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Abstract. A numerical dataset is usually represented by a table where
each entry denotes the value taken by an object in line for an attribute
in column. A bicluster in a numerical data table is a subtable with close
values different from values outside the subtable. Traditionally, largest
biclusters were found by means of methods based on linear algebra. We
propose an alternative approach based on concept lattices and lattices
of interval pattern structures. In other words, this paper shows how for-
mal concept analysis originally tackles the problem of biclustering and
provides interesting perspectives of research.
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1 Introduction

We consider the problem of biclustering numerical data [7/4/T6] using techniques
of Formal Concept Analysis (FCA) [5l6]. A numerical dataset is given by sets
of objects, attributes, and attribute values for objects (many-valued contexts in
terms of FCA). The description of an object is a tuple of values, each component
corresponding to an attribute value. An example of numerical dataset is given
in Table [Il where lines denote objects, while columns denote attributes.

To analyze such a dataset, a major data-mining task is clustering, a data
analysis technique used in several domains, e.g. gene expression data analysis.
It allows one to group objects into clusters according to some similarity criteria
between their description, the similarity being defined according to an adequate
distance, following given characteristics [9]. However, clusters are global patterns
since similarity between objects is computed w.r.t. all attributes simultaneously
(possibly weighted). In many applications, and especially in gene expression data
analysis, local patterns are preferred [3I16] and consist in pairs (A, B) where A
is a subset of objects related to a subset of attributes B. Indeed, it is known that
a set of genes is activated (e.g. translated into proteins for enabling a biological
process) under some conditions only, i.e. only for some attributes. Accordingly,
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a bicluster is generally represented by a rectangle of values in a numerical data
table, see e.g. a bicluster in Table[2l In Table[I] one can see that both biclusters
({91, 92}, {m1, ma, mz, mq}) and ({91, g2}, {ms}) give more meaningful informa-
tion than cluster {g1, g2} being described by all attributes, since the values taken
by objects in A for attributes in B are more similar.

There are many definitions of a bicluster, depending on the relation between
subsets of objects and subsets of attributes, as discussed in [I6]. In this paper,
we consider two types of biclusters: firstly, constant biclusters that can be rep-
resented as rectangle of equal values (see Table B]), and secondly, biclusters of
similar values, that can be represented by rectangle of similar values (see Ta-
bled]). In general case, extracting all biclusters is an intractable problem [16], so
in practice heuristics are used. Obviously, even best heuristics may result in the
loss of “interesting” biclusters.

The purpose of this paper is to show that an approach based on Formal
Concept Analysis (FCA [5]) can be used for biclustering numerical data, leading
to a complete, correct and non-redundant enumeration of all maximal biclusters
(either of constant or similar values). Such non-heuristic based enumeration has
not been deeply considered in the literature due to the very important number
of possible biclusters. Whereas a first study is given in [2], we propose here
two equivalent FCA-based methods, whose underlying closure operator enables
a natural enumeration of maximal biclusters. The first one relies on conceptual
scaling (discretization) of numerical data giving rise to several binary tables
from which biclusters can be extracted as formal concepts. A second method
avoids a priori scaling and is based on interval pattern structures [6/12], an
FCA formalism that allows one to build concept lattices directly from numerical
data from which biclusters of interest can be extracted.

The paper is organized as follows. We first give a brief introduction to FCA,
before formally stating the problem of extracting biclusters from numerical data.
Then, Section 2 presents the first method based on scaling while Section 3 details
the method based on pattern structures. Finally, a discussion compares both
approaches w.r.t. their scalability and usage, and highlights several perspectives
of research.

1.1 Preliminaries on FCA

We use standard notations of [5]. Let G and M be arbitrary sets and I C G x M
be an arbitrary binary relation between G and M. The triple (G, M, I) is called a
formal context. Each g € G is interpreted as an object, each m € M is interpreted
as an attribute. The fact (g,m) € I is interpreted as “g has attribute m”. The
two following derivation operators ()" are considered:

A'={me M |Vge A:glm} for ACG,
B '={geG|VYme B:gIm} for BC M

which define a Galois connection between the powersets of G and M. For A C G,
B C M, apair (A, B) such that A’ = B and B’ = A, is called a (formal) concept.
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Concepts are partially ordered by (A, By) < (A3, B2) & A1 C Ay (& By C By).
With respect to this partial order, the set of all formal concepts forms a complete
lattice called the concept lattice of the formal context (G, M, T). For a concept
(A, B) the set A is called the extent and the set B the intent of the concept.
Certain data are not given directly by binary relations, e.g. numerical data.
Such data is usually represented by a many-valued context (G, M, W,I), a 4-
tuple constituted of a set of objects G, a set of attributes M, a set of attribute
values W and a ternary relation I defined on the Cartesian product G x M x W.
(g, m,w) € I, also written g(m) = w, means that “the value of attribute m taken
by object g is w”. The relation I verifies that g(m) = w and g(m) = v always
implies w = v. For applying the FCA machinery, a many-valued context needs
to be transformed into a formal context with so-called conceptual scaling. The
choice of a scale should be wisely done w.r.t. data and goals since affecting the
size, the interpretation, and the computation of the resulting concept lattice.

1.2 Problem Setting

Here a numerical dataset is realized by a many-valued context (G, M, W, I') where
W is a set of values that objects g € G can take for attributes m € M. Such
many-valued contexts are usually represented by a numerical table where a table-
entry gives the value m(g) € W, i.e. the value taken by attribute m in column
for object g in line. The Table [Il gives an example (taken from [2]) that we
consider throughout this paper, with objects G = {gu, ..., g4}, attributes M =
{m1,...,ms}, and e.g. ma(gs) = 9.

A bicluster is given by a pair (A, B) with A C G and B C M. Intuitively, a
bicluster is represented by a rectangle of values, or sub-table (modulo line and
column permutations), see e.g. the bicluster ({g2, g3, g4}, {ms, m4}) highlighted
grey in Table 2l

Definition 1 (Bicluster). Given a numerical dataset (G, M, W, I), a bicluster
is a pair (A, B) with AC G and B C M.

In [16], several types of biclusters are introduced. The type of a bicluster (A, B)
depends on the relation between the values taken by attributes in B for objects in
A. In this paper, we consider constant biclusters (equality relation) and biclusters
of similar values (similarity relation) as defined in the next paragraphs.

A constant bicluster can be interpreted as a rectangle of identical values, and
is defined as follows.

Table 1. A numerical dataset Table 2. ({g2, 93,94}, {ms,ma})
mi1 M2 M3 M4 M5 mi1 M2 M3 M4 M5
g 1 2 2 1 6 g 1 2 2 1 6
¢ 2 1 1 0 6 2 2 110 6
gs 2 2 1 7 6 gs 2 2 1 7 6
g 8 9 2 6 7 g 8 9 2 6 7
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Table 3. A constant bicluster Table 4. A bicluster of similar values
mi1 M2 M3 M4 M5 mi1 M2 M3 M4 M5
g 1 2 2 1 6 gg 1 2 2 1 6
g 2 1 1 0 6 g 2 1 1 0 6
gs 8 9 2 6 7 gs 8 9 2 6 7

Definition 2 (Constant bicluster). Given a numerical dataset (G, M, W, I),
a constant bicluster is a bicluster (A, B) such that m;(g;) = mg(91),Yg,,q1 €
A, Vm;, my, € B.

Since the number of possible biclusters in a numerical dataset can be very large,
the notion of maximality gives naturally rise to maximal constant biclusters, i.e.
“largest rectangles of identical values”.

Definition 3 (Maximal constant biclusters). Given a numerical dataset
(G, M, W, I), a constant bicluster (A, B) is mazimal if it does not exist a constant
bicluster (E, F) with either AC E or B C F.

In other terms, (A, B) is a maximal constant bicluster iff

— (AU{g}, B) is not a constant bicluster Vg € G\ A
— (A, BU{m}) is not a constant bicluster Ym € M\B

Table B shows an example of maximal constant bicluster ({g1, g2, g3}, {ms}).
One should remark that ({g1, g2}, {ms}) is constant but not maximal. Note that
maximal constant biclusters taking values 1 in a 1/0 table are formal concepts.

The fact that constant biclusters correspond to sets of objects taking equal
values for same attributes is a too strong condition in real-world data. This may
lead to the well-known problem of pattern overwhelming. Instead of considering
equality, one may relax this condition and consider a similarity relation between
values. This idea was introduced in [2] for handling noise in a numerical dataset.
Two values wy, wy € W are said to be similar if their difference does not exceed a
user-defined parameter §. A similarity relation denoted by ~ is formally defined
by: w1 ~p wy <= |wi; —ws| < 6. According to this formalization of similarity,
a bicluster of similar values can be defined as a “generalization” of constant
biclusters.

Definition 4 (Bicluster of similar values). A bicluster (A, B) is a bicluster
of similar values if m;(g;) ~¢ mi(91),V9;,q1 € A,Ym;,my € B.

Definition 5 (Maximal biclusters of similar values). A bicluster of similar
values (A, B) is maximal if there does not exist a bicluster of similar values
(E, F) with either ACE or BCF.

Table [] shows an example of maximal bicluster of similar values ({g1, 92,93},
{m1,ma,ms}) with § = 1. Note that bicluster ({g1, g2}, {m1,ms2}) fulfils the
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conditions of similarity but is not maximal. Obviously, constant biclusters are
biclusters of similar values when 6 = 0.

In this paper we consider the problem of mining all maximal (i) constant
biclusters and (ii) biclusters of similar values from a numerical dataset. The
novelty here lies in the use of Formal Concept Analysis for a correct, complete
and non-redundant enumeration (without heuristics). Indeed, we show in the
following sections how to define a scaling to build formal contexts whose concepts
exactly correspond to the two types of biclusters. However, this leads to the
definition of several contexts whose preparation and mining may be inefficient.
Then, based on so-called interval pattern structures, we show how binarization
can be avoided, which results in reducing practical computational complexity.

2 Mining Biclusters by Means of Conceptual Scaling

In this section, we present two scaling procedures allowing to build formal con-
texts from which (i) constant biclusters and (ii) biclusters of similar values, can
be extracted within the existing FCA framework. Intuitively, scaling allows to
express bicluster searchspace under the form of binary tables, while the Galois
connection allows to extract maximal biclusters represented as concepts.

2.1 Constant Biclusters

A maximal constant bicluster can be interpreted as a maximal rectangle of iden-
tical values. Recall that formal concepts correspond to maximal rectangles of
1 values in binary tables. Accordingly, a maximal constant bicluster containing
values w € W from a numerical dataset (G, M, W, I) corresponds to a concept
in a context K,, = (G, M, I,,) where (g,m) € I, <= m(g) = w. One should
naturally consider one formal context for each value w € W, which results in a
context family Ky defined as follows:

Kw ={Ky, = (G, M, L,) |w e W (m,g) € I, < m(g) =w}

The procedure building the family Ky from (G, M, W, I) involves one conceptual
scaling for each w € W (actually nominal scalings related to each value w [5]).
Figure[ gives K,, = (G, M, I,,,) for w = 1 and w = 6. The collection of concepts
of each context K,, = (G, M, ) is denoted by B(G, M, I,), or simply B,,.
Examples are given in Figure [1l

The two obvious propositions hold.

Proposition 1. Given a set of objects A C G and a set of attributes B C M,
a concept (A, B) of Ky, corresponds to a mazimal constant bicluster (A, B) of
values w from numerical dataset (G, M, W,I).

Proposition 2. There is a one-to-one correspondence between the set of con-
cepts Uwew B, and the set of all maximal biclusters.
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weW Ky B Bicluster corresponding to
first concept on left list

mi m2 M3 M4 Ms

mi
ma
m3
X Mma
ms

g1 x ({92,933, {ms}) g 1 2 2 1 6

g xx ({g2},{m2,m3})  ¢go 2 1 1 0 6

g3 X ({gl}a {m17m4}) gs 2 2 1 7 6

ga g 8 9 2 6 7

ggggg mi m2 M3 M4 Ms

1 2 2 1 6

6 91 X ({917925g3}5{m5}) gt 21 1 0 6
g2 x ({ga},{ma}) g2 5 o

g3 X g3 1 7 6

g4 X g 8 9 2 6 7

Fig. 1. Extracting constant biclusters from the dataset of Table [II

Hence, an algorithm that constructs the set of concepts (J,, oy Buw gives a
correct, complete and non redundant enumeration of all maximal constant bi-
clusters.

Figure [ gives two examples of concepts and their corresponding bicluster
representation in the original numerical table.

2.2 Biclusters of Similar Values

The number of constant biclusters can be very large in real-world data, where
numerical attribute domains contain many different values. Moreover, it leads
to a huge number of artifacts, e.g. the maximal constant bicluster (A4, B) =
({94}, {ma}) is a rectangle of area 1, i.e. the product |A| x | B|. One should there-
fore relax the equality constraint on numerical values when performing scaling
with similarity relation ~y defined in the introduction. Intuitively, with 6 = 1,
the previous example is not maximal anymore, whereas ({gs, ga}, {ma, ms}) is
maximal with area equal to 4. For that matter, one should extract rectangles
with pairwise similar values w.r.t ~y. However, this relation is reflexive and
symmetric but not transitive, hence a tolerance relation.

Asrelated in [14], a tolerance relation T over an arbitrary set G, i.e. T C GXG,
can be represented by a formal context (G, G,T). A formal concept of (G,G,T)
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Table 5. Formal context of relation ~¢ over W = {0,1,2,5,6,7,8,9} with 6 = 1 (left).
Corresponding tolerance classes (middle). Renaming classes as the convex hull of their
elements (right).

~ 0126789 Classes of tolerance Renamed classes
0 x x {0,1} [0,1]

1 X x X {1,2} [1,2]

2 X X {6,7} [6,7]

6 X X {7,8} [7,8]

7 X X X {8,9} 8,9]

8 X X X

9 X X

where intent is equal to extent corresponds to a class of tolerance, i.e., a maximal
subset of G such that all pairs of its elements are in relation 7'.

Going back to the tolerance relation ~y on a set of values W, tolerance classes
are maximal sets of pairwise similar values, corresponding to concepts (A, B) of
(W, W, ~p) such that A = B [I1I]. This is exactly what we need to characterize
maximal biclusters of similar values. More details on this process are given in
[11], while Table Bl shows initial context (W, W, ~g) and corresponding classes of
tolerance from the numerical dataset of Table[dl

Now that classes of tolerance, or maximal sets of pairwise similar values, are
characterized and computed, we can rename them for sake of readability and
use them for scaling the initial dataset from which maximal biclusters of similar
values can be extracted.

We choose to rename a class K C W as the convex hull of its elements, i.e.
the interval [k;, k;] s.t. k; and k; are respectively smallest and largest values
of K w.r.t. natural order < on numbers. Indeed, when |K| becomes large for
certain data, this new name is more concise. Moreover, any k € [k;, k;] respects
k ~p kl ~o kj.

Biclusters of similar values are a generalization of constant ones, i.e. with all
values included in interval [k;, k;] for a given class of tolerance. We should now
also consider one formal context for each class of tolerance, hence a family of
contexts. Consider a numerical dataset (G, M, W,I), and a class of tolerance
from W which corresponds to the interval [k;, k;]. The associated formal context
is given by:

(G, M, I[khkj]) sit. (g,m) € I & m(g) € ki, k;] and
(3h1,he € m' s.t. m(h1) = k; and m(hs) = k;
or Iny,na € ¢’ s.t. n1(g) = k; and na(g) = kj)
First condition m(g) € [ki, k;] means that m(g) should be similar with all el-
ements of the current class of tolerance. The two other conditions come from

the fact that classes of tolerance are computed from the set W: since a bicluster
is represented by a rectangle in the numerical table, we should consider only



142 M. Kaytoue, S.O. Kuznetsov, and A.Napoli

Class of  Formal context? Concepts Bicluster corresponding to
tolerance first concept on left list

mi1 m2 m3 M4 Ms
ma2 M3 Ma
[0, 1] y ({91, 92}, {ma}) g1 ; f ? (1) g
’ 7 ({g}, {ma,ma,ma}) 92
g2 X X X gs 2 2 1 7 6
gs 8 9 2 6 7
mi M2 Mg M4 mi1 M2 M3 M4 M5

g1 x x x x ({g1,92,93},{mi,m2,ms}) ¢ 1 2 2 1 6

1,2l g x x x ({g1},{m1,m2,m3z,ma}) g0 2 1 1 0 6
gs X X X ({91, 92,93, 94}, {ms}) gs 2 2 1 7 6
ga X g+ 8 9 2 6 7
mq M5 mi1 M2 m3 M4 Ms
o X . g1 2 2 1 6
s b el Biil
gz X X eIl g3 2 2 1 7 6
ga X X g+ 8 9 2 6 7
mi1 Mo M3 M4 M5
1 2 2 1 6
mi ms g1
[7,8] v % ({g4}; {m1,ms}) g 2 1 1 0 6
9a gs 2 2 1 7 6
g1 8 9 2 6 7
m1 M2 M3 Ma Ms
M e g 1 2 2 1 6
(8,9] v % ({ga}, {m1,m2}) g2 2 1 1 0 6
g4 gs 2 2 1 7 6
gs 8 9 2 6 7

“ Empty lines and columns are omitted.

Fig. 2. Extracting all maximal biclusters of similar values from Table [l

similar values in column (second condition) or dually lines (third condition) to
test whether a value belongs to a class of tolerance.

Consider the formal context K, x,; which corresponds to the class of toler-
ance [k;, k;] and a concept (A, B) from this context. The following propositions
hold.

Proposition 3. (A, B) is a mazimal bicluster of similar values.
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Proposition 4. There is a one-to-one correspondence between the set of con-
cepts from all formal contexts K, x,) and the set of all mazimal biclusters of
stmilar values.

Thus, an algorithm computing the set of concepts from all formal contexts
Ki;,k;) gives a correct, complete and non redundant enumeration of maximal
biclusters of similar values.

Figure 2] gives the formal context Ky, 1, for each class of tolerance (ki k5],
their respective concepts and bicluster representation in the initial numerical
Table [

3 Mining Biclusters from Pattern Concept Lattice

Until now, we presented how (constant) biclusters (of similar) values can be
extracted using standard FCA tools such as scaling and concept extraction al-
gorithms. Since resulting binary tables may be numerous and large (i.e. one for
each class of tolerance), we present in this section an approach based on pat-
tern structures. Pattern structures are introduced in [6] and can be thought as a
“generalization” of formal contexts to complex data from which a concept lattice
can be built without a priori scaling. We consider in this section only biclusters
of similar values, since being more general than constant ones and more useful
for real-world applications.

3.1 Pattern Structures

Formally, let G be a set (interpreted as a set of objects), let (D, M) be a meet-
semilattice (of potential object descriptions) and let 6 : G — D be a mapping.
Then (G, D, §) with D = (D, ) is called a pattern structure, and the set 6(G) :=
{6(9) | g € G} generates a complete subsemilattice (Dy, M), of (D, ). Thus each
X C 4(G) has an infimum MX in (D,M) and (Ds, M) is the set of these infima.
Each (Ds,M) has both lower and upper bounds, resp. 0 and 1. Elements of D
are called patterns and are ordered by subsumption relation C: given ¢,d € D
onehascC d < cMNd =c.

A pattern structure (G, D, §) gives rise to the following derivation operators (-):

AP = |—| 5(g) for ACQG,
geA

d” ={g € Gld E§(g)} forde D.

These operators form a Galois connection between the powerset of G and (D, C).
Pattern concepts of (G, D,d) are pairs of the form (A4,d), A C G, d € D, such
that AY = d and A = d". For a pattern concept (A, d) the component d is called
a pattern intent and is a description of all objects in A, called pattern extent.
Intuitively, (4,d) is a pattern concept if adding any element to A changes d
through (~)EI operator and equivalently taking e D d changes A. Like in case of
formal contexts, for a pattern structure (G, D, d) a pattern d € D is called closed
if d759 = d and a set of objects A C G is called closed if AYZ = A. Obviously,
pattern extents and intents are closed.
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3.2 Interval Pattern Structures

In [12], a numerical dataset (G, M, W, I) is represented by a so-called interval
pattern structure (G, (D,11),6) where D is a set of interval vectors, the i*" di-
mension giving an interval of values from W for attribute m; € M. We denote
such vectors as interval patterns. In Table [Il the description of object gy is the
interval pattern 6(g1) = ([1,1],[2,2],[2,2],[1,1], 6, 6]). Interval patterns can be
represented as |M |-hyperrectangles in Euclidean space RIMI whose sides are
parallel to the coordinate axes.

Now we detail how interval patterns are ordered. Consider firstly a single
attribute m € M, with value domain W,, C W. Elements of W,, can be or-
dered within a meet-semi-lattice making them potential object descriptions.
Recalling that any w € W,, can be written as interval [w,w], the infimum M
of two intervals [a1,b1] and [ag, b2], with a1,b1, az,b2 € R is: [a1,b1] M [az, bo] =
[min(a1, az), max(by,bs)], i.e. the largest interval containing them. Indeed, when
c and d are intervals, ¢ C d < ¢ld = ¢ holds:

la1,b1] C [a2, bo] & [a1,b1] M ag,ba] = [a1,b1]
& [min(ay, az), max(by,b2)] = [a1,b1]
= a1 < as andb12b2
& [a1,b1] D a2, ba].

As objects are described by several intervals, each one standing for a given
attribute, interval patterns have been introduced as p-dimensional vector of
intervals, with p = |[M|. Given two interval patterns e = ([a;, bi])icp1,p and
f= ([cl, i])ie[1,p) their infimum M and induced ordering relation T are given

y.

el f= <[al7b]>z€[1 ] ﬂ([clvdbze[l,p] eC f&e <[a“b]> P = <[C“ ]>
<[al7b ] r [Clvd ]>z€[1,p] A [a’hb’l] = [ 7dl]7 Vie [1 p]

This means that patterns with larger intervals are subsumed by patterns with
smaller ones. Hence, one can define a pattern structure (G, (D,MN),d) from a
numerical dataset (G, M, W, I), where (D,M) is a meet-semi-lattice of interval
patterns. This is deeply detailed in [12]. We illustrate here the Galois connection.

{92, 95} = 6(g2) M 8(gs)
=([2,2],[1,2],[1,1],[0,7],[6,6])

([2,2],[1,2),[1,1],10, 7], [6,6))~ = {g € G|([2, 2], [1,2],[1,1],[0, 7}, [6,6]) C 6(9)}
= {92,935}

Hence ({g2,93},([2,2],[1, 2], [1,1],[0, 7], [6,6])) is a pattern concept. The set of all
pattern concepts gives rise to a pattern concept lattice, see Figure [ for our ex-
ample. Intuitively, (A1, d1) < (Asg, d2) means that corresponding hyperrectangle
of (A1,d;) is included in corresponding hyperrectangle of (A, ds).
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({g|.gg.g:{}. <[12] [1.3] [12] [U 7]. [()()]))

({g1,93}, (1,2],[2,2],[1,2],[1,7],[6,6]))

({gs}. ([2,2].[2,2],[1,1],[7,7].[6,6]))

Fig. 3. Pattern concept lattice of pattern structure from Table [l 3 concepts are fully
described with respective pattern extent and intent.

3.3 Biclusters of Similar Values in Pattern Concepts

A pattern concept (A,d) of a numerical dataset (G, W, M,I) can be seen as
a bicluster (A4, M) since it gives a range of value for each attribute m € M.
Bicluster representation of ({g2,9s}, ([2,2],[1,2],[1,1],[0,7],[6,6])) is given in
Table

However, a pattern concept (A, d) is not necessarily a bicluster of similar val-
ues, for three reasons. First, d may contain intervals larger than 6, i.e. all values
in columns are not necessarily similar. Secondly, d may contain different intervals
whose values are not similar, i.e. all values in lines may not be similar. Finally,
if those conditions are respected, it is not sure that maximality of biclusters
holds. We show how to control these statements to extract maximal biclusters
of similar values from the pattern concept lattice.

First statement. Avoiding intervals of size larger than 6 in a pattern intent d
means that a pattern concept will correspond to a rectangle for which each col-
umn has similar values. For that matter, consider a modification (G, (Dx,),0d)
of the interval pattern structure defined in the previous subsection: the set Dx
consists of tuples, whose components are either intervals or the null element .

Table 6. Interval pattern as bicluster Table 7. Introducing § = 1
mi1 M2 M3 M4 M5 mi1 M2 M3 M4 M5
g 1 2 2 1 6 g 1 2 2 1 6
g 2 1 1 0 6 g 2 1 1 0 6
gs 2 2 1 7 6 g3 2 2 1 7 6
gs 8 9 2 6 7 gps 8 9 2 6 7
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For two intervals [a1,b;1] and [ag, ba], with a1,b1,a2,b2 € R their infimum M is
defined as follows: [ay, b1] M [az, ba] = [min(a1, az), maz(by,be)] if |max (b1, be) —
min(ay,az)| < 6 and % otherwise. Moreover, x M [a, b] = * for any a,b € R. Con-
sider that for d € D, d,, denotes the interval given for attribute m € M. Now,
given two interval vectors ¢ = (¢;) and d = (d;) their infimum is computed com-
ponentwise: ¢Md = (¢; Md;). Applying operators of the Galois connection on set
{g2, g3} derives the concept ({g2,93},([2,2],[1,2],[1, 1], , [6,6])), while starting
with set {g1,g4} allows to derive concept ({g1,92,93, 94}, (*,*,[1,2],*,[6,6])).
The resulting pattern concept lattice is given in Figure Ml and contains only 11
concepts compared to 16 when the operation M is not constrained with 6. Table[T]
shows the bicluster representation of ({ge, g3}, ([2,2], [1,2], [1, 1], %, [6,6])), i.e. a
rectangle for which values in each column are similar w.r.t. § = 1. Note that one
should ignore attributes that take the value * in pattern intent.

Second statement. From a pattern structure (G, (Dx*,M),d), we are able to
build a pattern concept lattice whose concepts corresponds to rectangles having
similar values in columns. We should therefore also consider similar values in
lines. Going back to concept ({g2,93}, ([2,2],[1,2],[1,1], %, [6,6])), we remark
that ({g2, g3}, {m1, ma2, ms}) and ({g2, g3}, {ms}) are biclusters of similar values
that can be built from the initial pattern concept. Indeed, the intervals describing
attributes my, mo, and ms and pairwise similar ([2,2] ~p [1,2] ~¢ [2,2] with
6 = 1), while interval describing attribute ms is similar with no others. We
should accordingly consider classes of tolerance between attribute descriptions
to extract biclusters of similar values. The similarity relation ~y is adapted for
intervals as follows: [a1, b1] ~p [az2,b2] <= max(b1,b2) — min(a1,az) < 6.

Proposition 5. Given a pattern concept (A,d), any pair (A, B) with B C
M s a bicluster of similar values iff {dm}vmep s a class of tolerance w.r.t.
relation ~g over the set {dm }ymenm -

Proof. Consider that (A4, B) is not a bicluster of similar values: 3g1, g2 € A, and
dmq,ma € B such that m1(g1) %¢ m2(g2), a contradiction.

Third statement. By controlling the two first statements, we are able to extract
biclusters of similar values from the pattern concept lattice of (G, (Dx,M), ). By
the properties of classes of tolerance making a class a maximal set of similar val-
ues, we know that biclusters are maximal in colums, i.e. no columns can be
added without violating the similarity relation. However, we are not sure that
biclusters are maximal in lines. Going back to previous example, i.e. ({g2, g3},
([2,2],]1,2],[1,1], *,[6,6])), the extracted biclusters ({gz, g3}, {m1, m2, m3}) and
({92, 93}, {ms}) are not maximal. Indeed, we have ({g1, 92,93}, {m1,m2,m3})
and ({91, 92,93}, {ms}) that are also biclusters of similar values. If such biclus-
ters are not maximal, this means that objects can be added in the extent A
while B remains the same set. Due to the generalization/specialization property
of concept lattices, such larger bicluster can be found in the direct upper neigh-
bours of concept ({QZa 93}3 <[27 2}7 [17 2}7 [17 1}7 *, [Gv 6]>)a L.e. concept ({917923 93}3
([1,2],[1, 2], [1,2], %, 6, 6]))-
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Example. The Figure @l gives the pattern concept lattice of (G, (Dx,M),d) with
f# = 1. For each pattern intent, elements of each class of tolerance are either
underlined, crossed-off, or in bold. For a pattern concept (A, d), when a class
is underlined, or in bold, it means that (A, B), B being the set of attribute
corresponding to this class, is a maximal bicluster of similar values. If element of
the class are crossed-off, this means that (A, B) is not maximal, i.e (C, B) with
A C C can be characterized also in a direct upper concept. For example, take
concept ({g1,92},([1,2],[1,2],[1,2],[0,1],[6,6])). From this concept, according
to classes of tolerance, one can characterize the following biclusters of similar
values ({917 92}7 {m17 ma, mS})? ({gla 92}3 {m4}) and ({gla 92}3 {m5}) HOWGVGI‘,
({91, g2}, {ma4}) is the one only that is maximal, i.e. that cannot be characterized
from upper pattern concepts with larger extents.

Hence, all biclusters of similar values can be computed from pattern concepts by
standard algorithms. These considerations lead to two dual ways of construct-
ing maximal biclusters of similar values as pattern concepts: bottom-up and
top-down.

({91,92793,94}7
(%, %, [1,2],%,1[6,7]))

/

({91,92, 93},
([1,2],1,2],[1,2],%,6 ))

({9192}, ({9195}, ({92,95}, ({93, 94},
([1 2] [1 2] 12] 0 1]6 12]2[127*76 ( 2 12],17*,6 > (*,*7 [1,2]7[6, 7],[6,7]))
({g1},(1,2,2,1,6)) ({g2}, (2,1,1,0,6)) ({93}, ( 2,2,1,7,6)) ({ga}, (8,9,2,6,7 ))

NV

Fig. 4. Pattern concept lattice of pattern structure from Table [[l with # = 1. When an
interval from a pattern intent has same left and right borders, a value is given instead
for sake of readability.
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4 Discussion and Conclusion

This paper focused on the problem of biclustering numerical data with formal
concept analysis. The goal was not to propose a new kind of bicluster, but rather
to argue that two existing types of biclusters can be extracted using FCA tech-
niques. For that matter, we proposed two methods producing equivalent results.
The first is based on conceptual scaling, while the second on interval pattern
structures. It is now expected to experiment these approaches, compare them
with other biclustering algorithms (e.g. from [2]) and investigate how to handle
other types of biclusters defined in [I6]. We should also study the impact of the
variation of # on the concept lattice granularity, or dually on the number of for-
mal contexts/concepts. Finally, we should examine how formal concept analysis
in fuzzy seetings can contribute to biclustering problems. Indeed, similarity and
tolerance relations are widely studied in such settings [1].

We discuss now our both methods.

Consider the method based on scaling. The strength of such approach is to
produce binary tables. Any FCA algorithm (discussed and compared in [15]), or
closed itemset algorithm (e.g. Charm [8]) can be used for extracting biclusters.
Moreover, since each context of the produced family is independent from the
others, a distributed computation is naturally possible: one core can be assigned
for each formal context. It also allows to mine other kinds of binary patterns.
For example, one can mine fault-tolerant patterns that would correspond to
quasi biclusters of similar values, i.e. accepting some exceptions, see e.g. [17].
Meanwhile, searching for frequent biclusters (i.e. involving a number of objects
higher than a user-defined threshold [I§]) is straightforward. It rises also in-
teresting questions: what is the meaning of an association rule? of a minimal
generator?

The second method proposes to extract biclusters from a concept lattice,
providing an interesting ordered hierarchy of biclusters. Computing the pattern
concept lattice by adapting standard FCA algorithms such as CloseByOne is
efficient as experimented in [I2], while this algorithm can be parallelized [13].
In [10], CloseByOne was adapted to mine frequent closed interval patterns and
their minimal generators. How this algorithm can be adapted for mining frequent
biclusters is an interesting perspective of research. The fact that biclusters can
be extracted from an ordered hierarchy of concepts make the pattern concept
lattice a good structure for user queries. For example, a biologist may be in-
terested in a particular set of genes for a given study. Accordingly, navigating
in the concept lattice helps him discovering the different biclusters in which
those genes occurs with other good candidates. We can describe such query
as extensional since it starts by given a set of objects. On another hand, the
approach based on scaling is more useful for so called intentional queries: the
biologist is interested in all biclusters with values in a given interval (or class
of tolerance) and accordingly only selects the formal context associated to this
class.



Biclustering Numerical Data in Formal Concept Analysis 149

Acknowledgments

The second author was supported by the project of the Russian Foundation
for Basic Research, grant no. 08-07-92497-NTsNIL a. Other authors were sup-
ported by the “Contrat de Plan Etat Région — Modélisation des biomolécules et
leurs intéractions” (Lorraine, France, 2007-2013). Authors would like to thank
Sébastien Vaillant for implementing the scaling procedure.

References

10.

11.

12.

13.

14.

. Belohldvek, R., Funiokovd, T.: Similarity and fuzzy tolerance spaces. J. Log. Com-

put. 14(6), 827-855 (2004)

. Besson, J., Robardet, C., Raedt, L.D., Boulicaut, J.F.: Mining bi-sets in numerical

data. In: Dzeroski, S., Struyf, J. (eds.) KDID 2006. LNCS, vol. 4747, pp. 11-23.
Springer, Heidelberg (2007)

. Boulicaut, J.F., Besson, J.: Actionability and formal concepts: A data mining per-

spective. In: Medina, R., Obiedkov, S. (eds.) ICFCA 2008. LNCS (LNAI), vol. 4933,
pp. 14-31. Springer, Heidelberg (2008)

. Cheng, Y., Church, G.: Biclustering of expression data. In: Proc. 8th International

Conference on Intelligent Systems for Molecular Biology (ISBM), pp. 93-103 (2000)

. Ganter, B., Wille, R.: Formal Concept Analysis. Springer, Heidelberg (1999)
. Ganter, B., Kuznetsov, S.O.: Pattern structures and their projections. In: Delu-

gach, H.S., Stumme, G. (eds.) ICCS 2001. LNCS (LNAI), vol. 2120, pp. 129-142.
Springer, Heidelberg (2001)

. Hartigan, J.A.: Direct clustering of a data matrix. J. Am. Statistical Assoc. 67(337),

123-129 (1972)

. Hsiao, C.J., Zaki, M.J.: Efficient Algorithms for Mining Closed Itemsets and Their

Lattice Structure. IEEE Trans. on Knowl. and Data Eng. 17(4), 462-478 (2005)

. Jiang, D., Tang, C., Zhang, A.: Cluster analysis for gene expression data: a survey.

IEEE Transactions on Knowledge and Data Engineering 16(11), 1370-1386 (2004)
Kaytoue, M., Kuznetsov, S.O., Napoli, A.: Pattern Mining in Numerical Data: Ex-
tracting Closed Patterns and their Generators. Research Report RR-7416, INRIA
(2010)

Kaytoue, M., Assaghir, Z., Napoli, A., Kuznetsov, S.O.: Embedding tolerance re-
lations in formal concept analysis: an application in information fusion. In: Huang,
J., Koudas, N., Jones, G., Wu, X., Collins-Thompson, K., An, A. (eds.) CIKM, pp.
1689-1692. ACM, New York (2010)

Kaytoue, M., Kuznetsov, S.O., Napoli, A., Duplessis, S.: Mining gene expres-
sion data with pattern structures in formal concept analysis. Information Sciences
(2010) (in Press, Corrected Proof)

Krajca, P., Outrata, J., Vychodil, V.: Advances in algorithms based on cbo. In:
Kryszkiewicz, M., Obiedkov, S. (eds.) International Conference on Concept Lattices
and Their Applications (2010)

Kuznetsov, S.0.: Galois connections in data analysis: Contributions from the soviet
era and modern russian research. In: Ganter, B., Stumme, G., Wille, R. (eds.) For-
mal Concept Analysis. LNCS (LNAI), vol. 3626, pp. 196-225. Springer, Heidelberg
(2005)



150 M. Kaytoue, S.O. Kuznetsov, and A.Napoli

15. Kuznetsov, S.0O., Obiedkov, S.A.: Comparing performance of algorithms for gener-
ating concept lattices. J. Exp. Theor. Artif. Intell. 14(2-3), 189-216 (2002)

16. Madeira, S., Oliveira, A.: Biclustering algorithms for biological data analysis: a sur-
vey. IEEE/ACM Transactions on Computational Biology and Bioinformatics 1(1),
24-45 (2004)

17. Pensa, R.G., Boulicaut, J.F.: Towards fault-tolerant formal concept analysis. In:
AT*TA. pp. 212-223 (2005)

18. Stumme, G., Taouil, R., Bastide, Y., Pasquier, N., Lakhal, L.: Computing iceberg
concept lattices with titanic. Data Knowl. Eng. 42(2), 189-222 (2002)



	Biclustering Numerical Data in Formal Concept Analysis
	Introduction
	Preliminaries on FCA
	Problem Setting

	Mining Biclusters by Means of Conceptual Scaling
	Constant Biclusters
	Biclusters of Similar Values

	Mining Biclusters from Pattern Concept Lattice
	Pattern Structures
	Interval Pattern Structures
	Biclusters of Similar Values in Pattern Concepts

	Discussion and Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /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 /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /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 ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




