Chapter 7
AFS Topology and Its Applications

In this chapter, first we construct some topologies on the AFS structures, discuss the
topological molecular lattice structures on EI, *El, EII, *EII algebras, and elabo-
rate on the main relations between these topological structures. Second, we apply
the topology derived by a family of fuzzy concepts in EM, where M is a set of simple
concepts, to analyze the relations among the fuzzy concepts. Thirdly, we propose the
differential degrees and fuzzy similarity relations based on the topological molec-
ular lattices generated by the fuzzy concepts on some features. Furthermore, the
fuzzy clustering problems are explored using the proposed differential degrees and
fuzzy similarity relations. Compared with other fuzzy clustering algorithms such
as the Fuzzy C-Means and k-nearest-neighbor fuzzy clustering algorithms, the pro-
posed fuzzy clustering algorithm can be applied to data sets with mixed feature vari-
ables such as numeric, Boolean, linguistic rating scale, sub-preference relations, and
even descriptors associated with human intuition. Finally, some illustrative exam-
ples show that the proposed differential degrees are very effective in pattern recog-
nition problems whose data sets do not form a subset of a metric space such as the
Eculidean one. This approach offers a promising avenue that could be helpful in
understanding mechanisms of human recognition.

7.1 Topology on AFS Structures and Topological Molecular
Lattice on *E[" Algebras

In this section, we first study the topological molecular lattice on the *EI algebra
over a set M, i.e.,(*EM,V, ), in which the lattice operators V, A are defined as
follows: for any ¥,c;Ai, X.jc;Bj € EM,

ZA,‘\/ZBJ': z A,‘UBJ'7 (7.1

icl el icljel
ZA,‘/\ZBJ' = ZA,‘—&-ZB]'. (7.2)
el jed icl jel

M is the maximum element of the lattice *EM and <& is the minimum element of
this lattice. That is, the above lattice *EM is a dual lattice of EM. In the lattice *EM,
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for Yic;Ai,XjesBj € EM, ¥ciAi < 3 jcy Bj if and only if for any B; (j € J) there
exists Ay (i € I) such that B; D A (refer to Theorem[5.24). Secondly, we study the
topology on the universe of discourse X induced by the topological molecular lattice
of some fuzzy concepts in EM. Finally the topological molecular lattice on the *EI>
algebra over the sets X, M, i.e.,(*EXM,V,\), in which the lattice operators V, A are
defined as follows: for any ¥.;c; aiA;, Xjc;bjB; € EXM,

Za,‘A,’\/ijBj: Z a,‘ﬂbjA,'UBj, (7.3)
icl jeJ iel,jeJ

ZaiAi/\ Ebij = ZaiAi+ ZbJ‘BJ‘. (7.4)
icl jeJ icl Jjes

@M is the maximum element of the lattice *EM and X< is the minimum element
of the lattice *EM. That is, the lattice *EXM is a dual lattice of EXM. In the lat-
tice "EXM, for Yc;aiAi, X jcybjBj € EM, YiciaiA; < ¥ jc;b;B; if and only if for
any b;B; (j € J) there exists arAy (i € I) such that B; O Ay and a; D b; (refer to
Theorem[3.1)).

Lemma 7.1. Let M be a set and EM be the *EI algebra over M. For A C M, Y ;<1 A;,
YjesBj € EM, the following assertions hold:

(]) A 2 ziEIAi andA 2 szJBj @A 2 ZiGIAivszJBj;
(2) A>3iciAiorA> 3 icyBj = A>YiciAiNYjcsBj.

Its proof is left as an exercise.

Definition 7.1. Let M be a set and (*EM, V, A\) be the *ET algebra over M defined by
1) and @I.2). Letn C *EM.If @,M € 1 and 1 is closed under finite unions (i.e.,
V ) and arbitrary intersections (i.e., A ), then 1 is called a topological molecular
lattice on the lattice *EM, denoted as (*EM,n). Let 1 be a topological molecular
lattice on the lattice *EM. If for any Y ;c;A; € N, A; € ) forany i € I, then 1 is called
an elementary topological molecular lattice on the lattice *EM.

It is easy proved that if 1) is a topological molecular on the lattice *EM and 1 is a
dual idea of the lattice *EM, then 1 is an elementary topological molecular lattice
on the lattice *EM. In what follows, we apply the elementary topological molecular
lattice on the lattice *EM to induce some topological structures on X via the AFS
structure (M, 7,X) of a data. Thus the pattern recognition problem can by explored
in the setting of these topological structures on X.

Definition 7.2. Let X and M be sets and (M, T,X ) be an AFS structure. Let (*EM, 1)
be a topological molecular lattice on *EI algebra over M. For any x € X, >,;c;A; €
n C *EM, the set Ngiel Ai(x) C X is defined as follows.

NgielAi (x) = {y €X | 1(x,y) > ZAi}v (7.5)

iel
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and it is called the neighborhood of x induced by the fuzzy concept Y c;A; in the
AFS structure (M, 7,X). The set Njj (x) € 2% is defined as follows.

Ny (x) = {Nz,e,A,-(x) | YA€ 11}7 (7.6)

icl

and it is called the neighborhood of x induced by the topological molecular lattice
7 in the AFS structure (M, 7,X).

Since 7(x,y) C M, hence T(x,y) is an element in EM and 7(x,y) > Y,c;A; in (Z3)
is well-defined.

Definition 7.3. Let X and M be sets and (M, 7,X) be an AFS structure. (M, 7,X) is
called a strong relative AFS structure if V(x,y) € X x X, t(x,y) Ut(y,x) = M.

Since in a strong relative AFS structure (M, 1,X), Vx € X, T(x,x) = M, hence Vx €
X.,Vm € M, x belongs to the simple concept m to some extent.

Proposition 7.1. Let X and M be sets and (M, 7,X) be a strong relative AFS struc-
ture. Let M be a topological molecular lattice on *EI algebra over M. For any
YiciAi, XjeyBj € EM, the following assertions hold: for any x € X

(1) If TiciAi > Xjey Bj in "EM, then Ny _ 4 (x) C Ny _ p (x);
(2) NgielAi(x) mNg,‘eJBj (x) = NgielAiVZjelB_i (x)’.

T T _ AT
(3) NZielAi(x) UNZ_,'eJBj (x) - NZielAi/\ZjeJBj (x)

Proof. (1) Lety € Ngiel A (x). Then there exists Ay, k € I such that 7(x,y) 2 A;. On
the other hand, since Y ;c;A; > Y, el Bj, hence for A there exists Bj, j € J such that
7(x,y) 2 Ay D B;. This implies that y € N%je] 5 (x). It follows that Ny, a; (x) C
T
NZ_/EJ Bj (x) '
(2) Forany y € Ng._ . (x) mN§,€, 5 (x), in virtue of Lemmal[Z.]]l we have

MAS NE,«QA,' (x) QNEJ@B/- (x) &ye NE,«e,A,' (x) and y € NEKJB/- (x)
& tlxy) > YA and t(xy) > Y B,

il =

T(X,y)z 2 AiUBj
icl jeJ

T(x,y) > (2;141‘) v <2;Bj>

=ye NgielAi\/z_jEJBj (x)-

So we have showed that (2) holds.
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(3) Forany y € Ng. _ 4 (x) UNg

S s B; (x), from Lemma[Z.1l we have

ye NiE,A,«(x) UNi-E,Bj(X) A A Nie,A,. (x) or ye Nﬁjejgj (x)
< 1(x,y) > ZA,- or T(x,y) > ZB/-

icl =
< T(X,y) > 2Ai+ ZB]'
icl jer

== T(X,y) > (2}14,) A (;Bj>

< Yye NgielAi/\Zjel Bj (x)
This implies that (3) is satisfied. a

Theorem 7.1. Let X and M be sets and (M, T,X) be a strong relative AFS structure.
Let M be a topological molecular lattice on the lattice *EM. If 1 is an elementary
topological molecular lattice on the lattice *EM and we define

icl

By = {NE,‘GIA:‘(X) | xeX, ZAien},

then %y is a base for some topology of X.

Proof. Firstly, because (M, 7,X) is a strong relative AFS structure, for any x € X,
T(x,x) = M. M is the maximum element of the lattice *EM. This implies that for
any Y;erAi €1, T(x,x) > Xjgr A so thatx € Ny, _ 4 (x) and X =Upe, B-

Secondly, suppose x € X, U,V € %y, and x € UNV. We will prove there ex-
ists W € %y such that x € W C U NV. By the hypothesis, we know there exists
Yic1Ai,XjesBj € 1 such that U = Ny _ . (u), V = NgjaBj(v) for some u,v € X
and 3 € 1,7k € J, 1(u,x) 2 A; and 1(v,x) D By. Since (M, 7,X) is a strong relative,
hence x € Ny (x) and x € Ng, (x). Forany y € Ny (x), i.e., T(x,y) 2 A, by Definition
we have 7(u,y) 2 7(u,x) N 7(x,y) 2 Ay, thatis y € U. It follows N} (x) CU.
For the same reason, Ngk (x) C V. By Proposition[Z.1] we have

X € NZI(X) ﬂNék(x) :Nzlka(x) cunv.

Since 7 is an elementary topological molecular lattice on the lattice *EM, hence
A;,Bi € and we have x € W = NJ g (x) € %y such that W C UNV. Now by
Theorem[I.2Z1] %, is a base for some topology on X. O

The topological space (X, .7, ), in which %, is the base for .7, is called the fopol-
0gy of X induced by the topological molecular lattice 1.

Theorem 7.2. Let X and M be sets and (M, T,X) be a strong relative AFS structure.
Let m be a topological molecular lattice on the lattice *EM and
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iel iel

Iy = {Z“iAi €EXM | ZAi €n,a; € Iy foranyi€l,
I is any non — empty indexing set} . (7.7)

Then £y, is a topological molecular lattice on the lattice *EXM. It is called the “EI
topological molecular lattice induced by the *ET the topological molecular lattice 7.

Proof. For any finite integer n, let ; = 2,-61/. ajjAij € EXM, j=1,2,...,n. Because
forany f € [Ti<j<nljs Ni<j<n@r(j)j € In and

V (ZA,-,): 2 U 4mien

1<j<n \i€l; felli<j<nlj1<j<n

then we have

V= X ( N amn; U Af(/)/) €4y.

1<j<n Jelli<jenl; \1<j<n 1<j<n

This implies that .3 is closed under finite unions (i.e.,V). It is obvious that A is
closed under arbitrary intersection. Therefore (*EXM,.%;) is a *EI* topological
molecular lattice on the lattice *EXM. a

It is clear that .7, the topology on X is determined based on the distribution of raw
data and the chosen set of fuzzy concepts 1 C EM and it is an abstract geometry
relation among the objects in X under the fuzzy concepts under consideration, i.e.,
1. What are the interpretations of the special topological structures on X obtained
from given database? What are the topological structures associated with the essen-
tial nature of database? All these questions are related to the metric space of the
topology. With a metric in the topological space on X, it will be possible to handle
pattern recognition problems for the databases with various data types.

Let X be a set and M be a set of simple concepts on X. Let (M, 7,X) be an AFS
structure and S be the o-algebra over X. In real world applications, it is obvious that
only some fuzzy concepts in EM are related with the problem under consideration.
Let these fuzzy concepts form the set A C EM. Let 1 be the topological molecular
lattice generated by A and (X, ;) be the topology induced by 1. Let S be the o-
algebra generated by .7, i.e., the Borel set corresponding to the topological space
(X, 7y) and (S,m) be a measure space. For the fuzzy concept ¥,;.;A; € EM, if for
any x € X, any i € I, A7 (x) € S, then Y, A, is called a measurable fuzzy concept
under the c-algebra S. Thus the membership function of each measurable fuzzy
concept in EM can be obtained by the norm of E*I algebra via (3.13), (3.24) and
(S,m).

Theorem 7.3. Let X and M be sets. Let (M, 7,X) be a strong relative AFS structure
and M be an elementary topological molecular lattice on the lattice "EM. Let 1 be a
topological molecular lattice on the lattice *EM and the topological space (X, Iy)
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be the topology induced by 1. Let S be the c-algebra generated by Ty and £y be
the *EI? topological molecular lattice on *EXM induced by 1. Then the following
assertions hold.

(1) For any fuzzy concept Y,;c;Ai €M, YicAi is a measurable concept under S ;
(2) For each fuzzy concept Y= Y;c;A; €1, let y: X — EXM be the EI* algebra
representation membership degrees defined by (3.10) as follows: for any x € X,

Y(x) =D AT (x)A; € EXM. (7.8)
il

Let D be a directed set and 0 : D — X be a net (i.e., {6(d) | d € D}). If 6 is
converged to xo € X under topology Fy, then the net of the composition y- 8 :
D — EXM (i.e.{y(6(d)) | d € D}) converges to y(xo) = Xic; AF (x0)A; under the
topological molecular lattice 5. That is, the membership function of any fuzzy
concept in EM defined by (Z8) is a continuous function from the topological
space (X, Iy) to the topological molecular lattice (*EXM, Zy).

Proof. (1)Forany Y,c;A; € n,since A; > Y,;c;A; foralli € I and 1) is an elementary
topological molecular lattice on the lattice *EM, hence A; € 1 for all i € I and

Af(x) =Ny (x) € Iy = Al (x) €S, foranyx € X and anyi€ I.

Therefore Y ;c; A; is a measurable concept under S.

(2) Suppose 3. jc; pjP; € £y and ¥ jc; p;Pj is a R-neighborhood of ¥.;c; Af (xo)A;,
ie., YerAf (x0)A; £ ¥ jes pjPj. This implies that there exists p;P; (I € J) such that
forany i € 1, either AT (xo) 2 p; or P, 2 A;. First, assume Vk € I, P, 2 A. It follows,
forany d € D, X,/ Af(8(d))Ai £ X jes iP)-

Second, assume that k € I, Af(x) 2 p;. Since xo € Af(x9) € J and § is con-
verged to xo € X under ﬁn, hence the exists N € D such that for any d € D,
d >N, 8(d) € Af(xo) 2 pi. For any y € A}(8(d)), i.e., T(6(d),y) 2 Ay, since
0(d) € A{(xo), i.e., T(x0,0(d)) 2 Ay and 7 is an AFS structure, hence we have

T(x0,y) 2 T(x0,6(d)) N 7(8(d),y) 2 Ak =y € A{(x0) = Af (x0) 2 A{(8(d)).

This implies that for i € I if AT (xo) 2 p;, then exists N € D such that for any d €
D,d > N, AF(6(d)) 2 p;. Thus for any R-neighborhood of 3,;; A% (x0)A;, v € %,
there exists N € D such that forany d € D,d > N,

Y A7 (8(d))A; £ v.

icl
Therefore the net y- 0 is converged to ¥,.;AT(xp)A; under the topological lattice
L. O

In a strong relative AFS structure (M, 7,X),Vx € X, 7(x,x) =M, i.e. Vx€e X,Vm € M,
x belongs to the simple concept m at some extent. It is too strict to be exploited
in the setting of real world applications. In order to offer an abstract description
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of the similar relation between the objects in X concerning some given concepts,
Definition[7.2] should be modified as follows.

Definition 7.4. Let X and M be sets and (M, 7,X) be an AFS structure. Let 1 be a
topological molecular lattice on the lattice *EM. For any x € X, X,;c;A; € 1, the set

NZA,' ; A; (x) C X is defined as follows.

A
Ny ()= {y€X|T(xy YNT(y,y >§;A} (7.9)
and it is called the limited neighborhood of x induced by the fuzzy concept Y ,;c;A; €
n, if NXA,I‘:IAi (x) # . The set NnAT(x) C 2X is defined as follows.

icl

NTIAT(x) = {N2i61A,-(x) # 2 | ZAi € 71}7

and it is called the limited neighborhood of x induced by the topological molecular
lattice m.

By the definition of the AFS structure (refer to Definition[4.3]), we know that for any
x,y €X,

7(x,x) 2 T(x,y) 2 7(x,y) NT(,¥)-

Therefore NZA,-; 4,(0) © NS

Y, (%) forany x € X, any ¥,/ Ai € 1 and

A
NZiZIAi (x) # T & x €Ny, 4,(%).

Proposition 7.2. Let X and M be sets and (M, ©,X) be an AFS structure. Let 1 be a
topological molecular lattice on the lattice "EM. For any x € X, Yc;Ai, Y jejBj €
EM, the following assertions hold.

. - AN A
(1) If YiciAi > Y jcy Bj in the lattice *EM, then NZ,-;A,- (x) C NZ_,-Z,B, (x) for any

xeX;

AT AT

(2) Ny, 4,(x) ONZIEJ B; (x) = NZ,ezA Vs B; (x) foranyx € X;
AT AT

(3) Ns._ 4, (x) UNZjeJ 5 (x) = NZ,ezA NS e B (x) forany x € X.

Proof. (1) Suppose y € NZA,-Z,A,-(X)’ x € X. By (Z.9), we know that there exists Ay,
k € I such that 7(x,y) N 7(y,y) 2 Ag. Since X;c;A; > X jc; Bj, then for Ay, there
exists By, I € J such that

T(x,y)NT(y,y) 2 A 2 By = 1(x,y) N 1(y,y) > X ey By

.. . A A A
This implies that y € sz; 5 (x). It follows NZi; 4,(0) C sz; 5 (x).
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A
(2) For any y GNLez A (x )QNEI_; 5 (x),
AT AT
yENZzeIA( ) NZjeJBj(x) <:>y€NZ 1A< ) and y € N, ZeJB ( )

& 1(x,y)NT(y,y) =D Aiand T(x,y) N 1(y,y) > Y, B;
il jeJ

& 1(x,y)NT(y.y) > YAV Y Bj (by LemmalLT)
iel jeJ

AT
=ye NZielAi\/ZjeJ Bj (x)

AT AT
Therefore NZiEI ( )mN JBI( ) NZ,QA VZ/eJB ( )
(3)Foranyy € NZezA ( )UNZ,GJB (x).

AT () AT

yE NZigAi X UNngij (x) & y €N

ZIA()OryENZeJB()
& 1(x,y)NT(yy) > DA or T(x,y)N1(y,y) > Y B;

il jeJ
T(x,y)NT(y,y) > D AiN ) Bj (by Lemma
)N,y (by
il jeJ

<$yENZtEIA /\ZIGJB ( )

Subsequently (3) is satisfied. a

Theorem 7.4. Let X and M be sets and (M, t,X) be an AFS structure. Let 1 be a
topological molecular lattice on the lattice "EM. If 1 is an elementary topological
molecular lattice on the lattice *EM and 93,? is defined as follows

By = {Ns,_ () | xeX,YAren}, (7.10)

il
then %nA is a base for some topology of X.

Proof. Firstly, for any x € X, since @ € 1, hence 7(x,x) > @, i.e., x € N5 7 (x). This

implies that X = UNEQA N. Secondly, suppose x € X, U,V € %’n ,andx e UNV.

We will prove that there exists W € 33,7 such that x € W C UNV. By (Z10), we
know that there exists Y,;c;A, Y ;c; Bj € N, u,v € X such that there U = N2 A (u),
V= NZAJ,;B/,(V). That is, 3 € I, 3k € J, T(u,x) N7(x,x) D A; and 7(v,x) N 7(x,x) D
By. By 7(u,x) Nt(x,x) C 7(x,x) and 7(v,x) N 7(x,x) C 7(x,x), we have x € N/ﬁf(x)
and x € NBAkT(x). For any y € NAAIT(x), ie., T(x,y)N1(y,y) D A, by AX1 and AX2
in Definition 4.3 we have 7(x,y) C 7(x,x) and 7(u,x) N T(x,y) C T(u,y). It follows

T(u,y) N 1(y,y) 2 t(u,x) NT(x,x) N T(x,y) N T(y,y) DA
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This fact implies that T(u,y) N 7(y,y) > Y;c;A and y € NZA,-:,A,-(”)' Thus we have

NAA]T(x) C U. Similarly, we can prove NBAi (x) C V. Since 7 is an elementary topo-
logical molecular lattice on the lattice *EM, hence A;, B, € 1, and A; UB, = A;V

By € 1. In virtue of Proposition[Z.2] one has W = NAAIT(x) ﬁNBAk T(x) = Nﬁ@Bk (x) €

93,? such that x € W C U NV. Therefore by Theorem [[.21] 35’,? is a base for some
topology on X. O

The topological space (X, %A), in which 93,? is a base for 7", is called the limited
topology of X induced by the topological molecular lattice 1.

In what follows, we look more carefully at these topological structures by dis-
cussing the following illustrative examples.

Example 7.1. Let X = {x1,x2,...,xs5} be a set of 5 persons. M = {old, heavy, tall,
high salary, more estate, male, female } be a set of simple concepts on the attributes
which are shown as Table

Table 7.1 Description of attributes

age heigh weigh salary estate male female
X1 21 1.69 50 0 0 1 0
X2 30 1.62 52 120 200,000 0 1
X3 27 1.80 65 100 40,000 1 0
X4 60 1.50 63 80 324,000 0 1
X5 45 1.71 54 140 940,000 1 0

We can construct the AFS structure T according to the data shown in Table [7.1] and
the semantics of the simple concepts in M. T is shown as the following Table
Here A: old, M: male, W: female, H: tall, We: heavey, S: high salary, Q: more estate.

Table 7.2 The AFS structure (M, 7,X) of data shown in Table[Z]]

‘L'(.,A) X1 X2 X3 X4 X5

xi {AMHWeS} {MH} M} {MH} M}

xrn  {AWWeSQ} {AWHWeS.Q} {AWS.Q} {WH,S } w1l

x3  {AMHWeS,Q} {MHWe} {AM,H,We,S,Q} {M,H,We,S} {M,H,We}

x {AWWeQ} {AWWeQ} {AWQ} {A,W,We,H,S,Q} {A,W,We }

x5 {AMS.Q} {AMHWeSQ} {AMSQ} {MHS.Q} {AMH,S,We,Q}

We can verify that 7 satisfies Definition .3 and (M, 7,X) is an AFS structure. Since
for any x € X, 7(x,x) # M, hence (M, 1,X) is not an strong relative AFS structure.
If we consider some health problem and suppose the problem just involves the at-
tributes age, high and weight. Thus we just consider simple concepts A,H,We € M
and let M| = {A,H,We}. (M1, Ty, ,X) is an AFS structure if the map 7y, : X x X —
2M1 is defined as follows: for any x,y € X, Ty, (x,y) = T(x,y) N M;. Obviously,
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(M, 7m,,X) is a strong relative AFS structure. Let n C EM be the topological
molecular lattice generated by the fuzzy concepts {A},{H},{We} € EM on the
lattice *EM. 1 consists of the following elements.

o, M, {A} + {H} + {We}, {A} + {H}, {A} + {We}, {H} + {We}, {A}

{H}, {We}, {A,H} + {A,We} + {We,H}, {A,H} + {A,We}, {A,H} +{We,H},
{A,We} +{We,H}, {A,H}, {A,We}, {We,H}, {A} + {We,H}, {H} + {A,We},
{We}+{A,H}, {A,H,We}.
It could be easily verified that 7] is an elementary topological molecular lattice on
the lattice *EM. Now we study .7, the topology on X induced by n via the AFS
structure (M, Ty, , X ). The neighborhood of x; induced by the fuzzy concepts in 7,
which is obtained by Definition[Z.2] are listed as follows.

N{TAH{HH{W} (x1)= {Xlaxz7x4},NfA}+{H} (x1)= {X],XQ,X4},NPA}+{W8}(X1) ={x1},
NEH}vL{We} (Xl) = {xl,XQ,X4}, N{TA}(xl) = {X]}, NEH} (xl) = {xl,xz,x4},

N{T]We}(xl) = b Ny iawe e gwerry 01 = {018 Nig gy awey (1) = s
N{TA,H}+{We,H} (1) = {x1}, N{TA,We}+{We,H} (k1) = {n}, N{TA,H} (x1) ={x1},

Ny wey (1) = {11 Ny iy (1) = £ b Niy e gy (1) = {a . NG = X
N{TH}Jr{A,We}(xl) = {xix,:}, N{TWe}Jr{A,H}(xl) ={nl, N{TA,H,We} (x1) = {xi}.

Therefore the neighborhood of x| induced by the fuzzy concepts in 11 comes as

N (x1) = {X, {x1,x2,x4}, {x1}}.

Similarly, we have the neighborhood of other elements in X as follows.

Np(x2) = {X, {x1,20,x3,x4}, {x,x0,0}, {x,x0,05), {x,xn}, {0}, {a}},
Ny (x3) = {X, {x1,x3}},

Ny (xa) = {X, {x1,2x2,x4,x5}, {xa}},

N;(XS) = {X7 {xl,xz,X3,x5}, {-x27x47x5}7 {x2,X5}}.

What is the interpretations of the above topological structure on X obtained from
the given data shown as Table This remains an open problem. How to estab-
lish a distance function according the above topology on X for a pattern recognition
problem will be explored in Section 7.3. Here we just simply analyze it alluding
to intuition. One can observe that x;,x;,x4 are discrete points for the topology 7.
Coincidentally, their membership degrees to the fuzzy concepts {A},{H},{We} €
EM taken on minimal values, respectively. For any U € 7, we can prove that
if x5 € U then xp € U. This implies that the degree of x5 belonging to any con-
cept in EM; is always larger than or equal to that of x,. Since xs ¢ {x|,x3} €
Iy, x3 & {x2,x5} € Iy, 1e., the separation property of topology 7. This im-
plies that there exist two fuzzy concepts in 1 such that x5,x3 can be distinguished
by them.
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7.2 Topology on AFS Structures and Topological Molecular
Lattice on E/" Algebras

Most of the results in this section can be proved by using the similar methods to
those we exercised in the previous section, since the lattice of EI" algebras is the
dual lattice of *EI" algebras. We first list the corresponding results of the topological
molecular lattice on the E7 algebra over a set M, in which the lattice operators V, A
are defined as follows: for any ¥,;c; A, Y ;c;Bj € EM,

ZAi/\ZBj = z A,'UBj,

icl iel icljel
ZAI'\/ ZBJ' = ZAI'—F ZB]'.
icl el i e

@ is the maximum element of the lattice EM and M is the minimum element of
the lattice EM. That is, the above lattice EM is a dual lattice of *EM. In the lattice
EM, for ¥,c;Ai,Y ey Bj € EM, Y1 A; > Y ey Bj if and only if for any B; (j € J)
there exists Ay (i € I) such that B; D Ay (refer to TheoremM.T). Secondly, we list
the results for the topology on the universe of discourse X induced by the topo-
logical molecular lattice of some fuzzy concepts in EM. Finally, we present the
results of the topological molecular lattice on the EI* algebra over the sets X, M,
i.e.,(EXM,V,N), in which the lattice operators V, A are defined as follows: for any
Yier@ili, DjeybiBj € EXM,

zaiAi/\ijBjZ z aiﬁbJ‘AiUBj,

icl jel icl jeJ
Za,-A,-\/ ijBj = Za,-A,-—i— ijBj.
icl il icl jes

X @ is the maximum element of the lattice EM and @M is the minimum element
of the lattice EM. That is, the lattice EXM is a dual lattice of *EXM. In the lat-
tice EXM, for ¥,c;aiAi, X jcsbjBj € EM, YciaiAi > Y.jc;b;B; if and only if for
any b;B; (j € J) there exists a;Ax (i € I) such that B; D Ay and a; D b; (refer to
Theorem[5.1).

Definition 7.5. Let M be set and (EM, V, A\) be the EI algebraover M. Letn C EM.
If @,M € n and 1 is closed under finite unions (i.e., V ) and arbitrary intersections
(i.e., A\ ), then n is called a topological molecular lattice on the lattice EM, de-
noted as (EM,1n). Let 1 be a topological molecular lattice on the lattice EM. If for
any Y,c;A; € n, A; € n for any i € I, then 7 is called an elementary topological
molecular lattice on the lattice EM.

In what follows, we apply the elementary topological molecular lattice on the lattice
EM to induce some topological structures on X via the AFS structure (M, 7,X) of a
data. Thus the pattern recognition problem can by explored under these topological
structures on X.
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Definition 7.6. Let X and M be sets and (M, 7,X) be an AFS structure. Let (EM, 1)
be a topological molecular lattice on EI algebra over M. For any x € X, Y,;c;A; €
n C EM, the set Niel A (x) C X is defined as follows.

icl

NEieIAz(x) = {y €X [ 1(x,y) < zAi}, (7.11)

and it is called the neighborhood of x induced by the fuzzy concept Y ;c;A; in the
AFS structure (M, 7,X). The set Njj (x) € 2% is defined as follows.

Ny (x) = {Nz,-e,A,-(x)l YA€ n} , (7.12)

icl

and it is called the neighborhood of x induced by the topological molecular lattice
7 in the AFS structure (M, 7,X).

Since 7(x,y) C M, hence T(x,y) is an element in EM and 7(x,y) < Y,c;A; in (Z1I)
is well-defined.

Proposition 7.3. Let X and M be sets and (M, T,X) be an strong relative AFS struc-
ture. Let M be a topological molecular lattice on EI algebra over M. For any x € X,
YierAi, XjejBj € EM, the following assertions hold: for any x € X

(1) IfZieiAi 2 ZIGJB/ in EM, then NgielAi(x) 2 Ng_ieJB.i (x);
(2) Ngl_el A; (x)N Ng/a B (x) = Ngiel AINSjes B (x);
(3) Ni.e,A,-(x) UN{,-EJBI» (x) = NE,-G,A,-\/ZIEJB_,- (x)

Its proof, which is similar to the proof of Proposition[Z.I] remains as an exercise.

Theorem 7.5. Let X and M be sets and (M, T,X) be a strong relative AFS structure.
Let 1 be a topological molecular lattice on the lattice EM. If 1 is an elementary
topological molecular lattice on the lattice EM and we define

Py = {NgielAi(x) |xeX, ZA,- € n},
icl
then %y is a base for some topology of X.
Its proof, which is similar to the proof of Theorem[Z.1] is left to the reader.

Theorem 7.6. Let X and M be sets, (M, T,X) be a strong relative AFS structure. Let
N be a topological molecular lattice on the lattice EM and

Zn = {ZatAi €EXM | Y Aien, aic Ty foranyiel}. (7.13)

icl icl
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Then £y is a topological molecular lattice on the lattice EXM. It is called the EI?
topological molecular lattice induced by the ET topological molecular lattice 7.

Its proof ( similar to the proof of Theorem[7.2) remains as an exercise.

Theorem 7.7. Let X and M be sets. Let (M, 7,X) be a strong relative AFS structure
and M be an elementary topological molecular lattice on the lattice EM. Let 1) be a
topological molecular lattice on the lattice EM and the topological space (X, Iy)
be the topology induced by 1. Let S be the c-algebra generated by Ty and £y be
the EI? topological molecular lattice on EXM induced by 1. Then the following
assertions hold.

(1) For any fuzzy concept Y;c;Ai € N, Y,iciAi is a measurable concept under S ;
(2) For each fuzzy concept Y= Y;c;A; € 1, let y: X — EXM be the EI* algebra
representation membership degrees defined by (3.10) as follows: for any x € X,

y(x) =D Af(x)A; € EXM. (7.14)
i€l

Let D be a directed set and 8 : D — X be a net (i.e., {8(d) | d € D}). If 6
is converged to xo € X under topology T, then the net of the composition
y-0:D — EXM (i.e.{y(8(d)) | d € D}) converges to y(xo) = Yic; AT (x0)Ai
under the topological molecular lattice . That is the membership function de-
fined by (Z14) is a continuous function from the topological space (X, Ty) to the
topological molecular lattice (EXM,.2y).

Its proof, which is similar to the proof of Theorem[Z.3] can be treated as an exercise.

Example 7.2. Let us study the topological structures on the same AFS structure
(My, 7y, ,X) of the same data we used in Example[7.1]

Let n C EM be the topological molecular lattice generated by the fuzzy concepts
{A},{H},{We} € EM on the lattice EM. 1 consists of the following elements
which are the same as for 1 in Example[7.1}

&, M, {A} + {H} + {We}, {A} + {H}, {A} + {We}, {H} + {We}, {A},
{H}, {We}, {A,H} + {A,We} + {We,H}, {A,H} +{A,We}, {A,H} +{We,H},
{A,We} +{We,H}, {A,H}, {A,We}, {We,H}, {A} + {We,H}, {H} + {A,We},
{We}+{A,H}, {A,H,We}.

It can be easily to verify that 1 is an elementary topological molecular lattice on
the lattice EM. Now we study 7;;-the topology on X induced by 1 via the AFS

structure (M, Ty, , X ). The neighborhood of x; induced by the fuzzy concepts in 7,
which is obtained by Definition is listed as follows.

NEA}+{H}+{W6}(XI) = {x1,%2,%3,x4, %5}, NEA}+{H}(X1) = {x1,%2,%3,x4, %5},
N{TA}+{We}(x1) = {x1 7)62,)63,)64,)65}, NfH}+{We}(x1) = {xl,xz,X3,X4},

N{yy (1) = {xn,22,03,04, %5}, Ny (01) = {x1, x5}, Ny, (01) = {x1,x2,x3, x4},
NfA,H}+{A,W€}+{W€,H}('x1) = {xlaxZax3ax4}, NfA,H}+{A,W€}<'x1) = {x17x27x37x4},
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N{TA.,H}+{We,H}(x1) = {x1,x3}, NfA,We}—&-{We,H}(xl) = {x1,%2,%3,%4},
N{TA,H}(XI) = {xl,x3}, NfA,We}(xl) = {xl,xz,x3,x4}, NfWe,H}(xl) = {xl,)@},
NfA}+{We,H}(x1) = {xl,xz,x3,x4,x5}, NEH}+{A7W€}(XI) = {xl,xz,x3,x4,x5},
wae}+{A7H}(X1) = {xl,xz,x3,x4}, NfA,H,We}(xl) = {xl,x3,x5}, NAZ()C]) =X.

Therefore the neighborhood of x| induced by the fuzzy concepts in 1 is

NT‘;(XI) = {Xa {X],Xz,X3,X4}, {x17x37x5}7 {x17x3}}-

Similarly, we have the neighborhood of other elements in X as follows.

N,:L;()Q) = {X7 {)627)637)647)65}7 {xl,X2,X3,X4}, {XQ,)C4,)C5}, {)62,)63,)65}7{)62,)65}}7
Np(x3) = {X, {x2,x3,2x4,x5}, {x3}},

Ny (xa) = {X, {x3,x4}, {xa}},

Np(xs) = {X, {x3,x4,x5}, {xa,xs}, {x3,x5}, {xs}}.

Here we just simply analyze the topology on X resorting ourselves to intuition. One
can observe that x3, x4, x5 are discrete points for the topology .7,. Coincidentally,
their membership degrees to the fuzzy concepts {A},{H},{We} taken on the max-
imal values, respectively. For any U € .7, we can prove that if x; € U thenx3 € U.
This implies that the degree of x3 belonging to any fuzzy concept in EM; is always
larger than or equal that of x;. Since x; € {x1,x3} € T, x1 € {x2,x5} € T ie,
the separation property of topology 7, hence there exist two fuzzy concepts in 7
such that x,,x; can be distinguished by them. Compared with the topological struc-
ture on X induced by the topological molecular lattice on *E[" algebra, the above
topological structure has many differences. What are the relationship between these
topological structures still remains as an open problem.

7.3 Fuzzy Similarity Relations Based on Topological Molecular
Lattices

In this section, by considering the AFS structure (M, 7,X) of a data, we apply
the topology on X induced by the topological molecular lattice 7 of some fuzzy
concepts on *EM to study the fuzzy similarity relations on X for problems of pat-
tern recognition. The topology .7; on X is determined by the original data and some
selected fuzzy concepts in EM. It represents the abstract geometry relations among
the objects in X. We study the interpretations of the induced topological structures
on the AFS structures directly obtained by a given data set through the differential
degrees between objects in X and the fuzzy similarity relations on X in the topo-
logical space (X, 7). We know that human can classify, cluster and recognize the
objects in the set X without any metric in Euclidean space. What is human recog-
nition based on if X is not a subset of some metric space in Euclidean space? For
example, if you want to classify all your friends into two classes {close friends} and
{common friends}. The criteria/metric you are using in the process is very important
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though it may not be based on the Euclidean metric. By the fuzzy clustering analysis
based on the topological spaces induced by the fuzzy concepts in EM, we hope find
some clues for these challenge problems.

Theorem 7.8. The following three conditions on a topological space are equivalent.

(1) The space is metrizable;
(2) The space is Ty and regular, and the topology has a c-locally finite base;
(3) The space is T and regular, and the topology has a c-discrete base.

Here a topological space is a T\ space if and only if each set which consists of a
single point is closed, a topological space is regular if and only if for each point
x and each neighborhood U of x there is a closed neighborhood V of x such that
V C U, and a family is c-locally finite (0-discrete) if and only if it is the union of a
countable number of locally finite (respectively, discrete) subfamilies.

Its proof (refer to Theorem[L.43) is left to the reader.

The topology 7 on X induced by the topological molecular lattice i) of some
fuzzy concepts in EM is a description of the abstract geometry relations among the
objects determined by the semantic interpretations of the fuzzy concepts in 1 and
the distributions of the original data. We can state the problem in mathematical ways
as follows: Let X be a set of some objects and f/ be the set of all features, including
features which are independent or irrelated to the problems under considering. M
is the set of simple concepts on the features in f. A C EM, A is the set of fuzzy
concepts an individual considers crucial to his problem. 7} is the topological molec-
ular lattice generated by A. If the topology .7, satisfies (2) or (3) in Theorem [7.8]
then the topology space (X, 7;) is metrizable. Thus we can study the clustering and
recognition problems by the metric induced by topology 7y, i.e., the distance func-
tion d on the cartesian product X x X to the non-negative reals defined by Definition
[L.33] as follows: for all points x,y, and z of X,

L d(x,y) =d(yx),

2. d(x,y)+d(yz) > d(x,z2), (triangle inequality)
3. d(x,y)=0ifx=y, and

4. ifd(x,y) =0, thenx=y.

However, for a real world applications, it is very difficult to satisfy the conditions of
Theorem[Z8§] In other words, this theorem cannot be directly applied to real world
classification scenarios. By the analysis of the definition of metric in metrizable
topology space (X, .7) in mathematics (refer to Urysohn Lemma Lemma[L.1)), we
know that the more fuzzy concepts distinguish x from y are there in 7, the larger the
distance of x and y, i.e., d(x,y). In practice, for X a set of objects and A C EM a
set of selected fuzzy or Boolean concepts, although .7, the topology induced by the
topological molecular lattice 1 seldom satisfies (2) or (3) in Theorem[7.8] .7; also
can reflect the similar relations between the objects in X determined by the concepts
in A and the distributions of the original data. Thus we define the differential degree
and the similarity degree of x, y € X based on the topology 7 as follows.
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Definition 7.7. Let X and M be finite sets and (M, 7,X) be an AFS structure. Let
7N be a topological molecular lattice on the lattice *EM and (X, ;) be the topol-
ogy space on X induced by 1. We define the partial distance function D(x,y), the
differential degree d(x,y) and the similarity degree s(x,y) in the topological space
(X, Ty) as follows: for x,y € X,

D(xy)= Y |8 (7.15)
d€ Ty xed y¢o

d(x,y) = D(x,y) + D(y,x); (7.16)

s(x,y) =1 d(x7) (7.17)

 max.ex {d(z,y)}

Because there are too many fuzzy concepts in 7, in practice, it is difficult or im-
possible to calculate d(x,y) by Definition [/7] for the topological molecular lattice
7N generated by A, if |A| > 4. The following Definition [7.§] and Definition [7.9] in-
troduce the differential degrees of x,y, d(x,y) which are more expedient to compute
than that in Definition [Z7], although they may loose some information compared
with the concept captured by Definition [Z7} Definition [Z.8] and Definition [7.9] are
applicable to discuss real world problems while Definition [Z7] is more appealing
from the theoretical perspective.

Definition 7.8. Let X and M be finite sets and (M, 7,X) be an AFS structure. Let n
be an elementary topological molecular lattice on the lattice *EM and (X, .7;;) be the
topology space on X induced by 1. We define Dy (x,y), the distance function on the
molecular A; duy (x,y), the molecular differential degree; and sp (x,y), the molecular
similarity degree in the topological space (X, ;) as follows: for x,y € X, A C M,
Aen,

Da(x,y) = D | NCT(w); (7.18)
uEX,xENfT(u),y¢NAAT (u)

du(x,y) = Y (Da(x,y)+Da(y,x)); (7.19)
ACM Aen

su(x,y) =1 i (x,3) (7.20)

 maxzex{du(z,y)}

Dy(x,y) in Definition [Z§] is considered under the fuzzy molecular concept A € n
and dy(x,y), the molecular differential degree of x,y is the sum of the distances of
x,y under all fuzzy molecular concepts in 7.

Definition 7.9. Let X and M be finite sets and (M, 7,X) be an AFS structure. Let n
be an elementary topological molecular lattice on the lattice *EM. Let (X, ;) be
the topology space on X induced by 1. We define the elementary partial distance
Sfunction D°(x,y), the elementary differential degree d°(x,y) and the elementary sim-
ilarity degree s.(x,y) in the topological space (X, .7, ) as follows: for any x,y € X,



7.4 Fuzzy Clustering Algorithms Based on Topological Molecular Lattices 285

De(x,y) = D 18]; (7.21)
SR, xe8,y¢s

dE(an) = fo(xa)’) +D6()’ax); (7.22)

se(x,y) =1 de(x.) (7.23)

 maxgex{de(z,)}

Here

BoT = {NAAT(x) |ACM,Ac mxeX}.

Itis clear that %’,ﬁf C I, is the set of all neighborhoods induced by the fuzzy molec-
ular concepts in 1 which determine the distances and similarity degrees defined by
Definition[7.9 However, in Definition[7.7}, they are determined by all neighborhoods
in ;. Since the number of the elements of .7 is much larger than that of the set

931‘%7, hence much time will save if Definition [Z9] or Definition [7.8] is applied to a
pattern recognition problem. The problem is still open: are the similarity degrees
defined by Definition[Z7] Definition[Z.8 and Definition [Z.9]equivalent?

Proposition 7.4. Let X and M be finite sets and (M,7,X) be an AFS structure. Let
1N be an elementary topological molecular lattice on the lattice *EM and (X, 7 ) be

the topology space on X induced by 1. Then for any x,y € X the following assertions
hold.

(1) d(x,x) =0, d(x,y) = d(y,x) and s(x,y) = 5(y,x) < s(x,x);
(2) dy(.x) = 0, dys(x.y) = iy (3.x) and sy (x.3) = 5w (3.) < s34 (x.);
(3) de(xax) =0, de(xuy) = de(yax) and Se(xv)’) = se(y,x) < Se(xux)'

Its proof is left to the reader.

7.4 Fuzzy Clustering Algorithms Based on Topological
Molecular Lattices

Numerous mathematical tools, investigated for clustering, have been considered to
detect similarities between objects inside a cluster. The two-valued clustering is
described by a characteristic function. This function assigns each object to one and
only one of the clusters, with a degree of membership equal to one. However, the
boundaries between the clusters are not often well-defined and this description does
not fully reflect the reality. The fuzzy clustering, founded upon fuzzy set theory [35]],
is meant to deal with not well-defined boundaries between clusters. Thus, in fuzzy
clustering, the membership function is represented by grades located anywhere in-
between zero and one. Therefore, this membership degree indicates how the object is
classified ( allocated ) to each cluster. This can be advantageous for patterns located
in the boundary region which may not be precisely defined. In particular, we could
flag some patterns that are difficult to assign to a single cluster as being inherently
positioned somewhere at the boundary of the clusters.
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Many fuzzy clustering algorithms have been developed, but the most widely used
is the Fuzzy C-Means algorithm (FCM) along with a significant number of their
variants. Conceived by Dunn [2]] and generalized by Bezdek [[1], this family of algo-
rithms is based on iterative optimization of a fuzzy objective function. The conver-
gence of the algorithm, proved by Bezdek, shows that the method converges to some
local minima [4]. Nevertheless, the results produced by these algorithms depend on
some predefined distance formulated in a metric space, for instance Euclidean space
R". However, in this section we will cluster the objects in ordinary data set X g RP*"
according to the fuzzy concepts or attributes on the features without using any kind
of distance functions expressed in the Euclidean space.

In general, FCM is an objective function optimization approach to solve the fol-
lowing problem [[1} 4]

minimize : J,(U,V) = ZZMfﬁdz(xk,v,-)
ik

with respect to U = [uy] € R°*", a fuzzy c-partition of n data set X = {x|,...,x,} €
RP*" and V, a set of ¢ cluster centers V = {vy,...,v.} € RP*. The parameter m > 1
is a fuzziness coefficient. d(x;,v;) is a distance from x; to the ith cluster center
vi. The performance of FCM is affected by different distances d(.,.). In general,
the distance is expressed in some metric space [4, 34], if data set X is a subset of
a metric space. FCM fuzzy clustering algorithms are very efficient if the data set
X C RP*" as in this case there exists a distance function. Let ¢ be a positive integer
greater than one. u = {Uy,..., U} is called a fuzzy c-partition of X, if u;(x) is the
membership functions in fuzzy sets ; on X assuming values in the [0, 1] such that
> 1i(x) =1 for all x in X. Thus, the Fuzzy C-Mean (FCM) objective function
J(u,V) is also defined as

= 2 2 xj) e = vil (7.24)

where ;(x;) = u;j = p;j and d(xy,vi) = ||xx — vi||. The FCM clustering is an iterative
algorithm where the update formulas for the prototypes and the partition matrix read

as follows: 5 "
Vi = 1;1“-’,”’,1': 1. c (7.25)
j=1H;j

and

[lej = wil P/ 01

—1 . .
l; |2/ 1) gd=1,..,c,j=1,...,n (7.26)

Hij ,u,szz

If the feature vectors are numeric data in R¢, the FCM clustering algorithm is a
suitable optimization tool. However, when applying the FCM to data set with mixed
features such as Boolean, partial order and linguistic rating scale, we encounter
some problems, because the conventional distance ||.|| is not suitable any longer.
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To overcome these problems, the differential degrees d(x,y) (or de(x,y), dum(x,y))
defined in the above section can substitute the Euclidean distance ||.|| and the FCM
can be modified as follows.

micz - J(u,v)= z z w (x;)d (xj,vi)? (7.27)

subject to

This algorithm is called the AFS fuzzy c-mean algorithm (AFS FCM).

In order to compare the differential functions defined in the above section with
the Euclidean distance function, we directly apply the similarity matrix derived by
the differential function and Euclidean distance function to the clustering problem.
Let X = {x1, x2, ..., x,} and the similarity matrix § = (8;;)nxn, Where s;; = s¢(x;,x;)
is elementary similarity degree of x,y defined by Definition [Z.8 For the similarity
matrix S, we know s;; = sj; and s;; < s34, 1 < i, j < n from Proposition hence
there exists an integer 7 such that S < §? < ... < §" = 8", where $? = (r;;) =
SS is the fuzzy matrix product, i.e., r;j = max;<g<, min{s;,s;}. Thus, (S =8"
(8" is the transitive closure matrix of S) and the fuzzy equivalence relation matrix
Q = (gij) = S" can yield a partition tree with equivalence classes in which x; and x;
are in the same cluster (i.e., in the same equivalence classe ) under some threshold
o € [0,1] if and only if ¢;; > o

7.5 Empirical Studies

In this section, we apply the similarity relations and the differential functions defined
by Definition [7.8|to the conventional FCM and compare the elementary differential
function with the Euclidean distance function in the clustering analysis of the Iris
data. Furthermore, they are also applied to Taiwan airfreight forwarder data which
is just described by means of linguistic terms. These examples show that the topol-
ogy Iy on a universe of discourse X induced by the topological molecular lattice
n of some fuzzy concepts in EM can be applied to the real world pattern recogni-
tion problems for the data set with mixed features on which the classical distance
functions could not be defined.

7.5.1 Empirical Examples of Taiwan Airfreight Forwarder

In what follows, we apply the elementary differential degree and elementary simi-
larity degree defined by Definition to empirical examples of Taiwan airfreight
forwarder for the clustering and analyzing current operation strategies in [27]. In
[27], the authors gathered 28 strategic criteria from scholars, experts and proprietors.
They select 30 companies of airfreight forwarder in Taiwan by random selection.
Using Statistical Analysis System (SAS), they obtain seven factors: Factorl: Core
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ability, Factor2: Organization management, Factor3: Pricing, Factord: Competitive
forces, Factor5: Finance, Factor6: Different advantage, Factor7: Information tech-
nology. The decision-makers may tackle preference rating system by adopting one
of various rating scales assumed in the literature [8} |28} 29] or may develop their
own rating scales system by using trapezoidal fuzzy number to show the individual
conception of the linguistic variable “attention degree”. According to the preference
ratings proposed by Liang and Wang [28]], it is suggested that the decision-makers
utilize the linguistic rating set

W ={VL,B.VL&L,L,B.L&M ,M,B.M&H H,B.H&VH VH},

where VL: Very Low, B.VL&L: Between Very Low and Low, L: Low, B.L&M: Be-
tween Low and Medium, M: Medium, B.M&H : Between Medium and High, H:High,
B.H&VH:Between High and Very High, VH:Very High, to assess the attention
degree of subjects of companies under each of the management strategies. The
decision-makers utilize the linguistic rating as above and obtain the evaluation re-
sults as Table[Z3] Let X = {Cy,...,Cs} and M = {my,my,...,m7} be the set of sim-
ple concepts on the features Factorl to Factor7. Where m;: great attention degree of
Factori,i=1,2,...,7. The following order relation of the elements in the linguistic
rating set W is determined by their linguistic rating scales:

VL<BVL&L <L<B.L&M <M < BM&H < H <BH&VH <VH (7.28)

For each m; € M, we can define a binary relation R,, on X by Table [Z.3] and the
order relation shown as (Z28): (Cy,Cy) € R;, for any k = 1,...,5 and for any k # [,
(Cx,C;) € Ri & Ci(Factor i)> Cj(Factor i), where C;(Factor i) is the linguistic rating
scale of C; for Factor i. By Definition one can verify that for each m; € M,
R; is a simple concept. (X,T,M) is an AFS structure if 7 is defined as follows:
For any C;, C; € X, 1(G;,C;) = {my € M|(C;,C;) € Ry} (refer to (£.26)). Let A =
{{mi1},....,{m7}} C EM and n be the topological molecular lattice generated by
A. Let (X, 7,) be the topology space on X induced by 7. Let d.(C;,C;) be the
elementary differential degree of C;,C; and s.(C;,C;) be the elementary similarity
degree of x, y defined by Definition[Z.8] We obtain the following fuzzy similar matrix
S = (8ij)nxn> 8ij = 8¢(C;,Cj) and the following elementary differential matrix 7 =
(tij)nxns tij = de(Ci, C;).

Table 7.3 The evaluation results of five companies

Company Factor
Factorl Factor2 Factor3 Factor4 Factor5 Factor6  Factor7

Cl1 M H H BH & VH VH L BM&H
Cc2 H BL&M M BM&H H BM&H VL
C3 H H BM&H H H VH BM&H
C4 VL M H B.VL&L H BL&M M

C5 L M BH& VH H BH&VH B.VL&L BM&H
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0 1513 1175 1112 666
15130 638 1067 1391
T=11175638 0 1161 1263
11121067 11610 918
666 13911263918 0

1.0 O 0.2234 0.2650 0.5598
0 1.0 0.5783 0.2948 0.0806
§=10.22340.5783 1.0  0.2327 0.1652
0.2650 0.2948 0.2327 1.0  0.3933
0.5598 0.0806 0.1652 0.3933 1.0

Then, the transitive closure of similar matrix S is $%, i.e.,

1.0 0.29480.2948 0.3933 0.5598
02948 1.0  0.57830.2948 0.2948

(54)2=5%*=|0.29480.5783 1.0  0.2948 0.2948
0.39330.2948 0.2948 1.0 0.3933
0.5598 0.2948 0.2948 0.3933 1.0

Let the threshold o = 0.5. Then the clusters are {C1, C5}, {C2, C3} and {C4}. In
[27], the transitive closure of the compatibility relation Ry of Table is obtained
as follows:

1 0.3890.415 0.590 0.679
0.3891 0.3890.389 0.389
Rr = 041503891 0.4150.415
0.5900.3890.415 1 0.590
0.679 0.389 0.415 0.590 1

By taking A € (0.590, 0.679], the authors in [27] obtained the clusters: {C1,C5},
{C2}, {C3} and {C4}.

By the application of the AFS-FCM algorithm described by (Z.27) with the ele-
mentary differential degree defined by Definition[Z.8]to the data of the 30 companies
shown in Appendix A, let the cluster number ¢ be equal to 5, we obtain the cluster-
ing results

cluster1={C2, C3, C6,C7}, cluster2={C1, C4, C5, C10, Cl16, C21, C23, C25, C28},
cluster3={C9, C11, C13, C17, C19, C27},
cluster4={C8, C18, C20, C24, C26, C29}, cluster5={C12, C14, C15, C22, C30}.

Figure [Z1l in which the x-axis is the re-order of the C1,..., C30 by the order clus-
ter 1,....cluster 5, i.e., 1:4 cluster 1; 5:13 cluster 2; 14:19 cluster 3; 20:25 cluster 4;
26:30 cluster 5, shows the membership functions of the fuzzy partition matrix of X,

p={,..., us}.
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membership degree
o
o
T

5 10 15 20 25
1:4 cluster1; 5:13 cluster2; 14:19 cluster3; 20:25 cluster4; 26:30 cluster5

Fig. 7.1 The membership functions y; of the fuzzy 5-partition of X, p = {uy,..., s}

7.5.2 Experimental Studies on the Iris Data Set

The Iris data [30] have 150 x 4 matrix W = (w;;)150x4 evenly distributed in three
classes: iris-setosa, iris-versicolor, and iris-virginica. Vector of sample i, (w;;, wp,
wis, wia) has four features: sepal length and width, and petal length and width (all
given in centimeters). Let X = {x|,x2,...,x]50} be the set of the 150 samples, where
xi = (Wi, wia, wiz,wia). Let M = {my, my, ..., mg} be the set of simple concepts on
the features, where

my: the sepal is long, my: sepal is wide, ms3: petal is long, my: petal is wide;
ms = m)y: petal is not wide, me = ml: petal is not long, m7 = mb: sepal is not
wide, mg = m) : the sepal is not long.

Given the original Iris data, we can verify that each concept m € M is a simple con-
ceptand (M, 7,X) is an AFS structure if for any x,y € X, we define 7(x,y) = {m|m €
M, (x,y) € Ry} (refer to (@.26). For example, 7(x1,x1) = {my, mp, m3, mq, ms, mg,
m7, mg }, since the sample x| has sepal length and width, and petal length and width.
Similarly we can get 7(x;,x;), i = 2, ..., 150. For sample x4 = (4.6,3.1,1.5,0.2) and
sample x; = (4.6,3.4,1.4,0.3), we have 7(x4,x7) = {m,m3,ms,m7,mg}, since the
degrees of x4 belonging to simple concepts long sepal, long petal, not wide petal,
not wide sepal, not long sepal are larger than or equal to that of x7. Similarly, we can
determine 7(x;,x;) for any i, j according to the given feature values of the samples
or the binary relation R, of the simple concepts m € M.

Let (M,7,X) be the AFS structure of the Iris data set and 1 be the topologi-
cal molecular lattice on the lattice * EM generated by all simple concepts in M.i.e.,
A ={{m},...,{mg}} CTEM. Let (X, ;) be the topology space of X induced by
the topological molecular lattice 1. In order to compare the elementary differential
degree of x,y in topology .7, with Euclidean distance in R*. Let Ry be the fuzzy
relation matrix derived by topology .7, where Ry = Sy, (Sp)* = Sp. Sy = (si)).
sij = Se(xi,x;), the elementary similarity degree is defined by Definition [7.8 Let
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Rg be the fuzzy relation matrix derived by the Euclidean distance where Rg = S%,
(k)2 = Sk, Sp = (eij), eij = 1 — (X <kea (i — xjx)%) 2. Let fuzzy equivalence re-
lation matrix Q = (g;;) = Ry or Rg, and for each threshold o € [0, 1], let Boolean
matrix Qg = (q?j), q?j =1 g;; > a. Since R,27 =Ry, R% = Rg, hence for each
threshold o € [0, 1], Oy, is an equivalence relation Boolean matrix and it can yield a
partition on X (refer to [23]]). The following Figure[7.2]shows the clustering accuracy
rates of fuzzy equivalence relation matrices Ry and Rg for threshold o € [0.1,1].
The accuracy is determined as follows: Suppose that the clusters Cy, Cy, ...,C; are
obtained by the fuzzy equivalence relation matrices Ry or R for some specific
threshold a. Let Ny = {1,2,...,50}, N, = {51,52,...,100}, N3 = {101,102, ...,150}.
For [ > 3, the clustering accuracy rate r is

{ [N1NCi|-+N2NC | +|N3NC | ¥
b

I'=Max|<i,jk<lijitk,j#i 150

Forl =2, let

|NkﬂC1\ = max1§u§3{|NuﬂC1\}, 1<k<3,
INtNCo| = maxi<u<3us{ [NuNCal}, 1 <1< 3,1k,

r= |N"OC1{J5”(‘)N’ NGl Eor = 1,letr = % . When threshold o = 0.8409, the clustering
accuracy rate of Ry is 90.67% (the best one), 9 clusters are obtained, the error clus-
tering samples are x23, x42, X69, X71, X73, X78, X84, X88, X107, X109, X110 X118 X132, X135-
When threshold o = 0.8905, the clustering accuracy rate of Rg is 72.67% (the best
one), and 29 clusters have been obtained. In Figures we can observe that the
elementary differential degrees defined by Definition are better than those ob-
tained for the Eculidean distance when it comes to the description of the difference
of objects for this cluster analysis.

In order to compare the fuzzy equivalence relation matrices Ry, with Rg, we show
that the similar relation degrees of x; to Vx € X i.e., Ry (x,x) and R (xx,x), k =
71,72,...,130 in Figures [Z3} [Z.14] in Appendix B as examples. Since for Iris-data,

T T T
— — R-Eculidean—distance

o9 —— R-topology

08

0.7F

0.6

05

0.4

Clustering accurate rate

0.3

0.2

0.1 B

L L L L L L L L
0.1 0.2 03 0.4 05 0.6 0.7 0.8 0.9 1
Threshold

Fig. 7.2 The clustering accuracy rates of fuzzy equivalence relation matrices Ry and Rg for
threshold o € [0.1, 1]
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the samples x71, ...,x130 are most difficult to be clustered, hence we show Ry (xg,x)
and Rg (xg,x), k=71,72,...,130in the figures. For Iris-data, samples 1:50 are cluster
1,1.e., iris-setosa; samples 51:100 are cluster 2, i.e., iris-versicolor; samples 101:150
are cluster 3, i.e., iris-virginica. In Figures [Z3| and Figures [Z.4] for x71,x72,...,Xg0
which are cluster 2, Ry, (x,x) and Rg (x,x), x € X are shown. Compared with Figure
we can observe that in Figure[Z.3] the similarity degrees of x; to most samples
in cluster 2 are larger than that of x; to the samples in cluster 1,3. This implies that
Xy are more similar to the samples in cluster 2 and Ry (x¢,x), k=71, ...,80, in Figure
[Z3] are more clearly distinguish x; from the samples in cluster 1, 3 than Rg (x, x),
k=171,...,80, in Figure Similar phenomenon can be observed in Figures
and the others for k = 1,...,70,131,...,150 which are not shown here. These
examples show that the fuzzy equivalence relation matrix based on the topology is
obviously better than that based on Eculidean distance for clustering of Iris data.

By the application of the AFS-FCM algorithm shown in (Z27) to the distance
matrix 7 = (1;;)150x 150, tij = de(xi,x;) defined by Definition [Z.8] the clustering ac-
curacy rate is 86.67%. Using the function k means in MATLAB toolbox, which
is based on the well known k-mean clustering algorithm [32], the clustering ac-
curacy rate is 89.33%. And using the function FCM in MATLAB toolbox, which
is based on the FCM clustering algorithm [[1], the clustering accuracy rate is also
89.33%. Considering that the cluster centers of AFS-FCM must be the samples,
ie., {vi,...,vc} C X, while the cluster centers of FCM can be any vectors, i.e.,
{vi,..-,vc} C R", the clustering accuracy rate of AFS-FCM is acceptable.

In some situations, it is difficult or impossible to describe some features of objects
using real numbers, considering some inevitable errors and noise. For example, we
do not describe a degree “white hair” of a person by counting the number of white
hair on his head. But the order relations can be easily and accurately established
by the simple comparisons of each pair of person’s hair. In the framework of AFS
theory, (M, 7,X) is determined by the binary relations R,,, m € M and the order re-
lations are enough to establish the AFS structure of a data system. The membership
functions and their logic operations of the fuzzy concepts in EM can be obtained by
the AFS fuzzy logic system (EM,V,A,’) and the AFS structure (M, 7,X). Therefore
the AFS-FCM can be applied to the data set with the attributes described by mixed
features such as numeric data, Boolean, order, even descriptors of human intuition,
but FCM and k-mean can only be applied to the data set with the attributes described
by numeric data.

The differential degrees and similarity degrees based on the topology induced
by some fuzzy concepts are the criteria/metric human are using in their recognition
process. This criteria/metric may not be the metric in the Euclidean space. The il-
lustrative examples give some interpretations of the special topological structures
on the AFS structures directly obtained by a given data set. Thus this approach also
offers a new idea to data mining, artificial intelligence, pattern recognition,..., etc.
Furthermore the real world examples demonstrate that this approach is promising.
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Exercises

Exercise 7.1. Let M be a set and EM be the *E1 algebra over M. ForA C M, ¥, A,
Y jesBj € EM, show the following assertions hold:

(1) A 2 EiEIAi andA 2 ZJEJB/ <:>A 2 EiEIAi \/Z]EJBJ

(2) AZZicfAiorA> Y ic)Bj = A>3 icAiNY ey Bj.

Exercise 7.2. Let X and M be sets and (M, 7,X) be an strong relative AFS structure.

Let 1 be a topological molecular lattice on E7 algebra over M. Forany x € X, Y,/ Ai,
YjesBj € EM, show the following assertions hold: for any x € X

(1) If ¥icsAi > XjeyBjin EM, then Ny, (x) 2 Ni,’e/ 5 (%);

@) NgielAi (x) N Ng,‘eJ Bj (x) = NgielAi/\Zjel Bj (x);

€) NgielAi (x) U Ng,‘eJ Bj (x) = NgielAi\/ZjeJ Bj (x)

Exercise 7.3. Proved that if 7] is a topological molecular on the lattice *EM and 7 is

a dual idea of the lattice *EM, then 7 is an elementary topological molecular lattice
on the lattice *EM.

Exercise 7.4. ([13]]) Let X and M be sets and (M, 7,X) be a strong relative AFS
structure. Let 1) be a topological molecular lattice on the lattice EM. If n is an
elementary topological molecular lattice on the lattice EM and we define

Py = {NgielAi(x) lxeX, YA€ n},

i€l
prove that %), is a base for some topology of X.

Exercise 7.5. Let X and M be sets, (M, 7,X) be a strong relative AFS structure. Let
N be a topological molecular lattice on the lattice EM and

Ly = {Za,-A,- €EXM | Y Ajen,a; € y foranyiec 1}. (7.29)

icl icl
Prove that .%; is a topological molecular lattice on the lattice EXM.

Exercise 7.6. Let X and M be sets. Let (M, 7,X) be a strong relative AFS structure
and 1 be an elementary topological molecular lattice on the lattice EM. Let 1 be
a topological molecular lattice on the lattice EM and the topological space (X, 7y)
be the topology induced by 7. Let S be the c-algebra generated by 7 and .3, be
the EI? topological molecular lattice on EXM induced by 7. Show the following
assertions hold.

(1) For any fuzzy concept X,;c;A; € N, Xic;Ai is a measurable concept under S ;
(2) The membership function defined by (Z.I14) is a continuous function from the
topological space (X, 7y) to the topological molecular lattice (EXM,.%y).

Exercise 7.7. Prove that the following three conditions on a topological space are
equivalent.
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(1) The space is metrizable;
(2) The space is 77 and regular, and the topology has a o-locally finite base;
(3) The space is 77 and regular, and the topology has a o-discrete base.

Exercise 7.8. Let X and M be finite sets and (M, 7,X) be an AFS structure. Let 1 be
an elementary topological molecular lattice on the lattice *EM and (X, ;) be the
topology space on X induced by 1. Show for any x,y € X the following assertions
hold.

(1) d(x,x) =0,d(x,y) = d(y,x) and s(x,y) = s(y,x) < s(x,x);
(2) dyr(x,%) = 0, oy (v, ) = dyg (3, x) and s (x,5) = s (3,) < sp1(x,2);
(3) de(x,x) =0, de(x,y) = de(y,x) and s¢(x,y) = se(y, %) < se(x,x).

Open problems

Problem 7.1. Let X be a set and M be the set of simple concepts on X. Let (M, 1,X)
be an AFS structure. If M is a finite set, then for any topological molecular lattice
n on the EI algebra EM is also a topological molecular lattice on the *ET algebra
*EM. What are the relationships between the topological structures on X induced
by 1 as a topological molecular on EM and that induced by 7 as a topological
molecular on *EM?

Problem 7.2. It is clear that .7, the topology on X is determined based on the distri-
bution of raw data and the chosen set of fuzzy concepts 1 C EM and it is an abstract
geometry relation among the objects in X under the considering fuzzy concepts,
ie., n.

1. What are the interpretations of the special topological structures on X obtained
from given database?

2. What are the topological structures associating with the essential nature of
database?

Problem 7.3. Let X and M be sets. Let (M, 7,X) be a strong relative AFS structure
and 7 be an elementary topological molecular lattice on the lattice EM. Let n be
a topological molecular lattice on the lattice EM and the topological space (X, 7))
be the topology induced by 1.

(1) How to induce a topological molecular lattice .an on the lattices *EXMM,
EXMM and a topological molecular lattice %)} on the lattices *E*X, E*X?

(2) Are the membership functions defined on the lattices EXMM by (3.12) and
E*X by (5.13) continuous from the topological space (X, 75 ) to the topological
molecular lattices (EXMM, £7), ("EXMM, 7). (*E*X,.Zy), (E*X, £;)?

Problem 7.4. With a metric in the topological space on X, solving the pattern recog-
nition problems will be possible for the database with various data types. Though
we can have different choices from the topological theory for the metrics, what is
suitable metric for this data of the pattern recognition problem?
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Problem 7.5. Are the similarity degrees defined by Definition Definition
and Definition[7.9] equivalent?

Problem 7.6. Let (X,.7;) be the topological space induced by 7). Where 7 is the
topological molecular lattice generated by some fuzzy concepts in EM. So far, we
cannot obtain the differential degree and the similarity degree if 7 is the topologi-
cal molecular lattice generated by more than 12 fuzzy concepts in EM. The more
effective algorithm for the computation of the differential degree and the similarity
degree in (X, 7, ) are the most required.

Appendix A

Table 7.4 Evaluate results of 30 companies

Company Factor
Factor 1  Factor2 Factor3 Factor4 Factor5 Factor6 Factor7

C1 H H H B.H & VH VH BM&H BM&H
Cc2 H H BM&H BM&H H BM&H BM&H
C3 H H BM&H H H BM&H BM&H
C4 H BH & VHH BH& VHH BH& VHBM&H
C5 H BH& VHH BH& VHBH& VHBH& VHBM&H
C6 H H BM&H M BM&H BM&H BM&H
C7 H H M BH&VHBM&H BM&H M

C8 BM&H H M BM&H BM&H H B.L&M
Cc9 BM&H H H H BH&VHBM&H M

C10 H VH H BM&H BH&VHH BM & H
C11 M H M H BM&H BH&VHBH&VH
C12 VH VH H B.H & VH VH H M

C13 BM&H H BM&H H BH&VHBM&H BM&H
Cl14 H H BM&H BH&VHBH&VHH M

C15 H H H H B.H & VH VH M

C16 H H H BH& VHBH& VHBH & VHB.H & VH
C17 BM&H H H BH& VHBM&H BM&H
C18 M H BM&H BH&VHBH&VHM M

C19 BM&H H BM&H BM&H VH BM&H BH&VH
C20 BM&H M M H BH& VHBM&H BL&M
C21 B.H & VH VH BH& VHBH& VHBH&VHBH& VH VH

C22 H BH& VHBM&H BH&VHBH&VHH M

C23 B.H & VH VH H B.H & VH H BM&H BM&H
C24 H BM&H M M BH & VHM M

C25 VH VH H BH& VHBH& VHBH& VHBM&H
C26 H M H BH& VHBH& VHBH& VHL

C27 BM&H BM&H H H BH & VHH BM & H
C28 BH&VHBH& VHBM&H H BH& VHBM&H B.H&VH
C29 H BM&H M H BM&H BM&H L

C30 H BH & VHH BH & VHH H M
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7 AFS Topology and Its Applications

The following figures show the plots of Ry (xk, x) and Rg (xk, x), Vx € X k=71, ...,130.

Fig. 7.3 The degrees of sim-
ilarity relation of x; to x € X
based on topology, i.e.,

Ry (x,x), k=171,72,...,80

Fig. 7.4 The degrees of
similarity relation of x
to x € X based Euclidean
distance, i. e., Rg(x,x),
k=171,72,...,80

Fig.7.5 The degrees of sim-
ilarity relation of x; tox € X
based on topology, i.e.,

Ry (xg,x), k= 81,82,...,90
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Fig. 7.6 The degrees of
similarity relation of x;
to x € X based Euclidean
distance, i. e., Rg(xg,x),
k=281,82,...,90

Fig.7.7 The degrees of sim-
ilarity relation of x; to x € X
based on topology, i.e.,

Ry (xg,x), k=91,92,...,100

Fig. 7.8 The degrees of
similarity relation of x;
to x € X based Euclidean
distance, i. e., Rg(xg,x),
k=91,92,...,100
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