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Abstract. Functional Dependency has been extensively studied in database
theory. Most recently, the have been some works investigating the
implications of extending Description Logics with functional dependencies.
As it turns out, more complex functional dependencies at thdetyglecan

lead to undecidability, which thus restricts its usage in tBexT This paper
therefore focuses on enhancing its applicability to instances in the ABox.
We specify OFDO as a new constructor, realized as an OWL concept. FD
instances are mapped to Horn clauses and evaluated againshBibe
according to userOs desifeehavior. The latter allows users to determine
whether FDs should be interpreted as constraints, assertions or views in the
knowledge base. Our approach thereby gives ontology users data
guarantees and features usually found only in databases.

1. Introduction

Data dependencies have been introduced as a general formalism for a large class of
database constraints that augments the expressivity of database schemas [1]. Functional
dependencies (FD) are a particularly interesting type of data dependencyat[2] th
elegantly capture relationships between attributes of a relation leading to the
identification of primary keys ands used for the normalization procedure of a
conceptual or logical data model in order to avoid redundancy in representation of the
data. Other important applications of FD in database include query rewriting [3] and
guery evaluation [4].

The semantics expressed through functional dependencies are equally relevant when
specifying a conceptuahodelby means ofin applicatiorontology for onblogy-driven
information systemslt has been observed][fhat in datacentric applicationsusers
expect ontologies to offer mechanisms similar to those found in the database area that
guarantee the correctness of entered data. In particular, FDs @koe/ta explicitly
state higHevel constraints thatonce enforcedcan validate the current state of a
Description Logics ABosthat contains assertions about individuals of the vocabulary in
the TBox



Indeed, in recent years, a bulk of prior researchimaesstigated the implications of
adding functional dependencies to ontology languages [@9,11,12,19,20. These
initiatives took one of two paths: extending a [Rnguagewith a new FD concept
constructor or adding FD (and key) as numbestrictiors over concepts and
relationships. It turns out that extending DL with a new FD concept construct requires
re-evaluating the logical implication algorithms, which in the general case has been
shown to lead to undecidability [6]Thus, in this scenario, aihd) databasdéike
constraints to ontologigg Box) and remaining in the decidable fragment of first order
logic requires limiting the expressiveness of a DL language in various R@ymany
datacentric ontology-driven applications however,correctnesof entered datan the
ABox maybe more relevant than the expressiveraésbe typdevel This work takes
the latter assumption and proposes an extensiddL ontologies with databadike
expressive FD assertions. Indeed, FDs are specified as inst#naesewly defined
TBox concept named OFDIhehere proposed solution f&iD assertions in an OWL
ontology settin§jl to meet userO requirements, adhere to W3C standards, and circumvent
certain theoretical limitatioMéallows formulating complex FD rules, dluding
multiple paths in both the antecedent and consequent of the rule. Three types of FDs
will be considered: classical, keyand explicit dependencies. The first two correspond
to typical database functional dependency whereas the last one is algradase of
tuple generating dependency [7].

We realize ABox FDs by mapping FD instances to Horn clauses [17,18] using the
SWRL rule language [8]The effect of running the FD rules over the ABox may
achieve different results depending on the desireéweh Three of such behaviors
have been identified leading to the extension of traditional DL knowledge BBse
interpreted as constrains, as assertions and as.viemstly, the constraint behavior
indicates instances that do not comply with the FIesid'he second approach refines
the uniqgue name assumption in DL by identifyisgmeAsinstances represented by
different nominals and adding the corresponding axioms to the ABox. Finallgwa
behavior returns query results matching the FD specifitatio

The remaider of this paper is structured as followSection 2 contains the
preliminaries with related workand problem motivation using examples. Secton
presents a formal framework for the FD construct and discusses enforcement
interpretation. Seémn 4 introduces the FD construct in OWL and sectopresents a
first prototype implementation. Finallwe conclude irsection6.

2. Motivating examples and related work
We first sketch FD functionality desired by modelers and discuss relevant ittedoret
contributions and limitations afterwards.

2.1 Motivating examples

In database theory, FDs have been seen as one of the most important concepts of
relational modeling. It allows specifying dependencies between attributes of relations
and provides thedsis for normalization theory and relational keys. A FD is denoted as

X Y, with X andY being sets of attributes of a relatiBh Such FD states that the
values of the attributes v are uniquely defined by the (values of the) attributes.in

When tragposing similar rules to the ontology world we discover that FDs could
indeed be very useful to enrich the representation of subject domain information. Take



for instance an ontology about flighta/Ve can partially model the Flight, Airport and
Gate cowgepts and their linking roles, as shown in Figure 1.

arrivesAt

Fig. 1. The FD departsThrough for Flight and Gate, indicated with a thick arrow

In this representation, theepartsFrom and arrivesAt roles functionally determine the
departsThrough role, which leads to the gate. In this example, two flights having the same
arrival and departure airports should also agree on the departure gate.

Another interesting use of functional dependencies is related to the notion of keys.
Consider as an examplePassport concept in the Flight ontologi.et us assume than
expert in the domain states that twintry and PassNumber compose the keys of the
Passport concept, i.e.Passport is a weak entity typeSimilarly to what one would express
in a database Bema we could specify that the rolesiedinCountry and PassNumber
compose the key for Bassport. In an ontology, we can think dountry, Passport and
Person as concepts with the roles displayed in Figure 2 establishing a relationship
between themTheroles represented by dotted lines are the ones marked as part of the
key. In this case the key would ensure @t passports issued for the same country
and having the same pass number are the €aifthey are the same, it is obvious that
all the othe roles must also agree on their values.

IssuedInCountry
Passport ) T TTTTTTT >

edForPerson

|
PassNun'tlber

PassNumber

Fig. 2. The key for the weak entity type Passport in an ontology ; participating roles are
drawn with dashed lines.

i

More complex and interesting FDs can be defined ovdrspat roles. Consider the
example of flight tickets where the price of the flight ticket depends on the arrival and
departure airports, depicted in Figure 3.

departsFrom
issuedFor 4 3
i $55 Figir
hagPrice AN -
rrivesAt
CPrice >

Fig. 3. FD with paths for a flight ticket

In Figure 3, the FD is defined not gridased on the roles havirigket as domain, but
also on paths of roles starting frofioket. Moreover, we can be interested in explicitly
stating how exactly the price is determined based on the airports. For instance, we could



define a function that callates the price based on the distance between the two
airports:fuice(departureAirport,arrivalAirport) = distance(departureAirport,arrivalAirport)

In that case we explicitly specify the function and that is why we will refer to this
case as Explicit Deendency throughout this paper (Figure 4).

departsFrom

~o .

arrivesA

Fig. 4. FD for the flight ticket with explicit function

Up to now we have seen several examples of FD enforcement rules that would add
expressivity to ontologies. We ralassify them as OclassicalO FDs like in the ticket
price example in Figure 3; key FDs like in the passport example in Figure 2; and FDs
with explicit function like in Figure 4Therefore, we see the need of defining all these
flavours of FDs in DL. Inlie Web Ontology Language O\WIDL [14], as well as its
proposed successor OWALDL (based on SROIQ [24]), only basic FDger a binary
relationshipare expressiblasingFunctionalPropertyandinverseFunctionalProperty.

2.2 Related works

Functional dependeres havebeen extensively studied in databases as a formalism to
extend database schema semanfi¢k/]. In the field of Description Logics (DL), FDs
have also been the subject of recent investigations9]inBorgida and Weddell
expressed the necessity adding uniqueness constraints to semantic data models,
specifically DL. They used CLASSIC [10] as target knowledge representation system
for introducing a newD constructor, similar in syntax to objemtiented database keys
and slightly modified toepresent classic FDs. As expected, this simple FD declaration
does not affect the tractability of the ssilimption algorithm.

A more generaFD concept constructor for DL was later introduced by Khizder,
Toman and Weddell1fl]. Their approach mainly focad on uniqueness constraints
with the extension gbathsto express role composition in FD declaration elements. The
resulting DL is namedLFD and a translation from DIClass toDLFD is proposed
The authors explored the complexity of logical implicatmoblems inDLFD, by
proving equivalence with query answering in Datal@egth some restrictions, leading
to a polynomial time query evaluation.

Calvanese, De Giacomo and Lenzerini, interested in modeling conceptual data
models such as ER and UML, as Dhokvledge bases, proposed identification and FD
assertions for theDLRiw language [12] in addition to other common modeling
characteristics of conceptual data models, such -asy rrelationships. FDs and
uniqueness constraints are mappedDidRiz humber estrictions and showed that
reasoning with these (namary)fd assertions iEXPTIME complete. Another interesting
feature of DLR# is its ability for representing ObjeQ@riented class operations
(methods) using th& construct [15]. An operation haset formf(P,E,Pr):R wheref is
the name of the operatiomparameters, each one belonging to claBses P, and the



result off belongs to clasR. Formally, such an operation corresponds tb+d Xary
predicate; leR be an li+1)-ary predicate, ahi, E, h, j denote components & then
an interpretatiom satisfies the assertiofdRi,, E i, — j) if for all t, sER', we have that
t[i,] = di.], E, ti] = di,] impliest[j] = §j]. However,DLR# with such FDs has not
been implemented in any meling tool or reasoner.

Lutz et al.[19] first considered the case of adding keys to more expressive DLs. The
result is the addition of a set of key definition statements incaléed key box. Lutz et
al. proved that these key constraints have an irapbitmpact on decidability. For
instance, satisfiability of concepts becomes undecidable in the general case.
Decidability is NExPTIME-complete if key boxes are restricted to a particular kind
called Boolean key boxe$.utz and Milicic also explored the gsibility of adding not
only keys but also FDs to DLs with concrete dom#2g. Although it would initially
seem that FDs are weaker than uniqueness keys, their work showed that the impact on
decidability and complexity of reasoning is equally probléen&tom the perspective of
scalable implementations) in the language they defiae@(DjP.

In [23], Toman and Weddell extend their previous effd@$ by adding the
possibility of using the FD concept constructor not only in top level and in the right
hand side of inclusion dependenci&g.(However, this extension in the general case is
shown to lead to undecidability. Decidability is regained by focusing on a reduced DL
where Path FDs occur only at top level or in monotone concept constructors.

Thus, one can observe a clear compromise between expressivity of FDs and the
decidability of the resulting DL language. Put differently, the ontology developerOs
desired FD behaviour as described in section 2.lis (ot metin present ontology
development doware and (ii)might be implemented onlpartially at the typdevel
(TBox) (iii) but, despite the theoretical and software limitations, developers still would
like to see such functionalityoon To address these problems, we necessarily depart
from the abovediscussed approaches by introducing FD asapplication level
constructin the ontologyi.e. without changing the ontology language, and defer part of
the processing to outside of the ontology, where the obtained derived results can be
ported backinto the ontology. This solution is in part inspired [B} that elegantly
discuss the role of constraints in ontologisscompared to those databasesnd the
notion of distinguishable witness predicate for holding instances not conforming to
specifiedconstraintd21]. We describe a formal framework that accommodates classic
FDs, keys, and explicit dependencies in the next section.

3. Formalization Framework

3.1 Abstract Syntax

A FD definition fd, used for FD reasoning at the instance level, is cseg of the
following elements: the antecedehtconsequent, a root concepR and eventually a
skolem functiorf (see formulae 1 and:5)

fd = (AC,R f) (1)
which can be expressed as an implication, in the same vein as tradifianal
(fdR: A—L—C) (2)

As illustrated in formula 3 below, the antecedant a set of paths. A pathis in
turn composed of a list of roles, each one beinghe consequent is defined by a single
pathu, which is composed dfrolesu. The root concepR is the starting point of all



paths in the antecedent and consequent, so that a FD expresses relationships among
roles of a single instance of the R concept. Notice that all paths considered are single
valued and simple concatgions of roles, such that more complex composition
constructs are not allowed.

A={u,u,,...,u.}

Uy = {6 T i ) ()
C={u}
u= {S’Szaas}

In case of having the deterministic functidndefined, it takes as parameters
individuals of the ranges of the last roles of the @dent paths. And the result fof
must be an individual in the range of the last role of the path in the consequent.

3.2 FD Semantics
Concerning the semantics of tftedefinition, we first define path evaluation under an
interpretationX. Given an intergetationX, we say it is composeduly a domain ¥ and
an interpretation function. As we have seen the interpretation function maps;ateole
a subsetr;;* C ! *x! *. For paths we apply the same principle using composition of
these interpretation functions. Givepathu, a concepR and an individuak, with x €
RY, thenu (x) is defined as:

o (EC 12 (0)E)

Now an interpretatioiX satisfies a FOd = (A, C, R, f) with A andC defined as in

(1), if for all a, beR* it is verified that:

if u”@=u”(b)and u* (@=u* (b)andE u,* (@)= u, (b), thenu® (a)=u* (b)

3.3 Classic FDs
In the simple example of the flight gate that depends on the arrival and departure
airports (see Figure 1), th&d definition would be composed of the following
antecedent, consequent and root concept:

A={u,u,} C={u} R=Flight

u, = {departsFrom}

u, = {arrivesAt}

u = {departsThroughGate}

We can express FDs as fdaclause rules so that later an engine can enforce the FDs

for the instances of an ontology (i.e. its ABox). In the case of classic FD the afustract
definition in (1) @n be translated to the following Horn rule:

r1,1(avp1,1) ) rl,2(p1,11p1,2)" e rlml(pl,mlllvgl)

rn,l(a'pn,l) " rn,Z(pn,l'pn,Z) "L Fom, (pn,m,,zlvgn) "
" — sameAép,,q,)

r1,1(b:q1,1) " r1,2(‘]1,1v‘]1,2)" o Mim (‘]1,n11!11g1)
rn,l(b'qn,l) " rn,Z(qn,l’qn,Z) T fom, (Qn,m”!l’gn) )
si(a, p1)" Sy(prip2)" " S (Puasp) "
$1(b,q1) " S5(91,92) " " Si(901,9))

where thea, b, p;,q; andg elements are free variables. The variablesdb are the
common root nodes linking all the paths in the antecedent and consefjuleatFD.



Ther; are roles of an antecedent path andshare roles of the consequent, just as
shown in (2) (3). These mappings suffer slight variations when applied to the case of
key and explicit functions.

3.4 Keys
If the FD represents a key, Fidk, then the consequent is the instance of the root
concept itself Id) and there is no need to specily It is not necessary to specify
either:

fdk = (A, R)

(fdk R: A Id) 4)
Given the interpretatioX, it satisfies the kejdkif for all a, bER*:

if u*@=u”(®andE u*(@)=u*(b)andE u, (a@)=u,* (b), thena=b
Notice that the only difference at the interpretation level is that insteadsuring the
equality between® (a)= u* (b), we need to ensure the equality of the instancasdb
themselves. In the simple example of the passport with a key FDdkitefinition
would be composed of the following antecedent and root concept:

A={u;,u,} C={u} R=Passport

u, = {issuedInCountry}

u, ={passNumber}

The fdk needs to ensure that the instances are themselves equal if the antecedent

holds. In the case of key FD the abstrat definition in (4) can be translated to the
following Horn rule:

fa(a P) " TPy P ™ ™ T (P> 90)
rm(a, pn,l)" rn,z(pn,w pn,z)" . rn‘mn(I:)n,m,‘!la(‘:]n)II | sameAs(alb)
r1,1(baQ1,1)" r1,2(q1,17q1,2)" e Fim, (qu!]’gl)"

rn,1 (ba qn,l) " rn‘Z (an,l s qn,z) " ! rn,mn (Qn,m,! 1° gn)

where a, b, p;;,q; andg are variables in the rule language.

3.5 Explicit Function
In defining explicit function FDsfde the deterministic functiof is specified along
with the antecedent and consequent:

fde=(A, R, C, )

(fdeR:A4'V" ©) (5)
Given the interpretatioX, it satisfies the explicit Fideif for all a € R*, andt,, E, t,
erx

if t,=u @) andE t =u”*(a)andE t,=u,* (@), then u* (a)=f(t,,Et;,E,t,)
In the more complex case of the ticket price we would have:

A={u,u} C={u} R=Ticketf = f, ...

u, ={belongsToFligitpartsFrgm

u, ={belongstoFligitrivesAt

u={hasPride



Notice that in this examel we have two paths;, and u, each one having two
componerd. The functiorf,,, takes airports as parameters and returns a price instance.
The abstractde syntax in (5) can be translated to the following Horn rule:

I'1,1(aa pl,l)" r1.2( pl,l’ pl,z)" o rlml(me\!l’gl)"

rll(a’ pi.l)II I’i,Z(pi,l’ pi,z)" "'" rim(pi,m!lﬂgi)lI ! S|(p|!1a f(gla"'agia'"agn))

rn,l(aa pn,l) " rn,2( pn,l > pn,z) " " rnm| ( pn,mn! 1 gn) "

Sl(aw pl)" Sz(pl’ pz)" "'" Sl!l(pllzr pI!l)
where a, p;; , andg; are free variables.
Having presented the syntax and semantics for the three FD modes discussed in this
work, we turn now to discussing enforcement policies with respect to a knowledge base,
which we name FD interpretations.

3.6 FD Interpretations

An interesting aspect about FDs ontologies is that depending on the kind of
enforcement, they can be applied quite differently. We have identified three FD
interpretations: constraints, new assertions and views.

In the first enforcement mode (i.eonstraints) FD expresses invalid stabf the
ABox. Instances conforming to an FD constraint are identified and exposed to user
analysis. The second interpretation creates new ABox assertions with instances
matching the FD definitions. Finally, view interpretation corresponds to retrieving
instances matching FD specifications.

To better understand this difference of usage of FD assertions, consider the following
example, again in the context of the Flight ontolo@fhe tax on a ticket price
functionally depends on the passenger-ggmip, the departure airport and the arrival
airportQ We identify the paths for the antecedent and consequent; and the fdggction
that computes the tax based on the departure, arrival and age goup:
fax(departureAirport,arrivalAirport,ageGroup).

The FD b defined as:

fd,, : (A,C,Ticketf )
{belongsToFligitpartsFram

A=1 {belongsToFlight,arrivesA
{hasPassengbelongsToGrduj

C ={{hasPrickasTa}

Consider, in addition, the following ABox:

belongsToFlight(T1,F1)

departsFrom(F1,GENEVA)

arrivesAt(F1,HEATHROW)

hasPassenger(T1,CARL)

belongsToGroup(CARL,JUNIOR)
The FD assertion interpretation woulab@uce the following ABox statemeldsTax(P7,
fu(GENEVA,HEATHROW,JUNIOR)) for a price B10 of ticketTdD Symmetrically, in case of
adapting the FD constraint enforcement interpretation, thehaslex would appear in
the consequent of a FD specificat in its negative form to check for hurting instances,
such as:not hasTax(P1,f.(GENEVA,HEATHROW,JUNIOR)). Finally, view interpretation is

(6)



syntactically equivalent to FD assertion but with interpretation leading to instances
beingreturned to the user.

3.7 Extended Knowledge Base
In order to accommodate the aforementioned interpretations we extend the conceptual
model proposed in [5] according to the following extendedHDL knowledge base,
represented as a sextuple:

K=(T,A,FD ,C,C V)

Such that:

T is a finite set of standard TBox axioms,

A is a finite set of standard ABox assertions

FD is a finite set of functional dependency definition instances, where each FD

definition can be classified as:

FD _is a finite set of assertion Fida
FD _is afinite set of constraint FDfsic
FD s afinite set of view FDflv

C is a finite set of constraint witness clasags, withfdc € FD

C, is a finite set of assertion hurting sof® _ constraint and expressedwisness

facts, i.e. instances of, .

V is a finite set of view definitions

v={v =fdv ,E,v =fdv }, wherefdv & FDv

The setC of witness classes models instances hurting FD constraints. They allow
users to analyze the hurting instances without directly affecting the ABox.

The view interpretation specifies queries whose answers are computedelzplttie
dependencyfunction over determining property values. The view characterization
defers from simple assertions in that #@ rule definition specifies necessary and
sufficient conditions for ABox assertions to match with predicatesFD.V
comprehends view labels mapped to corresporféihg instances.

Having definedFDs formally and integrated them within an extended knowledge
base, we discuss in the next section howvetional dependency is specified in OWL.

4. Specifying FD in OWL-DL
In this section, the formalism introduced in section 3 is realized into an approach for
integrating FD into OWLDL.

4.1 OWL FD Package
In order to model the abstract FD definition presgénte(1) and (2), an OWL Class
calledFD has been specified. This class, its subclasses and properties, have been defined
in an OWL FD package with a separate namespaced. In this way, we can reuse
these FD definitions in any owl ontology, by importihg ow1 £d namespace:

<owl:imports rdf:resource="http://Ibd.epfl.ch/fdowl.owl"/>

4.2 OWL FD Class

The ow1rd: FD class, just like in the definition introduced in (1), has the following
properties: antecedent, consequent, rootClass and hasFunction. The
anteedent property link&D instances to one or momth instances. Similarly, the



consequent property linksRD instance to at most om&th. TherootClass property
has ardf:class as range associating = instance to a class name in the OWL
ontology. Therootclass reflects the root concept of the abstract FD. Finally, the
hasFunction property indicates the resource id of the function correspondinastm
the abstract definition.

FD 1

owl:Thing

| antecedent  only Path

I antecedent min 1

v consequent only Path

=consequent max1

=rootClass exactly 1

= hasFunction max 1

For the case of keys, a sploperty & rootClass calledkeyRrootClass has been
defined. AnyFD definition featuring this subproperty insteadrefotciass should be
interpreted as BD key definition.

The path class, referenced by the antecedent and consequent contains a list of
property referaces callecbwird: PartList. The partList class is an extension of
the genericrdr: List, specializing thedf: first andrdf:1ast properties. In order
to make therartrist an ordered list of references to properties, the OfirstO property of

this list can ont accept rdf:Property instances. Therartrist definition is
specified as:

PartList !
rdf:List
vV rdf:first only rdf:Property
=rdf:first exactly 1
Vv rdf:rest only rdf:List
=rdf:rest exactly 1

A Path is linked to arartrist through the parts property. A path must have one
PartList. We give now the definition of path:

Path C
owl:Thing
Jparts some PartList
=parts exactly 1

4.3 Subclasses of FD
In addition three subclasses 6 have been definedrp,, Fp. and Fp,. These

subclasses correspond to the abovementioned interpretation types: assertions,
constraints and views respectively:

FD, CFD
FD. | FD
FD, | FD

As we have seen in the previous section, these interpretation differences donOt have
much impact on the abstract definition. In fact it is sufficient to use one of the three
aforementioned subclassesp(, Fp. or Fp,) to get the expected results in terms of
interpretations.



5. Implementation

Having described our approach for adding functional dependencies to OWL, we
proceed now to describe a prototype implementation dembngtthe applicability of
our ideas.

5.1 Implementation design

The starting point for implementation of functional dependencies for ontologies is
definitely theFD constructs definition. We have described Hels can be described in
abstract terms and hatiis abstraction can be expressed using®WiL FDclasses and
properties (see Figure 5). It is important to notice that the FD definitions are
independent from any actual implementation of the enforcement of the dependencies.
The mechanisms to guarantémeat the definitions hold could follow various different
approaches. In this work we have focused on mappingDRhaefinitions to Horn clause

rules. In the specific case of OWL, the SWRL language constitutes a concrete example
of an effort unifying OWL DLand Horn clauses. We have already shown how to map
the OWL FD definitions to rules. This mapping mechanism has been implemented for
the three discussed interpretations. FD definitions and derived rules are based on
predicates whose terminology is paradtnown knowledge base.

| For Class: ‘FD l

.
L,? \59? ﬁ L83 Asserted Conditions
NECESSARY & SUFFICIENT
NECESSARY

owl: Thing

antecedent min 1
antecedent onky Path
consequent max 1
consequent only Path
hasFunction max 1
rootClass exacthy 1

lrlrlelelel-

Fig. 5. FD Class in the ontology development tool  ProtZgZ.

Instances ofFD are functional dependency definitions for the ontology; Figure 6
illustrates a ProtZgZ OWL FD instance specificatibhen, each ath such as
FD_PilotAssigment with their PathListsin the Flight ontology, is also easily editable with
ProtZgZIn this example, théath is given by thePartList composed of properties
scheduledAsFlight andmanagedByAirline (see Figure 7).

INDIVIDUAL EDITOR +—=FT
For Individual: 0 lFD_PiIot_Assignmerrt (instance of owlfd:FD)
Lj)]’ ﬁ 1} ‘_2% B __] Annotations

owlfd:antecedent & ﬁ g owlfd:rootClass & ﬁ g

@ pilotAssignment_Path_antecedent_1
0 pilot&ssignment_Path_Antecedent_2
@ pilctAssignment_Path_sntecedent_3

AjrJourney

owlfd:hasFunction & ﬁ %

owlfd:consequent é Q- %

0 pilot&ssignment_Path_Conseguent

Fig. 6. FD antecedent and consequ ent.



INDIVIDUAL EDITOR

pilotAssignment_Path_Antecedent_1

For Individual: ’

_? ﬁ,ér]’ ﬁ __2% _] Annotations
owlfd:part & g %‘

[Q owlfd:PartList (scheduledAsFlight, managedByAirline) ‘

‘ (instance of owlfd:Path)

o= o)

Fig. 7. Path with PartList.

5.2 Mapping from OWL FD to SWRL

We have developed a Java application that t&@4 FD definitions of an ontology

and generates the corresponding set of SWRL rules. This procedure follows the
mapping described in sgan 3. In the next subsections, we will reconsider tdne
example of section 3.6, with the three variants of interpretation. Figure 8 shows a
generated SWRL rule in the SWRL tab of ProtZgZ [22].

JRL=TEY
| Mame | Comment |

Hame

’Ticke‘t_tax_Rule ‘

SWRL Rule

has'Passenger(?icket, ?passenger) A
hasAge(?passenger, 7age) A
issuedForJourney(?ticket, Zjourney) A
scheduledAsFlight(?journey, ?flight) A
departsFrom(?flight, ?depairport) A
airportTax(?depAirport, ?depTax) A
swrlb:multiply(?7i, 7age, 7depTax)

= hasTax(?icket. 71

me Fm BDEE v
B A = ) [ 1«

Fig. 8. SWRL rule for tax FD.

For the sake of simplicityn this example, thé&,, function has been replaced by a
simple multiplication function calledhultiply, which is available out of the box as a
SWRL Built-In function and is supported in the basic package of the SWRL rule engine
we used. Alternatively, & could have specified a more complex function and have
implemented the intended behaviour usiniz@aclass.

In the following sections we present the variations according to the intended
interpretation.

5.2.1 Assertion SWRL rules

To differentiate this kid of FD definitions, we use thep, subclass of ourp class. In

this first case the head of the rule, or the deduction of the rule evaluation, is a predicate
that is added to the ABox of the knowledge base. This predicate is a property assertion
of the kKnd propertyName(?variablel,?variable2)n the example, th@ropertyNameis

hasTax, the variable?ticket represents a ticket individual matching the conditions in the
ruleOs body, and tf variable holds the result of the evaluation of shelb:multiply
function over the variableZge and?depTax. These last two are the age of the passenger

of the ticket and the tax of the departure airport. To add the results of the rule evaluation



to the ABox, the user has to export the resulting predicate back to t\dugh the
ProtZgZ interface.

5.2.2 Constraint SWRL Rules

TheseFDs are individuals of the subclass.. Contrary toFD, rules, these do not add

any new assertions to the ABox as a resukDfevaluation. Instead, their enforcement
checks whether exisg ABox assertions are consistent with #e definitions. In case

of hurting instances are detected, they are classified to the corresponding witness class,
which holds the information about the individual who is violatingstheconstraint.

A witness property in its most basic form indicates which individual violates the
constraint and the expected instance value. In the tax example, if for some reason
someone has asserted thadTax(TICKET1,300), this contradicts the expected predicate
hasTax(TICKET1,200). The following witness is produceditness;.(TICKET1,200). We can
see the complete SWRL rule in the ProtZgZ interface in Figure 9.

Notice that the witness can grow in complexity, and the information it could
eventually hold depends on how the w#s property is modeled. This is similar to
custom exceptions in a programming language. The witness properties are defined in
their own constraint terminology s&, as described in section 3.7. The witness

assertions are in turn stored in mAeset.

B swRL Rule _{ol x|
Name | Comment {
Hame
Ticket_tax_RuleConstraint
SWRL Rule
issuedForPassenger(?ticket, Ppassenger) A
hasAge(Tpassenger, 7age) A
issuedForJourney(?ticket, Zjourney) A
scheduledasFlight(7journey, ?flight) A
departsFrom(?flight, ?depAirport) A
airportTax(?depAirport, 7depTax) A
swrlbcmultiply(7i, Page, ?depTax) A
hasTax(?icket, 7value) A
swrlb:notEqual(?i, ?value)

- witness( icket, 7i)
me & 2 B8E (V]
BaA - ) [ ]«

Fig. 9. Constraint SWRL rule .

5.2.3 Views with SWRL Rules

As we have already mentioned, the case of views is quite similar to that ef new
assertions. The chief difference is that the predicates of the head of the rules, the results
of the rule evaluatiorare not added to the ABox. They are computed atino@ during

query processing. For example in the modeltaX¥f equation (6), the ticket tax is
computed and retrieved in a query, but never stored anywhere. For views the results are
displayed in the cdext of query execution.

6. Conclusions

The extension of DL knowledge base with functional dependencies has been
acknowledged as relevant in producing more expressive ontologies. hattkisve
investigate the extension of knowledge bases with threelskiof functional
dependencies: classikeys andeaturingexplicit functions In fact, to the best of our
knowledge, this is the first avk in ontologies that explores functional dependencies
with an explicit function relating dependent to determiningpaies. We propose a



formal framework to extend ontologies with these three functional dependencies and
study the different behaviors that can be considered when runnirag FHarn clause
rules. We identified three maitypes of interpretationsfor FDs constraints,new
assertions and viesyand show how to integrate them within a common structure. The
conceptual representation is implemented in OWL by a@@W. FD concepthat can

be added to any OWL ontology. This concéplds all the attributes of anOFas
properties and its instances are called functional dependksfizytions. Moreover, a
mappingfunction translates Fxssertions into SWRL rules, allowing inferences to
produce the desired FD behavior. The framework has been implemerdadnitial
prototype under ProtiZ and using Jess as the rule execution engine.

Our approach to extend the knowledge base with a new FD class hadJaottages
and disadvantages. Aadvantage is that it can be easily adopted without requiring any
extension to thentology language. Furthermore, as the FD evaluation is done through
SWRL on instances in the ABoxt does not affect subsumption reasoning in the
TBOX. It turns out that this same aspect can be seen as a disadvantage as subsumption
cannot be expressed owdnstrained concepts with FD.

One of the main problems with functional dependencies and especially keys, is to
evaluate equality. A pragmatic option is to define equality based on datatype properties
of individuals, but this is a whole subject on its cavd may deserve a deeper analysis.

Another interesting issue that we leave for future investigation is the case of key FD
with multi-valued norkey attributes in addition to the paths and FDs that we have
modeled over single valued properties in thisgpapn this scenario, deciding on
equality of sets seems not evideStmilarly, if properties in the head of a FD are
allowed to be multvalued then existential quantification over the set is required.
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