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1 Introduction

In our modern times, the growing amount of data requires efficient procedures to
handle it. Amongst other areas, the semantic web and science have a demand for
such tools. This includes queries to explicit data and the deriving of new knowl-
edge. Therefore high-level representation and reasoning formalisms have to be
invented and investigated. One well-investigated family of such formalisms are
Description Logics (DLs). They allow conceptual knowledge representation and
there already exist several reasoning procedures and relations to other logics, like
first-order logic and modal logics. One example of the usage of DLs is the Web
ontology language: OWL DL.

Typically these DL just work with crisp knowledge, meaning that an individual is
an instance of an certain concept, or not. Because these restrictions are some times
too strong for practical use, as an alternative relaxed queries are getting more at-
tention. Such not just evaluate whether an individual belongs to a concept or not,
but whether it is considered ‘good enough’ to be responded to match the query.
One way to achieve this, are Concept Similarity Measures (CSMs). Given two con-
cept descriptions, a CSM calculates an value between 0 and 1. The idea is, that
the higher this similarity value, the more similar are the both concept descrip-
tions. Further more should the scaling of this value match human intuition. So
0 should stand for total dissimilarity and 1 stand for total similarity. Also the se-
mantics should be essential for the calculation of the similarity, which means that
just syntactical differences should be irrelevant. Besides this, there is an inter-
est to find CSMs that have metric properties, in particular the triangle inequality
from metric spaces. Of course for CSM it has to be adapted to the interval [0, 1],
but it would ensure that the similarity values from two concept descriptions to a
third one could just differ within a certain range, that is related to the similarity
value of the first two ones. Unfortunately this property is for now not well ac-
complished.

In [4] Karsten Lehmann provides with the simi framework similarity measures
for ££, a commonly used DL. He introduced formal properties (also covering
the ones previously mentioned) and proved whether or not simi fulfils those. In
this paper, we want to expand simi by new constructors and analyse possible re-
lations between the formal properties from [4]. Because the plain definitions of
these formal properties do not provide usable relations between then, we want
to try the method of Formal Concept Analysis (FCA). This is a method, that derives
implications between these properties from a data set of objects. This implica-
tions just hold within the context of the data set, but their generality could be
proved or they could give a hint of possible relations between the properties.

In this paper we restrict our works to deterministic and symmetric CSMs. Chap-
ter 2 introduces the basic needs for DLs, simi, the formal properties and other



basic notations. In Chapter 3 we expand simi and analyse under which circum-
stances this CSM provide the formal properties for DLs with certain constructors.
In Chapter 4 we introduce some modifications for the rules of the CSM to change
their behaviour respectively to the fulfilling of the formal properties. With the
knowledge of Chapter 3 and Chapter 4 we are able to produce a big data set of
CSM and their properties. This allows us in Chapter 5 to use the FCA tool Con-
Exp to infer implications between the formal properties. Here we will also prove
the generality of some of them and outline the limits of our research for the other
implications.



2 Preliminaries

In this chapter we introduce the basics for DLs and triangular norms and conorms.
This definitions are taken from [1]. For RBoxes we stay with the definition from
[4]. Also we recap the concept similarity measure simi and the Jaccard Index
from [4]. At last we will shortly sum up our preconditions for this paper.

2.1 Description Logics

Description logics essentially are composed of a set of concept names N, a set of
role names N, the constants T and L and constructors to combine those to com-
plex concept descriptions. To refer to a DL in general, we want to use DL.

We can use a DL DL to represent knowledge in the form of a knowledge base,
composed of a TBox, a RBox and an ABox. The TBox contains terminological
knowledge in the form of axioms about the relations between concept descrip-
tions of DL. The same way the RBox contains relations between the role names
in Ng. At last the ABox contains assertional knowledge in the form of axioms
that link between concept descriptions and individuals.

In the following we introduce concept descriptions, TBoxes, RBoxes, ABoxes and
rules to receive an unique normal form.

2.1.1 Concept Descriptions

Since we will take a look at different DLs, with variations of constructor sets, we
formulate the definition for concept descriptions in a way, that suites them all.

Definition 1 (concept descriptions). For a specific description logic DL, with a set of
concept names Nc, a set of role names Ng, the constants T, L and a variety of construc-
tors from {—, M, 1, 3,V}, we define that:

the constants T, L and all A € Nc are DL concept descriptions

C is a DL concept description and — is a constructor of DL, then =C is a DL
concept description

C, D are DL concept descriptions and [ is a constructor of DL, then CM D is a
DL concept description

C, D are DL concept descriptions and U is a constructor of DL, then CU D is a
DL concept description

C is a DL concept description, v € Ng and 3 is a constructor of DL, then 3r.C is
a DL concept description



o Cisa DL concept description, v € Ng and V¥ is a constructor of DL, then Vr.C is
a DL concept description

We define C(DL) as the set of all DL concept description. Further we define const(DL)
as the Set of constructors of DL.

The semantics of DLs are defined by using interpretations Z. Such interpreta-
tions are composed of a non-empty domain A? and a mapping -, which maps
the concept descriptions to subsets of A”.

Definition 2 (interpretation). An interpretation is a pair Z= (A%,-1) where the
domain AT is a non-empty set and - is a function mapping every A € Nc to a set
AT C AT and every r € Ng to a binary relation r' C AT x AT. This function is
extended to the typical DL constructors as follows:

e T2=Aland 1T =g

~C)T = AT/CT

cnD)t = (c?)n (DY)

CuD)t = (ch)u(D?)

FIr.C) ={xe ATy ec AL : (x,y) e T Ay CT}
(vr.C)f = {x e AT|vy € AT : (x,y) € rT — y € CT}.
where C,D € C(DL) and r € Ng.

(
(
(
(

This definition covers rules for all constructors we use later on. Since a rule can
just not be used, if the corresponding constructor is not in const(DL), it suites for
all DLs we will cover in this paper.

2.1.2 TBoxes and RBoxes

The TBox presents terminological knowledge in the form of concept axioms. The
most general form of concept axioms are general concept inclusion. They are
formulas that indicate the subsumption of one concept description by an other.
The most common axioms are concept definitions, which indicate the definition
of one concept name by a concept description.

Definition 3 (GCI and concept definition). A general concept inclusion axiom
(GCI) is of the form C T D, where C, D are concept descriptions. If the axiom is of the
form A = C where A € Nc and C is a concept description, then it is called a concept
definition. All B € Nc that occur in C are called directly used by A and A is called
defined.

Definition 4 (TBox). A TBox T is a finite set of concept axioms. A general TBox 7T is
a finite set of GCI's.

Since we later want to use TBoxes, that do not contain GCI’s, we introduce
normalized TBoxes. All other TBoxes we will refer to as general TBoxes.



Definition 5 (normalized TBox). A TBox T containing just concept definitions is
called normalized. Concept names that just never occur on the left hand sides of a
concept definitions are called primitive concepts. 7 is called acyclic, if none of the
defined concepts uses itself (directly or under the closure of transitivity), otherwise it is
called cyclic.

Axioms of the form A & D, where A € Nc and D is a concept description, can be

transformed to concepts definitions by introducing a new concept name A
ACD-—A=AND

Note that for the normalisation the new introduced concept names not occur
in N¢ before. Also note, that the normalisation of those subsumption axioms
requires the conjunction ' to be valid constructor in the used DL.

The semantics for these axioms are also handled by interpretations. These are
models of a TBox T, if they interpret the axioms of 7 in a consistent way.

Definition 6 (TBox model). An interpretation Z is a model of a TBox T (Z F T) if
it satisfies all of T"'s axioms, meaning:

e forall C T D holds: cfcp?
e forall C = D holds: C* = DZ.
Two TBoxes T and T are equivalent (T = T*), if they have the same models.

As a standard form of TBoxes for this paper, we want them to be normalized
and extended. If we have a DL DL with M ¢ const(DL), then on order to
be normalized, the TBox should contain of just concept definitions in the first
way, because a normalisation of subsumption axioms would lead to terms not
in C(DL). By extending a TBox 7, we want to accomplish that the left hand
side of all concept definition in 7 is only composed of primitive concept names.
Therefore 7T has to be unfoldable.

Definition 7 (unfoldable TBox). A TBox Tis called unfoldable, if it is acyclic, con-
sists just of concept definitions and ever defined concept occurs at most ones to the left
hand side of an axiom.

Every unfoldable TBox T can be extended to a TBox T*, where on the right hand side of
the axioms occur only primitive concepts, so that T = T*.

For the rest of this paper, we want all TBoxes 7 to be unfoldable, normalized
and extended. Further more we assume for all concept description, that they are
extended with the concept definitions from 7, so that they are only composed
of primitive concept names, role names and constructors. So we do not have to
regard TBoxes for the rest of the paper.

Similar to TBoxes, RBoxes contain axioms about relations between role names.
We call them role inclusions. Since we do not assume more complex ways to
build such role inclusions, the structure of RBoxes is more simple.



Definition 8 (RBox). A role inclusion is an axiom of the form r T s, where r,s € Ng.
A RBox R is a finite set of role inclusion axioms

Again the semantics are handled by interpretations, which act as models.

Definition 9 (RBox model). An interpretation Z is a model of a RBox R if it satisfies
all of R’s axioms, meaning that for all r C s holds r* C s”.

For the rest of the paper we want to say, that

rCrs<=VIER: T Cst

2.1.3 ABoxes

For completeness, we also introduce ABoxes. They contain assertional knowl-
edge in the from of concept and role assertion axiom. Therefore we need a finite
set Ny of individuals. Those individuals can be asserted to concept descriptions,
or directed pairs of them to role names.

Definition 10 (ABox). Let Ny be finite set of individual, x,y € N C be a concept
description and r € Ng. We call C(x) a concept assertion axiom and r(x,y) a roll
assertion axiom. An ABox Ais a finite set of concept and role assertions.

Also here the semantics are handled by interpretations, which act as models.

Definition 11 (ABox model). An interpretation Z in a model of an ABox Alif it sat-
isfies all its axioms, meaning that for all C(x) holds x* € C* and for all r(x,y) holds
(x%,yt) e rt.

For this paper, ABoxes will be of no relevance, since we will not work with
knowledge bases directly. More detail to ABoxes can be read in [1].

2.1.4 Normal Form

At some point, the existence of an unique normal form for our DLs will be rele-
vant. The concrete normal form is nonrelevant, so we just present some transfor-
mation rules, that will achieve a unique normal form. If a rule is not applicable
because the corresponding constructors does not exist in the DL, we can just ig-
nore it.

Before we formulate these transformation rules, we want to introduce a property
for normal forms, that will prevent trivial violations of one the later following
formal properties.

Definition 12 (name unique). Let DL be a specific description logic, R be a RBox and
T be a TBox. We define the operator |- | that maps every r € Ny to a set of role names

[r] ={s € Nr|s =g r}
and every A € Nc to a set of concept names

[A] = {B € Nc|B =1 A}

10



We want to call a (normal) form for DL name unique, if for all primitive concept A €
Nc,, names hold that there is uniquely one A' € [A] and every B € [A] is represented

by A'. And also for all role names r € Ny hold that there is uniquely one v € [r] and
every s € [r] is represented by r'.

This property assures that all elements of a set of equivalent role names or

equivalent concept names are represented by the same one uniquely chosen ele-
ment of the set. By this property we want to prevent, that there exist pairs of role
names or primitive concept names, that are equivalent to each other, but have
different similarities to other role names or primitive concept names. Technically
those still exist, but by using a name unique (normal) form, we choose one of the
participants of each of these sets and substitute the others, so they do not occur
in concept descriptions.
Since we will cover many DLs, we do not introduce an extra normal form for each
of them, but a set of transformation rules, that will achieve an unique normal
form. Let 7 be a unfoldable, normalized and extended TBox, R be a RBox and
A,C, D be concept descriptions already extended with the concept definitions
from 7T, then an unique normal form will be achieved by applying the following
rules (if possible):

1. ANT — A
AUT — T
AUl — A
ANl — 1
AMNA— A
AUA— A
-~(CUD) — ~Cr =D
-~(CND) — ~CU-D

A A L

AU(CUD) — AUCUD

—
e

AN(CND) — AMNCND

—_
—_

. =Vr.C — Jr.=C

—
N

. =3r.C — Vr.=C

—_
W

. Ir.CuU3r.D — Ir.(CUD)

—_
S

. Vr.COVYr.D — Vr.(CT1D)

—_
a1

. Ir.CMN3s.D — FIr.C,ifrEgsand CC D

—_
(o)}

. Vr.CUVs.D — Vr.C,ifsEgprand D C C

11



17. Vr.CM 3r.C — Vr.CMN3Ir.(CMN D)
18. AM(CUD) — (ANC)U(AMND)

until no more rule can be applied.
This rules are partly taken from [4] and just completed by rules for the additional
constructors and the new constant L. We also can exchange the last rule by:

AU(CND) — (AUuC)N(AuUD)

The normal form would still be unique, just the conjunction would be the more
outer constructor, instead of the disjunction. Note that this set of rules will just be
sufficient for the DLs we cover in this paper. For example they all will need the
negation to be just in front of primitive concept names.

2.2 Triangular Norms and Conorms

Triangular norms (t-norms) are a generalisation of conjunctions in propositional
logics. As in [4] we will use then to make an asymmetric CSM symmetric. Their
the absorbing element 0, neutral element 1 and monotonicity property will be
essential to obtain some of the later defined formal properties. We take the defi-
nitions form [4].

Definition 13 (t-norm). ® : [0,1]> — [0, 1] isa triangular norm if for all x,y,z,w €
[0, 1] holds:

o x®y =y ® x (Commutativity)

e x <zANy<w= x®y < z® w (Monotonicity)
e (x®y)®z=1x® (y® z) (Associativity)

o x ®1 = x (Identity)

Dual to t-norm are triangular conorms (t-conorm), which are generalisations of
disjunctions. Here 0 is the neutral and 1 the absorbing element.

Definition 14 (t-conorm). & : [0,1]> — [0,1] is a triangular conorm if for all
x,y,z,w € [0,1] holds:

e x ®y =y ® x (Commutativity)

o x <zAy <w = x®y < z® w (Monotonicity)
o (xBy)dz=1x® (yPz) (Associativity)

o x ® 0 = x (Identity)

Definition 15 (duality of t-norm and t-conorm). For every t-norm & and its dual
t-conorm & it holds that:

12



e xoy=1-(1-x® 1)
e x@y=1-(1-x)&(1-y))
The duality will not be important for this paper, but can be used to make a
proof of the absorbing elements.
Claim 1 (absorbing elements). Let ® be a t-norm and & be a t-conorm. Then holds:
e 0®x=0
e 1dx=1

The proof of this claim is rather simple and can be found in [4]. In particular,
we will just speak about three t-norms, which are the Product t-norm ®,,4, the
Godel t-norm ®,,;, (or minimum t-norm) and the Hamanach product ®p,,.

X ®pr0d y=xy
X Quin y = min(x,y)

0 x=y=0
YOHmy=y__WY otherwise

X+y—xy
x,y €[0,1]

In terms of analyses we favour the Godel t-norm, because of its predictable re-
sult. Returning one of its argument, allows stronger conclusions about the prop-
erties of its results. Product t-norm an Hamanach product will allow us some
proofs later on in the paper.

2.3 The Simi-Framework

Since we are going to expand simi form [4], we will give a brief overview of its
components and simi it self. We also already do a little rephrasing by expanding
some definitions, so they can later also be used for new constructors like disjunc-
tion and value-quantification. At last we will take a look at the in [4] defined
formal properties and which are fulfilled by simi.

2.3.1 Simi

In [4] Karsten Lehmann uses an operator (*) to gather the participants of the con-
junction M. We define different operator, that will also work on disjunctions and
negations.

13



Definition 16 (first level (O-participant set). Let C be a not trivial ALC-concept
description. Then we define éO as the first level participant set, which contains all
participants of the most outer operator O) € {M,U, =} of C, so that:

C = OC’Eéo C/

In all other cases, we define éO to be empty.

Also we do not cover negations in general in this paper, we already included
them in this definition, so future work can benefit form it. Note that for (*)n
and (7). the set will hold exactly one element, when the term is not actually a
conjunction or disjunction, name the term itself. In the rules of the CSMs this
must be handled by the condition, that the set must at least hold two elements,
before the suitable conjunction or disjunction rule is applied.

We also expand the weighting function from [4], so we not have to just redefine
it later.

Definition 17 (weighting function for DL). Let DL be a specific description logic and
f be an arbitrary mapping f : Nc U Ng — [0, 1]. Then we can define the weighting
function gpy : DL — Ry as:

f(A") if C is a Literal and A’ is its concept name
¢pr(Ch) if C is of the form —C’

gpe(C) = f(r)gpc(C) if C is of the form 3r.C’ or Vr.C'
HC/GEO ¢pr(C') if Cis a conjunction or disjunction

Because some circumstances may not need any concepts to be weighted, a de-
fault weighting function is defined, which weights every concept with 1.

Definition 18 (default weighting function for DL). gprger : DL — R with
VC € DL : gpr,aef(C) := 1, is the default weighting function for DL.

For most of this paper we will assume the use of ¢p 4.f to eliminate a variance

factor and because gp has no impact to most of the formal properties. If we not
use ¢pr,def, We will refer to the weighting function explicitly.
To measure the similarity between primitive concepts or role names, Karsten
Lehmann introduces primitive measures (pm). The values a pm maps to, have to
be pre-designed. This can be done by assumptions or experiences or statistical
analyses of pre-measured data. For the case that no pre-design is made or as a
starting point for designing such a pm, Karsten Lehmann introduced in his work
a default primitive measure pm,¢. Since we will replace pm by an other measure
and pmy, s is not needed to understand simi, we do not define pm,, ¢ explicitly.

Definition 19 (primitive measure). A function pm : N%W UN2 — [0,1] is a prim-
itive measure, if for all A,B € NCW andr,s,t € Ng holds:

o pm(A,B)=1<= A=B,

14



e pm(r,s) =1<=sCr,
o sy r=>pm(s,r) > 0and
o t Crs= pm(r,s) < pm(r,t)

Note that a pm do not have to be symmetric. The last component is a fuzzy
connector, which allows us to make simi commutative and so symmetric.

Definition 20 (fuzzy connector). We define that @ : [0,1]> — [0,1] is a fuzzy
connector if for all x,y € [0, 1] holds:

o x @Yy =y ® x (Commutativity)

o x®y =1 <= x =y = 1 (Equivalence closed)
o x <y = 1®x <1®y (Weak monotonicity)
e x®y=0= x=0Vy =0 (Bounded)

e 0®0 = 0 (Grounded)

Karsten Lehmann also shows [4], that every bounded t-norm is a fuzzy con-
nector. In fact, we want to limit the fuzzy connector to bounded t-norms, to have
simi and its expansions fulfil more formal properties.

With all these components defined, we can present the definition of simi. Itself is
just a connection of an inner asymmetric CSM simi; used in both directions. For
the connection, the fuzzy connector is used.

Definition 21 (simi). For C,D,E,F € ELH, ® being a fuzzy connector, pm*¥™ q
primitive measure, and g¢ r3 a weighting function, the concept similarity measure simi :
C(ELH)? — [0,1] is defined as follows:

simi(C, D) = simiyz(C, D) @ simiy(D, C)

with:
.= [e(C) * ,_= simiy(C', D! . R
Loen8(C) *Bpep, ; al ) ifC# Tand |Cn| > 1or |Dn| > 1
Yoee, 8ecu(Cl)
simiy(C, D) = 1 ye="T
pm(C, D) if C,D € Nc
pm(r,s)[w + (1 — w)simiy(E, F)] ifC=3r.Eand D = 3s.F
0 otherwise

and a suitable w > 0.

Note that the only changes to the version of Karsten Lehmann are the weight-
ing function g¢ 3 and the operator (-), which are just expanded to handle more
constructors. So simi is still equal. Also note that it can be possible, that all par-
ticipants of a conjunction are weighted 0, the calculation will not be defined. For

15



this paper we want to stay with gp 4.f, so this case is temporarily covered.
Because simi is designed for multiple combinations of the previously introduced
components, formally this components are specified in the following order:

simi[fuzzy connector, t-conorm, primitive measure, weighting function, w]

For shorter formulas we want to refer simi and its expansions by dropping the
brackets. If needed, we will refer the components in an other way. Also still
referred to as fuzzy connector, please remember our limitation on the fuzzy con-
nectors to bounded t-norms.

2.3.2 Formal Properties for CSMs

In the following we took the similarity-measure properties from [4] and defined
them for a general CSM sim.

Definition 22 (similarity-measure properties). Let sim be a similarity measure on
a specific DL, C,D,E,F,U,L € DL, (Cy)y be sequences of concept description with
Vi,j € N,i # j: C; L C;jand Ics the least common subsumer. We define the following
properties:

e Triangle Inequality: 1 + sim(E, D) > sim(E,C) + sim(C, D)

Equivalence Invariant: C = D —> sim(C,E) = sim(D, E)

Equivalence Closed: sim(C,D) =1<= C=D

Subsumption Preserving: C C D C E = sim(C, D) > simi(C,E)

Reverse Subsumption Preserving: C C D C E = sim(C,E) < sim(D,E)
Dissimilar Closed: C 2 T AD # T Ales(C,D) = T = sim(C,D) =0
Bounded: C # L AD # L ANles(C,D) # T = sim(C,D) >0

Structural Dependent for 1: for all sequences (Cy, ) of atoms with Vi, j € IN,i #
j:Ci A Cjand forall E,D € C(DL) the concept descriptions

Dn = ITl-<nCl- nD
E,:=1;,CTME

fulfil:
limy,—y00 sim(Dy, Ey) =1

o Structural Dependent for L: for all sequences (Cy,),, of atoms with Vi, j € IN,i #
j:Ci A Cjand forall E,D € C(DL) the concept descriptions

Dn = Ui<nci uD
En = Ui<nci UE

fulfil:

16



limn*)oo Slm(Dn, En) - 1

Since we will expand to the disjunction U as a constructor, we changed Struc-
tural Dependent from [4] to Structural Dependent for I and adapted it to a new
property: Structural Dependent for L. We want to assume, a CSM working
on a specific DL DL can just fulfil Structural Dependent for O € {r,u}, if
O € const(DL).

Karsten Lehmann shows that simi fulfils the properties Equivalence Invariant,
Equivalence Closed, Subsumption Preserving and Bounded. For the assumption
that the weighting function ¢ maps every concept to a value bigger than 0, simi
is Structural Dependent for U. Furthermore for pmyg,s, simi is also Dissimilar
Closed. He also shows, that simi can generalize the Jaccard Index, a similarity
measure for sets.

Note that simi is specific designed to fulfil Subsumption Preserving. It benefits
from 1 being the neutral element for every bounded t-norm and the use of the
directed measure simiy.

More detail to simi and its properties can be found in [4].

2.4 Jaccard Index

Karsten Lehmann introduced in [4] the Jaccard Index as a structural measure, that
can be used to calculate similarities between sets of concept names. It actually
is an adaptation of a set similarity measure from [3] and accomplished to fulfil
almost all formal properties from 2.3.2. The essential idea of the Jaccard Index is
to compare the shared information of both sets with the overall information in
both sets. With the operator (-), defined by Karsten Lehmann, the Jaccard Index
Jacc is defined as:

_|CnD|

acc(C,D) := ——
Jace(C, D) CUD|

As already mentioned, we expand this operator to the first level ()-participant
set operator. This allows us to use the Jaccard Index not only on sets of concept
names, but also for sets of participants of a certain constructor ). Such an usage
needs some restrictions. So we have to ensure, that participants contained in both
sets, effect the result with a 1 and all other participants influence the result with a
0. By this, the calculation of the Jaccard Index will remain. In general, we will not
define the rules in the way of the Jaccard Index. But if possible, we define them
in a way, that enables us to to break the calculation down to the Jaccard Index,
if some restrictions are fulfilled. Within this paper the Jaccard Index will stay a
major tool to achieve the formal properties, especially Subsumption Preserving,
Reverse Subsumption Preserving and the fulfilling of the Triangle Inequality. In
fact, breaking the calculation down to the Jaccard Index will stay nearly the only
sufficient way to achieve the Triangle Inequality.
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2.5 Precondition Summary

For clarity we here summarize our preconditions for this paper. We will look
at CSMs that are symmetric and deterministic. For those, that use a fuzzy con-
nector like Karsten Lehmann does in simi, we assume this fuzzy connector to be
a bounded t-norm. Those working on a specific DLs DL and using a weight-
ing function, will in general use ¢gpr 4.f. The DLs the CSMs work on, will be
restricted to the constructors —, 1, L, 3,V and allow the constants T and L. Pos-
sible given TBoxes are assumed to be unfoldable, normalized and extended. Pos-
sible given RBoxes just contain simple role inclusion axioms. We assume every
concept description to be extended with the terminological knowledge from the
TBox, so they only contain primitive concept names. Also we assume them to be
at least in a name unique (normal) form, to prevent trivial violations of Equiva-
lence Invariance. If we need them to be in an unique normal form, we want to
achieve this by using the rules in 2.1.4.
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3 Simple Expansions and their
Influence on the Formal Properties

In this chapter we introduce some simple expansions of simi. As new construc-
tors there will be the disjunction LI, the V-quantification and a lighter version of
the negation, the primitive negation (—). First we will distinguish between three
different expansion types for simi. Then we investigate for all of the formal prop-
erties, under which circumstances they are fulfilled by one of the defined CSM,
that works on a DL with certain constructors. This will give us a big database of
concept descriptions for a later analysis of the formal properties.

3.1 Simple Expansions to more expressive DLs

We want to show three ways to expand CSM to more expressive DLs. The first
one is an expansion directly from simi. As mentioned in the recap, simi is pur-
posely designed to fulfil Subsumption Preserving. So this first expansion will be
purposely designed to fulfil Subsumption Preserving for conjunctions. As dual
case for this, the second expansion will revert this design and so purposely ful-
fil Reverse Subsumption Preserving for the disjunction. As third expansion, we
show that it is also possible to drop the design with the inner asymmetric CSM,
to get an on its own fully symmetric CSM.

Before we come to the expansion, we want to present definition and handling
of the primitive negation (). As we already pointed out, (—) is a lighter version of
the negation. In particular, (—) is a negation, that only occurs in front of primitive
concept names. In all other aspects it is the same as the normal known negation.

Definition 23 (NCpr)- For an acyclic TBox T, Nc,, is the set of all primitive concept
names.

Definition 24 (primitive negation). The primitive negation (—) is a negation, that
can only be applied to primitive concept names A € Nc,,.

Definition 25 (N,,). We define the set of all primitive literals as follows:
Npr = NCPV U{-A|A € NCW}

This definitions could also be done for concept names of N¢. But since we as-
sumed all concept description to just contain primitive concept names, we want
to use the more elemental definitions.

Handling the primitive negation (—) is rather easy, since we just can expand pm
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to the set of all primitive literals. We will call such an expansion a literal measure.
Since we will later introduce different literal measures, when referring to a literal
measure in general, we want to use Im. So we to not have do introduce a rule for
(—). All rules for the behaviour between primitive literals can be covered in the
literal measure.

For some DL with - € const(DL), we can also introduce a normal form, that
needs negations to be in front of concept names. This allows us to simulate —
by (—). Unfortunately it also requires, that for every other constructor, the corre-
sponding dual constructor has to be in const(DL) too. So if 3 € const(DL) also
V has to, if LI € const(DL) also M has to and the other ways around. An even
bigger disadvantage is, that if 1,10 € const(DL) the complexity of the trans-
formation form arbitrary concept description into such a normal is known to be
exponential in the length of the concept description. So an investigation of — will
still bring benefit.

3.1.1 Expansions using a asymmetric Sub-Measure simiy;,

We want to give two simple ways to build CSMs that use an inner asymmetric
sub-measure, like simi does. For the first one, we define a not necessarily sym-
metric literal measure.

Definition 26 (literal measure). A function Im*Y™ : N%pr UN2 — [0,1] is a literal
measure, if forall A, B € NLpr and r,s,t € Ng holds:

o Im™YV"(A,B)=1<= A=B
o A=-B = Im"™Y"(A,B) =0

Im®¥™(r,s) =1<=sCg,
o s Cpr=Im""(s,r) > 0and
o L s=Im™"(r,s) <Im™¥"(r,t)

Note that Im*Y™ can be symmetric for s Cx rholds Im*¥" (r,s) = Im*¥"(s,r) =
1. This is the case if R is empty, since so subsumption can only be achieved by
equivalence. In other cases where s C r without them being equivalent, a CSMs
that actually handling role names, will lose Equivalence Closed. So those cases
should be avoided.
This definition expands pm just by the second property. This property will later
be important to assure Dissimilar Closed for some of the CSM. As for pm, we also
define a default literal measure.

Definition 27 (default literal measure). We define the default literal measure ZmZZ?m :
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N%w UN2Z — [0,1], for p € (0,1] as follows

0 ifA+B

Im"I" (A, B) =
Mar (AB)=31 a_p

1 ifr=sorsCr
lm;g(m(r,s) =10 ifsZrandrLs
p ifrCsandsr
r,s € Nrand A,B € NLW

Note that if p is 1, lmg‘gfm is symmetric and the observations of before hold.
Also p can not be 0, or the fourth property of Definition 26 would not hold. With
Im™¥™", we can define the CSM simigsyy. Since for LI and V we just adapted the
calculations from M and 3, this is just a simple expansion of simi.

Definition 28 (simigsym). For a specific description logic DL, C,D, E,F € C(DL), ®
being a fuzzy connector, ® being a t-conorm, Im™Y™ q literal measure, and g a weighting
function, the concept similarity measure simizsym : C(DL)? — [0,1] is defined as
follows:

simigsym(C, D) = simig;,(C, D) ® simig; (D, C)

with:
Yoo [8(C) @y 55_simig;, (C', D’ . N
cec 8(C) DED”/ i ) ifC % Tand |Cq| >1or |Dn| >1
/ZC’Eéﬂ g(C) Y
PN Ch) % ,_n simig,.(C', D ~ ~
Lorea, 8(C) EBDEDH, ia ) ifC# Tand |Cy| >1or |Dy| >1
ZC’E@\_} g(c)
simig,(C,D) = { 1 fC=D=TorC=D=1

Im™Y™ (r,s)[w + (1 — w)simig;,(E,F)]  if C = 3r.Eand D = 3s.F or
C=Vr.Eand D = Vs.F

Im™¥" (A, B) ABeN,

0 otherwise

and a suitable w > 0.

This CSM covers the constructors (=), 1, LJ, 3 and V. So it can be used for every
DL with const(DL) C {(—),M,U,3,V} and even can use role hierarchies form an
Rbox R. As simi, simigsym is purposely designed to fulfil Subsumption Preserving
for M. Unfortunately for LI Subsumption Preserving does not hold, because of the
semantics of LI within DLs. We will go into more details, when we proof the
formal properties for the constructors in 3.2.

Also simigsyy is defined for different combinations of its components. So also here
these components are formally specified in the order:

simiasym [fuzzy connector, t-conorm, literal measure, weighting function, w]
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and also here we want to drop this formality, to get shorter formulas.

As simigsy, is purposely designed to fulfil Subsumption Preserving for 1, we
can do the same with Reverse Subsumption Preserving and L. Therefore we
first define a dual literal measure, that is the same as Im™Y™, but the asymmetric
properties for the role names are turned around.

Definition 29 (dual literal measure). A function Im®e N%W UN2Z — [0,1] isa
dual literal measure, if for all A, B € N, Ly andr,s,t € Ng holds:

o Im™al(A,B)=1<= A=B

e A=-B = Im™!(A,B)=0

o ImHil(y,s) =1 <= s g,

o s dp r=Im™l(s,r) > 0and

o r dp t = Im (s, 1) > Im™Y™ (s, t)

We can also receive the default measure by swapping around the asymmetric
conditions for the role names.

Definition 30 (default dual literal measure). We define the default dual literal mea-

sure lmgz‘}‘l : N%pr UN2 — [0,1], for p € (0,1] as follows

0 ifA#B
Imial (A, B) :=
mdef(/ ) {1 ifA:B

1 ifr=sorsJr
lmgz‘j?l(r,s) =10 ifsArandrDs
p ifrJdsands Ar
r,s € Nrand A,B € NLW
Definition 31 (simiy, ). For a specific description logic DL, C,D,E,F € C()DL,

® being a fuzzy connector, & being a t-conorm, Im™ a dual literal measure, and g a
weighting function simig,, : C(DL)* — [0,1] is defined as follows:

8imigy, (C, D) = simig;,« (C, D) ® simig;« (D, C)

with:
Lerecl8(C)* Opep simiar (€ D))y, 1 g ) > 1or D] > 1
) ZC'EG‘\ g(C) ) .
cheéu 5(C) + EBD/EBHSZmZdir*(C D) ifC# Tand |6u] > 1or \5u| >1
Zcfeéu g(cl)
simigy«(C,D) = { 1 fC=D=TorC=D=1
Im@al (v, ) [w + (1 — w)simi (E, F)] if C=3r.Eand D = 3s.F or
C=Vr.Eand D =Vs.F
Iméual (A, B) A,BeNL,
0 otherwise
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and a suitable w > 0.

The CSM itself differs from simigsym just in the use of a different literal measure.

So the introduces simig;,« is just a simiy;,, that uses Im#! instead of Im®Y" and

SiMigy,) @ SiMigsyn that uses simig;,« instead of simigy;,.
Here again the order of the formal specification of the components is:

simig,, [fuzzy connector, t-conorm, literal measure, weighting function, w]

which we want to drop for shorter formulas.

3.1.2 A Fully symmetric Expansion

We also want to introduce a method for those CSMs that not uses an inner asym-
metric CSM.

Definition 32 (symmetric literal measure). A function Im*¥™ : N %nr is a symmetric
literal measure, if forall A,B € N, Ly andr,s,t € Ng holds:

Im¥™(A,B) =1<= A =B,
Ims¥™ (A, B) = Im®™(B, A) and ImY" (r,s) = ImS¥™ (s, r)

o A=-B=>Im¥"(A,B) =0

o ImV"(r,;s) =1<=s=r,
o sCprorrCrs=Im¥Y"6") > 0 (bounded)
We can also define a default measure for ImSY",

Definition 33 (symmetric default literal measure). We define the symmetric de-

fault literal measure lmzzyf : N%pr UN2Z — [0,1], for p € (0,1) as follows:

sym 0 ifA#B
Im*" (A, B) :=

mdef( ') {1 ifA:B
ifr=s

lmzlz;”(r,s) = ifsCrrorrCrs

|
[

otherwise

To handle conjunctions and disjunctions, we define a symmetric operator, that
adapts @, 65Hsimid(C’ ,D’) in a symmetric way. First of all, the recursive call
of simiy should be the fully symmetric CSM. Therefore the new operator has to
know some CSM simiyy. Because we want to keep the property from [4], to be
a generalisation of the Jaccard Index, for every first level participant that occurs
in C and D, the operator should return 1. All other first level participants should
be recursively compared with the first level participant from the other concept
description.
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Definition 34 (handleggimi""). Let C,D € C(DL), E € CQ U 13@, O be a operator

of DL and & be a t-conorm. We define handleggimi“(E’) : C(DL) — [0,1] for an
specific simiyy as follows:

1 E' ¢ 6@ N ﬁo
DOprep,, simix:(E, D) E' € Co\Do
Dcrec, simixe(E,C)  E'€ Do\Co

0 otherwise

handleggimi” (E') =

Since this operator and Im*Y" are symmetric, we can easily define a fully sym-
metric CSM simnisyy,.

Definition 35 (simisyy). For a specific description logic DL, C,D € C(DL), Im™¥™
a symmetric literal measure and g a weighting function and handleg’:‘?ml” (E") using a
t-conorm &, simisyy, : C(DL)* —> [0,1] is defined as follows:

’_‘I j 'S m
Ypec up,. [8(E) * handle. """ (E')]

ZEIGG—\Uﬁm g(E/u)szml

Yprec,ub, [§(E') * handlec ™" (E')]
L. ZE’efuuﬁu g(E/)
simisyn(C, D) = Im™¥™ (r,s)[w + (1 — w)simisy, (E,F)]  if C = 3r.Eand D = 3s.F or
C=Vr.Eand D =Vs.F

if |Cn| > 1or |Dn| > 1

lf|é\u‘ > 101’|l/ju| >1

1 fC=D=TorC=D=1
ImsY" (A, B) A,B e NLP,,
0 otherwise

and a suitable w > 0.

Since simisyy, is symmetric by its own, there is no fuzzy connector needed. The
formal specification of its components is as follows:

SiMisym [t-conorm, literal measure, weighting function, w]

Like before, for the rest of this paper we want to drop this specification for shorter
formulas.

3.1.3 Generalisation of a CSM Structure

Since the rules for the constructor will be essential to the fulfilling of the for-
mal properties, we want to introduce a general quotation for those rules. This
will allow us to analyse these rule, without doing vague references. The general
structure of this kind of CSM is:

24



collecty(C,D)

connect - (choosery) for O € {M, U}

sim(C,D) = connecto(chooseg,choose%) for O € {V,3}
fintely many special values  for finitely many special cases

default value otherwise

So for the conjunction M and the disjunction LI, we have a collect(C, D) func-
tion, that builds out of C and D a set of concept descriptions. The choose func-

tion calculates for every concept description given to it a value between 0 and

1. The connectco”eao(C'D) function takes the concepts of collect(C, D), forwards

them to choosery and calculates from the returns of choose the final similarity

collect~(C,D
value. For shorter formulas, we also want to refer these connecto oD as

connectn or connect,.
For the 3-quantification and V-quantification we have a chooseg function, which

calculates a similarity between the role names and a choosecO that calculates a
similarity between the concept descriptions the quantifications are put on. Note
that in choose®, the € is no reference to the input concept C. It just declares, that
this is the choose-function for the concept description. The function connecty or
respectively connects connects the returns of the both functions to a final similar-
ity value.

The finitely many special cases will cover the handling of the constants T and L and
other special cases, that may occur. As usual the otherwise cover all cases, where
none of the former rules can be applied to, with a default value. The specifications
of the functions are:

choose;/ chooser, : DL — [0,1]
choosel /choose® : Ng — [0,1]
choose$ / choose§ : DL — [0,1]

collect : DL? — P(DL)

llect~(C,D
connectco0 ecto (D)

. [Oll]|collectO(C,D)\ N [0’1]
connecty /connects : [0,1]* — [0,1]

Note that for future work, a rule for the negation — can be generalized in the
same way. But since we do not cover the negation — in this paper, we leave it out.
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Example 1. For simisy;, we have:

connectglleCtO(C'D) = meanﬁ)’l]({chooseO(E')|E’ € collect ;(C,D)})
collect ,(C,D) = CLuUD,

Ll,simisym

andlec', " (E')

h
= handle " (E")
= c,D

)
collectn(C,D) = Ch U Dn
choosey;(E")

)

choosen (E’

8

where mean[oll]

is the mean of with g weighted values between 0 and 1

connecty = choose%(r,s)[w +(1— w)chooseCO(E,F)]
choosel (r,s) = chooseX (r,s) = Im*¥" (r,s)

chooseg(E,F) = chooseg(E, F) = simisyn (E, F)
special cases:

C=D=TorC=D=1—1
A,B e NLW — Im*¥"™(A, B)

default value : 0

Example 1 gives us an idea, how this generalisation work. We can do it the
same way for simiy, simig;, and simig;,«. For simi, simiasy, and simig,, we would
additionally need a function, that connects the inner asymmetric CSMs. But since
this will always be the fuzzy connector, we do not introduce a generalized name
for it.

3.2 The Formal Properties and their Preservation by
the Constructors

We now take a look on the formal properties and check for the literal measures
and every constructor, under which conditions they preserve this property. The
idea is, that if we have a DL and const(DL), we can do an inductive proof over
the structure of DL. So we define

Definition 36. Let DL be a specific description logic and S C C(DL) be a set of concept
description, what fulfils the property o™ for a CSM sim on DL. A constructor ) €
const(DL) preserves o™ for sim on DL, if for all possible chosen S and Cy, - - - ,Cy, €
S holds:

S ={O(C1,---,Cu)} US fulfils obrob
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this means, if we have a set S of concept description, that fulfil a property,
and a constructor, that preserves this same property, we can expand S with the
constructor and the resulting set S’ will not violate the property. As induction
base serves the literal measure. If the constructor preserves the property, we can
do the induction step. Note that it can be possible, that a constructor preserves a
property just under certain conditions. Then we have to check these conditions,
to do the induction step.
For shorter formulas, we want to assume all role name relations to be with respect
to R. So we write r C s and r = s instead of r C s and ¥ =5 s. Also, most of
the properties can be proofed easier for simisy,, so we usually start with this
expansion first.

3.2.1 Equivalence Invariant and Equivalence Closed

Since Equivalence Invariant can easily be achieved by a unique normal form, we
will not investigate the relations between Equivalence Closed and the construc-
tors here.

Theorem 1. For every CSM sim is Equivalence Invariant if it uses a unique normal
form.

This theorem obviously is true, because with a unique normal form, two con-

cept description that are equivalent have the same syntactic appearance. So they
are semantically and syntactically equal. This means, calculating the similarity to
a third concept description with the same deterministic CSM, will take the same
steps and so return in both cases the same results.
Note that Equivalence Invariant can also be achieved in some other way. For N,
and Ny this is done by our assumption, that our normal forms are at least name
unique. The rules of the constructors must be as interchangeable as they can be
equivalently transformed into each other. For example, for ~C—-D = ~(CUD)
must hold that calculation of the negation applied on the disjunction isomorph
to the conjunction applied on the negations is. Also for distributive transfor-
mations like 3r.C L 3r.D = 3r.(C U D) regarded. Especially the transformation
Ir.CNVr.(CMD)=3r.(C1D)NVr.(CMND) could make problems with this ap-
proach. Also note, that our restrictions for TBoxes to be unfoldable and that for
equivalent role names, one is chosen for the syntax, we achieved that trivial vio-
lations of Equivalence Invariant are excluded. So it is not to possible violate this
property just because we have two equivalent role or concept names, with differ-
ent similarities to other role or concept names.

Equivalence Closed holds trivially for literal measure. Also the role names are
no concept descriptions, we will still want the literal measures /m to be Equivalent
Closed in Ng. To our advantage, this also holds trivially.

For the rest of the paper we want explicitly differ between a literal measures Im to
fulfil a property within Ny, - and a literal measures Im to fulfil a property within
Ng.
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Lemma 1. Every literal measure Im®¥™, Im®Y™ or Im?"%! is Equivalence Closed in N,
Every symmetric literal measure Im*Y"™ is also Equivalence Closed in Ng.

Proof 1 (Lemma 1).

From the first property of Definitions 26, 29 and 32 follows immediately, that

every both are Equivalence Closed in Ny .
Additionally the rules of Definition 32 ensures, that /m*¥™ is also Equivalence

Closed in Ng.
O

We can prove, that for simisy, every constructor preserves Equivalence Closed.

Theorem 2. Let simisyy be on a specific DL. We can say for the constructors of DL,
that for simisy,:

1) The conjunction M and disjunction U preserve Equivalence Closed.
2) The 3- and V-quantification preserve Equivalence Closed.
Proof 2 (Theorem 2).
1) Let C =[];C; and D =[1;D;. We have to show, that for
simisym(C;, Dj) =1 <= C; = D;
holds:
simisym(C,D) =1+= C=D
Let simisyy, (C, D) = 1. Since :
collectrn(C,D) = CnUDn
and for n = |collectn(C, D)| holds:

collect~(C,D
connectp, ol )(xl,..., Xp)=l<=x=.=x,=1

we have:

VE' € collectr(C, D) : choosen(E') = 1
< VE' € collect(C,D) : E' € CryN Dy
= (ChuDn) € (ChnDn)

— (ChuDn) = (ChnDn)
= Cn=Dn
<~ C=D

For the disjunction the argumentation is the same.
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2)

Let C = Vr.C' and D = Vs.D’. We have to show, that for
simisym(C',D') =1+=C =D’

and
Im¥"(r,s) =1l<=r=s

hold:

simisym(C,D) =1 <= C=D
Let simisyn, (C, D) = 1. Since:

choosel (r,s) = Im*¥™ (r,s)

chooseg(E, F) = simisyn (E, F)

and it holds that:
connecty(x,x) =1<=x1=x=1

we have:

choosel (r,s) = choose§(C',D') =1
> Im™¥" (r,s) = simigym(C',D') =1
—r=5C =D

<~ C=D

The argumentation for the 3-quantification is the same.

O

Due to their asymmetric structure, the proof for simiasym is not so obvious. The
following lemma states two properties for simig;,, that will help us with the proof.

Lemma 2. Let simiy;, be on a specific DL. For the constructors of DL and the property:

simidi,(C, D) =1« CID

we can say, that for simig;,:

1) The literal measure Im*Y™ fulfils this property

2) The conjunction I preserves this property

3) The 3- and V-quantification preserve this property

Also it holds that:
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4) the disjunction U preserves at least:

C=D= simidi,(C, D) =1

The first property is taken from [4]. We just adapted it for our expansion. In
fact, it would have been enough to show, that all those constructors prevent the
second property, to proof Equivalence closed for sinigsyn. But since the first one
implies the second one and we will need the first one for later proofs, we will
prove it right now.

Proof 3 (Lemma 2).

1) Since on the level of literals, subsumption can just be achieved by equiva-
lence, this follows directly from the Definition 26.

2) Let C =T1;C; and D =[1;D;. We can argue:
simid,-r(C,D) =1<«<=V(;: HD] : simidir(Ci, D]) =1
3) LetC = Vr.C' and D = Vs.D'. Since this property by definition applies to

Im*Y™(r,s), we can argue:

simig;,(C,D) = 1 <= pm™¥"(r,s) = 1 A simiy;(C',D’) = 1
«—rJdsAnC JD

The argumentation for the 3-quantification is the same.
4) LetC=|J;Ciand D = |_|]~ D;. We can argue:
C=D=VC;eCy:3DjeDy:C =D
<~ V(; € éu : ED] S ﬁu : simidir(Ci, D]) =1
<~ simidir(C,D) =1.

O

This property allows our next theorem about Equivalence Closed and the con-
structors handled by simigsym.

Theorem 3. Let simigsym be on a specific DL and use the fuzzy connector ®. We can
say for the constructors of DL, that for simigsym:

1) The conjunction M, the 3- and V-quantification preserve Equivalence Closed.

2) The disjunction U preserves Equivalence Closed.
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Proof 4 (Theorem 3).

1) Since for simig;, all these constructors preserve the first property from Lemma 2,
we can argue:

simiasym (C, D) = 1 <= simiy;,(C, D) ® simig;,(D,C) = 1
<> simiy;,(C,D) =1 Asimiyg;,(D,C) =1
<~ CJIDADZIC
<— C=D.

2) Because of a unique normal form we can argue:

simiagsym(C, D) = 1 <= simiy;,(C, D) ® simig;(D,C) = 1
<> simiy;,(C,D) =1 A simig;,(D,C) =1
<= VC; € Cuy: 3D;j € Dy, : simiy;, (C;, Dj) = 1
AVD, € Dy : 3Cy € Cy, : simigy (Do, Cp) = 1
<:>VC1-€6U:EID]-€I§U:C,<ED]-
AVD, € Dy:3C, € Cy: Dy = Cp
<~— C=D.

Since simig,, is nearly the same as sinigzsym, we can adapt the proof, to show
Equivalence Closed for simiy, ;. For this adaption we have to remember, the only
difference between simigsyy and simig,, is the used literal measure. These again
differ just in the direction of their role name related properties. This means this
time, that simig;,«(3r.C,3s.D) = 1if C C D and r C s (same for V). And instead
for 11, the adapted property holds for L.

Corollary 1. We can adapt Proof 3 to show that Im“*® fulfils and for simig;, the con-
structors U, 3 and ¥ preserve the following property:

simidi,* (C, D) =1«<—CLCD

Furthermore we can adapt Proof 4 to show, that for simiy,,; the constructors LI, 11, 3 and
V preserve Equivalence Closed.

3.2.2 Subsumption Preserving and Reverse Subsumption
Preserving

The measures Im®Y™, Im*¥™ and Im““% are trivially Subsumption Preserving in

Ny,,. Same holds for Reverse Subsumption Preserving. To preserve the proper-
ties also for the quantifications, we have to set some requirements to the relations
of the role names. While for Im®*¥™ the definitions of Subsumption Preserving and
Reverse Subsumption Preserving can easily be taken on to Ny, Im®¥" and Im™!
need some precise definitions.
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Definition 37. We define Im®"%! to be Subsumption Preserving in Ny if for all 1,s,t €
Ng holds:

s Jr = Im™ (s, 1) < Im™(r,1)

s Jr— lmd”“l(t,s) < lmd””l(t,s)

Since in simizsy, the quantifications preserve Subsumption Preserving due to
its special design, we do not need [m*¥™ to fulfil additional requirements. For
Reverse Subsumption Preserving it will be the other way around. Here Im®!
will not need to fulfil additional requirements.

Definition 38. We define Im"*¥" to be Reverse Subsumption Preserving in Ny if for all
r,s,t € Ny holds:

s Jr = Im®™"(s,t) > Im"Y" (r,t)
s dr = Im™Y"(t,s) > Im™Y"(t,s)

The definitions for [m*¥™ to be Subsumption Preserving or Reverse Subsump-
tion Preserving in Ny stay as usual, since it is fully symmetric. With the first of
these definitions we formulate the following lemma for Subsumption Preserving.

Lemma 3. Every literal measure lm*Y™, Im®¥"™ or Im™ is Subsumption Preserving
in Np,,. Also Im™™ and Im#al can be constructed to fulfil Subsumption Preserving in

Nr. We denote those by adding the index sp: Im3p, Im&s.

Proof 5 (Lemma 3).

Since on the level of concept names subsumption can only be achieved by
equivalence, we have for every Ay C Ay C A3, A; € Ny, that Im™Y" (A4, Ap) =
Im™Y™ (A1, Az) = 1. So Im*¥™ Subsumption Preserving is for literals.

The argumentations for Im®¥™ and Im™ are the same.
Since non of the properties of Im*¥™ and Im“"% contradict Subsumption Preserv-
ing in N, both can be constructed to fulfil this property.

O

This proof can also be used for Reverse Subsumption Preserving.

Corollary 2. Every literal measure lm*¥"™,Im*¥" or Im¥a! is Reverse Subsumption

Preserving in Np,,. Also Im™™ and Im™¥™ can can be constructed to fulfil Reverse
asym
MRsp

Subsumption Preserving in Ng. We denote those by adding -gsp: lmggj, l

For the in 3.1 defined I mZZZ? we have, thatif s J 7, every t C r is also subsumed
by s. So lm;i? gives r and t the same similarity as s and t, exceptr = tors =r = t.
Same argumentation can be done for # J s. So lm;zyf by definition fulfils both
properties.

Corollary 3. Every lm;z;l Subsumption Preserving and Reverse Subsumption Preserv-
ing in Ng.
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The next theorem shows under which conditions the constructors preserve
Subsumption Preserving for simisy;,.

Theorem 4. Let simisyy be on a specific DL.We can say for the constructors of DL,
that for simisyy,:

1) The conjunction M not generally preserves Subsumption Preserving.
2) The disjunction U not generally preserves Subsumption Preserving.

3) The 3- and V-quantification not generally preserve Subsumption Preserving.
Furthermore holds:

4) The conjunction 1 preserves Subsumption Preserving, if for all possible partici-
pants C; of the conjunctions additionally holds:

CGI2CG<=C=G

5) The disjunction U preserves Subsumption Preserving, if for all possible partici-
pants C; of the disjunctions additionally holds:

CEdCG<=C=0C

and
simisym(Cl,Q) =0« (C # @)

6) The 3- and V-quantification preserves Subsumption Preserving, for lm“;ypm

Note that 4) and 5) take advantage of Im*¥" being Equivalence Closed. Because
in both cases, we want subsumptions automatically be equivalences and Im*Y" is
Equivalence Closed, this results in every pair of each other subsuming partici-
pants having an similarity value of 1. Note also, that a more general restriction
for 5) is, that just equivalences between the possible participants of the disjunc-
tions return 1 and every other pair 0. Essentially this is the same, except that this
also allows subsumption beside equivalences. Therefore it also has no possible
knowledge about concept description that subsume each other. Anyway, both
cases break the calculation down to the Jaccard Index [4].

Proof 6 (Theorem 4).

1) LetE = E;,D = Dy and C = C; MGy with E; O Dy 1 Cq. By condition
simisym(C1, D1) > simisy, (Cq, E1). Since there are no further restrictions, it
can be possible that

Simisym(CZ, El) > 2% Simisym(CZ, Dl)

and
simisym(Co, D1) > simisynm (Cy, D1)

So we have:
. 2, 4 . ..
simisyu (C, E) > 3 * simisyn (Ca, E1) > 3 % siMisyy (Cp, D1) > simisy, (C, D)

Thus the conjunction I not generally preserves Subsumption Preserving.
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2)

3)

4)

Let E = E{UEy, D = D and C = C; with E; 3 Dy J Cy. By assumption
simisym (C1, D1) > simisy, (Cq, E1). Since there are no further restrictions, it
can be possible that:

simisym (Cq, Ep) > 2 % simisy;u (C1, Dy)
and
simisym (Cl, El) = simisym (Cl, Dl)

So we have:
. 2 . 4 . ..
simisy, (C, E) > 3 * simisy, (C1, E) > 3 % siMisyy (C1, D1) > simisy;, (C, D)

Thus the disjunction LI not generally preserves Subsumption Preserving.

Let E = Vrg.E1,D = Vrp.D; and C = Vrp.C; with E; J Dy O Cy and
rg 2 rp 3 rc. By assumption simisy,; (C1, D1) > simisyu(Cy, Eq). Since
there are no further restrictions, it can be possible that:
w + (1 — w)simisyy (Cy, D1)
w + (1 — w)simisy, (Cy, Eq)
= Im™" (rc,7g) * [w + (1 — w)simisy, (Cy, E1)]
> Im™" (re,rp) * [w + (1 — w)simisyn (Cy, Dy)
== simisyn (C, E) > simisy, (C, D)]

Im¥™ (r, rg) > Im™™ (rc,rp)

Thus the V-quantification not generally preserves Subsumption Preserving.
The argumentation for the 3-quantification is the same.

Let E =[;E;, D :|_|]D] and C =[;C, with E O3 D 3 C. Since this is a
conjunction this means:
D O3 C <= VD; € Dn:3C € Cn:D; 3 Cx
@VDjGﬁHZHCkEGWSDjECk
= Dn C Cny

The same can be shown for E 1 C and E J D. Since so clearly Em - ﬁm C

-~ collect(C,D) . B
Cn and connect n(CD) is monotone, we can argue:

VE; € En : 3D; € Dy : E; = D;
«=VCy € Cn,VE; € En : 3D; € Dn : simisym(Cy, E;) = simisym(C, D;)
=VCy € Cn,VE; € En : 3D; € Dn : simisym(Cy, E;) < simisym(C, Dj)
<=simisy, (C, E) < simisy;, (C, D)

So Subsumption Preserving is fulfilled.
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5)

6)

Let E = |; E;, D = |J; D; and C = ||, C, with E O3 D O C. Since this is a
disjunction this means:
D C<«=VC e Cu:3Dj€Dy:D; 3Gk

<= V(e C,:3D;€ Dy :Dj =G

—— éu - D\U
The same can be shown for E 2 C and E 2 D. By the additional assump-
tions and C, C ﬁu C Eu we have:
|éuﬂfu| _ |6u| < |6u| _ |6uﬂf)u\
|CLUE| |Eu| — |Dul |CL U Dy|

simisym(C,E) = = simisym (C, D)

So Subsumption Preserving is fulfilled.

Let E = Vrg.Eq,D = Vrp.Dy and C = Vrp.C; with Ey J Dy J Cyand rg J

rp 3 rc. According to the additional assumption along with simisy, (C1,Dq) >

simisym(Cy, E1) also lmssypm(rc,rp) > lm;ypm(rc,rE) holds. Since connecty is

monotone, this directly implies that simisy, (C,D) > simisym (C, E ). So Sub-
sumption Preserving is fulfilled.
The argumentation for the 3-quantification is the same.

O

So for simisy;, the conjunction M and disjunction L just preserve Subsumption

Preserving for special conditions. We can synthesize these conditions with / m“;ye;"

and limitations of const(DL).

Corollary 4. For DL, simisy,, and Subsumption Preserving we have:

1)

2)

The conjunction M preserves Subsumption Preserving for Im*¥™ and const(DL) C

{(=).1}
The disjunction Ul preserves Subsumption Preserving for lmzzyf and const(DL) C

{(=),U}

Before we proof Subsumption Preserving for simissy,, we introduce another
lemma with a property for simigz;,. This lemma is again taken from [4] and ex-
panded to Im*¥" and our additional constructors.

Lemma 4. Let simiy;, be on a specific DL. For const(DL) and the property:

EJ D = VC :simiy,(C,E) < simiy;, (C,D)

we can say that for simiy;,.:

1)

The literal measure Im"Y™ fulfils this property.
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2) The conjunction 1, the 3- and V-quantification preserve this property.

This property is the cause, simissyn preserves Subsumption Preserving for most
constructors. In particular, the asymmetric properties for role names in Im®*¥™
make the quantifications fulfil this property for simiy;,.. Because for the conjunc-
tion holds, that [;D; J[1;C; if and only if for every D; there exists a C; that is
subsumed by D; (see [4]), it also preserves this property. For the disjunction this

is not possible.

Proof 7 (Lemma 4).

1) Since on the level of literals, subsumption can only be achieved by equiva-
lence, Im*¥™ fulfils this property.

2) Let E = Vrg.E1,D = Vrp.Dj and C = Vrc.Cq with E; J Dy J Cy and
rg O rp 1 rc. By assumption, this property follows directly the fourth
property of Definition 26.

Let E =[;E;, D =[1;D; and C =[;C;. Since this is a conjunction, we have:

EJ D<= VE; € En:3D) € Dn: E; I D;
< VCg € C\ﬂ,in S Eﬂ : E|D] S f)m : simidi,(Ck, Ei) < simidi,(Ck, D])
< simig;, (C, E) < simig;,(C, D)

The argumentation for the 3-quantification is the same.

O

This property effects, that for the constructors (—),M,3and Vand CC D C E,
one direction of simiy;, is 1. For the quantifications the last rule of Definition 26
guarantees that for the other direction Subsumption Preserving holds. Since in
conjunctions, the subsuming term are always shorter or equal to the subsumed
ones, for conjunctions the other directions also are Subsumption Preserving. So
with 1 being the neutral element for the t-norm, the Subsumption Preserving
preserving values will be returned for simissy,. Here our limitation of the fuzzy
connectors to bounded t-norm takes effect. We need the neutral element 1 for the
fuzzy connector, to get Subsumption Preserving for simizsy,. But note that also
other fuzzy connectors with the neutral element I will fulfil this purpose.

Theorem 5. Let simigsym be on a specific DL.We can say for const(DL), that for
SiMisym:

1) The conjunction M, the 3- and V-quantification preserve Subsumption Preserving.
2) The disjunction Ll not generally preserves Subsumption Preserving.

Furthermore holds:
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3) The disjunction U preserves Subsumption Preserving, if for all possible partici-
pants C; of the disjunction additionally holds:

CGdCG<=C=0C

and
simigiy(C1,C2) = 0 Asimigy (Co, C1) = 0 <= C1 £ &

Note that here 3) takes advantage of 11,5y, being Equivalence Closed. Also
here, only equivalence returning 1 and everything else 0, could be more general
condition.

Proof 8 (Theorem 5).
1) With Lemma 2 and the identity property of ® holds:
simigsym(C, D) = simig;,(C, D) ® simig; (D, C)

= simidl-r(C, D) ®1
= simig;(C, D)

The same holds for simiasyu (C, E). By Lemma 4 and E 3 D, it follows that:

simiasym (C, E) = simig;,(C, E) < simig;,(C, D) = sinigsym(C, D)
So Subsumption Preserving is fulfilled.

2) LetE = E{UE,, D= Dqand C = Cy with E; O D; 3 C;. Since there are no
further restrictions, it can be possible that:
simig;y(C1, D1) = simig;;(C1, E1)
— simig;,(Cy, E2)
=1
simigiy(E, C1) > 2 simig;, (D1, Cy)
and
simig;,(E1, C1) = simig; (D1, Cy)

So we have:

simigi,(E,C) > ESlmldir(EL C1) > simig;,(D1,Cy) = simig;, (D, C)
simig;,(C,E) = 1 = simiy;, (C,D)
what, along with 1 being the neutral element of ®, implies:

simiagsym(C, E) = simig;, (E,C) > simigy;, (D, C) = simigsym(C, D)
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3)

Let E = |; E;, D = |J; D; and C = ||, C, with E O3 D O C. Since this is a
disjunction this means:

DQC@VCkEGHZHDjEﬁuZD]‘QCk

The same can be shown for E J C and E J D. So we have |6u| < |f)u\ <
|ELi| Because of the additional assumption and simiy;, being Equivalence
Closed, holds:

_|GunEy| _ |G| _ [CunDy|

simig;, (C,E) ~ == ~ = simiy;, (C, D)
v |Cul |Cul |Cul !
CuNE C C CunND
simig;y (E, C) _ICunBy] _ JCu] < (Cul _ ICun Dyl = simig;,(E, D)
|Eu| |Eu| — |Dul |Dy|

From 1 being the neutral element for ®, follows
simiﬂsym(C,E) < simiasym(C,D)
So Subsumption Preserving is fulfilled.

O

With a limitation of const(DL) and lm;ye;n, the requirements for 3) can be im-
plemented.

Corollary 5. For DL, simigsyy, and Subsumption Preserving, the disjunction LI pre-
serves Subsumption Preserving for lm;yejf and const(DL) C {(—),U}.

For simisy, and Reverse Subsumption Preserving the theorem is pretty much
the same as for Subsumption Preserving. Just the requirements for M and LI to
fulfil it are exchanged. So we can say, that for Reverse Subsumption Preserving
the disjunction is the one, that is more likely to preserve it.

Theorem 6. Let simisy,;, be on a specific DL.We can say for const(DL), that for
SiMisym:

1)
2)
3)

The conjunction M not generally preserves Reverse Subsumption Preserving.
The disjunction Ll not generally preserves Reverse Subsumption Preserving.

The 3- and V-quantification not generally preserve Reverse Subsumption Preserv-
ing.

Furthermore holds:

4)

The conjunction M preserves Reverse Subsumption Preserving, if for all possible
participants C; of the conjunction additionally holds:

CEdCG<=C=0C

and
simisym(Cl,Cz) =0« (C; i G
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5) The disjunction U preserves Reverse Subsumption Preserving, if for all possible
participants C; of the disjunction additionally holds:

CGdCG<=C=0C

6) The 3-and V-quantification preserves Reverse Subsumption Preserving, for | m;y;';

Again 4) and 5) take advantage of Im*¥™ being Equivalence closed. This time,
for 4) a more general condition could be, that only equivalence returns 1 and
everything else 0.

Proof 9 (Theorem 6).

1) LetE = E;,D = Dy and C = Cy M Cy with E; O D; J Cy. By condition
simisym (C1, E1) < simisyn (D1, E1). Since there are no further restrictions, it
can be possible that

simisym(Co, E1) > 2 % simisy;u (D, Eq)

and
simisym (E1, D1) = simisym(E1, Cy)

So we have:

o 2. 4 . .
simisyu (C, E) > 3 * simisym (Ca, E1) > 3 * sitisy, (D1, E1) > simisym (D, E)
Thus the conjunction I not generally preserves Reverse Subsumption Pre-
serving.

2) LetE = E1UE;,D = D and C = Cy with E; J Dy 3 Cy. By assumption
simisym (Cq, E1) < simisyu (D1, E1). Since there are no further restrictions, it
can be possible that:

simisym (C1, Ep) > 2 % simisy;u (D, Eq)

and
simisy; (D1, Ez) > simisy, (D, Eq)

So we have:

. 2. 4 ..
simisyu(C,E) > 3 % simisyu (C1, Ez) > 3 * sitisy (D, E1) > simisy, (D, E)

Thus the disjunction LI not generally preserves Reverse Subsumption Pre-
serving.

3) Let E = Vrg.E,D = Vrp.D1 and C = Vrp.C; with E; J Dy O Cy and
rg 2 rp 2 re. By assumption simisyy, (D1, E1) > simisyn(Cy, Eq). Since
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4)

5)

there are no further restrictions, it can be possible that:

w + (1 — w)simisym (D1, E1)
w ~+ (1 — w)simisym(C1, E1)
= Im™¥" (rc, rg) [w + (1 — w)simisym (Cy, Eq)]

> Im™¥" (re,rp)[w + (1 — w)simisym (D1, Ey)]
— simigyw(C, E) > sinisym(D, E)

Im*¥™ (rc,rg) > Im™" (rp, vE)

Thus the V-quantification not generally preserves Reverse Subsumption Pre-
serving.
The argumentation for the 3-quantification is the same.

Let E :l_liEirD :|_|]D] and C :|_|ka with E J D I C. Since this is a
conjunction this means:
DJC<+=VD;j€Dn:3C€Cn:D; IG
<= VD; € Dr:3C € Cr:D; =G
= Dn C Cny
The same can be shown for E J Cand E 2 D. By the additional assumption
and C, O ﬁu | Eu we have:
_ICunEy| _ |E] - Eu| _ [DunEy|
|CLUE| |Cul — |Du| Dy U Ey|

simisym (C, E) = simisym (D, E)

So Reverse Subsumption Preserving is fulfilled.
Let E = |;E;,D = L|; D; and C = ||, Cy with E J D I C. Since this is a
disjunction this means:
DJC+=VCeCy:3D;eDy:D; DG
<= VC e Cu:3D;eDy: D =G
— C, C Dy

The same can be shown for E J C and E J D. Since so clearly E,2D,2

C_ and connectfj”“tU is monotone, we can argue:
VCkeéu:Eleef)u:CkEDj
<=VE; € E,YCy € Cy: 3D; € Dy : simisym(Cy, E;) = simisym(D;, E;)
=VE; € E,,VCy € Cy : 3D; € Dy, : simisym (Cy, Ei) < simisym (D, E;)
<=simisym (C, E) < simisyn (D, E)

So Reverse Subsumption Preserving is fulfilled.
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6) LetE =Vrg.E1,D = Vrp.Dyand C = Vrp.Cy with E; 2 Dy J Cyand rg O
rp 2 r¢. According to the additional assumption, along with simisy,, (D1, E1) >
simisyn (Cq, E1) also lm;y;;(rD,rE) > lm;ygj(rc,rg) holds. Since connecty is
monotone, this directly implies that simisy,, (D, E) > simisy,(C,E). So Re-
verse Subsumption Preserving is fulfilled.
The argumentation for the 3-quantification is the same.

O

Like for Subsumption Preserving, we can synthesise the requirements for I
and LI to fulfil Reverse Subsumption Preserving by limiting const(DL) and mzy;

Corollary 6. For DL, simisyy, and Reverse Subsumption Preserving we have:

1) The conjunction M preserves Reverse Subsumption Preserving for | m;zjf and const(DL) C
{(=), 7}

2) The disjunction Ll preserves Reverse Subsumption Preserving for Im*¥™ and const(DL) C
{(=), 1}

For Reverse Subsumption Preserving simiszsy,m has no advantage towards simisy,.

Theorem 7. Let simigsym be on a specific DL.We can say for const(DL), that for
SiMmisym:

1) The conjunction M not generally preserves Reverse Subsumption Preserving.
2) The disjunction U not generally preserves Reverse Subsumption Preserving.

3) The 3- and V-quantification not generally preserve Reverse Subsumption Preserv-
ing.
Furthermore holds:

4) The conjunction T preserves Reverse Subsumption Preserving, if for all possible
participants C; of the conjunction additionally holds:

CI1CG=CG=0C

and
simidi,(Cl,Cz) =0<= C1 7_é C2

5) The disjunction Ul preserves Reverse Subsumption Preserving, if for all possible
participants C; of the disjunction additionally holds:

CGQ2CG<=C=CG

6) The 3- and V-quantification preserve Reverse Subsumption Preserving, for | m?;g ;1 .

Also here 4) and 5) take advantage of Im®¥™ being Equivalence Closed and
again for 4) a more general condition could be, that only equivalence returns 1
and everything else 0.
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Proof 10 (Theorem 7).

1)

2)

3)

Let E = E{,D = D; and C = C; M Cy with E; J Dy 3 C;. Since there are
no further restrictions, it can be possible that
simigiy (E1, D1) = simig;(E1, C1)
= simig;y (E, Cy1)
=1
simidir(Cg, El) > 2% Simidir(Dll El)
and
simig;y (Ca, E1) = simigr(Cy, Eq)

So we have:

simigir(C, E) > 5 % simigiy(Cy, Ev) = simigy (D1, Ev) > simigy (D, E)
simidir(E, C) =1= Simidir(E, D)
what, along with 1 being the neutral element of ®, implies:

simiasym (C, E) = simig;,(C,E) > simig;, (D, E) = simigsym (D, E)

Let E = E{UE, D = Dq and C = C; with E; O D7 3 C;. Since there are no
further restrictions, it can be possible that:

simig;, (D1, E1) = simig;(Cy, Eq)
= simig;; (C1, E)
=1

simigi,(Ep, C1) > 2% simiy;, (Eq, D1)

and
simig,(E1, D1) = simig;,(E1, Cy)

So we have:
simig;, (E,C) > %simid,»r(Ez, Cq) > simig;, (D1, Cq) = simig;, (D, C)
simig;,(C,E) = 1 = simiy;, (D, E)
what, along with 1 being the neutral element of ®, implies:
simiasym (C, E) = simig;,(E,C) > simig;, (D, C) = sinigsym(C, D)
Let E = Vrg.E{,D = Vrp.Dy and C = Vrp.C; with Ey J D7y J Cyand rg J

rp 3 rc. By assumption simig;, (D1, E1) > simig;,(C1, E1). By the second
property of Definition 26 we have Im®Y"dir(rg,rc) = Im*Y" (rg,rp) = 1.
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4)

5)

Since there are no further restrictions, it can be possible that simg;, (E,C) =
simg;,(E, D) = 1, which implies by identity of ® with 1, that:

simigsym (E, D) = simig;,(E, D) ® simig;, (D, E)

=1® simidi,(D, E)
= simig;(D, E)

The same can be shown for simigsym (E,C). Additionally it is possible that:

w + (1 — w)simig;, (D1, Eq)
w + (1 — w)simig;, (Cy, Ey)
— Im™Y" (rc,re)[w + (1 — w)simig, (Cy, Eq)]

> Im™¥" (rp, rg)[w + (1 — w)simig;, (D, Eq)]
= simiy;(C, E) > simig; (D, E)

Im®Y" (re,rg) > Im*™Y" (rp,vg)

Thus the V-quantification not generally preserves Reverse Subsumption Pre-
serving.
The argumentation for the 3-quantification is the same.

Let E =[];E;, D =[];D; and C =[C; with E J D J C. Since this is a
conjunction this means:
DJC<+=VD;j€Dn:3CeCn:D; IG
<= VD; € Drn:3C € Cr:Dj =G
— Dn C Cn
The same can be shown for E 3 Cand E 2 D. By the additional assumption
and C, O ﬁu | Eu we have:

_ICunEy| _ Byl _ |ELl _ |DunEy|

simig;, (C,E) — = =— < — = — = simig;; (D, E)
v |Cul ICul — Dy |Dyl !
CuNE E DuNE .
simig;,(E, C) _| o ul _ |Au| _ | — ul = simig;, (E, D)
|EL| |EL] |Eu

Because ® is monotone, also simigsym(C, E) < simiusym(D, E). So Reverse
Subsumption Preserving is fulfilled.

LetE = | E;, D = J; D; and C = ||, C, with E J D O C. Since this is a
disjunction this means:
D;C@VCkEGHZHDjEBHZD]‘;Ck
<:>Vck€6u13Dj€D\uiDjECk
— C, C Dy
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The same can be shown for E 1 C and E J D. Since so clearly Eu D ﬁu D)

Cu and connect®"*“!V is monotone, we can argue:

VCkeéu:HDjeﬁu:Cksz
<=VE; € E|,,¥Cy € Cy : 3D; € Dy « simig;y (Cy, E;) = simig;,(Dj, E;)
=VE; € E,VCy € Cuy: 3D; € Dy, : simigy, (Cy, E;) < simig;y (D}, E;)
<—simiy;, (C,E) < simiy;; (D, E)

j’

The same way we can show that simiy;, (E,C) < simig;,(E,D). Together
with the monotonicity of ®1 follows sintizsy,(C,E) < simigsym(D,E). So
Reverse Subsumption Preserving is fulfilled.

6) Let E = Vrg.E1,D = Vrp.Dy and C = Vrp.C; with E; J Dy Jd C; and
rg 2 rp 3 rc. This implies by Lemma 2, that

simig;; (E1, D1) = simig;,(E1, C1) =1
According to the additional assumption holds

simigi; (D1, E1) ® simig;,(Eq, D1) > simig,(Cy, E1) @ simig,(E1, Cq)
simigi; (D1, E1) ® 1 > simig;, (C1, E1) ® 1
simig;, (D1, E1) > simig;,(Cy, Eq)

and
asym asym
Impep (rp,7E) > Impgp (re, 1E)
asym _7,.asym _
Imgep (v, 7p) = Imypsp (re,7c) =1
Since ® and connecty are monotone, this implies that
simigsym (D, E) > simiasym(C, E)

So Reverse Subsumption Preserving is fulfilled.
The argumentation for the 3-quantification is the same.

Corollary 7. For DL, simigsym and Reverse Subsumption Preserving we have:

1) The conjunction N preserves Reverse Subsumption Preserving for lmggfm and
const(DL) C {(—), M}

2) Thedisjunction L preserves Reverse Subsumption Preserving for Im*Y™ and const(DL) C

{(=),1}
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As mentioned, simig,,; is designed dual to simigsy,. This means, that the asym-
metric properties of the role names in Im*¥" let the quantification term relate to
each other in an inverted way. Because of this, they preserve Reverse Subsump-
tion Preserving. Instead of the conjunction for simissym the disjunction happens
to preserve Reverse Subsumption Preserving as well. As drawback, simiy,,; has
for Subsumption Preserving no advantages towards simisy,.

The reverse design of simig,, starts with the additional property, that later can
be used to proof that almost all constructors preserve Reverse Subsumption Pre-
serving.

Corollary 8. With the property from Corollary 1, we can adapt Proof 7 to show that
simig;,~ fulfils and the constructor U,V and 3 preserve the property:

ECD—VC: simidir*(C,E) < simid,',* (C, D)

For Reverse Subsumption Preserving simig,,; got the advantages, that simigsym
got for Subsumption Preserving, except that the roles of the conjunction M and
the disjunction LI are interchanged.

Corollary 9. With the property form Corollary 8, we can adapt Proof 8 to show that for
simidwl:

1) The disjunction U, the 3- and V-quantification preserve Reverse Subsumption Pre-
serving.

2) The conjunction I not generally preserves Reverse Subsumption Preserving.
and furthermore:

3) The conjunction T preserves Reverse Subsumption Preserving, if for all possible
participants C; of the conjunction additionally holds:

C2CG<=C=0G

and
SITHL g (Cl, Cz) =0A simidir*(Cz, C1) =0=C #C

Corollary 10. For DL, simig,,; and Reverse Subsumption Preserving, the conjunction
[ preserves Subsumption Preserving for lmgle‘;l and const(DL) C {(—),M}.

For Subsumption Preserving simig,, got the disadvantages, that simissy, got
for Reverse Subsumption Preserving, except that again the roles of the conjunc-
tion M and the disjunction U are interchanged.

Corollary 11. We can adapt Proof 10 to show that for simig,,;:
1) The disjunction LI not generally preserves Subsumption Preserving.

2) The conjunction I not generally preserves Subsumption Preserving.
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3) The 3- and V-quantification not generally preserve Subsumption Preserving.
Furthermore holds:

4) The disjunction L preserves Subsumption Preserving, if for all possible partici-
pants C; of the disjunction additionally holds:

CQ2CG<=C=C

and
Simidir*(CLCg) =0<=C 7_é C

5) The conjunction 11 preserves Subsumption Preserving, if for all possible partici-
pants C; of the conjunction additionally holds:

CGdCG<=C=0C

6) The 3- and V-quantification preserve Subsumption Preserving, for Im%sl.
Corollary 12. For DL, simiy,,; and Subsumption Preserving we have:

1) The disjunction L preserves Subsumption Preserving for lmgz‘;’l and const(DL) C
{(=), 1}

2) The conjunction M preserves Subsumption Preserving for Im™! and const(DL) C
{(=). 1}

So simigsym and simig,, have an advantage towards simisy;, in the properties
Subsumption Preserving or Reverse Subsumption Preserving. Because of their
semantic, we also can say that the conjunction M is more likely to preserve Sub-
sumption Preserving and the disjunction LI is more likely to preserve Reverse
Subsumption Preserving.

3.2.3 Dissimilar Closed and Bounded

For the formal properties Dissimilar Closed and Bounded we have to distinguish
two cases. The first case is if LI € const(DL). For this case we trivially have that
les(C, D) = C U D. From this follows that:

les(C,D) =T < CJ-D

This is not only harder to check, but also brings major trouble for fulfilling Ics(C, D) =
T with quantifications. In fact, with just the primitive negation (—), it is impossi-

ble to produce T within a disjunction containing a quantification.

The second case is, that L ¢ const(DL). This was the case in the design of simi.
For this holds, that

les(C,LD)=T«<=CKEDADEKC

For literal and quantifications, this can easily be assured by a proper literal mea-
sure.
So we first define the conditions for the literal measure to be Dissimilar Closed.
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Lemma 5. Every literal measure Im®¥™ Im®Y™ or [mAual

cific DL, if U € const(DL).
IfU ¢ const(DL), then Im*¥™ is still Dissimilar Closed, if for all A,B € Ny, and
r,s € NR holds:

is Dissimilar Closed for a spe-

AZB=Im"¥"(A,B) =0
rhAsAs pDr=Im¥"(r,s) =0
and Im™Y™ and Im“5! are still Dissimilar Closed, if for all A,B € Np,, andr,s € Ng
holds:
A#B=Im"(A B)®Im*(B,A) =0
rAsAspr=Im"(r,s) =Ilm*(s,r) =0

with Im* € {Im™Y™, Im™1Y . We want to denote those by adding - pic;: lmsgirg,, lmgiyg;,
lmd”-“l

DiCl -

The role name related rules are not needed to make the literal measures Dissim-

ilar Closed. But we will later need these, to proof that the quantifications preserve
Dissimilar Closed, so we include them right away.

Proof 11 (Lemma 5).
If U € const(DL), then for A, B € Ny, the Ics(A, B) = AU B. So:

les(A,B) =T <= A -B

Because on the level of literals supsumtion can only be achieved by equivalence,
this means:

Iecs(A,B)=T < A=-B

By definition, this is 0. So Dissimilar Closed is fulfilled for this case.
If U ¢ const(DL):
les(A,B) 2T < AJB
<<~ A=B

So Im*¥™ and Im**¥" no longer fulfil Dissimilar Closed. But if they fulfil the addi-
tional assumption, they obviously fulfil Dissimilar Closed again.

O

asym

Corollary 13. Every lmzye?, lmdgf or lmZZ‘jZl is Dissimilar Closed, even if LI ¢ const(DL).

The following theorem is about simis,, and Dissimilar Closed. It will refer to
the cases of LI ¢ const(DL) and U € const(DL), if the are of relevance.

Theorem 8. Let simisyy be on a specific DL. We can say for const(DL), that for
SiMisym:
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1) The conjunction N preserves Dissimilar Closed.
2) The disjunction L preserves Dissimilar Closed, if {—, (=)} N const(DL) = @.

3) Ifu € const(DL), then the 3- and V-quantification preserve Dissimilar Closed.
If U & const(DL), then the 3- and V-quantification preserve Dissimilar Closed
sym
for Im Dy il
Proof 12 (Theorem 8).
1) Let D =[;D; and C =[1;C;. If U & const(DL), since

llectr(C,D
connecty; < n(C )(choosem) =0

<= VE' € collectr(C, D) : choosern(E') = 0
and there are no other n-ary constructors, we can argue:
les(C,D) = T <= VC; € Cn,VD; € Dn:C; 2 D; AD; 2 C;
V(€ ém,VDi € Dn: lcs(Cj, DH)=T
= VC; € Cr,VD; € Dn : simigym(Cj,D;) =0
<= simisyu(C,D) =0

If U € const(DL):
les(C,D)=T <= CJ-D
= |_|].Cj J-[].Di
= |—|].Cj J |T|ﬁDi
<= VD; € Dn : |_|ij 3 -D;
<~ VD; € ﬁn,VCJ- € C\m : C] J-D;
<= VD; € Dn,VCj € Cn:les(C;, D) = T
= VD; € D, VC; € Cn : simigy(C;, D;) =0
= simisy (C,D) =0
So Dissimilar Closed is preserved in both cases.
2) LetD=|];Djand C = LJ; Cj. We can argue:
les(C,D)=T <= CJd-D
— | |¢ 2 - |D;
j i
< |_| C]' | |—|i—\Di
j
—35C Cn,3M C Dn, S, M # @ :VDy € MVCs € 52| |Cs 3] =D
S
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So it is possible. that between C; € Cr\S and D; € Dn\M a similarity
bigger than 0 is. Since:

1 D
connect|| fectu(C,D) (

<= VE' € collect,(C, D) : choose ,(E') = 0

choose ;) =0

this means, that LI not generally preserves Dissimilar Closed. Butif {—, (=)} N
const(DL) = @, the sets S and M are also empty. So the premiss is never
fulfilled and therefore Dissimilar Closed trivially preserved.

3) Let C = Vrc.Cy. If D is a conjunction or disjunction, the rules for those
should be applied first. If is not of the form Vrp.Dj, the result is 0 and so
Dissimilar Closed trivially preserved.

Let D = Vrp.Dy. If U ¢ const(DL), since:

connecty(choosel, choose$) = 0 <= choose =0
we can argue:

les(C,D)=T < rcDdrpArp Dre
> ImJ, (rc,rp) =0
= simisy,(C,D) =0

If U € const(DL), les(C,D) = (Vrc.Cqp) U (Vrp.D1) # T, so the premiss is
never fulfilled and therefore Dissimilar Closed trivially preserved.
The argumentation for the 3-quantification is the same.

O

The only times the relation of the role names are relevant for this proof, we use
the requirements for Im*¥™ being Dissimilar Closed. This allows us to adapt the
hole proof easily to verify the same statement for simigzsym and sinig,,.

Corollary 14. Since the argumentations of Proof 12 can be adapted to either simi;, (C, D)
or simig;, (D, C) and O is absorbing for the fuzzy connector ®, we can use the proposi-
tions of Theorem 8 also for simigsym.

The same holds for simiy;,« and simig, .

Note that for this corollary it is necessary, that the fuzzy connector has 0 as the
absorbing element. Our limitation of the fuzzy connectors to bounded t-norm
covers this.

In the next lemma we define the conditions for a literal measure to be Bound.

Lemma 6. Every literal measure Im®Y™, Im*¥" or Im?% is Bounded, if U ¢ const(DL).
IfU € const(DL), Im*¥™ is still Bounded if for A, B € Ny, holds:

A # =B = Im*¥"(A,B) >0
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and Im™Y™ and Im"Y™ are still Bounded if for A, B € Ny, holds:
A # -B=Im"(A,B)®@Im*(B,A) >0

with Im* € {Im™Y™, mn?"91Y. We want to denote those literal measure by adding -poy:
lmsym lm’lsym lmdual
Bou’*""*Bou ’*""*Bou *

Proof 13 (Lemma 6).
If U ¢ const(DL) we can argue :
les(A,B) £ T < A=B
<~ Im¥"(A,B)=1>0

So Bounded is fulfilled.

If U € const(DL), then it is possible that Im*¥™(A,B) = 0 for A # B, but
les(A, B) = AU B is not necessarily equal to T. But with the additional assump-
tion that forall A,B € N : Im?Y m(A, B) > 0, we have that the conclusion of

B
Bounded always holds. So it is fulfilled for this literal measure.

The argumentations for [m®Y™ and Im%% are the same.
g
O

For Bounded the trivial case is LI ¢ const(DL). The other case brings a major
trouble. If LI ¢ const(DL), then the Ics between a quantification and an other
concept is never equal to T. So the premise of Bounded is always fulfilled, if a
quantification participates. Unfortunately for those cases the similarity value is
not always 0.

Theorem 9. Let simisy,, be on a specific DL. We can say for the constructors of DL,
that for simigym:

1) The conjunction M preserves Bounded.

2) The disjunction Ul preserves Bounded.

3) The 3- and V-quantification preserve Bounded, if LI ¢ const(DL).
Proof 14 (Theorem 9).

1) Let D =[1;D; and C =[7;C;. If U ¢ const(DL), because:

llectr(C,D
connects n( )(choosen) =0

<= VE' € collectrn(C, D) : choosen(E') =0
we can argue:
les(C,D) # T <= 3C; € Cn,3D; € Dn: C; I D; v D; 3 C;
<= 3C; € Cn,3D; € Dn:les(C, D) £ T
= 3C; € Cr,3D; € Dn : simigym(Cj,D;) > 0
<= simisyu (C,D) >0
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2)

3)

Note that the problem of 3) with U € const(DL) also applies to cases of cal-
culating the similarity between a quantification and a primitive concept name.
So just modifying the quantification rule, to always return some value bigger 0
would not solve this problem. We also would have to modify the special cases.

Like for Dissimilar Closed, this proof can be used for simissy, and simig,q as
well.

If U € const(DL):
Ies(C,D)# T <= C2-D
= |_|].C]- 2 [ ].D;
= |—|],Cj Z |_| -D,;
i

<= 3D; € Dy : [1.¢ 2 -Di
= 3D; € D, 3Cj € Cr: Cj 2 —D;
<= 3D; € Dn,3C; € Cn:les(C;, D) £ T
= 3D; € Dr,3C; € Cn : simisyn(Cj, D;) > 0
= simisyn (C,D) > 0

So Bounded is preserved in both cases.

Let D =||; D;and C = |_|]~ C]-. Since:

llect D
connect;] u(© )(chooseu) =0

<= VE' € collect,(C, D) : choose;(E') = 0
we can argue:
Ies(C,D)# T < DUC#T
<= VD; € D, VCj € CLitles(D;, Cj) £ T
<= VD; € Dy, ¥C; € Cu : simigyn(Cj, D;) > 0
Let C = Vrc.Cq. We can rephrase that simisy, is Peserving if:

simisym(C,D) =0C£ZT,D#T =1cs(C,D)=T

If U ¢ const(DL) this can only happen, if C J D or D J C. For any D not
of the form D = Vrp.Dy, this can never happen, so Peserving is preserved
trivially. If D is of the form D = Vrp.D;. We can use the the argumentation

from Proof 12 to show that the V-quantification preserves Peserving.

If U € const(DL), unfortunately the conclusion of this rephrasing never

holds. So in this case the V-quantification never preserves Peserving.
The argumentation for the 3-quantification is the same.
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Corollary 15. Since the argumentations of Proof 14 can be adapted to either simiy;, (C, D)
or simig;, (D, C) and 0 is absorbing for ®, we can use the propositions of Theorem 9 also
for simigsym.

The same holds for simiy;,« and simig, .

3.2.4 Structural Dependent

Both structural dependencies apply to a specific constructor. In each case, the
other constructors have nearly no impact. As long as they all provide that C =
D = sim(C,D) = 1, they will have no more impact at all. This is, because of
the formulation of Structural Dependent, which speaks of a sequence of concept
descriptions, implying that they are syntactical equal. Being Equivalence Closed
covers this for simisyy,, simiasym and simig,,. Furthermore the weighting function
should not weight the equivalent participants with 0.

Theorem 10. Let simisy,, be on a specific DL. If the constructor O € const(DL), O €
{M, U}, then simisyy, is Structural Dependent for () if the weight function g maps every
concept description C € C(DL) to a value bigger than 0.

Proof 15 (Theorem 10).

For all sequences (Cy), of atoms with Vi,j € N,i # j : C; [/ Cj, let Dy =
OicnCiODand E; := O;,C; O E. If the weight function g maps every concept

description C € C(DL) to a value bigger than 0, this assures that connect "0 lP) (

is monotone in all arguments. Because for simisy,, furthermore holds:

choose()

. ﬁO N 60 C collect~(C, D), and
e E'e Dy ﬂ@o = choosey(E') =1
we can define simisym recursively:

simisym (D, E) + g(Co)
£(0)
simisym (Dn, En) + (Cu)
f(n+1)
where f(n) collects the weights of the iteration, starting with the weights for

simisym(D, E) and Cp in f(0). Since every g(C,;) > 0, there exists for every n > 0
ae, > 0with:

£(0) € [0,2], sitmiqyn (Do, Eo) =

f(n+1) = f(n) +g(Cp), simisym(Dn+1, Ent1) =

en = mean({g(Cy)|li =1,..,n})
what allows us to say:

simisym(D, E) + g(Co) + 1 * &y
f(0)+nx*ey,

Slmlsym (Dn, Ei’l) =
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with:

. simisym (D, E) + g(Co) +nxen ey 1
1n—00 f(0)+n*€" e

O

Because D, and E, are always the same length, we can easily adapt this proof
simig;,(Dy, Ey), simigi,(Ey, Dy), simigiy«(Dy, Ey) and simigy«(En, Dy). So if the
fuzzy connector is monotone, we can also prove this lemma for simigsy, and
simigz,,;. Once again we provided this by limiting the fuzzy connector to bounded
t-norm.

Corollary 16. Let sitmiasy, be on a specific DL. If the constructor O € const(DL), O €
{m, U}, then simigsyy, is Structural Dependent for () if the weight function g maps every
concept description C € C(DL) to a value bigger than 0.

Corollary 17. Let simiy,,; be on a specific DL. If the constructor O) € const(DL), O €
{M, U}, then simiy,,; is Structural Dependent for () if the weight function g maps every
concept description C € C(DL) to a value bigger than 0.

3.2.5 Triangle Inequality

For our look at the Triangle Inequality, we assume the weighting function to be
8pr,des the hole time. Any other weighting function could unpredictably distort
the calculation for the conjunction and disjunction. Also we want to adapt the
proof for the Jaccard Index to fulfil the Triangle Inequality like in [4]. Therefore
we will need gp gef-

At the end, achieving one of our CSM to fulfil the Triangle Inequality is quite
hard. This is, because it is a strong property. For literals a quantifications it can
be achieved by a suitable literal measure. For the conjunction and disjunction it
is not so easy.

To proof some lemmata for triple of values, we introduce an operator to calculate
the similarity values within such a triple.

Definition 39 (Triangle Inequality for triples). Let (x1,x2,x3) be a triple of values
x; € [0,1],i =1,2,3. We want to say that this triple fulfils the Triangle Inequality, if:

14+x1 > x4+ x3
1+4+x > x1+x3
14+ x3 > x1 + x2.

Let sim be a CSM on a specific DL. We define for C,D,E € C(DL) the function
Trigiy : DL — [0,1]° with:

Trigim (C, D, E) = (sim(C, D), sim(C,E),sim(D, E))

Further more we want to say that a triple (C, D, E) of DL concept descriptions fulfils the
Triangle Inequality within sim iff Trig,, (C, D, E) fulfils the Triangle Inequality.

53



The following lemmatas will help us to prove that for special cases, the Triangle
Inequality is fulfilled.

Lemma 7. Let the triple (xq,x2, x3) be a triple, that fulfil the Triangle Inequality. Then,
for w € [0,1], the triple (w + (1 — w)x1, w + (1 — w)x2, w + (1 — w)x3) also fulfils
the Triangle Inequality as well.

Proof 16 (Lemma 7).

We can argue:

1+x1 2 x4+ x3
1_70‘) x> x4+ x
=, tznty
71 +x1 2> x4+ x3+ @
1-w T="2T8 T 170
1+4(1-w)x; > (1—w)xa+ (1 —w)x3) + w
14w+ (1l-—wx1 >w+(1-wr+w+ (1 —w)x;
what fulfils the Triangle Inequality for this case. Because this can be done for
every possible order:
T4x; > x5+ xg
i#]#k
i,jke{1,2,3}
the Triangle Inequality is preserved.
O

Lemma 8. Let the triple (x1,x2,x3) and (y1,y2,Yy3) be triples, that fulfil the Triangle
Inequality, then the triple (x1y1, X2Y2, x3y3) also fulfils the Triangle Inequality as well.

Proof 17 (Lemma 8).
For x1, x2, x3,Y1,¥2,y3 € [0,1] hold:
1+x >2x+2x3
Lty 2y +ys.

We consider the case:

14+ x1y1 = %212 + x3Y3

where wlo.g. x;1 = y; = x2 = y2 and x3 = y3 = 1. As for the hypothesis,
the prerequisite are equalities. We now show, without violating the prerequisite,
there is no way to increase the right hand side or decrease the left hand side of
this case.

In in altering the x,, we have approaches to increase the right hand side:
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e If we try to increase x; by ¢ for decreasing x3 by ¢, this result in an increase
of ey, for a decrease of ey3. But since clearly y» < y3, this will have no
change or a decrease on the right hand side.

o If we try to increase x; by ¢ for increase of x1 by ¢, this results in an increase
of the right hand side by ey, for an increase of the left hand side by ey;.
Since y; = Y2, both side rise in the same value, so the equality will still
remain.

Decreasing the left hand side by altering x1 by ¢ for a increase of x;,i € {2,3} by
¢, will result in an equal or higher decrease of the right hand side, than the left
hand side. The reasons are the same as for the atering of x.
For altering 17 or v, the argumentations are the same as for x; and x;.
Because every possible configuration for the x; and y;, can be achieved by doing
the mentioned alternations to this case or the case that x; = y; = x3 = y3 and
xp = Yo = 1, for all of this configurations at least the equality hold. So hold:
T4 x1y1 < x2y2 + Xx3Y3
Because the mentioned prerequisite hold for every possible order:
14+x; > xj+ x
L4+ Y1 2 Ym + Yn
i) £k
l#m+#n
i,jk,1,mmne {1,2,3}
this proof can be done for all
1+ xy1 = XmYy2 + Xny3
so the triple (x1y1, X2Y2, x3y3) fulfils the Triangle Inequality.
O

Again we start with the proof for simisy,,. There for we first define the require-

ments for Im*¥™ to fulfil the Triangle Inequality.
Definition 40. We want to denote every symmetric literal measure Im*¥™ that, for
A,B,C € N, and r,s,t € Ny, fulfils the Triangle Inequality:
1+ 1m™™(A,B) > Im*"(A,C) +Im*¥"(B,C)
1+ Im™™ (r,8) > Im®Y" (v, t) + Im™™ (s, 1)
by adding -T1,: stTern:

In this definition are already the requirements for the quantifications included.
They are not necessary for Im*™ to fulfil the Triangle Inequality in Ny .. But we
included them anyway, so we do not have to bring a second definition for /m*¥™
to fulfil the Triangle Inequality in Ng. We just have to keep in mind, that these

requirements can occur independently, when we later look for counter examples
in the analysis of the properties.
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Theorem 11. Let simisy;, be on a specific DL. We can say for the constructors of DL,
that for simisym:

1) The conjunction 1 and the disjunction Ul preserve Triangle Inequality if addition-
ally for all possible participants C; of the conjunction/disjunction holds:

simisym(C1,C2) = 0 <= C; £ C,

ope . . . sym
2) The 3- and V-quantification preserve the Triangle Inequality for lmﬁm.
Proof 18 (Theorem 11).

1) By the additional assumption in simis;, for two disjunctions C, D € C (DL),C

i Ci, D = |; D; holds:

. CunD
simiagm(C, D) = @Uﬁ:
(] (]

Since this is similar to the Jaccard Index ( [4]), we can adapt the prove of the
Triangle Inequality for the Jaccard Index (see [5] and [4]).
For the conjunction, the argumentation is the same.

2) LetC,D,E € C(DL), C = Vrc.Cy and Trigy, (C,D,E) = (x1,x2,x3). Due
to the treatment of the V-quantification in simisy, if at least one of D and E
is no V-quantification, then the triple (x1, x, x3) contains at least two zeros
and so the Triangle Inequality is fulfilled.

If D = Vrp.Dy and E = Vrg.Eq, then because Tri(Cy, Dy, Eq) fulfils the Tri-
angle Inequality, Lemma 7 assures that

(w+(1—w)x,w~+ (1—w)xy,w+ (1—w)x3) = (y1,¥2,Y3)

fulfils the Triangle Inequality as well. In conclusion to this, Lemma 8 assures
that furthermore

(Im3 (re, rp)ya, Imiy, (re, re)y1, I3y (rp, rE)y7)

fulfils the Triangle Inequality and so the property is preserved.
The argumentation for the 3-quantification is the same.

O
Example 2. Let C = C; UGy, D,E with C,,C1,D,E € N, Im3],(C1,D) =
lmSTyr?;(Cz,E) > % and all other similarities between primitive concept names are 0.
This lmsTZTn clearly fulfils the Triangle Inequality, but:
1+ simisyu (E, D) < simisyy (C, D) + sinisyn (C, E)

because

3,3 3,3
1+3+0 3+3+0
3 3

So Tri(C, D; E) fulfils not the Triangle Inequality.

1+0= < sitmisyy (C, D) + sinisyn (C, E)
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Example 2 shows, why for simis;, the conjunction and disjunction not preserve
the Triangle Inequality for general. Note that we proved an implication. It could
be possible, that there are more general restrictions to make the conjunction and
disjunction preserve the Triangle Inequality. For now we keep with the ones, we
can synthesise by simple limitations of const(DL) and [ m;ye;"

Corollary 18. For DL, simisyy and the Triangle Inequality we have:

1) The conjunction M preserves the fulfilling of the Triangle Inequality for lm;yg}” and
const(DL) C {(—),MN}
2) The disjunction L preserves the fulfilling of the Triangle Inequality for Im”/" and
] p 8 8 quaity def
const(DL) C {(—),U}

Because of the asymmetric structure of simigzsym and simig,,, Im*™Y"™ and Im
are not necessarily symmetric. So their definition to fulfil the Triangle Inequality,
has to regard both ways they can be applied.

dual

Definition 41. We define an asymmetric literal measure Im™Y™ or Im™! to fulfil the
Triangle Inequality, if for A,B,C € Ny, r,s,t € Ng holds:

> Im*(A,C) + Im* (B, C)
Im*(C,A) +Im*(C,B)
Im*(r,t) 4+ Im* (s, t)
Im*(t,r) 4 Im*(t,s)

1+1Im*(A,B
1+1m*(B,A
14 Im*(r,s
1+ 1m*(s,r

~— — ~— ~—

IV IV IV

dual

with Im* € {Im*Y"™, Im™a} . We want to denote those by adding 1,1,: lm?%zi, ImGy,.

Also the fuzzy connector will have a major impact. Therefore we also define a
version, that regards the used fuzzy connector.

Definition 42. We define an asymmetric literal measure Im™Y™ or Im?e! to fulfil the
Triangle Inequality for fuzzy connector ®, if for A, B,C € N, 1,s,t € N holds:

1+ Im*(A,B)®Im*(B, A)

> Im*(A,C) @ Im*(C, A) + Im* (B, C) @ Im*(C, B)
14+ 1m*(r,s) @ Im*(s,r)

> Im*(r,t) @ Ilm™(t,r) +1Im*(s, t) @ Im*(t,s)

asym

with Im* € {Im*Y"™, Im*™a}. We want to denote it by adding Trin(®)" lmmn(@),

[y

Trin(®)"

For the Product t-norm it is easy to show, that the first definition implies the
second one.

Corollary 19. Lemma 8 implies, that for the Product t-norm &g every asymmetric
literal measure lm[}s%: is also a lm?z':( Sprod)’

The same holds for Im3e!.
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The big disadvantage of simigsy,; and simig,, is, that the fuzzy connector is an
additional unpredictable variable. Even with our restriction to bounded t-norm,
we can only conclude:

x @y < min(x,y)

This brings the problem, that in some cases every fuzz connector must be checked
separately.

Theorem 12. Let simigsym be on a specific DL, using the fuzzy connector ®. We can
say for the constructors of DL, that for simigsym:

1) The conjunction M and the disjunction U preserve Triangle Inequality if addition-
ally for all possible participants C; of the conjunction/disjunction holds:

simig;,(C1,C2) =0 <= C1 Z &
and the fuzzy connector used by simigsyy, is the Hamacher product Q.

2) The 3- and V-quantification preserve the Triangle Inequality for lmaT%Zl and the
fuzzy connector used by simiasym is the Product t-norm @ yog.

Proof 19 (Theorem 11).

1) By the additional assumption in simisy, for two disjunctions C, D € C (DL),C =

I_Ii Ci, D= |_|] D] holds:

\CumDU|

simisym (C, D) = )
U

Since this is similar to simiy from ( [4]) and also ®p, is assumed as fuzzy
connector, we can adapt the proof of simiy[-, pmaer, Sacf, | With ®p, being
the Jaccard Index ( [4]) to prove the fulfilling of the Triangle Inequality.

For the conjunction, the argumentation is the same.

2) LetC =Vr.Cq, D = Vs.Dq and E = Vt.E;. For shorter formulas, we denote:

Xg = lmaT%T(r s), Xy = lmpy (s,7)

xXp = ’;%Zq(r,t) Xy = lm'%f(t,r)

e = 5,0, 50 = I 09
x1 = sitigsym(C1, D1), X11 = sitigsym (D1, Cy)
Xy = simigsym(Ci, E1), Xy = simigsym(Eq,Cy)

X3 = szmzasym(Dl, El), X3 = Simiﬂsym(Ell D1)
Yo =w+(1—w)xy, xy =w+ (1 —w)xy
xp=w+ (1 —w)xg, xg =w+ (1 —w)xy

1-w)

Xy =w+ (1 -w)x3, xp =w+ (1 —w)xy
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asym
Trin(®proq)”
shorter formulas, we assume for the rest of the proof ® = @ 4.

We can argue:

From Corollary 19 follows, that the literal measure is also a Im

24 x14+x1 > X0+ X + X3+ Xy
2

w—w
2 2+X1+X1/EX2+X2/+X3+X3/
w—w
2w w?
7 X1+ xp > x2+ Xy +x3+ x3 + 5
w—w w—w

2w + (W — w?)xq + (W — W)y > (W — wW?)xr + (W — W?)xy

For

+ (w — wH)xz + (W — w?)xy + 2w?

asym .
Because of Im () We can argue:

14+x1®@xp 2 x @ X +x3 @ X3

(1-wP+ (1 - @l @xn] > (1- 0k o] + (1 -w)lns©x)

what implies with the previous formula:

20+ (W — w?)xq + (W — W?)xy + (1 —w)* + (1 — w)?x; @ (1 — w)?xy

> (W — W)+ (W — W) xy + (W — w?)x3 + (W — w?)xy + 2w
+(1—w)?x @ xp] + (1 — w)?[x3 ® x3]

Looking on each side of this inequality separately, we can argue for the left

hand side:
20w + (w — w?)xq + (w — w?)xy
+(1-w)?+(1—w)?x @ (1-w)xy
= 2w — w? + W4 w(l—w)x; +w(l —w)xy
+(1—w)?+(1—w)?x @ (1—w)xy
=2w-w?+ (1-w)?+ (w+ (1 - w)x] @ [w+ (1 — w)xy])
=1+ (x4 ®xy)
and for the right hand side:
(W —w?)xy + (W — W?)xy + (W — W?)x3 + (W — W?)xy + 2w?
+ (1= w)?[x2 @ xy] + (1 - w)?[x3 ® x3]
=’ +w(l—w)x+w(l—w)ry + (1 -w)?[x @ xy]
+w?+ w(l—w)rs+w(l—w)xy + (1 —w)?[x3 @ xy]
=([w+ (1 —-w)r]®w+ (1—-w)xy])+
([w+ (1= w)xs] @ [w+ (1 - w)xy])
= (xp ®@xp) + (X7 @ x)
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So holds:
1T+ (xa @ xyr) > (xp @ xp1) + (X7 @ x1)

This can be argued for every possible order of the values and implies that
the triple ((xx ® x,1), (xp @ xp), (¥4 ® x,1)) fulfils the Triangle Inequality.
Since ® is the Product t-norm, we can say that by Lemma 8 holds:

1+ (Xa @ XaXy @ Xor) 2 (Xp @ XpXp ® Xpr) + (Xe @ XXt ® Xop1)
that can be transposed to:
1+ (XaXa @ XgrXxgr) > (XpXp @ XprXpr) + (XcXy @ X1 Xor)

and so implies, that in this case the V-quantification preserves the fulfilling
of the Triangle Inequality.
The argumentation for the 3-quantification is the same.

O

Note that 1) does not hold for ®y,;; or ®,4. Also 2) does not hold for @,
or @p,. A counterexample for 2) and ®,,;, is
14+ min{x,x1, xyx1} < min{xpxp, xpxp } + min{xcxs, X x3 }
Xg=Xp =X =2X3 =X =Xy =Xy = (1—17)
X1 = Xy = X1 = Xp = Xpr = (1—8)
e>n
e+817+112 > e2+317
n—0
Here 17 and ¢ are artificial differences to assure that the values can be different to

1. This is needed to allow Dissimilar Closed. If # = 0, this example would violate
Dissimilar Closed.

Corollary 20. We can adapt Proof 19 to show that for simig,;:

1) The conjunction M and the disjunction U preserve Triangle Inequality if addition-
ally for all possible participants C; of the conjunction/disjunction holds:

ST i+ (Cl,c2) =0=C £
and the fuzzy connector used by simig,, is the Hamacher product Q.

2) The 3- and V-quantification preserve the Triangle Inequality for Im4*! and the
fuzzy connector used by simig,, is the Product t-norm @ 4.
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4 Modifications to fulfil more Formal
Properties

Based on Chapter 3, in this chapter we want to show some approaches and mod-
ification for our current CSMs to purposely change their fulfilling of the formal
properties. We will also use these modified CSMs for the analysis in the next
chapter. First we want to take a look at the literal measures. We define some Im
to fulfil as much formal properties as possible. Then we will take a look at some
modifications for quantification rules and the rules of conjunction and disjunc-
tion.

4.1 Alternative Literal Measures

4.1.1 Special Literal Measure

In Chapter 3 we introduced requirements for the literal measure to fulfil certain
formal properties. We now want to implement as much of these requirement
as possible in one literal measure. Except for Dissimilar Closed and Peserving
this will work out fine. Depending on, whether LU € const(DL), one of both
properties is trivial fulfilled and for the other the requirement must be true. Un-
fortunately both requirements can not be applied to the same literal measure.
Therefore the following definitions will distinguish two literal measures.

asym

Definition 43. The literal measure Im,,”" : N%W UN3Z — [0,1], with p € (0, 1] and:

lmasym(A B) := 1 ifA=B
AT l0 ifA#£B

1 ifr=sorsCr

lmijm(r,s) =<p ifsLrorrCs
0 otherwise

is by construction Equivalent Invariant, Equivalent Closed, Reverse Subsumption Pre-
serving, Dissimilar Closed, Peserving and fulfils the Triangle Inequality, for L ¢ const(DL).
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The literal measure lm/";”""" N,%W UN3Z — [0,1], with p € (0, 3] and:
ifA=B
if A = —B
otherwise

I (A, B) =

ifr=sorsCr
ifsZrorrCs
otherwise

Im " (r,s) ==

o B, T O =

is by construction Equivalent Invariant, Equivalent Closed, Reverse Subsumption Pre-
serving, Dissimilar Closed, Peserving and fulfils the Triangle Inequality, for LI € const(DL).

Note that for these literal measure Subsumption Preserving is not a required
property, since it is achieved by design.
Definition 44. The dual literal measure lmf’A””l :N? UN2Z — [0,1], withp € (0, 3]
pr
and:

1 ifA=B8
i dual A,B) =
" (A/B) {OﬁA#B

ifr=sorsJr
ifs ArorrJs
otherwise

lmfA”“’(r,s) :

I
o -

is by construction Equivalent Invariant, Equivalent Closed, Subsumption Preserving,
Dissimilar Closed, Peserving and fulfils the Triangle Inequality, for LI ¢ const(DL).
The dual literal measure Im N%pr UN3Z — [0,1], with p € (0, 1] and:

ifA=B
Imil(A, B) := if A= —B
otherwise

ifr=sorsJr
ifs ArorrJs
otherwise

Im® () =

oD = T O =

is by construction Equivalent Invariant, Equivalent Closed, Subsumption Preserving,
Dissimilar Closed, Peserving and fulfils the Triangle Inequality, for L € const(DL).

Note that for these literal measures Reverse Subsumption Preserving is not a
required property, since it is achieved by design.
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Definition 45. The symmetric literal measure lmfAym : N%W UN2 — [0,1], with
p € (0,1] and:

(A B) i {1 if A=B

LA 0 ifA+#B
1 ifr=s
lmfAym(r,s) =<3p ifsCrorrCs
0 otherwise

is by construction Equivalent Invariant, Equivalent Closed, Subsumption Preserving,
Reverse Subsumption Preserving, Dissimilar Closed, Peserving and fulfils the Triangle
Inequality, for LI ¢ const(DL).

The symmetric literal measure Im;]" : N%pr UNZ — [0,1], with p € (0, 3] and:

1 ifA=B
Im{"(A,B):={0 ifA=-B
Qo otherwise
1 ifr=s
Im{"(r,;s) ;=3 p ifsCrorrCs
0 otherwise

is by construction Equivalent Invariant, Equivalent Closed, Subsumption Preserving,
Reverse Subsumption Preserving, Dissimilar Closed, Peserving and fulfils the Triangle
Inequality, for U € const(DL).

The claimed properties are hold, since these literal measures fulfil the require-
ments we defined in Chapter 3. By p < 3 the Triangle Inequality in N is assured
trivially, since so the sum of two similarity values is never bigger than 1, except
two primitive literals are equal. If the right hand side is never bigger than 1,
then the left hand side 1 of the Triangle Inequality will hold the statement. If at
least two of the participating primitive literal are equal, this means that on the
right hand side a 1 can appear. Equivalent Closed assures, that this can only hap-
pen for equality of this literal. Furthermore Equivalent Invariant assures that the
other similarity values are the same, so the Triangle Inequality holds again. The
following example illustrates this.

Example 3.
case 1: x1,x2,x3 € (0, 3]

14+x1 > x2+x3

case 2: x1,x3 € (0,3]U{1},xp =1

Equivalent Closed 4+ Equivalent Invariant => x1 = x3
= 1+x1 > x+x3
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Note that this trivial case to fulfil the Triangle Inequality does not cover all
possibilities to do that.

4.1.2 Combining simigsym and simig,,

For an attempt to combine simigsyy, and simig,,, there must hold for the new
combined literal measure I1,,,,;:

Vr € Ng :t C s = Iy (7,8) = IMeomp (7, )
Since this also holds for r € {s,t}, we can conclude that

lmcomb(sls) = lmcomb(sl t) = lmcomb(t/ t)

This would mean, that either R only contains equivalences between role names,
or Equivalence Closed no longer holds.

4.2 Modifying Quantifier Rules

4.2.1 Equivalence exclusive Quantifier Rules

One way to provide Subsumption Preserving for the disjunction and Reverse
Subsumption Preserving for the conjunction, even with quantifications for con-
structors, is to modify the rules for the quantifications. If the rule just return 1 for
the case of absolute equivalence, and 0 otherwise, the more general requirements
for our disjunction to preserve Subsumption Preserving or for our conjunction to
preserve Reverse Subsumption Preserving are fulfilled.

Definition 46 (equivalence exclusive quantifier rule). Let O € {V,3}. For a spe-
cific description logic DL, r,c € Ng and C,C’,D,D’ € C(DL) we define an equiva-
lence exclusive rule for (O)-quantification:

IfC = Or.C!,D = Os.D'

1 C=D,r=s
0 otherwise

sim(C,D) = {

This allows us to also use 3- and V-quantifications in cases like Corollary 4 2)

or Corollary 5. Note that this does not allow us to use conjunction and disjunc-
tion in the same DL and let the corresponding CSM Subsumption Preserving or
Reverse Subsumption Preserving. Depending on whether we have a conjunction
of disjunctions or a disjunction of conjunctions as normal form, this would need
the inner of both constructors to have an equivalence exclusive rule in the CSM.
This again would eliminate every similarity knowledge we could gain from this
layer.
A disadvantage of this rule is, that for the quantifications and all deeper layers of
the concept descriptions, also every similarity knowledge is lost. That is why, for
future work we suggest a Structural Dependence like property for the quantifica-
tions. The following definition could give a hint:
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Definition 47 (Quantifier Role-Name Dependency). Let O € {V,3}. A CSM sim
with an literal measure Im is Role-Name Dependent for O if for C = Qr.C’,D =
(Os.D',E = Ot.E' hold:

C'=D'=FE,Im(r,s) > Im(r,t) = sim(C,D) > sim(C,E)

This definition can also easily be adapted to asymmetric CSMs or a Quanti-
fier Concept Dependency property. Since we have already enough properties to
cover in this paper, we will leave these properties to future works.

Note that by design, these equivalence exclusive rules also automatically violate
Peserving and preserve Equivalence Invariant, Equivalence Closed and Dissimi-
lar Closed.

4.3 Modifying Conjunction and Disjunction Rules

4.3.1 Equivalence exclusive Conjunction or Disjunction Rule

As for the quantifications, we can introduce for conjunction and disjunction equiv-
alence exclusive rules:

Definition 48 (equivalence exclusive rule). Let O) € {1, U}. For a specific descrip-
tion logic DL, and C,C;, D, D; € C(DL) we define an equivalence exclusive rule for

O:

IfC=0QiC;, D= (D,
1 VC€Cn:3Dj €Dy : C; = Djand
sim(C,D) = VDj € Dy :3Ci € Coy : G = D;
0 otherwise

At this time, this function is the only rule that provides us the possibility to

have {M,U} € const(DL) and still be Subsumption Preserving or Reverse Sub-
sumption Preserving. As mentioned, such a function eliminates every similarity
knowledge of the concept descriptions deeper layers (except for equivalence).
Since so subsumptions from the deeper layers will not be respected, this rule
automatically violates Peserving. It also is not Structural Dependent, because
as long as one ()-participant is not equivalent, it still returns 0. Furthermore
it is possible, that a normal form ,that do not choose uniquely one out of sev-
eral equivalent primitive concept names, then two equivalent concept names can
have different similarities to other primitive concept names. So Equivalence In-
variant could be threatened. For the most uses, this will not be the case, since
using this rule is motivated by passing 1 and 0 to the upper layers. So also the
deeper layers, especially N, should also act equivalence exclusive.
On the other hand, the rule trivially provides Dissimilar Closed to the upper
layers of the concept description. So even if the deeper layers did not provide
Dissimilar Closed, this rule will obtain it for the higher layers. The same holds
for Equivalence Closed. The Triangle Inequality, Subsumtion Preserving and Re-
verse Subsumtion Preserving are provided trivially.

65



4.3.2 Trivial Structural Dependent with max

A trivial way to make the conjunction or disjunction rule Structural Dependent,
is the maximum function max. As long as holds C = D = sim(C,D) = 1, we
have can just use it as connect, O € {1, U}.

Definition 49. Let O € {N,U}. We define a CSM sim,y,,.(), that uses the maximum
function max for the O-rule by replacing the corresponding rule as follows:

IfC = (QiCi, D= Q;D;

Sty () (C, D) = CO”WC%ZIECtO(C’D)(chooseo)

= max{x|x = choosey(E'), E' € collect(C,D)}

As long as we can guarantee that at least one pair of the equivalent partic-

ipants of C and D is in collect(C, D) and choose, maps to 1, this rule pro-
vides Structural Dependence for (). Furthermore it preserves Subsumption Pre-
serving, Reverse Subsumption Preserving, Dissimilar Closed ( broken again by
{U, (=)} C const(DL)), Peserving and Equivalence Invariant. On the down side,
it does not preserve Equivalence Closed, automatically violates the Triangle In-
equality and may not fit to the uses of a CSM.
If we want to prevent such a trivial Structural Dependence in future works, we
suggest a stronger requirement. The connect function should be strictly mono-
tone in all its elements. Still the lim,,,c0 sim(Dy, E,;) = 1 is important, to prevent
the function form converging to a different limiting value. At this point, also note
that our actual Structural Dependence property is independent from Equivalence
Invariant. Its premise just demands a sequence of concept descriptions, so they
are already syntactical equal. If we want to strengthen the definition of Structural
Dependence in future works, we should also think about changing this to seman-
tic equality. For this paper we stay with the actual definition from Chapter 2.

4.4 Trivial Triangular Inequality

As mentioned in 4.1.1, the Triangle Inequality is trivially achieved, if all possible
similarity measures are in [0, 3], if equivalence closed even for [0, ] U {1}. This
allows us to change every rule of a concept similarity measure to preserve Trian-
gle Inequality. So for a CSM sim on a specific DL, C,D € C(DL) and a rule #,,,
of sim achieved by the function f,,, : C(DL£)? — [0,1]

If in sim the rule *,,;, applies on C and D
sim(C, D) = frule(cl D)

we can bring a new rule %, to replace *,,;,. This *,,,» will be achieved by
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fruter : C(DL)? — [0, 1], which we define as:

_ 1 iffrule(CrD>:1

frule’(CrD) =31 .
5 frule(C, D) otherwise

Note that if we do not need Equivalence Closed we can just drop the first case
of f.,. This function preserves Equivalent Invariant, Subsumption Preserving,
Reverse Subsumption Preserving, Dissimilar Closed and Peserving if f,,;, does.
Subsumption Preserving and Reverse Subsumption Preserving are taken on, be-
cause the factor % does just scale the values, so the relations between the similarity
values stay untouched. The only value not scaled, are the 1s from equivalences.
But since they already were the highest values before, also their relations within
subsumptions the the same. Since multiplication with % also has 0 as absorbing
element, Dissimilar Closed and Peserving are taken on from f,,;,. Equivalence
Invariant is taken on form f,,;, because f,,;, and f,, are isomorphic to each
other.
For M and U, this modification is not Structural dependent, since the limiting
value is at best %
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5 Formal Concept Analysis of the
Formal Properties

In this chapter we will use the method of the FCA to analyse the relation between
the formal properties. The FCA is a method to generate from a set of objects
with attributes a set of implication that hold between those attributes. Note that
the word concept in FCA is independent of the concepts of DLs. With the FCA
we try to generate implications between the different possible combinations of
the formal properties. For this we will use the dozens of CSMs we can generate
with the knowledge from Chapter 3 and Chapter 4. Since the FCA just generates
implications that hold within its context, we later have to proof those implication
for the general case.

To perform the analysis we use the Concept Explorer (ConExp v1.3 [6]) tool, which
provides all basic functionalities. It was downloaded from:

http:/ /conexp.sourceforge.net/download.html

We first set up our analysis by generation the CSMs. Then we perform the at-
tribute exploration of ConExp. At last we test the results for their generality.

More detailed information concerning FCA can be found in [2].

5.1 Set up ConExp for the FCA

The ConExp tool implements the basic functionality for a FCA. All we need, is a
sufficient data base of objects with their attributes. In ConExp this is realised in
form of a table, where each row identifies an object and each column an attribute.
The entries of the table mark, whether the object has this attribute or not. As ob-
jects we have the different CSMs and as attributes the formal properties.

With five constructors for the DLs, three versions of CSMs, of which the lit-
eral measure can fulfil put to seven requirements (Imry,, Imgp, Imggp - - -) and
the modification from Chapter 4 we theoretically can generate thousands of ob-
jects for the FCA. But since we may not need all of them, we agree on a starting
database and use the other knowledge for the attribute exploration. In partic-
ular we want to use all possible combinations of the constructors and sinigsym,
simig,q and simis,, with different literal measures. We want to apply the depen-
dency properties just to those CSMs, where the relevant constructors occur in the
constructor set.

As literal measures for the CSMs we want to use one, that fulfils none of the in
Chapter 3 introduces requirements. For every of these requirements we want
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to use one literal measure that fulfils exactly this requirement and at last the six
special version of the literal measure that we defined in 4.1.1.

5.2 Attribute Exploration with ConExp

We now want to present the steps of the attribute exploration with ConExp. After
setting up our starting data base we can simply start it with the Start Attribute
Exploration button. The program systematically poses possible implications con-
cluded from the database. We have to confirm those implications or provide a
counterexample. Providing a counterexample updates the database and may lead
to new conclusions. As counterexample we always try to provide one, that pri-
mary has the least properties from the conclusion of the posed implication and
secondary the most of all other properties. This will spare us lots of implications,
that are just slight variations.

For our presentation of the attribute exploration we show the implications in the
order they are posed. To each implication they also show the counterexample we
provided. If we found no counterexample, we state a short comment. The proofs
for generality of confirmed implications will follow in the next section. The fol-
lowing table introduces acronyms for the formal properties.

Equivalence Invariant Eqlnv
Equivalence Closed EqClo
Subsumption Preserving SubPre

Reverse Subsumption Preserving ReSubPre

Dissimilar Closed DisClo
Peserving Bou
Structural Dependent for O StrucDep(()
Triangle Inequality TrilnEq

Attribute Exploration Steps

(i) statement: true =— Eqlnv+ EqClo
counterexample: the CSM presented in ref % FDO06.

properties: Eglnv,SubPre,ReSubPre
(ii) statement: true =— Eqlnv

counterexample: the CSM presented in ref % [an06.

properties: StrucDep(I")
(iii) statement: StrucDep(Ll) = Eqlnv + EqClo

counterexample: a version of simis,,, on a DLwith const(DL) = {U,M}
and no unique normal form given.

properties: StrucDep(11),StrucDep(U),Bou,DisClo
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(iv) statement: ReSubPre = Eqlnv

confirmed: holds within this context. Our restriction to name unique nor-
mal forms cause, that CSMs preserving ReSubPre automatically pre-
serve Eqlnv.
(v) statement: SubPre = Eqlnv

confirmed: holds within this context. Our restriction to name unique nor-
mal forms cause, that CSMs preserving SubPre automatically preserve
Eqlnv.
(vi) statement: EqClo = Eqlnv

counterexample: justassume no unique normal form and distinguish whether
or not both arguments are equivalent or not. If equivalent return 1, if
not calculate some value, that could not get 1, except the arguments
are equivalent. Note that because the Structural Dependencies are in-
dependent from EqClo, this CSM can fulfil StrucDep for both construc-
tors.

properties: EqClo, StrucDep(1), StrucDep(U1), Bou, DisClo
(vii) statement: Eqlnv+ StrucDep(U) = EqClo

counterexample: the CSM sitnigy,, yuax(r),max(u) 0 DL using the literal mea-
sure Imy)" and const(DL) = {r,U}.

properties: Eglnv, StrucDep(1), StrucDep(U1), Bou, DisClo, SubPre, ReSubPre
(viii) statement: Eqlnv+ ReSubPre + StrucDep(M)
== SubPre + DisClo + Peserving + StrucDep(L))

counterexample: the CSM simnigy,, ;yqx() o0 DL using a literal measure that
is not DisClo and const(DL) = {}.

properties: Eglnv, StrucDep(), Bou, SubPre, ReSubPre
(ix) statement: EqInv + ReSubPre + StrucDep(M)
== SubPre + Peserving

counterexample: the CSM sintisy, nax(r),max(uy o0 DL using the literal mea-
sure is not Bou.

properties: Eglnv, StrucDep(T1), StrucDep(L1), DisClo, SubPre, ReSubPre
(x) statement: Eqlnv+ ReSubPre + StrucDep (M) = SubPre

confirmed: holds within this context. In our research we could not find a
function, that preserves ReSubPre for I without automatically preserv-
ing SubPre.

formulierung tiberdenken, ist Struc dep nicht auhc ein einflussfaktor?

(xi) statement: Eglnv+ SubPre + StrucDep(Ll)
== ReSubPre + DisClo + StrucDep (1)

counterexample: the CSM simmigy,, (1) On DL using a literal measure / m%yorz
and const(DL) = {(—),U}.

properties: Eglnv, StrucDep(Ll), Bou, SubPre, ReSubPre
(xii) statement: Eqlnv+ SubPre+ StrucDep(Ll) = ReSubPre
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confirmed holds within this context. In our research we could not find a
function, that preserves SubPre for LI without automatically preserving
ReSubPre.

(xiii) statement: EqInv+ SubPre+ StrucDep(U) + StrucDep(M) = DisClo
counterexample: the CSM sittiy, max(L),max(ny ©0 DL using a literal mea-
sure lm;yo";.

properties: Eglnv, StrucDep(U), StrucDep(M), Bou, SubPre, ReSubPre

(xiv) statement: Eqlnv+ SubPre + StrucDep(U) 4+ DisClo = StrucDep ()
counterexample: the CSM simigy,,, ;qx (1) On DL using a literal measure / m%yoni
and const(DL) = {U}.
properties: Eglnv, StrucDep(L}), Bou, DisClo, SubPre, ReSubPre
(xv) statement: EqInv+ SubPre + StrucDep(M) 4+ DisClo = StrucDep(LJ)
counterexample: the CSM simigy,, ;. (m) 0N DL using a literal measure / msg;g !
and const(DL) = {M}.
properties: Eglnv, StrucDep(1), Bou, DisClo, SubPre, ReSubPre
(xvi) statement: Eqlnv + EqClo + SubPre = Peserving

counterexample: the CSM simisy, on DL using a literal measure lmzz? and
const(DL) = {U}.

properties: Eglnv, EqClo, StrucDep(L1), DisClo, SubPre, ReSubPre, TrilnEq

(xvii) statement: EqlInv+ EqClo + SubPre + StrucDep(M) = Peserving
counterexample: the CSM simis,,, on DL using a literal measure ! m%qf, an
equivalence exclusive Ll-rule and const(DL) = {L,M}.
properties: Eglnv, EqClo, StrucDep(1), DisClo, SubPre, ReSubPre, TrilnEq
(xviii) statement: Eqlnv+ EqClo + SubPre + ReSubPre + StrucDep(L)
= DisClo + TrilnEq

counterexample: the CSM simisy;, on DL using a literal measure / mZZ}" and
const(DL) = {(—),M}.

properties: Eglnv, EqClo, StrucDep(Ul), SubPre, ReSubPre, TrilnEq

(xix) statement: Egqlnv+ EqClo+ SubPre+ ReSubPre+ StrucDep(U) = TrilnEq

confirmed: holds within this context. In our research we could not find a
function, that preserves SubPre and EqClo for LI, without automatically
preserve ReSubPre and TrilnEq.

(xx) statement: Eqlnv+ EqClo + SubPre + ReSubPre + StrucDep(M1)
= DisClo + TrilnEqg

confirmed: holds within this context. In our research we could not find a
function, that preserves ReSubPre, EqClo and StrucDep for I, without
automatically preserve SubPre and TrilnEq. Additionally form being
ReSubPre and StrucDep() follows DisClo.

(xxi) statement: TrilnEq = Eqlnv + EqClo

counterexample: the CSM simis,, on DL using a literal measure lmsg;gl,
const(DL) = {M} the M-rule modified to trivially fulfil TriInEq with-
out EqClo and no assumed unique normal form
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properties: DisClo, Bou, TrilnEq
(xxii) statement: TrilnEq+ StrucDep(L))
= Eqlnv + EqClo 4 SubPre + ReSubPre

confirmed: holds within this context. In our research we could not find a
way to assure TrilnEq and StrucDep other than breaking the functions
down to the Jaccard Index

(xxiii) statement: TrilnEq+ StrucDep(M)
= EqInv + EqClo + SubPre + ReSubPre 4 DisClo

confirmed: holds within this context. In our research we could not find a
way to assure TrilnEq and StrucDep other than breaking the functions
down to the Jaccard Index

(xxiv) statement: TrilnEq+ EqClo = Eqlnv

counterexample: the CSM simisym on DL using a literal measure lmzye?,

const(DL) = {M} the M-rule modified to trivially fulfil TrilnEq and
no assumed unique normal form

properties: EqClo, DisClo, Bou, TrilnEq
(xxv) statement: TrilnEq+ Eqlnv = EqClo

counterexample: the CSM simisy,, on DL using a literal measure ! msDy;gl,
const(DL) = {M, U}, anormal form that is a conjuction of disjunctions,
the M-rule modified to trivially fulfil TriInEq without EqClo and the U-
rule being equivalence exclusive

properties: Eglnv, DisClo, Bou, TrilnEq, SubPre, ReSubPre,
(xxvi) statement: TrilnEq+ Eqlnv+ DisClo = SubPre + ReSubPre

counterexample: the CSM simis,, on DL using a literal measure lmsgirgl,
const(DL) = {M} the M-rule modified to trivially fulfil TrilnEq

properties: Eglnv, EqClo, DisClo, Bou, TrilnEq
(xxvii) statement: TrilnEq+ Eqlnv + ReSubPre = SubPre

counterexample: the CSM simisy,; on DL using a literal measure Zm%yorz,
const(DL) = {U} the M-rule modified to trivially fulfil TrilnEq

properties: Eglnv, EqClo, DisClo, Bou, ReSubPre, TrilnEq
(xxviii) statement: TrilnEq+ Eqlnv + SubPre = ReSubPre

counterexample: the CSM simis,, on DL using a literal measure lmsDyirgl,
const(DL) = {M} the M-rule modified to trivially fulfil TriInEq

properties: Eglnv, EqClo, DisClo, Bou, SubPre, TrilnEq
(xxix) statement: TrilnEq+ Eqlnv 4 EqClo + SubPre + ReSubPre + Bou
+ StrucDep(U) = DisClo + StrucDep(1)

confirmed: holds within this context. In our research we could not find a
way to assure TrilnEq, SubPre, ReSubPre, Bou and StrucDep for con-
junction or disjunction at the same time.

(xxx) statement: TrilnEq+ Eqlnv + EqClo + SubPre + ReSubPre + DisClo
+ StrucDep(U) 4 StrucDep(M) = Peserving
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confirmed: holds within this context. In our research we could not find a
way to assure SubPre, ReSubPre, EqClo and StrucDep for conjunction
and disjunction at the same time.

(xxxi) statement: TrilnEq+ Eqlnv + EqClo + SubPre + ReSubPre + DisClo
+ Bou + StrucDep(M) = StrucDep (L)

confirmed: holds within this context. In our research we could not find a
way to assure TrilnEq, SubPre, ReSubPre, Bou and StrucDep for con-
junction or disjunction at the same time.

5.3 FCA Results

5.3.1 The Statements (iv) and (v)

To prove the statements from (iv) and (v), we will take advantage from our re-
striction to name unique (normal) forms. So for equivalent primitive concept
names and equivalent role names, we have chosen one of them, to represent all
its equivalents in all concept descriptions. This makes the CSM Equivalence In-
variant in Ny and Ngr. Expanding all concept description with the knowledge
of 7 and R additionally assures, that only primitive literal occur in them.

Before we state theorem and proof, we need the following preparations. First we
show, that T can not violate Equivalence Closed while preserving Subsumption
Preserving and L can not violate Equivalence Closed while preserving Reverse
Subsumpion Preserving.

Lemma 9. Let sim be a symmetric deterministic CSM on a specific DL, using a name
unique normal form. Then T can not violate Equivalence Invariant while preserving
Subsumption Preserving and L can not violate Equivalence Invariant while preserving
Reverse Subsumpion Preserving.

Proof 20 (Lemma 9).

The only way for T and L to violate Equivalence Invariant are alternative rep-
resentations like A € C(DL) : T = AU-A, L = AN —A. So for T there must be
{=,U} C const(DL) and for L there mustbe {—, M} C const(DL). Since equiva-
lence implies subumption, we can state forall A,B,C € C(DL),A,B,C # T:

(ALlﬁA)g(BU—\B);C
(BU—B) J (AU—-A) 3 C

Thus the similarities from all representations of T to all concept descriptions
should be the same, or Subsumption Preserving is violated. The same holds for
C = T, since then it also can be flipped in the subsumption chain.

For | we can state forall A,B,C € C(DL),A,B,C £ L:

Cg(Al_l—\A)g(Bl_l—!B)
CJ(BM—-B)J(AM-A)

and do the same Argumentation for Reverse Subsumpion Preserving.
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This allows us to show, that if a conjunction or disjunction C specifically vio-
lates Equivalence Invariant, for the needed cases, there exist a subsuming and a
subsumed one, that have different similarities to the equivalent representations.

Lemma 10. Let sim be a symmetric deterministic CSM on a specific DL, using a name
unique normal form, O € {N,U}, O € const(DL) and C = O,;C;,i=1,..,nn>1
with none of the C; violating Equivalence Invariant. If C violates Equivalence Invariant,
we want to say, that C violates this property initially. For C # T, C # L and C
violating Equivalence Invariant initially, there holds, that:

AC',D,E:ZEJCJD,C=C
sim(C,E) # sim(C',E)
sim(C, D) # sim(C’, D)

Proof 21 (Lemma 10).

The existence of C’ is trivially given by C violating Equivalence Invariant. For
the conjunction, an E can be constructed by dropping one of the C; from C. Since
n > 1, this is possible. A D can be received from disjunctive connecting an A Z C
to C. Since C # L, such an A exists in C(DL).

For the disjunction, an D can be constructed by dropping one of the C; from C.
Since n > 1, this is possible. A E can be received from conjunctive connecting an
A IZ CtoC. Since C # T, such an A exists in C(DL).

Since C initially violates Equivalence Invariant, the syntax of C must be relevant
for calculating the similarity with the corresponding (O-rule of sim. Because sim
is symmetric, this implies that also the syntax of the other concept is relevant.
So for the constructed E and D holds: sim(C,E) # sim(C',E) and sim(C,D) #
sim(C’, D).

O

We also want to introduce the value ES;E . It will represent the highest achiev-
able similarity, by a CSM sim and equivalent versions of C to D.

Definition 50. For sim being a symmetric concept similarity measure on a specific de-
scription logic DL, C,C’, D € C(DL) we define:

D = max{x|C' = C,x = sim(C’, D)}

With this preparations we can state the following theorem and prove it.

Theorem 13. Let sim be a deterministic symmetric concept similarity measure using a
name unique normal form. Them holds, that if sim is Subsumption Preserving, sim is
also Equivalence Invariant.

Proof 22 (Theorem 13).
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Let sim be on a specific DL DL. Assume sim is Subsumption Preserving but
not Equivalence Invariant. This means there exists C,C’, D € C(DL) with C = C’
and sim(C, D) # sim(C’, D). We want C and C’ to be the concept description, vio-
lating Equivalence Invariant initially and not just by containing an other concept
description that already violates Equivalence Invariant. Since simi use a name
unique normal form, sim is Equivalence Invariant in Ny, and Ng. This means C
and C’ can not be primitive literals or quantifications. So they must be conjunc-
tions or disjunctions with at least two participants.

So O € {n,U},C = O;C;,i =1,..,n,n > 1 with none of the C; violating Equiv-
alence Closed. By Lemma 10 for the conjunction exists a E with E T C and
sim(C, E) # sim(C', E). Since equivalence implies subsumption, we can argue:

C'JCJE
CJC' JE

So in one or the other way, Subsumption Preserving is violated.

By Lemma 10 for the disjunction exists a E with E C C, E # T and sim(C,E) #
sim(C', E). Lemma 9 states, that therefore C not have to be equivalent to T. Since
equivalence implies subsumption, we can argue:

C'JCJE
CJC JE

So in one or the other way, Subsumption Preserving is violated.

Since in both cases, Subsumption Preserving is violated when violating Equiv-
alence Closed, we can conclude, that Subsumption Preservingd implies Equiva-
lence Close.

O

Lemma 9 and 10 state enough to adapt Theorem 13 to Reverse Subsumption
Preserving. So we can conclude the following corollary.

Corollary 21. Let sim be a deterministic symmetric concept similarity measure using a
name unique normal form. Them holds, that if sim is Reverse Subsumption Preserving,
sim is also Equivalence Invariant.

5.3.2 The Statements (x), (xii), (xix), (xx), (xxii) and (xxiii)

These statements follow from our rule-functions just insufficiently preserving Tri-
angle Inequality, Subsumption Preserving and Reverse Subsumption Preserving.
As said, the Structural dependence for the conjunction needs the conjunction to
be a constructor in the used DL DL. So statement (x) holds within our context,
because the only way to make the conjunction N Reverse Subsumtion Preserving,
are trivial rule function, like max and the equivalence exclusive rule, or breaking
the calculation down to the Jaccard Index. The latter is, what we do with our
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restrictions to simissy, and simisyy in 3.2.2. But this methods automatically pre-
serve Subsumption Preserving for M. This is be because of the semantic relation
between I and subsumption.

We want to take a look at a CSM simi,s, on a DL D Lwith the assumed restrictions
that const(DL) N {—,,3,V} = & and for all concept descriptions D € C(DL)
holds simi,s (D, D) = 1. Further let:

A=AM...TA,
B=BiM...MBy
cC=Cn...ng

with A 3 B J C, so there holds that for every conjunction participant A;,7 €
{1,...,n} there exists a Bj,j € {1,...,m} with A; 3 Bj, for every B;,i € {1,...,m}
there exists a Cj,j € {1,...,I} with B; 2 C; and consequently the same for A;,i €
{1,..,n} subsuming some C;,j € {1,..,1}. Equivalence Invariant and the re-
striction to DL in this case assure, that subsumption between the conjunction
participants of the three concept descriptions can only be by equivalence. Since
Equivalence Invariant allows us to rearrange nested conjunctions to one conjunc-
tion without changing the similarity values and besides the conjunction M only
the primitive negation (—) is as possible constructor, but not able to express a
subsumption, all these conjunction participants have to be in N . Together with
the ]ust established subsumption condition for conjunctions we can conclude that
Cm D Bm D Am Because we can state A J A J B, we can conclude that the con-
junction participants form Br/ Ar influence siniysi; (A, B) by no change or reduc-
ing it in comparison to simiys (A, A). In fact, if there would exist a B; € ﬁn / A\m
that would have an in any way increasing influence to simi,s (A, B), then we
could say that by leaving out this B; in a DL:

A3 I_leSij B, S] = {1,,771}/1

there must hold simiyg (A, B) > simirsy (A, |_|j€5]_ Bj), what would contradict

Reverse Subsumption Preserving. So the addition of a semantically relevant con-
junction participant to a concept description D results in a new concept descrip-
tion D’ that has a equal or lower similarity to all concept description subsuming
both of them. From this follows simiysir (A, C) < simiysy (A, A) and simirgsr (B, C) <
simiystr (B, B), because C is just A or B with additional conjunction participants.
Also by assumption holds that simiyse (A, A) = simiysy (B, B) = simiys, (C,C) =
1. Now we can say that removing a semantically relevant conjunction participant
from a concept description D results in a new concept description D’ that has a
equal or lower similarity to all concept description that are subsumed by both of
them.

But unfortunately we can not argue this way, when we allow other constructors
in the DL. This allows subsumption to be realised in other way than equivalence.
While the simple subsumption between one A; and one B; may be easily han-
dled by assuming the conjunction participants already fulfil statement (x) and
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making a proof over the structure of DL, a more serious problem are multi-
subsumptions. As multi-subsumptions we want to see cases, where either one
conjunction participant subsumes or is subsumed by multiple conjunction partic-
ipants of the other concept description. Such multi-subsumptions enable much
bigger varieties of possible structures of the descriptions A, B and C. Unfortu-
nately within the research of this paper these varieties were not invested enough
to bring adequate results in either proving or disproving statement (x) for gen-
eral.

Note that our restriction in 3.2.2 to make the conjunction I Subsumption Pre-
serving in simisy, or simig,, is actually that subsumption is only possible by
equivalence. The same problem with multi-subsumptions occurs for statement
(xii). In fact there it is a kind of dual case with LI Reverse Subsumption Pre-
serving. Also statements (xix) and (xx) hold within this context because of this
problem. Without further investigations of the cases with multi-subsumption, the
only reliable method to ensure Subsumption Preserving, Reverse Subsumption
Preserving and Equivalence Closed while containing 1 or U in the constructor
set is breaking the calculation down to the Jaccard Index. But this also automati-
cally ensures the Triangle Inequality. The statements (xxii) and (xxiii) hold within
this context, because we could use other ways to ensure the the Triangle Inequal-
ity, than is breaking the calculation down to the Jaccard Index or the method to
trivially achieve Triangle Inequality (see 4.4). Because the second method do not
preserve Structural Dependence, this implies that by the state of the researches
the premise of (xxii) and (xxiii) can only be achieved by breaking the calcula-
tion down to the Jaccard Index. And this automatically ensures the conclusion of
these statements.

5.3.3 The Statements (xxix), (xxx) and (xxxi)

The premisses of these statements are not achievable within the research of this
paper, so at this state these statements hold trivially. The premisses of (xxix) and
(xxxi) are not achievable because we have no other way to fulfil the Triangle In-
equality and Structural Dependence is breaking the calculation down to the Jac-
card Index. Unfortunately for (xxix), Structural Dependence for the disjunction
requires it to be in the constructor set of the DL, what makes it impossible to be
Peserving at the same time as fulfilling the Triangle Inequality. For the premiss
of (xxxi), we need additionally Peserving and Dissimilar Closed to be fulfilled
at the same time. Therefore the conjunction has to be in the constructor set of
the DL. But now we have both conjunction and disjunction in the constructor set.
So to obtain Subsumption Preserving and Reverse Subsumption Preserving at the
same time, one of this two constructors have to use an equivalence exclusive rule,
what results in Peserving being violated. This same problem makes it impossible
to fulfil the premiss of (xxx).

So for now this statements may serve no purpose nor information, but the should
still be mentioned, because further research in the properties Subsumption Pre-
serving, Reverse Subsumption Preserving and the fulfilling of the Triangle In-
equality may allow in the future explorations starting from these statements.
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6 Conclusion

We extended simi from [4] in three different ways. One (simizsym) is a direct ex-
tension of simi by just adding rules for (=), U and V, which for the most cases pre-
serves simi’s design to fulfil Subsumption Preserving. The second one (simig,,q;) is
a dual construction to simissym, which changes the design around to fulfil Reverse
Subsumption Preserving for the most cases. The third extension (simisy,) has a
fully symmetric design, which gives disadvantages in fulfilling Subsumption Pre-
serving and Reverse Subsumption Preserving, but enables an easier fulfilling of
the Triangle Inequality.

For every of this extensions we investigated under which circumstances the
rules of the constructor provide the different formal properties. With this knowl-
edge an additional modification for the rule, we achieved a huge number of CSMs
and additionally the formal properties they fulfil. Used as a database for a FCA,
we were able to conclude several implications, that hold within the context of our
expansions and their modifications.

Also we could only prove two of them for generality, the context still is a part
of the universality. So implications that are disproved in this context are also
disproved for the generality.

6.1 Open Problems

A major task for future work is to do further researches of the in 5.3.2 mentioned
multi-subsumptions. An deeper investigation of the behaviour of CSM if these
multi-subsumptions are enabled could bring more detailed answers to the ques-
tion, how to achieve Subsumption Preserving or Reverse Subsumption Preserv-
ing. Also results for the Triangle Inequality may be achieved by this, because
multi-subsumptions also cause problems in these field.

The Triangle Inequality remains an open problem. Since our trivial rule to
achieve it is not a suitable way, the Jaccard Index remains the best attempt. In-
stead of its calculation by concept names or participants of an constructor, an
other approach is to adapt it to concept description could be equivalence classes.
We could associate concept descriptions with sets of equivalence classes. In the
calculation we compare the number of equivalence classes they have in common
with the number of equivalence classes they have together.

Also the negation remains an open problem. As mentioned in 3.1 we could
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use the primitive negation and a normal form that only allows negations in front
of primitive concepts, but the exponential complexity to achieve such a normal
form for ALCis a big disadvantage. Besides achieving Equivalence Invariant for
equivalent phrasings of LI and ' terms with negation would be of interest.

Of course, with the progress of the already mentioned open problem, the FCA
of this paper could be completed. Further more the investigation may be ex-
panded to asymmetric CSM or the usage of weighting functions other than gpz 4.

The investigation of non-deterministic CSM or DLs that do not use a name

unique (normal) form may also be of interest. But because of the unpredictable
nature of those, a practical application seems unlikely.
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