A Deduction Calculus for Cumulated Clauses on
FLE Concept Descriptions

Sebastian Rudolph

Institute of Algebra
Department of Mathematics and Natural Sciences
Dresden University of Technology
Germany
rudolph@math.tu-dresden.de

Abstract. In this paper, we investigate cumulated clauses on a set of
attributes consisting of concept descriptions of the description logic FLE.
This kind of expression is useful for describing the attribute logic of
contexts where the attributes can be seen as FLE concept descriptions.
We provide a deduction calculus for this type of expressions and prove
its soundness and completeness.

1 Introduction

In recent years, several attempts have been made to combine Formal Concept
Analysis (FCA) with Description Logic (DL) (see [13,1, 14,15, 3, 6]). In particu-
lar, DL concept descriptions can be used to to define attributes for formal con-
texts. This paper is focused on FLE — a description logic containing conjunction,
existential and universal quantification. Cumulated clauses on attributes (logical
statements of the shape A A—\/,.,.,, A B; with attribute sets A, By,..., By)
can be seen as a generalization of attribute implications and are a common way of
expressing information in FCA. They have been thoroughly investigated in [11],
where also a deduction calculus for “plain” cumulated clauses is given. When
considering cumulated clauses on FLE attributes, it becomes clear that due to
the logical interdependencies of FLE concept descriptions, more derivations on
the corresponding cumulated clauses are possible and therefore the deduction
calculus has to be revisited in order to keep completeness. In this paper, we
present a deduction calculus for this kind of cumulated clauses and prove sound-
ness and completeness thereof.

Such a deduction calculus is valuable in several ways: First, it helps adapting
attribute exploration (see [10]) to contexts with FLE type attributes as sketched
in [14] and [15] and concisely worked out in [16]. In this framework, cumulated
clauses are used to specify non-implicational background knowledge (see [8]).
Moreover, it can be used to explain automatic inferences to non-sophisticated
users (see e.g. [5] for similar work wrt. ALC subsumption).



2 Description Logic Basics

In general, the term “Description Logic” comprises an amount of different for-
malisms which vary in expressiveness and decision procedure complexity. This
allows to use a certain logic “tailored” to ones needs in practice. For a concise
overview for DL, see [2].

In our work, we focus on the well known description logic FLE which includes
conjunction, existential and universal quantification. FLE concept descriptions
are used to describe the entities of a certain domain. Here we recall the definition
of the FLE language.

Definition 1. Let Mc and My be arbitrary finite sets the elements of which
we will call CONCEPT NAMES! and ROLE NAMES resp. By FLE(Mc, Mg) (or
shortly: FLE if there is no danger of confusion) we denote the set of concept
descriptions being inductively defined as follows:?

MeU{T, L} C FLE
C,D e FLE = CMD e FLE
Ce FLE,R € Myr = HR.C € FLE
Ce FLE,R € Mr = VR.C € FLE

Next, we provide a semantics. In order to do this, we first define interpretations.
In our case, an interpretation is formalized as binary power context family.

Definition 2. Let A be an arbitrary nonempty set called the UNIVERSE. The
elements of the universe will be called ENTITIES. A BINARY POWER CONTEXT

FAMILY K on A is a pair (Ke,Kg) consisting of the formal contexts Ko :=
(Ge, Me, Ic) and Ki := (Gr, Mg, Ir) with Gec = A and Gr = A x A.

Note that our notion of binary power context family is a special case of the
power context families as e.g. defined in [17]. There is a canonical one-to-one
correspondency to Kripke structures (being used as the usual models for modal
logic, see e.g. [4]) or labelled transition systems with attributes (LTSA, see [9]).
Next, we describe an extensional semantics for the above defined concept de-
scriptions: for a given binary power context family K = ((A, Me, Ic), (A x
A, Mz, Ir)) we assign to each concept description C € FLE(Me, Mr) a set
A € P(A) of entities® that "fulfill” this concept description.

! Whenever in this publication we use the term concept, we refer to the notion used
in DL. If we want to refer to the meaning used in FCA, we use formal concept.

2 In DL terminology, it is usual to denote concept descriptions as well as role names
by capital letters. In order to avoid possible confusion (with other capital letters
denoting sets), we use typewriter font (A,B,C) for FLE concept descriptions and
calligraphic letters (A, B,C) for concept description sets. Furthermore, we use the
symbols H and V for “role quantification” to clearly distinguish them from the “or-
dinary” quantifiers 3 and V occurring in some proofs and definitions.

3 Throughout this publication, P will denote the powerset and Pfin the finite powerset.



Definition 3. The semantics mapping [.]- : FLE(Mc, Mr) — P(A) for a

N
binary power context family K on a universe A with attribute sets Mc and Mz
1s defined recursively as follows:

[[T]]R, =A
[[i]]g =0
[c]. :=c’e for allm € M
[€MD]; := [C]; N [D]+
[[SIR.C]]K» = {(51 cA I dd, € A : ((51,(52) e rir Adg € [[C]]K’} forR e Mg
[[VR.C]]K = {51 e A | Viy € A ((51,(52) erir - bo € [[C]]R’} fO?"R € Mp
For § € [C]-. we will occasionally write § = C and say C is VALID in 0.

— —
Furthermore, a concept description C is VALID in K (which we denote by K |=
C), iff [C]+ = A. A concept description D SUBSUMES a concept description C in

4
K (write: C £.D) iff [C] € [D]-. A concept description DEEIBSUMES a concept
description C UNIVERSALLY (write: C E D) iff C E.D for all K with attribute sets
Me and Mg. _

Two concept descriptions C and D are called K—EQUIVALENT iff C C_D and
D C_C (write: C =.D) and UNIVERSALLY EQUIVALENT (write: C = D) iff this is
the case for all K with attribute sets Me and My, .

It follows directly from the definition of the semantic of FLE concept descriptions
that for any FLE concept descriptions C,D, E the composed concept descriptions
(CMD)ME and CM (DME) are universally equivalent. The same holds for CMD
and DM C. In the sequel we will exploit this fact in several ways:

— We will omit all parentheses which are not necessary.

— We will make extensive use of the following abbreviation:
Let C = {Cy,...,C,} be a finite set of FLE concept descriptions. Then the
new concept description C;M...MC, will be abbreviated by [ ]C. We extend
this definition in an intuitive way for |C| < 2 by setting [ ][{C} := C and
[10 := T. This “syntactic sugar” could then be directly incorporated into
the semantic by adding [[]C]~ := Neec [C]+ to Definition 3.

— We will consider all concept descriptions which can be transformed into each
other by the equivalences mentioned above as syntactically equivalent, i.e.
we write for instance (CMD)ME= (EMNC)MND=[]{C,D,E}.

A notion we will need in the sequel is the MAXIMAL ROLE DEPTH of an FLE
concept description:

Definition 4. Let C be an FLE-concept description. The MAXIMAL ROLE DEPTH
of C is given by the function v0 : FLE — N recursively defined as follows:

©(C) :=0 for allCe McU{T, L}
t0(CMD) := max(td(C), td(D))
©d(HR.C) :=0(C) + 1 for allR € Mg
(VR.C) :=td(C) + 1 for allR € Mg

For any n € N we define FLE,, :={C|C € FLE,v0(C) < n}.



3 FLE™™ — Reduced, yet Complete

Consider a binary power context family K} and let § be an entity from K. Then,
knowing that C and D are valid in §, we automatically know that CMD is valid in
0 as well. So, one could ask for a "test set” S C FLE such that knowing for every
concept description from S whether it is valid in § allows to conclude this for
any FLE concept description. We will define a concept description set FLE™™
and show that it has this desired property.

Definition 5. The set FLE"™ of NORMALIZED FLE CONCEPT DESCRIPTIONS
is an FLE subset defined in the following way:

McU{Ll} C FLE™ ™
C € Phin(FLE™™), L ¢ C,R € Mg = HR.[]|C € FLE™™
Ce FLE'™ R e Mpr = VR.C € FLEM ™

Additionally, for any i € N, let FLE}™ = FLE™™ N FLE;.

Theorem 1. For every FLE-concept description C there is a set C of FLEM™
concept descriptions such that
Cc= |_|C.

Proof sketch: We define a function n : FLE — P(FLE™™) in a recursive manner:

n(T) =

a(l)  =1{1)

n(C) = {C} for C € M¢
n(VR.[]C) = Ucee{VR.D | D € n(C)}

{L}if L €Uceen(C)
110 = 18R MUeoe SEP
|_| C) = Ucec n(c)v

n

(
(
(
(
(
n(

that provides such a set C for a given C. The fact C = [|n(C) can then easily
be proven via induction on the maximal role depth of C (conjunctions can be
decomposed into conjunction-free concept descriptions of at most equal maximal
role depth). O

Obviously, this theorem provides a way to check on the basis of the "test set”
FLE™™ whether § |= C for any C € FLE. This is the case exactly if n(C) C {D €
FLE™™ | § E=D}.

This fact will prove helpful in the next sections since most of our considerations
and proofs will have to deal only with FLE"™ but will propagate to whole
FLE.



4 Cumulated Clauses on FLE™ ™

Cumulated clauses have been studied and used in FCA as a means of specifying
knowledge. In particular, they have been used to encode background knowledge
for the attribute exploration process. It can be easily shown that in the case of
propositional logic any formula is equivalent to a set of cumulated clauses on the
attributes.

Here, we will consider cumulated clauses on FLE™. The fact that those at-
tributes have an internal logical structure exerts influence on the clause logic.
We will deal with these issues by presenting a sound and complete deduction
calculus.

We will start by introducing the notion cumulated clause.

Definition 6. Given an arbitrary set M, a CUMULATED CLAUSE on M is an
element from CC(M) := Ppn (M) X PpinPpin(M). To support intuition, we will
write A — {Bi, ..., By} instead of (A, {B1,...,Bn}) for A,By,...,B, C M.

A set N C M is said to RESPECT a cumulated clause A — {By,...,B,} if
AZN or B; CN for somel<i<n.

A cumulated clause € on FLE"™ is said to be VALID in a binary power contert
Sfamily K (also: K RESPECTS e, written: K E t), if for every 6 € A the set
{C|o € [C]-} respects it.

If a cumulated clause ® is valid in every binary power context family that respects
all cumulated clauses from a certain set R, we say ¥ FOLLOWS SEMANTICALLY
from R (written 8 |=¢).

In words, the validity of the cumulated clause A — {By,...,B,} in a power
context family means that every entity § € A fulfilling all concept descriptions
from A also fulfills all concept descriptions from B; or from Bs ... or from B,.
Obviously, for n = 1, the notion of a cumulated clause coincides with that of an
implication.

Proposition 1. A cumulated clause A — {By,...,B,} is valid in a binary
—
power context family K iff

Nkl< U B

AcA 1<i<nBEB;

Proof. We start with the definition of validity and show the equivalence to the
statement above:

VoeA:AZ{clde[C]-}V Vi, BiC{C|dec][C].}
= V€A 0 ¢ Mcaltlz VVicicnd € Nees, [Ble
= Vo€ A:0€NyealAly =0 €Uicicn Nees, [Blz
< MhealAls € Uicicn Mees, [Bl+-



5 Deduction Calculus on FLE™ ™

In the next definition, we present a deduction calculus on CC(FLE™™).
Definition 7. The set DR of DERIVATION RULES consists of the following rules
(with A,B,C € FLE™™ and A, Bn,...,B,,C,D1,...,Dy € Py (FLE™™)):

T {{a}} contradiction

A— {AY tdentity

A—{By,...,B,} _ .
AU{CY — {By,...,B,} premise extension

A—O{Bl,...,Bn}

A —{Bi,...,B,,C} conclusion extension

A—o{Bl,.‘.,Bn,C},AUC—o{Dl’.””l)k} . ‘
A—{Bi,...,Bn,D1,..., Dy} substitution

A—{By,...,B,} -
[@R]A — {[AR|By, ..., [AR]B,} “-lifting

[@R]AU {VRB} —o {[@R](AU {B})} ! Propagation

A_O{Bl,...,Bn7C} .
[VR]A —o {[dR]By, ..., [dR]B,, [VR]C} V-lifting

where [dR]A := {HR.[|.A} and [VR]A := {VR.A | A € A} are used as abbrevia-
tions.

Given a set 8 of cumulated clauses, we denote with DR(R) the smallest set
containing & and closed under the derivation rules above. For ¢ € DR(R) we
also write 8- &.

The soundness property of the introduced deduction calculus is stated by the
following theorem.

Theorem 2. For & C CC(FLE™™) and & € CC(FLE™™):
RHt=— Rt

The proof of soundness is rather straightforward: one shows that for every deriva-
tion rule

R
T < DR

with & C CC(FLE™™) and ¢ € CC(FLE™™) holds that every binary power
context family K) respecting all cumulated clauses from R also respects ¢.
Showing completeness is (as usual) the much more intricate part. We introduce
several constructions to achieve that goal.



5.1 The Standard Model

The corresponding proof for DR will be done in the following way:
Given a set of cumulated clauses on FLE™™ we will define a particular binary
power context family called standard model, which

— respects all the given clauses and
— respects just those clauses being derivable from the given ones via DR.

As a consequence, this standard model can serve as a “universal counterexample”
against the claim that any non-DR-derivable clause holds in every binary power
context family respecting the given clauses.

Note that the usual proof techniques for completeness from modal logic (see e.g.
[12]) using maximal consistent formula sets (also known as ultrafilters) is not
applicable here, since they require that the considered logic is closed wrt. nega-
tion. This is not the case for FLE. For the same reason, adapting other calculi
(like that for the multi-modal logic K(,,) — see [7]) and corresponding proofs to
cumulated clauses on FLE cannot be easily realized.

Definition 8. The STANDARD MODEL K)(ﬁ) of a given set & C CC(FLE™™) is
—

the binary power context family K = (K¢, Kg) = (4, Me, Ic), (AX A, Mg, Ir))

defined as follows:

— First, we set KO (R) = (A©, M, I), (A x AO® Mg, 1)) with:
o A0 = [N C FLE ™ | N respects all t € &, L ¢ N},
° 51((30)0 = Ced, and
° ((51,52)17(20)1% = HR.[|C € &1 for all finite C C dy and
C € 6y for all VR.C € 0.
— From K™ (R), we determine K(”‘H)(ﬁ) by
o A1) {5 € A | {C| VR.C € 8} = 550050 and

(C|ER.[]C € 6} = U(&gﬂ%Pﬁn(E)}
o 15 = [0 A (A x M), and
o 10 .= [0 ((APHD 5 Alr+Dy x Mg).
— Finally, we set
* A:={Nien AW,
o Io:= Iéo) N (A x M), and
o Ip := Ig) N (A2 x Mg).

Verbally: our standard model is approximated in a (possibly infinite) process,
starting by taking as entities all FLE"*™ subsets respecting the given cumulated
clauses K. The implicit aim of the construction is to achieve that every entity
fulfills exactly those concept descriptions from FLE"™ (semantically) that it
contains (syntactically). To reach that goal, we successively delete those entities
not ”compatible” with their "role neighbors”. The final standard model can then
be seen as the fixed point of this process. In the sequel, we will show that this
construction indeed fulfills the intended purpose.



Lemma 1. Let R be a set of cumulated clauses and K(ﬁ) the corresponding
standard model. Then we have for every D € FLE"™ and every § € A

Ded <=6 =D.

Proof. Obviously, for every 6 € A from K(R) holds:

{clar.[]ced}=J{Pm(d) | (5,0)IrR} ()

as well as

{C|VRCed} = {0 (5,0)IrR} ().

We do now an induction over the maximal role depth of a concept description

D:

— Induction anchor: D € FLEG™.

Then we have either D € M¢ or D = L In the first case we have D € § iff 61D
by definition of the standard model. In view of the semantics definition this
is equivalent to § = D.

Considering the second case, we find that L € § does not occur (due to the
explicit exclusion of entities containing L in the standard model definition).
Likewise,  |= L is never the case since [L]_. = ). So those both statements
are trivially equivalent.

Induction step: D € FLE™, n > 0. Again, we have to distinguish two cases.
First, assume D = HR.[ | D with D C FLET". Then the statement HR.[ |D €

n

d is obviously equivalent to D € {C | HR.[]C € §} and this because of (*)

to D € U{Ppn(9) | (6,0)IrR}. So we know that there exists an R-successor

norm
n—1>

6 of §, which contains all concept descriptions from D. Since D C FLE
we see by induction hypothesis that this is the case iff 5 EEforallE € D.
Subsequently, this is equivalent to 3 : (4, g)IRR AS € Neep [E]+ and this
(by the semantics definition) to 38 : (6,0)IrR A S € [[1D]- and finally to
6 € [ER.[]D] which means just 0 |= AR.[]D.

It remains to consider the case D = VR.E with E € FLE,'". Then VRE € ¢
can be written as E € {C | VR.C € d} which is due to (**) equivalent to
E € ({0 | (6,5)IxR}. Therefore knowing that all R-successors of & contain E
(which is an element of FLE,'T"), we conclude by the induction hypothesis

that this is equivalent to V4 : (8,8)IxR — 6 € [E]- and by the semantics
definition to ¢ € [VR.E]_. which means just ¢ = VR.E.

Note that all argumentations work in both directions. So indeed the equiv-
alence is assured. a



5.2 Realization Trees

Now, we will show that every cumulated clause £ valid in the standard model can
be derived from K via DR. This will be done in several steps: First, we define
a tree structure that — starting from a given set A C FLE"™ — represents all
“branching possibilities” of extending A in order to make it respect all cumulated
clauses derivable from K.

Definition 9. Given a set & of cumulated clauses and a set A C FLE™™  we
call a structure T$ = (N,r, <, €) REALIZATION TREE of A if

— N is an arbitrary set (the elements of N will be called NODES ),
r € N (r will also be called the ROOT),
<C N X N (< will be called the SUCCESSOR RELATION ), and
€: N — P(FLE™™),
— (N, <) is a tree with root r,
A = ¢€(r),
a node v € N has no successors (i.e., v= :={U | v < U} is empty), if and
only if e(v) respects all cumulated clauses from DR(R),
otherwise, there exists a cumulated clause ¢ = B — {Cy1,...,Cpn} € DR(R)
(called WITNESSING CLAUSE) not respected by e(v) with
e t is minimal wrt. the greatest role depth occurring in Cy,...,C,, and
e among those cumulated clauses fulfilling the conditions above ’s conclu-
ston is minimal wrt. set inclusion,
such that v= = {vy,...,vn} with e(v;) = e(v) UC;.

Given such a realization tree, we call

— (Vi)ieqo,....k} @ FINITE COMPLETE PATH if vg =7, v; < viy1 for all0 <i <k
and v, has no successors,

— (Vi)ien an INFINITE COMPLETE PATH if vg =7, v; < Viy1 for all i € N.

— A C FLE™™ ¢ LEAF if A= €(v) for a v € N that has no successors,

— A C FLE™™ a PSEUDOLEAF if we have A = |,y €(vi) for some infinite
complete path (n;);en, and

— A C FLEP™ a QUASILEAF if it is a leaf or pseudoleaf.

Next, we define the term covering of a realization tree, being a transversal of all
complete paths in this tree.

Definition 10. Given a realization tree T = (N,r,<,€) a node set N C N will
be called COVERING of T' if every (finite or infinite) complete path r = vg < 11 <
. contains (at least) one element from N.

Using the fact that a realization tree is finitely branching, it follows immediately
from Konig’s Lemma that every arbitrary covering contains a finite one.

Lemma 2. For every covering N of a realization tree, there exists a finite cov-
ering N C N.



In the sequel, we will show that for any cumulated clause “readable” from a
realization tree endowed with a covering we can construct a corresponding DR
proof tree.

Lemma 3. Let A C FLE™™ and let T be a realization tree of A. Let further-
more be N C N a covering of T%. Let now Cy,...,C, C FLE™™ be finite sets

such that for every v € N there is an i € {1...n} with C; C €(v). Then there is
a finite B C A such that 8+ B — {C1,...,Cp}.

Proof. W.l.o.g. we can assume N to be finite due to Lemma 2. We will prove
the proposition by showing, that for any node v € N where there is no v € N
on the path from r to v there is a finite B, C ¢(v) such that B, — {Cy,...,Cy,}
is DR-derivable. (For v = r then follows the claimed result.)

(Note that every ascending path starting from such a v must contain an element
from N, for otherwise we could construct a path starting from r and containing
no element from N, which would contradict the precondition.)

Consider all ascending paths starting from such a v. For every such path v =
g < v1 < ... we can determine the smallest index ¢ such that v; € N. The
greatest one of those smallest indices (there can be only finitely many due to the
finiteness of N) will be called the TYPE of v and denoted by 7(v).

We will prove the proposition by induction over the type of the considered nodes.

— Induction anchor: 7(v) =0
Then we have v € N and thus C, C e(v) for some k € {1,...,n}. Clearly,
R F C, — {Cx} due to the identity rule. By (n — 1)fold application of
conclusion extension we also find & F C, — {Cy,...,Cn}. Thus we have
found an appropriate B,, namely B, := Cy.

— Induction step: 7(v) >0
Then we have v & N and all successors v1,...,v; of v are of type less than
7(v). Thus for every v; holds by induction hypothesis that there is a finite
B, C e(v;) with &F B, — {C1,...,Cp}.
Let now be D — {&;,...,&} the witnessing clause of v (and therefore in
particular derivable). Then we know that D C €(v) and e(v;) = e(v) UE; for
alli € {1,...,k}. Now, we can do the following for all v;:
We define B,, := B,,Ne(v). Then the cumulated clause B,,UE; — {Cy, ..., Cp}
is either equal to B,, — {Ci,...,C,} or can be derived from it by applying
the premise extension rule. So we know £ g,,i Ué& — {C1,...,Cpn}. Obvi-
ously, gyi UDUE; — {Cy,...,Cpt + Ulgjgk gl,j UDUE; — {Cy,...,Cpn} can
be obtained by several premise extensions (note that all sets are finite, so the
union can be realized incrementally). Subsequently, setting B:= U, <j<k E,,j ,
we get by substitution R F BUDUE; —o {C1,...,Cp}.(%)
Furthermore, knowing & - D —o {&1,...,&;} we can immediately infer by
premise extension & - BUD —o {&;,..., &}



Together with the clauses from (x) we can do the following derivation:

BUD — {&,....&} BUDUE — {Ci,....Cn}
BU D —o {Cl, ...,Cn7527 ,gk}

MP
MP

: MP
BUD — {C1,...,Cn, £} BUDUE, — {C1,....C0}
BUD — {Ci,...,Cu} MP

So we have & - BUD —o {C4,...,C,}. But by construction BUD is a subset
of e(v) and (as a union of finitely many finite sets) also finite. So we can set
B, := BUD and we are done. O

In the next lemma, we prove that any quasilieaf of a realization tree respects all
clauses from DR(R). After this, we show that if .4 does not imply L, none of
the realization tree nodes does contain it either.

Lemma 4. Let R be a set of cumulated clauses, A C FLE™ and let T =
(N,r,<,€) be a corresponding realization tree. Then for every quasileaf @ of Tﬁ
we have that Q respects all clauses from DR(R).

Proof. Let @ be the quasileaf and ¢ € DR(RK). We distinguish two cases:

— @ is a leaf with corresponding node v. Suppose ) does not respect €. Then
either £ fulfills the minimality conditions from the definition or there is a
“smaller” ¢ € DR(R) that does. Thus we have found a possible witnessing
clause, which by definition forces v to have successors. Yet this contradicts
our assumption.

— @ is a pseudoleaf with corresponding path p := (v;);en. Suppose @ does
not respect €. Let k be the maximal role depth occurring in €. Now we set
Q = QN FLEL™. We know that @ is finite since FLEL™ is finite. Thus,
there must exist a node v; in p, such that @ € €(v;). Since v; is contained in
an infinite path, it must have successors. Yet then it has a witnessing clause
¢t = A — {Bi,...,B,}. Let B, be the set from the conclusion for which
G(ViJrl) = 6(1/1') @] Bj.

The maximal role depth of B; must be greater than k. Therefore the max-
imal role depth of ¥'s whole conclusion is greater than k. But then ¥ is not
minimal as demanded in the definition, since the maximal role depth of £'s
conclusion is less or equal k and thus definately smaller. So we have found a
contradiction to the assumption that there is a ¢ € DR(R) not respected by
Q. a

Definition 11. Let 8 be a set of cumulated clauses. A set A C FLE™ will be
called CONSISTENT with respect to R if there is no finite set A* C A such that
A A — {{L}}.



Lemma 5. Let & be a set of cumulated clauses and A C FLE"™ be consistent
with respect to K. For any realization tree TS = (N,r, <, €) of A holds that e(v)
18 consistent for allv € N.

Proof. Assume the contrary. By assumption, we have consistency of €(r). So if
inconsistent nodes v of Tj‘ exist, there must be some among them, the prede-
cessor v of which is still consistent. Assume v to be such a minimal inconsis-
tent node. Now let ¢ = B — {Cy,...,C,} be the witnessing clause of 7 and
w.lo.g. C, the set with e(v) = €(v) UC,. Now, due to our assumption we have
REB —{C,...,Ch} as well as R F DUC,, — {{L}} for a finite D € ¢(V).
Then we get by substitution R DUB — {Cy,...,Cr_1,{L}}.

Furthermore, by the contradiction rule and substitution we can easily derive f -
{L} — {C1}. Using again substitution it follows R F DUB — {C1,...,Cp_1}.
Yet, the maximal role depth of the conclusion of this new cumulated clause 13
(the derivability of which has just been shown) is less or equal to that of ¢ and
furthermore E's conclusion is contained in that of . Therefore £ cannot be the
witnessing clause of v since the minimality conditions are violated. So we have
a contradiction to the prior assumption. a

5.3 Completeness

Exploiting the two preceding propositions, we now show that any quasileaf of a
realization tree with consistent root is an entity of the corresponding standard
model. The basic idea of this proof is to show that any such quasileaf “survives”
all iterations done in the standard model construction.

Furthermore, we show that any standard model entity has a quasileaf as a subset
as well.

Lemma 6. Let 8 be a set of cumulated clauses and A C FLE™™ consistent, let

T% = (N,r,=<,€) be a corresponding realization tree and K}(R) the corresponding
standard model. Then the following two statements hold:

1. for all quasileafs Q of T%, we have Q € A and
2. for all § € A containing A and being minimal wrt. set inclusion there is a
quasileaf Q of Tj‘ with Q = 6.

Proof. We start with proposition (1) and prove inductively that Q € A™ for
all n € N.

Induction anchor: n = 0. Obviously, Q € A© for Q respects DR(R) (due to
Lemma 4) and thus in particular 8. Additionally, we know that @ is consistent
(and therefore in particular L ¢ Q) due to Lemma 5.

Induction step: n > 0. Considering ), we have to show that

{clarC € Q= P (®) | (Q.8)I7 "R} ()

and _ _
{C|VRceQ} =3 (@ IF R} (+%)
We start with (*):
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Assume C to be a subset of an R-successor 0 of Q@ in K™D, Since by
construction we have 17(;_1) - 17(5), we also know that (Q,é)lg)R. But in

view of the definition of Ig), we know that HR.[]C has to be in Q.
By induction hypothesis, we can assume that Q € A~V Let HR.[]C € Q.

i
We now have to show that (in K~ there is an R-successor of Q containing
C. Suppose there is no such successor. (+)

We set C :=CU{D | VR.D € @} and consider a realization tree TéQ (whose
quasileafs are all in A1 by induction hypothesis). Due to the assumption
—

(+), no quasileaf of Téﬁ is an R-successor of Q in K1) (since each of them
contains C). But then (due to the definition of ngl)) no quasileaf of ch‘ is
an R-successor of ) in K©. So each of these Tg‘—quasileafs must contradict
one of the conditions for being an R-successor of Q in KO, Obviously, every
quasileaf Q of ch‘ fulfills the condition that C € @ for all VR.C € @Q, since
already C contains all such C. So, to fulfill our assumption (+) every ch‘—
quasileaf @ must violate the other condition: it has to contain a finite set
Dg € FLE™™ such that dR.[ 1Dy & Q. (++)

For every Tg—quasileaf @, we find a node v, on each of its generating paths
p with D@ C €(vp). Taking for all quasileafs @ these nodes v, we have found
a covering N* of Téﬁ. Due to Lemma 2, we then find also a finite covering
N C N*. For every U € N , we choose an arbitrary path p containing v.
Let p generate Q. Now, we again assign a finite FLE subset Dy to each v
by Dy := Dg. Now let {Dy,..., Dy} :={Dy | v € N}. Using Lemma 3 it
follows R F C* — {Dy,..., Dy} for a finite C* C C. Applying the Hd-lifting
rule we have also & - [HR]C* —o {[HR]D;, ..., [HR]Dk}.(+ + +)
Furthermore, it is easy to see that & - [HR]C U [VR](C* \ C) — {[HR]C*} by

incrementally applying the V-propagation rule (and due to the fact, that C*
is finite). So together with (4+4+), using substitution, we finally get

A F [ER]C U[VR](C* \ C) —o {[ER]D, ..., [AR]D}}.

Due to the construction of C and C*, () contains the premise of this cumulated
clause. Furthermore, from Lemma 4 we know that () has to respect all clauses
from DR(K). So @ has to contain one element from {[HR]|Ds, ..., [HR|D;}
which contradicts the way they have been chosen in (++).

So, our prior assumption (+) must be false.

continue by showing (**):

Assume C to be a concept description, for which VR.C € Q. By definition of
17(3), we know that this implies C € s if (Q,S)I%))R. So we also know that
ceN{| (Q,S)IQ)R}. From Igl*l) C I;g), we can conclude that ({0 |
(@, )IVR} € N{5 | (Q,8)I¢ YR} and therefore C € {6 | (Q,8) 1% VR}.



72" Let C e ({0 | (Q,g)lg_l)R}. We have to show that VR.C € Q.
Assume the contrary, i.e., VR.C € Q. Let C := {D | VR.D € @} and consider
a realization tree Tcﬁ of C (remember that by induction hypothesis all its
quasileafs are in A™~1)). Now we assign to each T#-quasileaf @ a finite
concept description set D@ C é in the following way:

e For each quasileaf Q with (Q,@)I%Lil)R, we set D 1= {C} (this is
correct, since C is contained in every R-successor of () in K(”*l)).

e If a quasileaf @ is not an R-successor of () in K("*l), it cannot be an
R-successor of @ in KO as well. Yet, then it must violate one of the two
conditions in the definition of I7(-3 ), Obviously, every quasileaf @ of T#
fulfills the condition that C € @ for all VR.C € @, since C contains all
such C. So the second condition must be violated and thus there has to
be a finite concept description set £ C @ with HR.[|€ € Q. Then we set

Now, since all those assigned concept description sets are finite, we find
on every generating path p of a quasileaf () a node v, for which already
holds D@ C €(vp). Collecting all those nodes, we get a covering N* of Tcﬁ.

Due to Lemma 2, we find a finite covering N C N*. For every v € N, we
choose an arbitrary path p containing v. Let p generate (). We again assign
a finite FLE subset Dy to each v by Dy := D@ Now let {Dy,..., Dy} =

{Dy | 7 € N}. By using Lemma 3 it follows & - C* — {Dy,..., D} for
a finite C* C C. If {C} is not yet contained in {Dy,..., Dy}, we may easily
include it by one application of the conclusion extension rule. So we get
REC* — {{C},&1,..., &} with HR.[|&; € Q (as the &; have been chosen).
But now a single application of the (V-lifting) rule yields

A [VRIC* — {{VR.C}, [HRIE, ..., [ARJE;}.

Since @ as a quasileaf of T has to respect all cumulated clauses of DR(R)
(due to Lemma 4) and by construction [VR|C* C @Q it has to contain either
VR.C (which contradicts our first assumption) or one [HR]E; which contradicts
the choice of the &;. So our assumption VR.C ¢ Q must be false.

We proceed with proposition (2). Since we know that e(r) = A, we also know
e(r) C 4.

Now we construct a path r = 1y < 1 < ... in Tﬁ in the following way: If
v; has no successors, we are done and have constructed a complete finite path.
Otherwise we select the node v;41 as follows: We presuppose that for a v; we
have €(v;) C §. Considering the witnessing clause ¢ = B — {Cy,...,C,} of v; in
Tf, we know that § must respect £ due to the soundness of DR. Furthermore, by
Lemma 1, we have the correspondence of (syntactic) containment and (semantic)
validity of FLE™™ concept descriptions in the standard model. So, since the
premise of the witnessing clause is contained in €(r;) which in turn is a subset
of 4, we have ¢ = B and therefore we have ¢ = C, for some k € {1,...,n}. Now
we choose v; 41 such that e(v;y1) = €(v;) U Cx, thereby assuring e(v;41) C 4.



Now let @ be the quasileaf generated by the (finite or infinite) complete path
Vg < V1 < .... Due to the first part of the theorem we know that @ € A. By
construction, we also know that A C @Q as well as Q C §. However, since § is
minimal wrt. set inclusion by assumption we can conclude @ = §. a

Having established this correspondence between standard model and realization
tree, it is not difficult to prove that any cumulated clause valid in the standard
model is derivable via DR, which (as the subsequent corollary shows) gives us
the completeness of DR.

Theorem 3. Let R be a set of cumulated clauses and ¢ = A — {B1,...,B,} a
cumulated clause. Then

KR Et= At

Proof. Consider a realization tree T of A. From Theorem 6, we know that for
each quasileaf Q) of Tj‘ holds Q € A. From A C @ and using Lemma 4, we can
conclude B; C @ for some i € {1,...,n}.

Since all B; are finite, we find on every complete path a node v for which already
holds B; C e(v) for some B;. This means that we have found a covering N* of
Tf, that due to Lemma 2 can be minimized to a finite covering N C N*. In
view of Lemma 3 we then get 8 - A* — {B4,...,B,} for some A* C A and
consequently by premise extension R - A — {By,...,B,}. a

Corollary 1. The deduction calculus DR for cumulated clauses on FLE™™ is

sound and complete.

Proof. Soundness has been shown by Theorem 2. Completeness also follows di-
rectly from the preceding theorem: If a cumulated clause ¢ is valid in all power
context families that respect a set 8 of cumulated clauses, it is in particular valid

in K)(ﬁ) But then it is derivable. O

6 Conclusion and Outlook

In this paper, we presented a sound and complete deduction calculus for cumu-
lated clauses on FLE concept descriptions. This “logic of case distiction” will
be useful for the application of FCA attribute exploration in domains where
attributes are specifiable by FLE concept descriptions. Additionally, we want to
emphasize that the results and notions introduced in this paper can also be used
in a larger framework. For instance, based on a restricted standard model, a
decision algorithm for entailment on cumulated clauses on FLE can be defined,
which differs from the well known tableaux based algorithms in many aspects.
These issues (as well as additional structural properties of the standard model)
are thoroughly addressed in [16].



References

1.

=

10.

11.

12.

13.

14.

15.

16.

17.

Baader, F.: Computing a Minimal Representation of the Subsumption Lattice of
all Conjunctions of Concepts Defined in a Terminology. In: Proceedings of the
International Symposium on Knowledge Retrieval, Use, and Storage for Efficiency,
pages 168 1 178, KRUSE 95, Santa Cruz, USA, 1995.

Baader, F., Calvanese, D., McGuinness, D., Nardi, D., Patel-Schneider, P. (Eds.):
The Description Logic Handbook: Theory, Practice, and Applications. Cambridge
University Press, 2003.

Baader, F., Sertkaya, B.: Applying formal concept analysis to description logics.
In: P. Eklund (Ed.): Concept Lattices: Second International Conference on Formal
Concept Analysis, pages 261 - 286, ICFCA 2004, Sydney, Australia, LNCS 2961.
Springer, 2004.

Blackburn, P., de Rijke, M., Venema, Y.: Modal Logic. Cambridge University Press,
2001.

Borgida, A., Franconi, E., Horrocks, I., McGuinness, D., Patel-Schneider, P.: Ex-
plaining ALC subsumption. In: P. Lambrix, A. Borgida, M. Lenzerini, R. Moller,
and P. Patel-Schneider (Eds.): Proceedings of the International Workshop on De-
scription Logics (DL’99), pages 37 - 40, 1999.

. Ferré, S., Ridoux, O., Sigonneau, B.: Arbitrary Relations in Formal Concept Anal-

ysis and Logical Information Systems. In: F. Dau, M.-L. Mugnier, G. Stumme
(Eds.): Conceptual Structures: Common Semantics for Sharing Knowledge, pages
166 - 180, ICCS 2005, Kassel, Germany, LNAI 3596, Springer, 2005.

Fitting, M.: Proof Methods for Modal and Intuitionistic Logics Kluwer, 1983.
Ganter, B.: Attribute exploration with background knowledge. Theoretical Com-
puter Science 217(2), 1999.

Ganter, B., Rudolph, S.: Formal Concept Analysis Methods for Dynamic Con-
ceptual Graphs. In: H. S. Delugach, G. Stumme (Eds.): Conceptual Structures:
Broadening the Base, pages 143 - 156, ICCS 2001, Stanford, USA, LNCS 2120,
Springer, 2001.

Ganter, B., Wille, R.: Formal Concept Analysis: Mathematical Foundations.
Springer, 1999.

Kraufle, R.: Kumulierte Klauseln als aussagenlogisches Sprachmittel fiir die formale
Begriffsanalyse. Diploma Thesis, TU Dresden, 1998.

Popkorn, S.: First Steps in Modal Logic. Cambridge University Press, 1994.
Prediger, S.: Terminologische Merkmalslogik in der Formalen Begriffsanalyse. In:
G. Stumme, R. Wille (Eds.): Begriffliche Wissensverarbeitung: Methoden und An-
wendungen. Springer, 2000.

Rudolph, S.: An FCA Method for the Extensional Exploration of Relational Data.
In: A. de Moor, B. Ganter (Eds.): Using Conceptual Structures: Contributions to
ICCS 2003, pages 197 - 210, Shaker Verlag, 2003.

Rudolph, S.: Ezploring Relational Structures via FLE. In: K.E. Wolff, H.D. Pfeiffer,
H.S. Delugach (Eds.): Using Conceptual Structures, pages 196 - 212, ICCS 2004,
Huntsville, USA, LNCS 3127, Springer, 2004.

Rudolph, S.: Relational Exploration. Using Description Logics and Formal Concept
Analysis for Knowledge Specification. PhD Thesis, TU Dresden, to appear.

Wille, R.: Conceptual Graphs and Formal Concept Analysis. In: D. Lukose, H.
Delugach, M. Keeler, L. Searle, J. Sowa (Eds.): Conceptual Structures: Fulfilling
Peirce’s Dream, pages 290 - 303, ICCS 1997, Seattle, USA, LNCS 1257, Springer,
1997.



