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Abstract. Formal concept analysis (FCA) is a method of exploratory
data analysis. The data is in the form of a table describing relationship
between objects (rows) and attributes (columns), where table entries
are grades representing degrees to which objects have attributes. The
main output of FCA is a hierarchical structure (so-called concept lattice)
of conceptual clusters (so-called formal concepts) present in the data.
This paper focuses on algorithmic aspects of FCA of data with graded
attributes. Namely, we focus on the problem of generating efficiently all
clusters present in the data together with their subconcept-superconcept
hierarchy. We present theoretical foundations, the algorithm, analysis of
its efficiency, and comparison with other algorithms.

1 Introduction

Our paper contributes to the area of exploratory analysis of tabular data.
Namely, we focus on data supplied as tables with rows corresponding to ob-
jects and columns corresponding to attributes. Datasets of this form are often
described by bivalent (presence/absence) attributes. That is, each attribute ei-
ther applies or does not apply to a particular object. The corresponding data
table is thus binary, i.e., it is a matrix filled with 0’s (the object given by row does
not have the attribute given by column) and 1’s (the object given by row has
the attribute given by column). Formal concept analysis (FCA) [8I20] aims at
revealing all “conceptual clusters” (so-called formal concepts) which are hidden
in the binary data table. Formal concepts are particular clusters of objects and
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attributes that correspond to maximal submatrices filled with 1’s. Alternatively,
formal concepts may be understood as concepts in the traditional sense—as enti-
ties consisting of a set A of objects and a set B of attributes to which the concept
applies (e.g., concept dog applies to objects poodle, foxhound, ... and attributes
barks, has limbs,...). Formal concepts are partially ordered by the subconcept-
superconcept hierarchy. The resulting partially ordered set of formal concepts
(the so-called concept lattice) represents a hierarchical structure of all naturally
interpretable clusters (concepts) existing in the data (e.g., concept mammal is
more general a concept than dog). Applications of FCA in exploratory data
analysis can be found in [6I8]; [8] provides theoretical foundations.

In practice, more often than not, attributes are graded (fuzzy) rather than
bivalent. That is, an attribute applies to an object to a certain degree which
may be represented, e.g., by a number from the unit interval [0, 1]. The data ta-
ble is then a [0, 1]-valued matrix, with table entries corresponding to degrees to
which attributes apply to objects. There have been several approaches to FCA
in a graded setting. The most relevant approach was independently developed
in [T2J4] and [I9]. Up to now, not much attention has been paid to computa-
tional aspects of FCA with graded attributes. As an exception, in [3] the author
presents an algorithm for determining formal concepts present in data table with
graded attributes.

The aim of this paper is to propose another algorithm for generating all for-
mal concepts (which can be seen again as certain maximal submatrices). Unlike
the algorithm presented in [3], our algorithm enables us to generate all formal
concepts together with their subconcept-superconcept hierarchy. The absence of
conceptual hierarchy is not crucial if, for instance, the output of FCA is used for
preprocessing (e.g., for mining non-redundant association rules, see [21]). On the
other hand, if we want to present the output of analysis directly to users, it is
more convenient to depict the clusters in a hierarchy which models the natural
subconcept-superconcept ordering. Thus, from the point of view of applications,
it is important to have an efficient algorithm which generates the hierarchy along
with the clusters present in data table with graded attributes.

The paper is organized as follows. In Section 2] we present preliminaries from
classical formal concept analysis, fuzzy sets, and formal concept analysis of data
with graded attributes. In Section [3] we present the algorithm and prove its cor-
rectness. Section M contains experiments and comparisons of the new algorithm
with that from [3].

2 Preliminaries

This section provides basic notions of FCA and fuzzy logic. More details can be
found in [6I8I20] (formal concept analysis) and in [T9IT2IT6] (fuzzy logic).

2.1 Formal Concept Analysis

Let X and Y be nonempty sets (of objects and attributes, respectively), let
I C X XY be a binary relation between X and Y. The triplet (X,Y, ) is called
a formal context, the fact (x,y) € I is interpreted as “z has y” (“y applies
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to 7). A formal context corresponds to a binary data table with rows and
columns corresponding to objects and attributes, respectively, such that the
entry corresponding to objects 2 and attribute y is 1 if (x,y) € I and 0 if
(x,y) € 1. For AC X and B C Y we define sets AT CY and B! C X by

Al = {y e Y|for each z € A: (z,y) € I}, (1)
Bl = {2z € X |for each y € B: (x,y) € I}. (2)

Therefore, Al is the set of all attributes common to all objects from A and
B! is the set of all objects common to all attributes from B. According to the
traditional understanding, a pair (A, B) where A C X (so-called extent) and
B C Y (so-called intent) is called a formal concept of (X,Y,I) iff A = B
and B! = A. Thus, (A, B) is a formal concept of (X,Y,I) iff A is the set of
all objects sharing all the attributes of B and, conversely, B is the set of all
attributes common to all objects from A. Alternatively, formal concepts may be
understood as maximal rectangles of the data matrix which are filled with 1’s:
(A, B) is a formal concept of (X,Y, I) iff it is a maximal rectangle filled with 1’s
which is contained in I (i.e., a maximal submatrix of (X,Y,I) filled with 1’s).

The set B(X,Y,I) = {(A, B)| Al = B, B! = A} is called the concept lattice
induced by the input data (X, Y, I). Moreover, B(X,Y,I) can be equipped by a
partial order relation < defined by (A, B) < (C, D) iff A C C (or, equivalently,
B D D). The partial order < which is, in fact, a complete lattice order, models
the subconcept-superconcept hierarchy: (A4, B) < (C, D) means that the concept
(C, D) is more general than (A, B) (covers more objects, or, equivalently, less
attributes).

2.2 Fuzzy Sets and Fuzzy Relations

A fuzzy set A in a universe set X [22] is a mapping assigning to each x € X a
truth degree A(z) € L where L is some partially ordered set of truth degrees
containing at least 0 (full falsity) and 1 (full truth). Usually, L is the unit interval
[0,1] or a suitable subset of [0,1]. A(z) is interpreted as the degree to which x
belongs to A. The notion of a fuzzy set enables us to model vaguely (nonsharply)
delineated collections: For instance, the collection described linguistically as “tall
men” can be modeled by a fuzzy set to which men with heights 150, 180, and
200 cm belong to degrees 0, 0.7, and 1, respectively.

In order to be able to develop the basic calculus with fuzzy sets and fuzzy rela-
tions, the set L of truth degrees needs to be equipped by suitable operations gen-
eralizing logical connectives of classical (two-valued) logic. Particularly, we will
need fuzzy conjunction ® and fuzzy implication —. In the literature, there have
been proposed several fuzzy conjunctions and fuzzy implications [16]. A general
class of logical connectives is captured by the notion of a complete residuated lat-
tice [TJI0UT4]: A complete residuated lattice is a structure L = (L, A, V, ®, —, 0, 1)
such that (1) (L, A, V,0,1) is a complete lattice (with the least element 0, great-
est element 1), i.e. a partially ordered set in which arbitrary infima (/\) and
suprema (\/) exist; (2) (L,®,1) is a commutative monoid, i.e. ® is a binary
operation which is commutative, associative, and x ® 1 = z (z € L); (3) ®,—
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satisfy r®@y < z iff x <y — 2. Operations ® (multiplication) and — (residuum)
play the role of a fuzzy conjunction and a fuzzy implication, respectively. The
class of complete residuated lattices includes structures defined on the real unit
interval with A and V being minimum and maximum, respectively, ® being left-
continuous t-norm, and — being its residuum, see [TJ9T2[T5] for details.

In what follows, L always refers to a complete residuated lattice and < denotes
the induced lattice order (i.e., a < biff aANb=a iff aVb=0biff a — b=1).
We write a < b to denote that a < b and a # b. Given L, a fuzzy set with
truth degrees from L (called also an L-set) is a mapping A: X — L assigning
to any x € X a truth degree A(x) € L to which x belongs to A. Similarly, a
binary fuzzy relation R with truth degrees from L is a mapping R: X XY — L
assigning to any € X and y € Y a truth degree R(z,y) € L to which x and
y are related under R. The set of all L-sets in a universe X is denoted LX. For
a fuzzy set A € LY and a truth degree a € L we denote by %A the a-cut of
A, ie. YA = {x € X|A(z) > a} (the ordinary set of elements from X which
belong to A to degree at least a). A fuzzy set A € LX is called crisp if, for each
z € X, A(z) € {0,1}. Following common usage we will identify crisp fuzzy sets
in X with (characteristic functions of) ordinary subsets of X. In particular, by
) and X we denote crisp fuzzy sets @ € LX and X € L such that 0(z) = 0 and
X (x) =1 for each x € X. For fuzzy sets A, B € LX we put A C B (A is a subset
of B) if for each € X we have A(x) < B(xz), in which case we say that A is
(fully) contained in B. If for A, B € L* we have A C B and there is € X such
that A(z) < B(z), we write A C B and say that A is strictly contained in B.

2.3 Fuzzy Attributes, Fuzzy Contexts, and Formal Concepts

When dealing with real-world situations, it is very often the case that attributes
that we observe on the objects of interest are fuzzy rather than bivalent. In
general, an attribute y applies to an object z to some degree I(z,y) € L not
necessarily being equal to 0 or 1. The larger I(x,y), the more y applies to z.
From the point of view of FCA, the input data table, which is no longer a binary
one, is represented by a triplet (X, Y, I) (called a formal fuzzy context) where
I € LX*Y ie. Iis a fuzzy relation between X and Y.

The agenda of formal concept analysis of data with fuzzy attributes [TJ4I19)
is the following. For fuzzy sets A € LX (i.e., A is a fuzzy set of objects) and
B € LY (ie., B is a fuzzy set of attributes), consider fuzzy sets A1 € LY (fuzzy
set of attributes) and B! € LX (fuzzy set of objects) defined by

ANY) = Npex (A) — I(z,y)), 3)
BH(z) = N\yey (B(y) — I(x,y)). (4)

Using basic rules of fuzzy logic, one can see that Al(y) is the truth degree of
“y is shared by all objects from A” and B'(z) is the truth degree of “r has
all attributes from B”, i.e. @) and (@) properly generalize () and (2)). Each
(A,B) € LX x LY such that AT = B and B! = A is called a formal fuzzy
concept of (X,Y,I). The set of all formal fuzzy concepts of (X,Y,I) will be
denoted by B(X,Y,I). Both the extent A and intent B of a formal fuzzy concept
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(A,B) € B(X,Y,I) are fuzzy sets. This corresponds well to the intuition that
a concept may apply to objects and attributes to various intermediate degrees,
not necessarily to 0 and 1 only. For brevity, by Int(X,Y, I) we denote the set of
all intents of (X, Y, 1), i.e. Int(X,Y,I) = {B € LY | (A, B) € B(X,Y,I) for some
A € LX}. Analogously, Ext(X,Y, I) denotes the set of all extents of (X,Y,I).
The conceptual hierarchy in B(X,Y,I) is modeled by a relation < defined on
B(X,Y,I) by

(A1, B1) < (A3, By) iff Ay C Ay (iff By D Bs), (5)

where A; C Ay means that A; is fully contained in Ay for each z € X (see
Section 2:2)). The following theorem characterizes the structure of fuzzy concept
lattices.

Theorem 1 (see [4]). The set B(X,Y,I) is under < a complete lattice where
the infima and suprema are given by

/\jeJ<Aj»Bj> = <ﬂj€JAj’ (UjeJBj)”>’ (6)
Vies (A5, Bi) = ((U;jes A Njes Bi)- (7)
Moreover, an arbitrary complete lattice V.= (V,\,V) is isomorphic to some

B(X,Y,I) iff there are mappings v: X XL — V, u: Y XL — V such that v(X, L)
is \-dense in V; (Y, L) is \/-dense in V; a®b < I(z,y) iff y(x,a) < p(y,b). O

If we take L with L = {0,1}, i.e. there are only two truth degrees involved
(our structure of truth degrees is the two-valued Boolean algebra), all notions
introduced in Section 2] will become particular cases of notions presented in
this section. This is the way the fuzzy approach generalizes the classical one [§].

Remark 1. Formal fuzzy concepts can also be characterized as maximal rectan-
gles contained in I: For a pair (A, B) € L* x LY (call it a rectangle), define a
fuzzy relation A® B € LX*Y by (A® B)(z,y) = A(r) ® B(y). (A, B) is said to
be contained in I if A ® B C I. Furthermore, put (A4,B) C (A", B’) iff A C A’
and B C B’. Then we have [1] that (A, B) is a formal fuzzy concept of (X,Y,I)
iff it is a maximal (w.r.t. C) rectangle contained in T.

3 Computing Fuzzy Concepts and Conceptual Hierarchy

The best known algorithm for computing formal concepts is probably Ganter’s
NEXTINTENT algorithm, see [7I8]. The original NEXTINTENT generates in a lexi-
cal order all concepts present in a (classical/bivalent) context. Graded extension
of Ganter’s algorithm has been presented in [3]. In this section we develop an
algorithm for computing fuzzy concepts (along with their hierarchy) which is
inspired by the Lindig’s NEXTNEIGHBOR algorithm [18].

Our goal is the following. Given an input data table represented by a formal
fuzzy context (X,Y,I), (i) generate all formal fuzzy concepts (A, B) of the fuzzy
concept lattice B(X,Y, I) and, at the same time; (ii) compute for each fuzzy con-
cept (A, B) a set of its direct subconcepts and direct superconcepts. The sets of
(direct) subconcepts/superconcepts fully determine the whole hierarchical struc-
ture of fuzzy concepts. Information about direct subconcepts and superconcepts
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is of crucial importance for applications. For instance, it allows us to navigate
users through the concepts, it is used as an input for geometrical method for
drawing concept lattices, and more (see [8] for other applications).

Each fuzzy concept (A, B) is uniquely given by each of its components: by
its extent A (since B = A'") or by its intent B (since A = Bl). Therefore, in
order to generate all fuzzy concepts from B(X,Y, I), it is sufficient to generate all
intents from Int(X,Y, I) (or, equivalently, all extents). Moreover, B € LY is an
intent from Int(X,Y, I) iff B = BT i.e. iff B is a fixed point of the fuzzy closure
operator +1: LY — LY which is a composition of operators ! and T defined by (3))
and (@), see [I]. Thus, the task to compute all fuzzy concepts present in (X, Y, I)
can be reduced to a task of computing all fixed points of a fuzzy closure operator
. LY — LY. In what follows we forget about the operators *,T for a while
and develop the algorithm so that it accepts a general fuzzy closure operator
C: LY — LY (i.e., C is extensive, monotone, and idempotent [I]) as its input,
and produces a set of its fixed points (with their hierarchy) as its output. The
set of all fixed points of C: LY — LY will be denoted by fix(C), i.e.

fix(C) = {Be LY |B=C(B)} ={C(B)|Bc L"}. (8)

Note that due to computational reasons, we restrict ourselves to finite structures
of truth degrees, and always assume that X (set of objects) and Y (set of at-
tributes) are finite. This will ensure that the set of all fuzzy concepts extracted
from the data will be finite and thus enumerable in finitely many steps. For sim-
plicity, we describe only the case when L is linearly ordered (the case of general
finite L is technically more complicated and will be discussed in a full version of
this paper). In the rest of the paper C: LY — LY always denotes a fuzzy closure
operator.

For convenience, denote L = {ay,...,ax} sothat a1 < as < -+ < ag. If i <k,
we write a; instead of a;i1. Upper neighbors can be introduced as follows:
D € fix(C) is called an upper neighbor of B € fix(C) (w.r.t. C), written B <€ D,
if (i) B C D, and (ii) there is no D’ € fix(C) such that B ¢ D’ C D.

Lower neighbors can be defined dually. Note that if C is ‘T, then upper neigh-
bors of an intent B with respect to ! are exactly the intents of the direct sub-
concepts of (B!, B). One should not be mislead here: even if the upper neighbors
of B are intents which are greater than B, they determine subconcepts due to
the fact that greater fuzzy sets of attributes are shared by smaller fuzzy sets of
objects, see the definition of conceptual hierarchy (&).

For each B € LY and y € Y such that B(y) < 1, let C(BU {B(y)7y})
be abbreviated by [y]G. From now on, if we write [y]§ we tacitly assume that
B(y) < 1. If [y]§ is an upper neighbor of B w.r.t. C, then [y]§ will be called
an upper neighbor generated by y; y is called a generator of [y]% For technical
reasons, we assume Y = {y1,...,y,} and consider a fixed order of attributes
from Y given by the indices, i.e. y; < y; iff i < j. In the sequel, we write just
1 < j to denote y; < y;. The following assertion says that each upper neighbor
is in fact an upper neighbor generated by some y. In addition the generator y
can be chosen so that it is the greatest generator with respect to the ordering of
attributes.
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Lemma 1. The following are true for any fuzzy closure operator C: LY — LY.

(i) For each B € LY and y € Y such that B(y) < 1, we have B(y) < ([4]$)(v).
(ii) Let B, D € fix(C) such that B C D and put

i = max{j | B(y;) < D(y;)}. 9)
Then, for each k > i, D(yx) = B(yx). Moreover, if B < D then D = [y;]%.

Proof. (i) is obvious. In order to prove (ii), let B, D € fix(C) such that B C D.
Clearly, {j| B(y;) < D(y;)} is a nonempty finite set, i.e. it has a maximum.
Denote the maximum by 4 as in [@). Take any k > i. Since B C D and i is the
maximum of all indices such that B(y;) < D(y;), we get B(yx) = D(yx). Suppose
we have B <€ D. From B(y;) < B(y:)" < D(y:), we get BU {8y} C D,
which further gives [y;]§ = C(BU {B(yi)+/yl-}) C C(D) = D because D is a fixed
point of C. Furthermore, from B C [y;]% C D it follows that [y;]§ = D because
[1:]$ € fix(C) and D was supposed to be an upper neighbor of B. O

Indices defined by (@) will play an important role. Therefore, we will introduce
the following notation. For C: LY — LY, B, D € fix(C) such that B C D, and i
given by (@), we denote y; € Y by y$(D). Furthermore, we put

MG ={yeY|B=<°[yl§ and y = y3([y]3)}- (10)

Note that yg and, consequently, ./\/lgg depend on the chosen ordering of at-
tributes. Since the ordering is fixed, we will not mention it explicitly. Regardless
of the ordering, we have that {[y]§ |y € M$} is a set of all upper neighbors
of B w.r.t. C. Moreover, the attributes from M uniquely correspond to the
upper neighbors from {[y]§ |y € M$}. This follows directly from (I0) and from
Lemma [](ii). Hence, in order to compute the upper neighbors it suffices to de-
termine ./\/l%. The following assertions provides us with a quick test of presence
of an attribute in M.

Theorem 2. Let B € fix(C) and y; € Y such that y; = y$([:]§). Then we have
yi € MS iff for each yr, € M$ such that k < i we have ([y:]$)(yr) = B(yx).
Proof. Take B € fix(C) and let y; € Y such that y; = y$([1:]§). Hence, from (@)

it follows that ([y;]5)(y:) > B(ys) and ([y:]§)(yx) = B(yx) (k > i).
“=": Let y; € M, i.e. B <C [y,]G. Take any yx € M such that k < i.
Suppose, by contradiction, that ([y;]%)(yx) > B(yx). Since we have

Blyx) < Blyr)" < ([wil) (),
we get BU {BWe) /1 C (]G, ie.
B C []§ = C(BU{"™ Tyi)) € C(lwil3) = il (1)
Since B <€ [y]G, M) yields [yx]§ = [1:]G. From y; = yg([yk]%) and k < 14

is follows that ([yx]§)(v:) = B(y;), which is a contradiction to ([yx]G)(vi) =

([vi)3)(yi) > B(yi). Therefore, ([y:]5)(yx) = B(yn)-
“<": Conversely, let ([1;]%)(yx) = B(yx) be true for each y; € M such that
k < i. We prove that y; € ./\/l%. In order to prove this claim, it suffices to check
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Algorithm 1. (Compute all upper neighbors of B w.r.t. C)

1 procedure NEIGHBORS (B, C):

2 U:=10

3 Min:={yeY|B(y) <1}

4 for each y €Y such that B(y) < 1:

s Di=[yl5

6 Increased := {z € Y|z # y and B(z) < D(2)}
7 if Min N Increased = ():

8 add D toU

9 else:

[
(=)

remove y from Min
1 return U

-

that no [y]§ where y; # y € M$ is contained in [y;]§ because this will give
B <€ [y]% from which the claim follows immediately. Thus, take y; # y € M.
If y = y. where k < i then, by assumption, ([y:]§)(yx) = B(yx) which directly
gives that [yx]§ cannot be contained in [y;]§ because ([yx]$)(yx) > B(yx) =

([y:)$) (yk)- If i < k, we have ([1:]$)(yx) = B(yx) on account of y§([1:]G) = vi.
Hence, again, [yx]% cannot be contained in [y;]§ which proves y; € M§. O

Theorem Pl leads to Algorithm 1 for computing all upper neighbors. The algo-
rithm accepts C: LY — LY and B € fix(C) as its input and produces a set of
all upper neighbors of B w.r.t C.

Theorem 3. Algorithm 1 is correct.

Proof. The algorithm uses the following variables: U is a set of upper neighbors
which is initially empty; Min is an ordinary set of attributes which should be
understood as a set of possible generators of upper neighbors. The roles of U and
Min are the following. The set Min is initially set to {y € Y | B(y) < 1} and at
the end of computation, we will have Min = M%, i.e. Min will be a collection
of generators of upper neighbors which is built by removing attributes which do
not belong to (I0), the ordering of attributes (see comments before LemmalI]) is
given by the order in which the loop between lines 4-10 processes the attributes.
As we can see from lines 5, 8 and 10, y is left in Min iff D = [y]§ is added to
U. The important part of the algorithm is the test present at line 7. It can be
seen that Min N Increased = () happens iff y§(D) = y and for each yi, € Min
that has already been processed (i.e., k < i), we have D(yr) = B(yx). Thus,
Theorem [2] gives that test at line 7 is successful iff D is an upper neighbor of B
such that y € M$. Hence, y can be left in Min and D is added to U which is
exactly what happens between lines 7-10. By induction, we can prove that at
the end of computation, Min = M$G and U = {[y|G |y € MG}. The full proof is
omitted due to the limited scope of this paper. ]

Ezample 1. For illustration, take L = ({0,0.5,1}, min, max, ®, —,0,1) with ®
and — being Lukasiewicz operations. Consider a fuzzy context from Fig.[l(left)
and an induced closure operator C being . Let B = {%%c¢,%%d, e}. When
NEIGHBORS (B, C) is invoked, the procedure goes as follows. First, Min is set to
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Algorithm 2. (Compute all fixed points of C and their hierarchy)

1 procedure GENERATEFROM (B): 11 procedure LATTICE (C,Y):

2 while B£Y: 12 F:=10

3 B* := NEICGHBORS (B, C) 13 B := C(0)

4 N :=B"-F 14 add B toF

5 for each D € B*: 15 call GENERATEFROM (B)

6 add B to D, 16 return (F,{B*|B € F},{B«| B € F})
7 if DeN:

8 add D to F

9 for each D € N:

-
[=}

call GENERATEFROM (D)

{a,b,c,d}. Then, a € Y is processed. We get D = [a]§ = {*%a,%%b,%Yc,d, e}
and Increased = {b,d}, i.e. a is removed from Min. We continue with b € Y for
which D = {%%a,%9b,9%¢,d, e} and Increased = {a,d}. Thus, b is also removed
from Min. Notice that a,b were removed from Min although both the attributes
are generators of the upper neighbor D of B. This is correct because neither of
them equals y$ (D). In the next step, we process ¢ € Y: D = {%%a,%%b, c,d, e}
and Increased = {a,b,d}. Again, c is removed from Min only this time, ¢ is not
even a generator of an upper neighbor of B. Finally, we process d € Y in which
case D = {°%a,%%b,°%c,d, e} and Increased = {a,b}. Since Min = {d}, we add
D to U. Then U is returned as the result of calling NEIGHBORS (B, C).

Now, the algorithm for computing all fixed points can be described as follows. We
start with the least fixed point of C which is C(f) and add it to the collection of
found fixed points. For each newly found fixed point we first use NEIGHBORS from
Algorithm 1 to compute its upper neighbors and then we update the information
about lower neighbors (D is an upper neighbor of B iff B is a lower neighbor
of D). For each upper neighbor which has not been found in previous steps, we
recursively repeat the process until we arrive to Y (greatest fixed point of C).
The whole procedure is summarized in Algorithm 2.

Algorithm 2 consists of two procedures: LATTICE accepts a closure operator
C: LY — LY and Y as its input and initiates the recursive generation of fixed
points starting with the least one. The auxiliary procedure GENERATEFROM
does the actual job of generating fixed points. Both the procedures use the
following variables: F is a collection of found fixed points, for each B € F we
denote by B* the set of all upper neighbors of B, and by B, we denote the set of
all lower neighbors of B. Variable N is local in GENERATEFROM and represents
fixed points that were newly found during a particular call of GENERATEFROM.

Theorem 4. Algorithm 2 is correct.

Proof. Due to the limited scope of the paper, we present only a sketch of the
proof (full proof will be presented in the full version of the paper). The crucial
observation is that each fixed point of C is in GENERATEFROM processed only
once. This in ensured at line 10, where GENERATEFROM is called only for fixed
points that have not been found so far (see definition of N at line 4). The
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Fig. 1. Input data table and the hierarchy of conceptual clusters

information about lower neighbors (line 6) is also updated correctly because
each B (considered only once) is a lower neighbor only of the fixed points which
are upper neighbors of B. O

Remark 2. (a) Consider the fuzzy context from Fig.[M(left). The correspond-
ing structure of fuzzy concepts computed by Algorithm 2 is depicted in Fig.[l
(middle). The numbers in nodes indicate the order in which the intents deter-
mining the nodes are computed. Formals concepts corresponding to th nodes of
diagram in Fig.[[l(middle) are the following;:

Co: <{:C1, T2, ‘773}7{‘5/07 As/d7 A5/6}>7 Ci: <{:C1, T2, As/x3}7{5/a7 A5/b7 As/cv d, A5/6}>7
Ca: <{:C1, As/x% :C3}7{A5/C7 A5/d7 e}>7 Cs: <{:C1, 272}, {av As/b7 A5/C7 d, A5/e}>7
Ca: <{A5/x17 T2, A5/:C3}7{A5/a7 A5/b7 ¢ d, A5/6}>7 Cs: <{:C1, As/x% A5/:C3}7{A5/a7 A5/b7 A5/c7 d, 6}>7
Co: ({¥x1, 22}, {a,b,c,d, Ye}), Cr: {x1, Y2}, {a, /b, e, d, e}),
Cs: ({¥%x1, Yx2}, {a,b,¢c,d,e}), Co: ({¥x1, Y xa, Y23},{%a, b, c,d,e}).

Note that the order in which Algorithm 2 computes the intents (of concepts)
differs from the order in which the intents are computed using the algorithm
from [3]. The order in which the intents are computed in case of algorithm
from [3] is depicted in Fig.[Ml(right).

(b) Both the algorithms introduced in this section use a general fuzzy closure
operator C instead of a fixed operator ! induced by a data table. The approach
via arbitrary C is more general. More importantly, general closure operators
play an important role for constraining the output of concept analysis, see [5],
for which Algorithm 2 can also be used.

4 Comparison with Other Algorithms and Experiments

Algorithm 2 for computing fixed points of closure operators together with their
hierarchy has the same asymptotic complexity as the algorithm proposed in [3].
Taking into account graded attributes, the latter claim can be proved in an
analogous way as in [I8]. Due to the limited scope of the paper, we omit the proof
and, instead, we turn our attention to the practical performance of Algorithm 2
compared to the algorithm from [3].
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Fig. 2. Running time of algorithms for L with 5 degrees

The efficiency of the implementation of Algorithm 2 depends of the chosen
data structures. The representation of F (and, consequently, B* and B, which
are likely to be stored along with B) seems to be critical because the elements
in F are frequently accessed (see line 4 of Algorithm 2). To avoid the linear
time complexity of accessing elements of F, we have organized F (i) as a search
tree (analogously as in [I8]) and (ii) by a dynamic hash table. Moreover, the
sets Min and Increased in Algorithm 1 can be represented by bit arrays which
significantly increases the performance (condition at line 7 of Algorithm 1 can
be checked by applying the bitwise “and”).

We have run several performance tests to compare Algorithm 2 to the algo-
rithm from [3]. Since the algorithm from [3] does not compute the hierarchy of
concepts, we have included in our tests an extension of that algorithm which com-
putes the hierarchy after all the concepts are generated. Computing the complete
hierarchy has asymptotic time complexity O(n?), where n is the number of con-
cepts. The algorithms were implemented in ANSI C using the above-mentioned
data structures (hashing tables and bit arrays). All experiments were run on
otherwise idle Intel Pentium 4 (3.00 GHz CPU, 512 MB RAM).

To compare the performance of the algorithms we did series of experiments
with randomly generated data tables with fuzzy attributes. As structures of truth
degrees we used finite Lukasiewicz chains of varying size. We were interested in
the dependency of running time of the algorithms on the number of generated
concepts given by fixed points of 'T. The results of one of the experiments are
depicted in Fig.[2l In this particular test we have used a five-element Lukasiewicz
chain and we measured the average time needed for computing the concepts
and their hierarchy. In the graph, the dashed line with triangles represents the
average running time of the algorithm from [3], the dotted line with squares
represents the running time of the algorithm from [3] followed by the hierarchy
computation, and the solid line with circles corresponds to Algorithm 2.

We can see from the figure that the algorithm from [3] is the best of the three
ones if we want to compute the concepts only. If we are interested in generat-
ing the concepts along with their hierarchy, Algorithm 2 proposed in this paper
is considerably faster than the algorithm from [3] followed by the computation
of the hierarchy. Tests with larger data and/or structures of truth degrees have
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shown a similar tendency. These experimental results were expected and are in
accordance with results presented in [I§] for binary data.

References

1.

10.
11.
12.
13.
14.

15.
16.

17.

18.

19.

20.

21.

22.

Belohlavek, R.: Fuzzy Relational Systems: Foundations and Principles. Kluwer,
Academic/Plenum Publishers, New York (2002)

Belohlavek, R.: Fuzzy Galois connections. Math. Logic Quarterly 45(4), 497-504
(1999)

Belohlavek, R.: Algorithms for fuzzy concept lattices. In: Proc. Fourth Int. Conf. on
Recent Advances in Soft Computing. Nottingham, United Kingdom, pp. 200-205
(December 12-13, 2002)

Belohlavek, R.: Concept lattices and order in fuzzy logic. Annals of Pure and
Applied Logic 128(1-3), 277-298 (2004)

Belohlavek, R., Vychodil, V.: Reducing the size of fuzzy concept lattices by fuzzy
closure operators. In: Proc. SCIS & ISIS 2006, pp. 309-314. Tokyo Institute of
Technology, Japan, (September 20-24, 2006) ISSN 1880-3741

Carpineto, C., Romano, G.: Concept Data Analysis. Theory and Applications.
J. Wiley, Chichester (2004)

Ganter, B.: Two basic algorithms in concept analysis. FB4-Preprint No. 831, TH
Darmstadt (1984)

Ganter, B., Wille, R.: Formal concept analysis. Mathematical Foundations.
Springer, Heidelberg (1999)

Gerla, G.: Fuzzy Logic. Mathematical Tools for Approximate Reasoning. Kluwer,
Dordrecht (2001)

Goguen, J.A.: The logic of inexact concepts. Synthese 18, 325-373 (1968-69)
Gratzer, G.A.: General Lattice Theory. Birkhauser, 2nd edn. (1998)

Hajek, P.: Metamathematics of Fuzzy Logic. Kluwer, Dordrecht (1998)

Hajek, P.: On very true. Fuzzy Sets and Systems 124, 329-333 (2001)

Héhle, U.: On the fundamentals of fuzzy set theory. J. Math. Anal. Appl. 201,
786-826 (1996)

Klement, E.P., Mesiar, R., Pap, E.: Triangular Norms. Kluwer, Dordrecht (2000)
Klir, G.J., Yuan, B.: Fuzzy Sets and Fuzzy Logic. Theory and Applications.
Prentice-Hall, Englewood Cliffs (1995)

Kuznetsov, S.0., Obiedkov, S.A.: Comparing performance of algorithms for gener-
ating concept lattices. J. Exp. Theor. Artif. Intelligence 14(2/3), 189-216 (2002)
Lindig, C.: Fast concept analysis. In: Ganter, B., Mineau, G.W. (eds.) ICCS 2000.
LNCS, vol. 1867, pp. 152-161. Springer, Heidelberg (2000)

Pollandt, S.: Fuzzy Begriffe. Springer, Heidelberg (1997)

Wille, R.: Restructuring lattice theory: an approach based on hierarchies of con-
cepts. In: Rival, I. (ed.) Ordered Sets, pp. 445-470. Reidel, Dordrecht, Boston
(1982)

Zaki, M.: Mining non-redundant association rules. Data Mining and Knowledge
Discovery 9, 223-248 (2004)

Zadeh, L.A.: Fuzzy sets. Inf. Control 8(3), 338-353 (1965)



	Introduction
	Preliminaries
	Formal Concept Analysis
	Fuzzy Sets and Fuzzy Relations
	Fuzzy Attributes, Fuzzy Contexts, and Formal Concepts

	Computing Fuzzy Concepts and Conceptual Hierarchy
	Comparison with Other Algorithms and Experiments


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.01667
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 2.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice


