) is verified by comparing
them with the static algorithm of DqI-DTRS (SA-I). Detailed ex-
perimental results are shown in Table 9, where DR denotes the
deleting ratio.

From Table 9, in comparison with SA-I, both ISDA-I and IBDA-I
reduce the runtime of computing approximations to some extent
on each data set.

First, we compare ISDA-I and SA-I to find a better way to up-
date the approximations of DqI-DTRS in the case of the sequential
deletion of objects. In the process of increasing the deleting ratio
from 5% to 30% in steps of 5%, we find that the runtime of ISDA-I
is reduced by up to 2.96%, 3.59%, 0.98%, 4.32%, 5.40% and 6.96% of
that of SA-I at inserting ratio 5%, respectively. Moreover, in the
first six experiments, the runtime of ISDA-I is always less than
that of SA-I for each data set. For data sets Che. and Nur., only
when the deleting ratio is 50%, the runtime of ISDA-I is slightly
larger than that of SA-I. For data set Mus., when the deleting ratio
greater than 40%, the runtime of ISDA-I is slightly larger than that
of SA-I. On data sets Let. and Def., when the deleting ratio is not
less than 40%, the runtime of ISDA-I is larger than that of SA-I. On
the last data set Ban., when the deleting ratio is not less than 35%,
the runtime of ISDA-I is larger than that of SA-I. Therefore, ISDA-I
is very efficient when the amount of deleted objects is small (not

more than 35% to 40% of the original data) based on the above
analysis.

Then we compare IBDA-I, ISDA-I and SA-I to find a better way
to update the approximations of DqI-DTRS in the case of the batch
deletion of objects. In the ten experiments of the six data sets,
the number of times that IBDA-I performs better than SA-I is 9,
8, 10, 10, 10 and 10, respectively. On Che., only when the deleting
ratio is 50%, the runtime of IBDA-I is larger than that of SA-I.
On Mus., the runtime of IBDA-I is slightly larger than that of SA-
I at the deleting ratio 45% and the runtime of IBDA-I is larger
than that of SA-I at the deleting ratio 50%. On the six data sets,
the runtime of IBDA-I is reduced by up to 1.38%, 1.93%, 0.94%,
0.55%, 2.00%, 1.71% of the time of SA-I at the deleting ratio 5%,
respectively. Meanwhile, at each deleting ratio on each data set,
the computation time of IBDA-I is less than that of ISDA-I. On the
six data sets, the runtime of IBDA-I is reduced by up to 46.49%,
52.70%, 56.20%, 10.00%, 28.98%, 15.60% of the time of ISDA-I at
the corresponding deleting ratios 10%, 20%, 50%, 50%, 20%, 50%,
respectively. So our optimal choice is IBDA-I for calculating the
approximations of DqI-DTRS in dynamic data sets with the batch
deletion of objects.

More intuitive comparisons are shown in Fig. 2. Fig. 2 depicts
the detailed changes of the runtime of static and incremental
deletion algorithms of DqI-DTRS (SA-I, ISDA-I, IBDA-I) with the
increase of deleting ratios. We find that on each data set with
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Table 10
Comparisons of computational time about the static algorithm and incremental insertion algorithms of DqII-DTRS in inserting objects.
IR (%) Che. Mus. Nur. Let. Def. Ban.
SA-1I ISIA-II IBIA-II SA-II ISIA-II IBIA-II SA-Il ISIA-II IBIA-II SA-II ISIA-II  IBIA-II SA-II ISIA-II  IBIA-II SA-II ISIA-II IBIA-II
10 0.076 0.020 0.028 0304 0.020 0.032 0.780 0.043 0.076 12.721 0.627 0.600 19.940 0.672 1252 41448 1.891 1.794
20 0.166 0.030 0.035 0640 0.070 0.077 1.660 0.113 0.169 20.836 1.046 0940 24.330 1.609 2.145 51.604 4.453 4.165
30 0266 0.043 0.044 1.060 0.132 0.098 2.650 0.197 0.231 30418 1.889 1531 29.674 3.203 3.127 64.026 7.703 6.730
40 0.385 0.059 0.053 1540 0.204 0.152 3700 0.323 0304 41520 2975 2727 35924 5219 4609 79.182 12500 9.385
50 0.526 0.064 0.061 2.060 0.292 0.268 4.800 0.497 0.441 54334 4357 4052 43283 8500 5.853 96.698 19.219 12.021
60 0.685 0.080 0.075 2.660 0.440 0381 6.060 0.693 0674 68849 6.037 5165 51.846 12.156 7.156 117.182 29.032 15.335
70 0.866 0.090 0.082 3.300 0.646 0567 7.470 0.913 0.853 85289 7.840 6.192 61.705 17.187 8.584 142.635 44.000 18.423
80 1.066 0.104 0.095 4.033 0860 0.768 8.865 1.268 1.096 104.005 10.063 7.279 72908 22.859 10.069 169.744 61.891 21.994
90 1296 0.110 0.101 4.813 1.100 0.960 10.324 1.623 1.368 124.941 12.662 8.417 85.486 30.187 11.860 199.666 79.641 25.808
100 1540 0.124 0.117 5734 1451 1.103 11.830 2.170 1.602 148.041 15.648 9.644 99.596 38.140 13.871 234.448 101.344 29.995
1.5
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Fig. 3. Comparisons of runtime in static and incremental insertion algorithms of DqlI-DTRS versus different inserting ratios.

the increase of deleting ratios, the computational time of SA-
I decreases rapidly, while that of ISDA-I and IBDA-I increases
slowly. Moreover, IBDA-I changes more smoothly and slowly
than ISDA-I. So the proposed incremental deletion algorithms
ISDA-I and IBDA-I are relatively stable. Therefore, ISDA-I is very
efficient in dynamic maintenance of approximations of Dql-DTRS
with the sequential deletion of objects when the deleting ratio
is small and IBDA-I is very efficient in dynamic maintenance of
approximations of DgI-DTRS in dynamic large data sets with the
batch deletion of objects.

6.3. Comparisons of static and incremental algorithms of DqlI-DTRS
in decision systems with the variation of objects

In order to verify the computational efficiency of the incre-
mental insertion and deletion algorithms of DqII-DTRS, we com-
pare the incremental sequential and batch insertion algorithms
of DqlI-DTRS (ISIA-II and IBIA-II) with the static algorithm of
DqII-DTRS (SA-II) in the case of inserting objects into data, and
compare incremental sequential and batch deletion algorithms
of DqII-DTRS (ISDA-II and IBDA-II) with the static algorithm of
DqII-DTRS (SA-IT) in the case of deleting objects from data, re-
spectively. Detailed experimental results about the insertion case
are shown in Table 10 and Fig. 3, and the experimental results
about the deletion case are shown in Table 11 and Fig. 4.

From Table 10, in comparison with SA-II, both ISIA-II and IBIA-
II greatly reduce the runtime of computing approximations for
each data set.

First, we compare ISIA-II and SA-II. On data set Che., the
runtime of ISIA-II shows a reduced by up to 8.05% of the time of
SA-II at inserting ratio 100%. On the remaining five data sets, the
runtime of ISIA-II is reduced by up to 6.58%, 5.51%, 4.93%, 3.37%
and 4.56% of that of SA-II at inserting ratio 10%, respectively. In
ten experiments of the six data sets, the runtime of ISIA-II is
reduced to 13.64%, 16.30%, 11.09%, 7.97%, 21.12% and 23.61% on
average of that of SA-II, respectively. So ISIA-II updates knowl-
edge faster than SA-II in dynamic data sets with the sequential
insertion of objects.

Then we compare IBIA-II, ISIA-II and SA-II. At each inserting
ratio on each data set, the computational time of IBIA-II is always
less than that of SA-II. On the six data sets, the runtime of IBIA-II
is reduced by up to 7.60%, 9.25%, 8.22%, 4.51%, 6.28% and 4.33% of
the time of SA-II at the corresponding inserting ratio 100%, 30%,
40%, 20%, 10%, 10%, respectively. In the ten experiments of the
above six data sets, the number of times that IBIA-II performs
better than ISIA-II is 7, 8, 7, 10, 8 and 10, respectively. On Che.,
Mus. and Nur., IBIA-II performs better than ISIA-II and on Let.,
Def. and Ban., the performance of IBIA-II is far better than that of
ISIA-II. So in dynamic data sets with the batch insertion of objects,
IBIA-II can help us to update the approximations of DqII-DTRS
quickly.
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Table 11
Comparisons of computational time about the static algorithm and incremental deletion algorithms of DqII-DTRS in deleting objects.
DR (%) Che. Mus. Nur. Let. Def. Ban.
SA-II ISDA-II IBDA-II SA-II ISDA-II IBDA-II SA-II  ISDA-II IBDA-II SA-II ISDA-II IBDA-II SA-II  ISDA-II IBDA-II SA-II ISDA-II  IBDA-II
5 1.384 0.027 0.025 5.150 0332 0.108 10.920 0.114 0.111 131.233 1.020 0.705 87.505 5.281 1.967 238.041 16.016 3.047
10 1.160 0.056 0.040 4.334 0519 0.194 9520 0.235 0.201 110.528 1.859 1.125 74.880 11.140 3.455 208.151 30.157 5.202
15 0.950 0.079 0.053 3.600 0.688 0.284 8.163 0.356 0.307 90.866 2.486 1504 63.037 16.172 4.498 181.791 44.813 6.849
20 0.770 0.100 0.075 2.960 0.865 0.365 6.850 0.469 0.431 73522 3.047 1855 52.896 21.093 5254 158.698 58.156 8.300
25 0.613 0.119 0.094 2.360 1.008 0.432 5570 0.583 0533 58.770 3541 2.183 44.146 24828 5.970 132.885 69.516 9.640
30 0.470 0.136 0.113 1.820 1.125 0.502 4424 0.692 0.628 45789 3.983 2478 36.755 28.843 6.646 109.338 79.078 10.880
35 0.349 0.146 0.131 1.340 1.215 0.566 3.340 0.790 0.719 34.624 4374 2763 30.302 31.968 7.248 88.713 87.391 12.001
40 0.240 0.171 0.149 0.930 1.305 0.626 2.385 0.890 0.818 25.011 4.764 3.002 24.709 34.906 7.818 71.885 94.672 13.011
45 0.150 0.185 0.172 0.558 1.385 0.676 1470 0.990 0.894 16.793 5.020 3.223 20255 37.062 8.337 56.807 101.672 13.886
50 0.070 0.205 0.195 0.250 1.448 0.721 0690 1.090 1.004 10.019 5.283 3.403 16.709 39.093 8.791 44.667 108.781 14.700
5
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Fig. 4. Comparisons of runtime in static and incremental deletion algorithms of DqII-DTRS versus different deleting ratios.

Fig. 3 depicts intuitively the detailed changes of the runtime of
SA-II, ISIA-II and IBIA-II with the increase of inserting ratios. It is
obvious that at each experiment of each data set, the computation
speed of ISIA-II and IBIA-II is faster than that of SA-II. More-
over, the computational time of SA-II increases sharply with the
increase of inserting ratios for each data set, while that of ISIA-
I and IBIA-II increases more slowly. Moreover, IBIA-II performs
better than ISIA-II especially in large data sets.

Based on the analysis results of Table 10 and Fig. 3, we obtain
that ISIA-II and IBIA-II are very efficient in dynamic maintenance
of approximations for data sets with the sequential insertion of
objects and the batch insertion of objects, respectively.

From Table 11, in comparison with SA-II, both ISDA-II and
IBDA-II reduce the runtime of computing approximations to some
extent for each data set.

First, we compare ISDA-II and SA-II. On six data sets, the
runtime of ISDA-II is reduced by up to 1.95% , 6.45%, 1.04%, 0.78%,
6.04% and 6.73% of that of SA-II at deleting ratio 5%, respectively.
On data set Let., ISDA-II always performs better than SA-II in
ten experiments. On data sets Che. and Nur., only when the
deleting ratio close to or equal to 50%, the performance of ISDA-
Il is slightly weaker than that of SA-II. On data set Mus., when
the deleting ratio is not less than 40%, the runtime of ISDA-II is
slightly larger than that of SA-II. On data sets Def. and Ban., when
the deleting ratio is not less than 40%, SA-II performs better than

ISDA-II. In ten experiments, the runtime of ISDA-II is reduced to
23.69%, 37.42%, 18.79%, 13.84%, 36.86% and 43.67% on average of
that of SA-II on six data sets, respectively. So ISDA-II performs
better than SA-II for calculating the approximations of DqlI-DTRS
in dynamic data sets with the sequential deletion of small objects
(not more than 40% to 50% of the original data).

Then we compare IBDA-II, ISDA-II and SA-II. In the ten experi-
ments of the above six data sets, the number of times that IBDA-II
performs better than SA-II is 8, 8, 9, 10, 10 and 10, respectively.
On six data sets, the runtime of ISDA-II is reduced to 19.95%,
22.78%, 17.07%, 8.80%, 20.49% and 11.90% on average of that of
SA-II, respectively. In each experiment on each data set, IBDA-
Il performs better than ISDA-II. On six data sets, the runtime
of IBDA-II is reduced by up to 67.09%, 32.53%, 85.53%, 60.50%,
22.40% and 13.51% of the time of ISDA-II at the corresponding
deleting ratios 15%, 5%, 10%, 15%, 40% and 50%, respectively. So
IBDA-II performs better than ISDA-II and SA-II for calculating the
approximations of DqII-DTRS in dynamic large data sets with the
batch deletion of objects.

Meanwhile, Fig. 4 depicts intuitively the changes of the run-
time of SA-II, ISDA-II and IBDA-II with the increase of deleting
ratios. We find that on each data set with the increase of deleting
ratios, the runtime of ISDA-II and IBDA-II increases slowly, while
that of SA-II decreases rapidly. So ISDA-II and IBDA-II are rela-
tively stable. Moreover, for each data set, when the deleting ratio
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Table 12
The average runtime under 25 pairs of parameters of incremental algorithms.
Runtime (s) Che. Mus. Nur. Let. Def. Ban.
ISIA-I 0.181+0.013 1.753+0.033 6.723 +£0.236 18.440 + 1.688 33.395 4+ 2.766 87.081 + 6.040
ISIA-II 0.133+0.014 1.457 £ 0.034 2.186 +£0.148 15.874 + 1.497 38.253+2.514 103.098 + 6.476
ISDA-I 0.298 £+ 0.015 1.711 £ 0.031 4.336 +0.179 36.408 + 2.345 35.967 £+ 2.964 93.828 +3.670
ISDA-II 0.214+0.014 1.461+0.023 1.106 + 0.095 5.359+0.785 38.989 + 2.887 108.252 + 6.608
IBIA-I 0.175 £ 0.012 1.471£0.031 2.873+0.166 9.425 +1.152 14.264 £ 1.170 31.300 £+ 1.781
IBIA-II 0.126 £ 0.015 1.107 £ 0.027 1.601 £ 0.191 9.823+1.114 14.103 £+ 1.145 31.368 + 2.073
IBDA-I 0.183 +£0.015 0.973 +0.027 2.460 £+ 0.234 3.725 +0.639 10.760 + 1.072 15.416 + 0.959
IBDA-II 0.204 +0.014 0.727 +0.030 1.106 + 0.173 3.432+0.612 9.087 £+ 0.886 14.656 + 1.596
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Fig. 5. The runtime of incremental sequential insertion and deletion algorithms of Dq-DTRS under different parameter values on Ban.

is less than or close to 40% or 50%, the runtime of ISDA-II is less
than or approximately equal to that of SA-II. The computational
time of IBDA-II is always less than that of ISDA-II and SA-II in
dynamic large data sets.

Based on the analysis results of Table 11 and Fig. 4, we obtain
that ISDA-II is very efficient in dynamic maintenance of approx-
imations of DqII-DTRS with the sequential deletion of objects
when the deleting ratio is small (less than or close to 40% or
50% of the original data) and IBDA-II is very efficient in dynamic
maintenance of approximations of DqII-DTRS in dynamic large
data sets with the batch deletion of objects.

6.4. The influence of parameters on the performances of incremental
insertion and deletion algorithms of Dq-DTRS

In the last experiment of the above comparative experiments
(IR = 100% and DR = 50%), we set the value of 8 to vary
from 0.1 to 0.5 in steps of 0.1, k to vary from 1 to 5 in steps
of 1 and « to vary from 0.6 to 1.0 in steps of 0.1. The average
runtime under 25 pairs of parameters of incremental insertion
and deletion algorithms of DqI-DTRS and DqII-DTRS is shown in
Table 12.

From Table 12, we can see that under 25 pairs of parame-
ter values, the range of runtime of each incremental algorithms
changes little in terms of median. For example, even on the
large data Ban. with samples 45 211, for ISIA-I, there is a change
of 6.040 s in terms of median 87.081 s; for ISIA-II, there is a
change of 6.476 s in terms of median 103.098 s; for ISDA-II,

there is a change of 6.608 s in terms of median 108.252 s. When
these incremental algorithms (ISIA-I, ISIA-II, ISDA-I, ISDA-II, IBIA-
I, IBIA-II ) run in 30 s, their variations are about 2-3 s. Therefore,
different values of parameters have little effect on the overall
efficiency of the incremental insertion and deletion algorithms.
This is consistent with Chen et al.’s research results [26,28] that
when inserting objects into or deleting objects from data sets,
the incremental algorithms has essentially the same runtime
under different error tolerance parameters, with only a few small
fluctuations.

Taking a large data set Ban. as an example, we give more
intuitive results in Figs. 5-6. As can be seen from Figs. 5-6, the
runtime of these incremental algorithms is basically in a contour
plane under 25 pairs of parameter values. From Table 12 and
Figs. 5-6, We can see that the proposed incremental sequential
insertion, sequential deletion, batch insertion and batch deletion
algorithms of Dq-DTRS is stable.

6.5. Experimental summary

By comparing static and incremental algorithms of DqI-DTRS
and DqII-DTRS in Sections 6.2 and 6.3, we have obtained the
following conclusions: (1) The proposed incremental sequential
and batch insertion algorithms of Dq-DTRS models (ISIA-I, ISIA-
11, IBIA-I and IBIA-II) are feasible and very efficient in dynamic
maintenance of approximations for data sets with the sequential
and batch insertion of objects. Especially when a large number of
objects are inserted into data sets, these algorithms can help us
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Fig. 6. The runtime of incremental batch insertion and deletion algorithms of Dq-DTRS under different parameter values on Ban.

update knowledge quickly. (2) The proposed incremental sequen-
tial and batch deletion algorithms of Dq-DTRS models (ISDA-I,
ISDA-II, IBDA-I and IBDA-II) are feasible and efficient in dynamic
maintenance of approximations for data sets with the sequential
and batch deletion of objects. In particular, when relatively small
objects are deleted from large data sets, these algorithms are
very efficiency. (3) On small data sets such as Che. and Mus.,
incremental sequential insertion and deletion algorithms (ISIA-I,
ISIA-II, ISDA-I and ISDA-II) have similar computational perfor-
mance over the corresponding incremental batch algorithms in
data sets with the batch variation of objects. (4) On large data sets
such as Def. and Ban., incremental batch insertion and deletion
algorithms (IBIA-I, IBIA-II, IBDA-I and IBDA-II) have absolute
computational advantages over the corresponding incremental
sequential algorithms in data sets with the batch variation of
many objects.

7. Conclusion and future work

The development of information technology makes the scale
of data larger and the real-time update speed faster. In real life,
dynamic data of different types is universal. Making full use of the
correlation of real time data and priori knowledge derived from
previous data can more efficiently discover knowledge and rules
from current data. In this paper, we first analyze systematically
the variations of decision classes, equivalence classes, conditional
probability, external grade and internal grade with the sequential
and batch variations of objects. Then we propose incremental
methods to update quickly approximations of Dq-DTRS in dy-
namic decision information systems with the variation of objects
and design the corresponding incremental algorithms. The ex-
perimental comparisons show that our incremental approaches
are feasible, stable and efficient in calculating approximation sets,
which can help people express knowledge, extract rules and make
sound decisions. Based on the above results, we will further study
the incremental feature selection of the Dg-DTRS model and the
dynamic approximation updating of Dg-DTRS in fuzzy dynamic
data sets.
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