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Abstract: The authors discuss the concept of meta-information which is the description of information system

or its subsystems, and proposes algorithms for meta-information generation. Meta-information can be generat-
ed in parallel mode and network computation can be used to accelerate meta-information generation. Most ex-
isting rough set methods assume information system to be centralized and cannot be applied directly in distribut-
ed information system. Data integration, which is costly, is necessary for such existing methods. However,
meta-information integration will eliminate the need of data integration in many cases, since many rough set
operations can be done straightforward based on meta-information, and many existing methods can be modified

based on meta-information.
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INTRODUCTION

ough set theory has been extensively re-
searched and become a powerful tool for knowl-
edge discovery and intelligence data analysis
( Chan> 1998; omorowski et al., 1999;
Slowinski et al. » 2000; Grzymala-Busse et al. »
2000; Zhong et al. » 2001).

In original rough set theory, an information
system is represented as a single data table de-
scribing a set of objects by a set of attributes
(Pawlak, 1991, and information system with
this kind of data representation style is called
centralized information system. In this paper,
data representation of information system is ex-
tended to multiple tables; such kind of informa-
tion system is called distributed information sys-
tem. Distributed information system consists of a
family of distributed sub information systems Cor
subsystem for short). Fach subsystem is repre-
sented as a single data table, which is similar to a
centralized information system.

Most existing methods assume the informa-
tion system to be centralized and cannot be ap-
plied directly in distributed information system.
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owever, in network computation environment,
the information system is typically distributed.
In order to use the existing methodss it is neces-
sary to integrate multiple data tables intc one da-
ta table. But data integration is costly work, es-
pecially when the data is heterogeneous and
change quickly, and the centralized data table
can easily be the bottleneck of processing and
slowdown the speed.

In this paper we present the concept o
meta-information> which is the description of in-
formation system or its subsystems. Algorithms
or meta-information generation are also pro-
posed. We prefer meta-information integration
(generating meta-information of information sys-
tem from that of its subsystems) to data integra-
tion, since many rough set operations can be
done straightforward based on meta-information
and cost of meta-information integration is much
less.

In the rest of this paper> we first describe the
basic definitions and the algorithms for meta-in-
ormation generation. and then discuss some
rough set operations based on meta-information
and finally give the conclusions.
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BASIC DEFINITIONS

Definition 1  Information system S = < U,
A> V, f >, (Guan et al. » 1998) where:

1. U= {ul’ Uys»***>» u”}’ n= | U| and 7 >
0, U is called a universe or object space.

2. A = CUD. A is an attribute set> C is
a condition attribute set> and DD is a decision at-
tribute set.

3. V=UV,, where p€ A, and V, is the
domain of attribute P.

4. f:UXA—=>V, for V& U, qCAs [
(x,gdEV,

Let U= U1U UzU'"U U, > and Uﬂ L]j
=¢if iz=j. Let S;=< U, AV, f>,1=;
<m. S, is called sub information system Cor
subsystem for short) of S. Information system
S consists of a family of subsystem S;.
Definition 2 Indiscernible relation INDCB) on
U is defined as

IND(B)= {a,y0 € U | (Vad)Xla€E B—>f
(xsa)=fCy,ad)}.

Obvicusly, INDCI3) is equivalence relation.
IND(B) will be written as B for short. Let B”
= U/ B dencte the family of classes. X€ C” is
called condition class, and Y& D7 is called deci-
sion class.

Definition 3 let S = <U,A,V, f >,
C"= X Xo = X b D= {Y,, Y,
Y p1}. M=Cmy) is called class matrix of

S, where m;; is defined as
m;; — | Xi ﬂ 1/1 | .

Class matrix describes the intersection of
condition class and decision class. | X;(Y;] re-
quires less storage compared with X; (Y.
Definition 4 et XEB". Dy=(x, | X])is
called class description of X, where x € X is
characteristic element of X, and | X| is the car-
dinality of X.

Every element in a class is indiscernible to
each other,
with the cardinality of class is sufficient to de-
scribe a class. Using description of class rather
than class itself will alsc save much storage.
Definition 5 LetS = <U, A, V, f>. 1
= < M, Fg» Fpp > is meta-information of S»

so that one characteristic element

where M is class matrix, Fo= {Dy|X&C" },
and Fp= {Dy| YE D" }. F¢is called condition
class description set and F}, is called decision class
description set.

In the following section, we will discuss how
to generate meta-information of S {rom its sub-
systems.

META-INFORMATTON GENERATTON

1. Algorithms

Meta information generation includes con-
struction of class matrix> condition class descrip-
tion set> and decision class description set. Infor-
mation system S =< U, A, V, f >. Let

{U,>» U,s**+» U, } be a partition of U, thus S is

split intc » subsystems. Let S, = <<U,, A, V., f
> be the i-th subsystem of S, where 1=C7=C
n. Let I = <M, F¢», Fjy > denote meta-infor-
mation of S. Let I, = <M., F-» F,>> be meta-
information of S;. In the following, we will dis-
cuss how toc unily 1> Iy, I, intc I.

Let B® = U/B be a partition of U con-
structed from 3. Let 3] = U,/ B be partition of
U constructed from B. Let P=UB;, 1=0i=C
n.

Definition 6
set is defined as
QXO={Y|YEPAVY 22XV yI(xEXAy
S Y—>aBy D}

Let H(X) = {Dy| YE QXD } be class descrip-
tion set corresponding to Q(X).
Proposition1 (DU {Y : YEQXDIeB™;
(DVzeB > 3AXepr, z=UA{y:yeQ
O YEQIXDEQRIXD=QCY).
Proof: (DLet E=U Y : Y(Q(X)D}. By def-
inition 6, YV x,vEE, 2By, .. dZ&€B": EC
Z. Meanwhile, V x&€Z, 3 X&P, x& X, By
definition 6, X€ Q(X), ".EDZ. ..E=Z.
LUy s YEeQxXDe .

(2) and (3 can also be proved by definition
6> and proof is omitted.

By proposition 1, we know that any class Z

For X € P, X-relative subclass

€ 3" can be computed from some specific X-
relative subclass set; i.e., Z is the union of all
subclasses in the X-relative subclass set. lLet G
= {Dyx | X € P} denote the class description set
corresponding to P. Obvicusly,; G and P is one-
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to-one correspondence. Let Dy =C(x» | X |5 Dy
=Cy, | Y|)s where Dy» DyE G. Let Z=U
{Y: YEQIXDTL

Theorem 1 (1) 2By&>Y € Q(X)&=Dy €
H(X): (20D, = (3, >, | Y ).

It is easy to prove this theorem by proposi-
tion 1. Proof is omitted.

By theorem 1(2), we can co mpute the class
description D, of some class Z& B™, provided
that we have already got H(X). Theorem 1(1)
indicates that H( XD can be constructed from G
directly, and it is not necessary to produce P
first and then produce HCX ). Thus, we can
compute all D, from G. G need less storage and
processing time than P, since class description
generally requires less storage and processing
time. In the following, we will discuss how to
generate description set.

Algorithm A(description set generation)

Let H= {H(X) | X € P} dencte set of H
(X). Let F= {D,|Z€ B* } denote description
set. Given G, algorithm A establishes F and
H.

1. F= ¢’ H= ¢o

2. Write G as {DX] » Dy >0 Dy }> where n
=|GI. Let Dx, = (x> 1 X, | and establish H
(X, from G.

2a. i =1, H(X,) =¢

2b. Let DXI:(IZ-’ | X )5 if =,
(X)= H(XOU {DX’_}

2c. i=7+1, if i>]|G|, then go to 3selse
go to 2be

3. Establish D, = Cz, | Z|) from H(X).
Write H(X ) as {Dy » Dy > Dy }s where m

BIZ' » then H

|H(X)|.LetDyj Cy;s IYI)
3a.j:1,|Z|—0,z—y1
1zl = 1zl + 1Yl

3c. j =5 +1, i j > m, then go to 4
else go to 3b.

4. F=FU D, H=HUHX -

5. G=G— H(X), if G=4¢, then this al-
gorithm ends, else go to 2.

Algorithm A can be proved by theorem 1 al-
though proof is omitted. Time complexity of al-
gorithm A is OC| G 1?). Since |G|<| U],
time complexity is OC| U|?) in the worst case.

Let I, = <M, s Fj;> denote meta-infor-
mation of subsystem S, = << U, A, V, f>. Let

Ge= F}:UF%;U"’ UF¢. Let Gp= F}')UF%)
U= UF). If all meta-information of subsystem

are availables we can get G and Gp immedia-
tely. Then, with G and Gp as input, algorithm
A can establish Fo= {D, | Z&€ C" }s H and I,
=D, lzeD" ) Hp.

Let subsystem S, = < U, A, V, f> and
Let I, = < M,;> Fi» Fi, > denote meta-informa-
tionof S,. Let C/ and D, denote partition of
U, constructed from relation C and D, respec-
tively. Let Po=C;"UCy U---UC, , Pp=Dy
UD;y U-UD,). Let S=<U,A,V, f>
dencte mformation system and [ = <M, F» Fp
> denote meta-information of S, where M =
() is the class matrix of information system
S. C” and D” denocte partition of U construct-
ed from relation C and D, respectively. Let X
EC", YE D”. Proposition 1(2) shows that
IX,EPs QX)) = {X,» Xr - X, }. Let X
=X, UX,U-UX,. Similarity. 3 Y,€ P>
QYD=1{Y,;» Yy Y} Let Y=Y, UY,U

N\

...U Yl~
Theorem2 (D IXNYI= >, >, I XN
[ESE I E T

Y, 15 (2 X, €C» Y, €Dy 5 and a4 b
then | X; N Y;| =05 (3if X; € C, is the p-th
classof C;» and Y; € D, is the g-th class of
D) s then |Xl~ﬂYj|=mjﬂq.

Proof (DX Y= (X, UX,U - UX)
Ny, U YU - U YD = (Kl:\gikxi) N
Cyy, 1> =Ux n

lsgy=ad Ik

U(U(XﬂY))fU U(XﬂY)

Sty I C [SSE
A A

CTIXNYIl= 2,02 1 XNY;

(B ]

()X, € C; = X, = U,. Smiladly, Y, &
Ub~ a?éb = Uaﬂ Ub: ¢§Xzﬂ ijjz ¢:>|Xz
Nyl =

(3)cdn be proved by class matrix definition
and proof is omitted.

Theorem 2 shows the relation between M
and M;. By theorem 2(2), we know that | X;
NY;|=0if X;» Y, is from different subsystem.
Theorem 2(3) indicates that if X;& C. is the p-
th class of C; and Y, € D,
D;» then | X, N Y,
tablish class matrix M from M,, which is the
class matrix of subsystem.

lesisnk

is the g-th cdlass of

= mY,. Thuss we can es-
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In the following, algorithm B will construct
meta-information of information system from
that of its subsystems.

Algorithm B (meta-information generation)

Given I, = < M, Fi-» F,> where 1<k <<
n. Algorithm B establishes meta-information I
= <M, Fp Fpy>.

1. Ge=FeUFeUURs Gy, = FpU
FrU--UF.

2. Run algorithm A to produce Fe= {Dyx| X
€C"}b Heand Fp= Dyl YED™ }, Hp.

3. =1, j=1. Wrte F as {DX],DX; e

o

Dy b Write Fyyas (DysDy Dy }. O

4. Get Dy € Fyand HCX\ )€ Hy.

5. Get DY,EFD and H(CY D& Hpys

6. Compute m1;.
6a. [=1, k=1, | XN YI]=0;
6b. Get Dx € H (X, and find the position
Cwritten as p) of Dy in F¢
6¢. Get Dy © HCY,); and find the posi-
tionCwritten as ¢) of Dy in %

6d. fa=5b, then | XA Y|=I1XNY]|+

oy

b6e. k=Fk + 1:if k<<|HCY )|, then go to
6¢

6f. 1=1+1; if =<<|H(XD|5 then go to
6b

6g. mfj:|XﬂY|

7. j=j7+1, if j=<<|Fpl, thengo to 5

8. i=i+1, if i=<<|Fs|> then j =1, and
go to 4, else this algorithm ends.

Theorem 2 can prove algorithm B, although
proof is omitted.

Given all the meta-information of subsystems
algorithm B can merge these meta-information
into that of information system. The time com-
plexity of step 2 is Olmax( | G¢ 125 | Gp1?)) and
that of step 3 to step 8 is OC| Ge | X | Gp ).
Thus, the time complexity T of algorithm B is O
(max( | G(:|2’ |GD|2’ | Gc| x | GD| DI | G(:
>| GD| ’ then ’][‘: O( | GC |2)5 and lf | GC | <
|Gpls then T=0OC] Gp|?). In the worst case
that all the condition classes or decision classes
are singletonss i.e.» |Gl = Ul or [Gpl =
| U| » then T = OC | U|2) Generallya |G(;

and | Gp | is much less than | U |. Howevers
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| Gel and | Gp | may be larger than expected
sometimes. In this cases number of classes can

be reduced by imposing restrictions to class and
discarding all useless classes. In this way, we
can control the time complexity of algorithm B.
Meta-information I; needs tc be transported
through network sometimes, and its main stor-
age cost is represented by the class matrix, space
complexity of which is OC| Fi-| X | F, ). We
can also control the number of classes by setting
restrictions to classes, and reduce the storage
cost. It may also reduce the storage cost to store
the class matrix in the form of sparse matrix.

Algorithm I3 can unify meta-information of
subsystems into that of information system. Ob-
viously, if we want to use algorithm BB to estab-
lish the meta-information of information systems
we must get all the meta-information of subsys-
tem first. A problem is how to establish meta-in-
formation of subsystem.

Let < M, F¢» Fp > be meta-information of
<{z}r A, V, f>. Obviously, Fo = F), =
{x510} and M is 1 X1 matrix (m;;=1). In
other words, the meta-information of < {x},
AV, f> can be cbtained immediately without
having to use algorithm B. Thuss we can gener-
ate meta-information I of S=<<U,A,V, >
in the following steps: (1) split Sinto | U| sub-
system with single object; (2)get meta-informa-
tion of these subsystem directly, and use algo-
rithm B to produce I. As |G| = |Gyl =|U]|»
the time complexity of this method is OC| U 12D,
which meet the worst case of algorithm 3. We
had proposed another method for meta-informa-
tion generation of each subsystem (Su et al,
2001), which establish meta-information incre-
mentally and need less time.
2. Strategies to split information system

Distributed information system consists of a
family of subsystems. Meta-information genera-
tion of these subsystems can be run independent-
ly and concurrently, and the meta-information of
these subsystems can be unified intc that of in-
formation system. So we can make use of net-
work computation resources to carry out parallel
meta-information generation. We have the fol-
lowing strategies to split information system into
subsystems.

(1) Data located in different places should be
split into different subsystem to avoid data inte-
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gration.

(2) Heterogeneous data is split into different
subsystem to avoid data type transformation.

(3) Huge volume of data should be split into
many subsystems to increase the degree of paral-
lelism.

Suppose we have N processess which may
run in different computers for generating meta-
information of subsystem. Obviously: the degree
of parallelism is up to N. Let L be the number
of subsystems. In order to achieve satisfactory
degree of parallelisms L should be larger than
N. But on the other hand, L cannot be too big
since more subsystem means more traffic and
more time to unify meta-information. The com-
putation power of the process should also be tak-
en into consideration. More tasks should be as-
signed to process with higher computation pow-
er.

There is no unified solution to split informa-
tion system. lLet V be the size Cor object num-
ber) of the information system, and Let s be
smallest size of subsystem. Based on analysis
above, we split information into L subsystems:
where

L=min &N, [v/{3d, r=1.
EXPERIMENT

In our experiment, we generate 13 M ran-
dom data Cabout 1M object) and store them in
two Oracle 8 databases. Every object has 7 con-
dition attributes and 1 decision attribute. Each
attribute has 3 values. We set £ =4, s=10K.
Experiment was carried out in 10/100M Ether-
net network environment. The experiment re-
sults of meta-information generation are shown in

Table 1.

lable 1 Experiment results
Process number Subsystern number Time( s)
| 4 423
2 8 276
3 12 173
4 16 131

Experiment results showed that running time
decreased when process number increased. How-

evers speed is not necessarily in proportion to
process number. The computation power of these
processes is not identical, and process with high-
er computation power is much faster than others,
and so often become idle. In this experiment,
information system is split statically and the size
of subsystem cannot be changed. In future, a
dynamic schedule algorithm will be used to make
the processes as busy as possibles and the infor-
mation system will be split dynamically. If some
process becomes idle; the busy process will split
its subsystem into some smaller subsystems, and
assign task of meta-information generation of
smaller subsystem to idle process.

10/100M Ethernet network is fast enough to
eliminate the impact of delay in the communica-
tion.

DISCUSSION

Meta-information can be stored in database
for future reuse. Dynamic increased data can be
handled in a quite natural way. New data will be
viewed as a new subsystem, meta-information of
which can be merged with stored meta-informa-
tion to produce a new one.

Base on meta-information» many rough set
operations can be done straightforward. Due to
limitation of paper length, we will just give one
example. In the following, we will show how to
compute | POS; (D) | from meta-information,
where BEC.

Let I = < M, F¢» Fj; > be meta-informa-
tion> where Fr= { a1» 100 s (1’3! 2000, (1‘3 s
3000}, Fp= {3,100, Cy,,5000}; M is
shown in Table 2. If x3Bx3» then we have Fjy
= {{2,,100), Cx,,500)}. Obviously> [z, ]
=[x 1o sothat [LxlgNLy ]yl =0, and
|[1’1 ]H ﬂ [yg:lu | = 100. [1‘3 ]H = [J_‘_'J_ ](_‘ U
Las)es sothat [La JsNEyvi Jp| = 50+ 50 and
Ll MLy dp | =150 + 250. Thus, we get
the matrix in Table 3. Obviously, | POS;(D)|
= 100. We can see that computation of | POSg
(D)] is just a few addition operations.

Operation on meta-information is always
simpler and cost less than on data table directly.
In future, we will modify the existing rough set
methods to make them work on meta-informa-
tion. Since parallel computation can accelerate
rough set operation, such as parallel reduction
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(Susmagas 1998), our future work will also be
aimed to design parallel rough set algorithm
based on meta-information.

Table 2 Class matrix 1

[y| ]1) [y2:|l)
[x 1o 0 100
Lx ] 50 150
[x;]e 50 250

Table 3 Class matrix 2

[yl ]D [yZJD
Ly dg 0 100
Lanlp 50 + 50 150+ 250

CONCLUSIONS

In this paper, we discuss meta-information
of information system and propose algorithms for
meta-information generation. Since meta-infor-
mation can be generated in parallel mode, we can
utilize network computation to accelerate meta-
information generation. In distributed informa-
tion systems, we prefer meta-information integra-
tion (generating meta-information of information
system from that of its subsysterns) to data inte-
gration, since many rough set operations can be
done straightforward based on meta-information
and cost of meta-information integration is much
less.

We can use the obtained results in this paper
to analyze distributed databases.
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