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4
Complex schema matching

We address in this chapter the problem of matching two schemas that
belong to an expressive OWL dialect. We adopt an instance-basedcdipanoi
therefore, assume that a set of instances from each schema is available.

First, we decompose the problem of OWL schema matching into the
problem of vocabulary matching and the problem of concept mapping. e fir
describe a vocabulary matching technique based on the notion of $ymilaen,
we evaluate the precision of the technique using data available owehe
Finally, we also introduce sufficient conditions guaranteeing thabcabulary
matching induces a correct concept mapping.

Unlike any of the previous instance-based techniques presentedion sec
1.2, the matching process we describe uses similarity functions\duce
vocabulary matchings in a non-trivial way, coping with an expres€)\WL
dialect. We also illustrate, through a set of examples, ligastructure of OWL
schemas may lead to incorrect concept mappings and indicate leswidosuch

pitfalls.

4.1.
OWL Extralite

We will work with an OWL dialect, that we calWL Extralite It supports
named classes, datatype and object properties, subclasses, and indiVideals
domainof a datatype or object property is a classrémgeof a datatype property
is an XML schema type, whereas ttaage of an object property is a class. As
property restrictionsthe dialect admitsinCardinalityandmaxCardinality with
the usual meaning. Asroperty characteristicit allows just thenverseFunctional
property, which captures simple keys. We note that only OWL Full sugppiaat
inverseFunctional property for datatype properties.

An OWL schemgmore often called a®WL ontology is a collection of
RDF triples that use the OWL vocabulary.cAnceptof an OWL schema is a
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class, datatype property or object property defined in the schdraaotabulary
of the schema is the set of concepts defined in the schemaofa #elrefs). The
scope of a property name is global to the OWL schema, and notddted class
indicated as its domain.

In the rest of the thesis, when we refer techemawe mean an OWL
Extralite schema.

Figure 9 and Figure 10 show OWL schemas for fragments of thedma
and the eBay databases, using a simplified and unofficial notatisave space
and improve readability. Consistently with XML usage, from this pomtwe
will use the namespace prefixas: andeb: to refer to the vocabularies of the
Amazon and the eBay OWL schemas, and qualified names of theVidrmo
indicate thafl is a term of the vocabulaky

In Figure 9, for exampleam:title is defined as a datatype property with
domain am:Product and rangestring (an XML Schema data type),
am:Book is declared as a subclassavh:Product , andam:publisher IS
defined as an object property with domam:Book and rangem:Publ . Note
that the scope oam:title and am:publisher is the schema, and not the

classes defined as their domains.

Product
title range string
listPrice  range decimal
currency  range string
Book is-a Product

author range string
edition range integer
isbn range string
ean range string

detailPageURL range anyURI
publisher  range Publ
Publ
name range string
address range string
Music is-a Product
Video is-a Product
PCHardware is-a Product

Figure 9. An OWL schema for the Amazon Database.

Furthermore, although not indicated in Figure 9, we assume that all

properties, excepam:author , have maxCardinality equal to 1, and that

am:isbn is inverseFunctional. This means that all properties areesuaglied,
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exceptam:author , which is multi-valued, and tham:isbn is a key of
am:Book . Likewise, although not shown in Figure 10, all properties, except
eb:author , have maxCardinality equal to 1, aneb:isbn-10 and

eb:isbn-13 are inverseFunctional.

Seller
name range string
redistrationDate range dateTime
offers range Offer
Offer
guantity range integer
startPrice range double
currency range string
seller range Seller
product range Product
Product
title range string
condition range string
returnPolicyDetails range string
offers range Offer
Book is-a Product
author range string
edition range integer
publicationYear range integer
isbn-10 range integer
isbn-13 range integer
publisher range string
binding range string
condition range string
Music is-a Product
DVDMovies is-a Product
ComputerNetworking is-a Product

Figure 10. An OWL schema for the eBay Database.

Finally, to express mappings, we adopt the Semantic Web Rule lggngua
(SWRL) (Horrocks et al. 2004). However, we also opted for a siregiflatalog-
like syntax to improve readability and save space.

An example of an SWRL rule in our simplified syntax would be:

eb:publisher(b,n) — am:publisher(b,p), am:name(p,n)

which says that, ib andp are related byam:publisher , andp andn by

am:name, thenb andn are related bgb:publisher
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4.2.
Vocabulary matching

4.2.1.
Formal definition of vocabulary matching

Let Sand T be two (OWL Extralite) schemas, an and Vr be their
vocabularies, respectively. L€ andCyt be the sets of classes, dglandPr be
the sets of datatype or object propertie¥dmandVy, respectively.

A contextualized vocabulary matchibgtweenS andT is a finite sef, of

quadruplegvi,e;,V,,&) such that

() if (vi,\2) [LCsxCr, thene, ande; are the top clask
(i) if (vi,v)[PsxPr, thene, ande, are classes i€s and C; that must be
subclasses of the domainswfandv,, respectively

(i) and these are the only possible quadruples in

If (vi,e1,v0,&) 7 14, We say thats, matches ywith » in the context of;eand
e, thatg is the context ofiand that(v;,g) is acontextualized concepfor i=1,2.

A contextualized property (or class) matchirgga matching defined only for
properties (or classes).

Intuitively, a vocabulary matching expresses equivalences between
properties and classes in a given context. The context of a prdpdrtya
vocabulary matching is an RDF class that specifiesdhtype  of subjects of
existing triples of the fornj?subject P ?object) for which the matchings
holds. The context of a class is always the top dag®., this notion is not used
for class matchings).

Table 19 is a fragment of a vocabulary matching between the dhnam
the eBay schemas. The first line of the table indicatesptiogiertyam:title
associated with instances of class:Book , is equivalent to propertgb:Book ,
when associated with instances of clels8ook , and the fourth line of the table

indicates that classesn:Book andeb:Book are equivalent.
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Table 19: Fragment of a vocabulary matching between Amazon and eBay schemas.

Amazon Database eBay Database
Concept Context Concept Context
am:title  am:Book gb:title eb:Book
am:title  am:Music ep:title eb:Music
am:name am:Publ eb:publisher  ely:Book
am:Book T eb:Book
am:Music T eb:Music

4.2.2.
Instance-based vocabulary matching

In this section, we describe an instance-based process to cosdéstualized
vocabulary matchings.

Recall from Section 3.3 that a proper®y of a catalogueC may be
represented by the set of valuesAdhat occur in the current extensiGrof C, or
by the set of pair§,v) such thaw is the value ofA for an instance that occurs in
C. If the domain ofA is a set of strings, the set of values is replaced by af se
tokens, and the property representations are reinterpreted accprdimgilarity
models are then applied to such property representations to gepeogerty
matchings between two catalogue schemas.

We also recall that the instance matching technique of Bilke anchaian
(Bilke and Naumann 2005) represents each database tuple as a clstracte
and uses k-mean clustering algorithms to find duplicate tuples. Howse note
that the representations of the same object in distinct datainasediffer in the
list of properties and in the property values. As a consequenceaywemad up
with dissimilar tuples that represent the same object.

For example, suppose that we apply the Bilke and Naumann technique to
match instances that represent the book “The Tragedy of Romeduéat.
Table 20 shows their lists of property-value pairs. If we meah@esimilarity
between the sets of tokens extracted from all property vafuessch instance, we
obtain a score of 43% of common tokens (Figure 11). By contrast, ibmsder
only the values of the properties that match, the similarityeasgs to 64%
(Figure 12).

However, note that, to extract tokens from the values only of prepéhntat
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match, we have to know tham:book matcheseb:book , and have access to
the set of matching properties of such classes.
Combining these observations, we propose a four-step schema matching

process, as follows:

1) Generate a preliminary property matching using similarity functions.

2) Use the property matching obtained in Step (1) to generate:dlaa
matching; and (b) a class instance matching.

3) Use the class matching and the class instance matching obtaigezpi
(ii) to generate a refined contextualized property matching.

4) The final vocabulary matching is the result of the union of the piypper

and class matchings obtained in Steps (2) and (3).

Table 20. Example the same book instance representation in eBay and Amazon.

eBay Amazon
isbn-10 = “039577537X” isbn|=“039577537X”
isbn-13 = 9780395775370 ean|= 9780395775370
title = “The Tragedy of title = “Tragedy of Romeo
Romeo and Juliet” and Juliet: And Related

Readings (Literature
Connections)”

author = “William author = “William
Shakespeare” Shakespeare”

publisher = “Houghton name = “Houghton Mifflin
Mifflin” Company”
returnPolicyDetails = “NO -
RETURNS ARE ACCEPTED”

condition = “Like New” -

binding = “Hardcover” -
- listPrice = 18.92
- currency = “USD”

Step (1) generates preliminary property matchings based omtthigon
that“two properties match iff they have many values in common and few values
not in common”.Step (2) creates class matchings that reflect the intuitiah
“two classes match iff they have many matching propertigsivever, to work
correctly, Step (2) requires that Step (1) generates prelynmmaperty matchings
only for highly similar properties.

For example, in the experiments described in Section 4.2.3, withrdata f

the eBay and the Amazon databases, if we use a thregh@d2, then
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Instance representation

i) eBay
{039577537x, 9780395775370, tragedy, romeo, juliet, william, shakespeare,
houghton, mifflin, returns, accepted, like, new, hardcover}

i) Amazon
{039577537x, 9780395775370, tragedy, romeo, juliet, related, readings,
literature, connections, william, shakespeare, houghton, mifflin, company,
18.92, usd}

Similarity
9 common tokens (in bold face) in a total of 21 tokens from both
instances = 43% of commonalities

Figure 11. Similarity of the instances in Table 20 based on the set of tokens
representation, where tokens were extracted from all properties.

eb:level with context eb:Seller matches am:color  with context
am:PCHardware , and eb:title with context eb:Music matches
am:title with contentam:Video . These property matchings may cause
classeeb:Seller  andam:PCHardware to match, as well asb:Music and
am:Video , depending on the threshold and the total amount of common
properties among the classes (as discussed below, class malepergls on the
similarity between sets of properties). If we increase tineshold to 0.13, the
previous property matchings do not hold and we may avoid the above unwanted
class matchings.

In what follows, letS and T be two schemasys and Vy be their

vocabulariesPs and Py be their sets of properties, aBd andCy be their sets of

Instance representation

i) eBay
{039577537x, 9780395775370, tragedy, romeo, juliet, william, shakespeare,
houghton, mifflin}

i) Amazon
{039577537x, 9780395775370, tragedy, romeo, juliet, related, readings,
literature, connections, william, shakespeare, houghton, mifflin, company}

Similarity
9 common tokens (in bold face) in a total of 14 tokens from both
instances = 64% of commonalities

Figure 12. Similarity of the instances in Table 20 based on the set of tokens
representation, where tokens were extracted from matching properties.
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classes, respectively. Léils and Ut be fixed sets of instances & and T,
respectively, used to compute the vocabulary matchings.

Let U be the universe of all tokens extracted from literals and Rlrdfs.
Consider a similarity functiorr : 2u4x2%—[0,1] a similarity thresholdz][0,1]
and arelated similarity threshold’ J[0,1] such thatr'< r.

For each propertlP[Ps, for each clas€[Cs such that is the domain oP
or a subclass of the domain f consider the contextualized propeR§=(P,C)
and construct the sefUs P of all valuesv such that there are triples of the form
(I,P,v) and (l,rdf:type  ,C’) in Us, whereC'=C or C’ is a subclass of, and
likewise for a property ifPr. We callo[Us,PY] the observed-value representation
for P in Us This construction explores the fact tHatis inherited by all
subclasses of its domain.

The basis of the matching process arenttagchings directly induced by
and 7, defined as follows.

The contextualizegroperty matching betweeéhand T induced byo and r,
and based on the observed-value representation for properties, is tioa yg¢la

such that

(P,C.Q.Dk iff o(o[UsPT0[UrQ7]) 2 7

For each clas€ in Cg, let props[S,C]be the set of properties R whose
domain isC or thatC inherits from its superclasses, and likewise for class€s.in
We callprops[S,C]therepresentatiorof C in Us.

The contextualized class matching betwé&and T induced byo, rand 1
is the relationuc O CsxCyr such that (recall thatis the top class)

(C,T,D,T) 0w iff o(props[S,C],relprops[S,C,T,.D])x

whererelprops[S,C,T,D]denotes the set of propertiesof classC of S such that
there is a propert§ of classD of T such tha{P,C,Q,D)]ur. Note that it does not
make sense to directly comput®props|[S,C],props|[T,D]) sinceprops|[S,C]and
props[T,D] are sets of URIrefs from different vocabularies. To avoid thi
problem, we replacegrops[T,D] by relprops[S,C,T,D]

From the matchings directly induced byand r, the process then derives a
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1 INSTANCE-MATCHING(S,T, M)

2 =
3 fcl)l; ea[t:%] pair of classes (C,D) in S and T such th at
KUc matches C with D
4 for each pair of instances (1,J) of C and D in Us x Ur
5 if o(tf UsCI().t[ U+,D](J)) > 1then
6 w= w 0{1CJD)}

7 return Iy

Figure 13. The class instance matching algorithm.

class instance matching and a refined contextualized propertyhintatcas
follows.

Figure 13 shows the class instance matching algorithm. It reca\weSWHS
andT, and the class matching induced byo, rande. It also implicitly receives
as inputUs andUr. It outputs a class instance matchindpetween class instances
in Us andU~. In Figure 13, ifC is a class irCs, andl is an instance of in Usg,
thent[Us,C](l) denotes the set of tokens extracted from all vahmsch that, for
some propertyPLPs, for some propert® in Py, for some clas®UCr, there is a
triple (1,P,v) in Us, and there is a tupl¢P,C,Q,D) in tp, and likewise for
t[Ur,D](J).

For each(P,C,Q,DX1ur such that(C,T,D,T)Uic, construct the set of
triples(l,u,v) such that there are triples of the fofip?,u) and(l,rdf:type  ,C)in
Us, there are triples of the fornJ,Q,v) and (Jrdf:itype ,D) in Uy, and
(1,C,J, D) (where 14 is the class instance matching of Figure 13). Define
iv[P,C,Q,D]=(s,t) such thats={(l,u)/(20)(l,u,v)_q} and t={(l,v)/(L0)(l,u,v) 4}
We calls theinstance-value representatiai P® in Us (and likewise fott). This
second representation for properties is useful since it hedpagliish properties
with similar sets of values, but which refer to distinct instances, matchad by

Figure 14 shows the refined contextualized property matching tgorit
has the same input as the algorithm in Figure 13, including thembshingc
induced byo, rand 4, and outputs a contextualized property matchigpgnly
between properties whose domains are classes directly or thdimetched by
Uc. The algorithm uses the maximum of the similarity values coaapusing the

observed-value and the instance-value representations for a paopeft@sP
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and Q, and the more relaxed similarity threshold. Although not showrgar&
14, object properties receive a special treatment, since #pesentations are
sets of URIrefs that are compared with help of the classnicestenatchingi4
(computed by the algorithm in Figure 13).

The final vocabulary matchingk is the union of the class matching
induced byo, rand /s and the contextualized property matchmgcomputed by
the algorithm in Figure 14. Howevets, may have to be adjusted, by dropping

matchings, until it becomes structurally correct (see Section 4.3.4).

1 CONTEXTUALIZED-PROPERTY-MATCHING(S,T, Ho)

2 p =
3 fo‘: ea(fh} pair of classes (C,D) in S and T such t hat
Hc matches C with D

or C’ dominates C and Hc matches C’ with D
or D’ dominates D and Hc matches C with D’

4 for each pair (P,Q) of properties of C and D

5 X =0 UsP 0] UrQ")

6  if (C matches D) then

7 (s,H)=iv[P,C,Q,D]

8 Y =0o(s,t)

9 else

10 Y=0

11 if max(X,Y) > 1’ then

12 He= ke U{(P.C,Q.D)}

13 return Mp

Figure 14. The contextualized property matching algorithm.

4.2.3.
Experimental results

We conducted an experiment to assess the performance of the vocabula
matching process of Section 4.2.3, using data about products obtained from
Amazon and eBay.

We tested the process with data downloaded from the Web, ratherithan w
the benchmark proposed in (Duchateau et al. 2007), since the benchmamktdoes
include instances and is therefore unsuitable to test our process.

We first defined a set of terms, which were used to query ttabakes.

From the query results, we extracted the less frequent tesmman to both
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databases. We then used these terms to once more query Hasestd his pre-
processing step enhanced the probability of retrieving duplicate slbjent the
databases, which is essential to evaluate any instance-bdssdasmatching
technique. We extracted a total of 116,201 records: 16,410 from Amazon and
99,791 from eBay.

We adopted as similarity functions the contrast model (Leme 2068b),
for property matchings, and the cosine distance with TF/IDF, ristance
matchings. The experiments lead us to conclude that the contodsti tmas a
better performance when we want to emphasize the difference betmesats of
values. This follows because the contrast model has room for daljossveral
parameters.

The configuration of the similarity models in this experimens &g follows
(see the Appendix for more details on how to setup and calibratailargy
model):

» Configuration for the temporary property matching:
multiset
similarity based on the contrast model
threshold = max similarity - 20%
 Configuration for the instance matching:
multiset
cosine with TF-IDF
threshold = 0,8
» Configuration for the refinement of the property matching:
does not use multiset
similarity based on the contrast model

threshold = max similarity - 30%

Table 21 shows the vocabulary matching obtained. The headings indicate
that e; is the context ofv;, and & that of v.. Also, “B” abbreviates classes
eb:Book andam:Book , and similarly for the other classes.

Note that both propertiesp:format  andeb:biding , in the context of

Books matches the propergm:format . This is because the databases hold
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similar information in the first two properties.

The rightmost column of Table 21 classifies the matchings sviltp for
true positivefp for false positive andh for false negative. Since the number of
true positives is 25, that of false positives is 4 and that ¢ faégatives is 10, the

performance measures are:

precision= P 86%
tp+ fp

recall = P =71%
tp+ fn

P precisionrecall
precisiont+ recall

f =78%

The highlighted lines in Table 21 refer to matchings thatldvbave been
considered false negatives, if the algorithm in Figure léregh the instance-
value representation for properties. In this case, thenpesihce measures would
drop to:

precisior= 82%,recall=51%, f =63%

Lastly, if we consider only the class matchings in Tablel¥ performance

measures are:

precisior= 80%,recall =80, f =80%
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Table 21.

Automatically obtained vocabulary matching from eBay into Amazon
eBay Amazon
Vi e Vo €2
Books Books tp
author B apthor B tp
binding B biding B tp
edition B edition B tp
format B bjding B tp
isbn-10 B ispn B tp
isbn-13 B eqn B tp
publisher B najme P tp
title B title B tp
ComputerNetworking PJHardware tp
operatingSys CN  platform PC tp
operatingSystem N  opprSyst PC tp
processorConfig CN  cpuType PC tp
processorType CN  cpuType PC tp
processorType CN  cpuManufact PC tp
title ¢N  title PC tp
DVDMovies Video tp
director DD dinector \ tp
leadingRole OvD adtor \ tp
title DVD title \ tp
upc DVD |upc \Y tp
Music Music tp
artist M arfist M tp
format M Riding M tp
title M title M tp
editionDesc B format B fp
Offer Bpoks fp
currency @) clirrencyCode B fp
startPrice q listiPrice B fp
brand CN brand AC fn
hardDriveCap CN  hardDiskSize PC fn
memoryRam CN | systemMemory PC fn
processorSpeed CN  cpuSpeed Pd fn
screenSize CN  displaySize PC fn
format DVD  RQiding V fn
releaseDate OQVD rdleaseDate \Y fn
ReleaseDate M releaseDate M fn
upc M upc M fn
Product Product fn

74
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4.3.
Concept mapping

4.3.1.
Informal definition of concept mapping rules

In this section, we informally introduce the notionsro€abulary matching
andconcept mappingormally defined in sections 4.2 and 4.3, respectively.

A concept mapping from a source schema S to a target achi&ra set of
transformation rules that express concepts of the targetmachean terms of
concepts of the sourc® such that it is possible to translate queries dvéo
queries oveb.

In the context of this thesis we consider queries definedenSI(RPARQL
Query Language for RDF (Prud'hommeaux and Seaboi0f).2d this language
a query consists of two parts: tSELECTclause identifies the variables to appear
in the query results, and tWHERElause provides the basic graph pattern to
match against the data graph.

A basic graph patteris a set of triple patterns. Triple patterns are like RDF
triples except that each of the subject, predicate and objgcbena variable. A
basic graph pattermatchesa subgraph of the RDF data when RDF terms from
that subgraph may be substituted for the variables andgbk iean RDF graph
equivalent to the subgraph.

For example, the query of Figure 15.a returns titles okbostances from
the Amazon database. The variaBle in lines 5 and 6 means that the same
instances that have propedm:title must be instances of the clasa:Book .

If line 5 were omitted, the query would return titles of insemof the classes
am:Book , am:Music , am:Video andam:PCHardware . Figure 15.b returns
tittes and authors of books but, in this case, there is rbtoestrict the type of
instances, since all instances that have the propartguthor must be books
(Figure 9). Figure 15.c extends the second querydolyng to the result set the
publisher of the books. Line 6 of Figure 15.c is analogousn equijoin in the
relational model that joins the claasi:Book with the clasam:Publisher  of
the Amazon schema (Figure 9).

The SELECTkeyword may be replaced IGONSTRUCIN order to return
an RDF graph instead of a relation. Figure 16 shows a SRAEQe which
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returns triples of publisher names from Amazon as tripleBaly.

1. PREFIX am:<...>

2. PREFIX rdf:<...>

3. SELECT ~title

4. WHERE

5. {?b rdf:type am:Book.
6. ?b am:title ?title}

a) Simple SPARQL query over the Amazon database which returns titles of books

1. PREFIX am:<...>

2. SELECT *?title ?author
3. WHERE

4. {?b am:author ?author.
5. ?b am:title ?title}

b) Simple SPARQL query over the Amazon database which returns title and author of
books

1. PREFIX am:<...>

2. SELECT ~title ?author ?pub
3. WHERE

4. {?b am:author ?author.

5. ?b am:title ?title.

6. ?b am:publisher ?p.

7. ?p am:name ?pub}

c) Simple SPARQL query over the Amazon database which returns title, author and
publisher of books

Figure 15. Simple SPARQL queries over the Amazon database with schema in Figure 9

After this brief overview of SPARQL, we return to the problefhrtoncept
mapping. From Figure 9 and Figure 10 and an analydiseoflatabase schemas,

one may infer that the properties nantidlé  from both schemas are likely to

1. PREFIX am:<...>

2. PREFIX eb:<...>

3. CONSTRUCT {?b eb:publisher ?pub}
4. WHERE

5. {?b am:publisher ?p.

6. ?p am:name ?pub}

Figure 16. Simple SPARQL query for returning a RDF graph
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be equivalent because their names are syntactically equahanekperiments,
which we will describe later in this chapter, showed that thefsealues of both
properties are very similar. A rule in SWRL which expressssmapping can be

written as follows:
eb:title(p,t) ~ am:title(p,t)

This rule means that the conceit:title of eBay can be translated to
the concept am:title of Amazon, i.e., triple patterns of the form
(?s eb:title ?0) can be translated t@s am:title ?0) . Figure 17

shows an eBay query on the left and its translation to thezé&mschema on the

right.
PREFIX eb:<...> PREFIX am:<...>
SELECT ?title SELECT ~?title
WHERE {?s eb:title ?title} WHERE {?s am:title ?title}

Figure 17. Equivalent queries over the eBay and the Amazon schemas that return titles.

However, a deeper analysis might not confirm the equivaltarall classes
which inherits the propertyitle in both databases. For example, consider
Table 19 which says that the propesiy:title of instances oam:Book is
equivalent to the propertgb:title of instances okb:Book and, likewise,
for propertytitle  of Music in both databases. In addition, the table matches
am:name with eb:publisher , am:Book with eb:Book andam:Music
with eb:Music . In view of this, the previous rule should be replacedhay

following two rules.

eb:title(p,t) ~ am:title(p,t), am:Book(p)
eb:title(p,t) ~ am:title(p,t), am:Music(p)

Note that Table 19 omit pairs of thide property in the context of movies
and computers. This means that the equivalence betweeropietgeb:title
andam:title does not hold in these contexts.

More precisely, these new rules state that, althaligtitle refers to
titles of all types of eBay products (subclassegmProduct ), this property

has a narrower meaning in the Amazon datababditle can only be
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considered equivalent tam:title for instances of typeam:Book and
am:Music , although eb:title is a valid property for other classes in the
eBay schema.
PREFIX eb:<...> PREFIX am:<...>
SELECT ?title PREFIX rdf:<...>
WHERE {?s eb:title ?title} SELECT ?title
WHERE

{{?s am:title ?title.

?s rdf:type am:Book}
union

{?s am:title ?title.

?s rdf:type am:Music}}

Figure 18. Equivalent queries over eBay and Amazon databases that return titles when

only instances of titles of books and music are equivalent

The translation of the concegl:title of queries over the eBay schema
to the Amazon schema is as exemplified in Figure 18.

Recall that in a SPARQL query, the triple pattérs rdf:type C)
indicates thaC is a class and the triple pattg¢f?s P ?70)  expresses th&tis a
property. Therefore, we provide rules for translatingy aihlese two types of
triples. The approach we propose does not cover triplerpatigth variables in
the property position.

The third line in Table 19 matches the proparty.name in the context of
am:Publ with the propertyeb:publisher in the context ofeb:Book .
Consistently with the previous discussion, we would generaefdtowing

mapping rule:
eb:publisher(b,n) ~ am:name(b,n), am:Publ(b)

The query translation shown in Figure 19.a illustrates thefubes rule.
However, the above rule ismongbecause:
. the domain of am:name is am:Publ and the domain of
eb:publisher is eb:Book
. Table 19 does not match thm:Publ and theeb:Book classes

The correct mapping rule would be as follows:
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eb:publisher(b,n) -
am:publisher(b,p), am:name(p,n), Publ(p)

Note that this rule can be optimized by omittiigpl(p) becauséubl is

the domain of the property name.

eb:publisher(b,n) — am:publisher(b,p), am:name(p,n)

The query translation shown in Figure 19.b illustrates theoides second
rule. This translation can be regarded asaw translation automatically

generated by the mapping rules. However, note that tendeart of the union

PREFIX eb:<...> PREFIX am:<...>
SELECT *?title, ?pub PREFIX rdf:<...>
WHERE SELECT ?title, ?pub
{?s eb:title ?title. WHERE
?s eb:publisher ?pub} {{?s am:title ?title.

?s am:name ?pub.

?s rdf:type am:Book}
union

{?s am:title ?title.

?s am:name ?pub.

?s rdf:type am:Music}}

a) Wrong translation of eBay query

PREFIX eb:<...> PREFIX am:<...>
SELECT 2title, ?pub PREFIX rdf:i<...>
WHERE SELECT ~2title, ?pub
{?s eb:title ?title. WHERE
?s eb:publisher ?pub} {{?s am:title ?title.

?s am publ i sher ?p.
?p am nanme ?pub.
?p rdf:type am Publ .
?s rdf:type am:Book}
union
{?s am:title ?title.
?s am publ i sher ?p.
?p am nanme ?pub.
?p rdf:type am Publ .
?s rdf:type am:Music}}

b) Correct translation of eBay query

Figure 19. Equivalent queries over eBay and Amazon databases that return titles when
only instances of titles of books and music are equivalent
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asks for publishers of instances of the clE®sMusic . But, according to Figure
9, am:publisher is defined only for instances of typen:Book . Hence, this
part of the union would return an empty set. Thereftine, query can be
optimized in a subsequent processes to improve performanm®blem we do
not address in this thesis.

In general, a triple pattern of the target schema has toabsldted to a

graph pattern of the source schema that connects objeitis shme type. In the

previous example{?s eb:publisher ?pub} connects aneb:Book
instance, denoted by the varialie, to anxsd:string literal, denoted by the
variable ?pub, and SO does the graph pattern

{?s am:publisher ?p. ?p am:name ?pub}

However, we note that only part of the previous rule @ditectly derived
from the vocabulary matching, for the following reasons:

1. The rule provides a translation feb:publisher  , a concept of the

target schema (eBay) .

2. The vocabulary matching of Table 19 matchesname, a concept of
the source schema (Amazon), with:publisher  , i.e., the matching
indicates thahm:name andeb:publisher have similar values.

3. However, Table 19 does not matam:Publ , the context (which, in
this case, is the domain) aim:name, with eb:Book , the context
(which, in this case, is also the domaingbfpublisher

4. The body of the rule has to be generated from the sthemd the
vocabulary matching. It reflects @ath from am:Book , the class that
matches the contexéb:Book of eb:publisher , to the class
am:Publ , the context oAm:name.

If am:Book andeb:Book did not match or there were no path from
am:Book to am:Publ , we would say that the vocabulary matchiwgre
inconsistent. In this case, we would have to remove rows from theabulary
matching until it became consistent.

Because of the above considerations, we say that theeptontapping,
expressed by the above rulesdesived fromthe vocabulary matching indicated
in Table 19, or conversely the vocabulary matching of TaBieducesthe above

concept mapping.
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Note that the process of concept mapping generation isynohetric. In
our running example, if we make eBay schema the socamcethe Amazon
schema the target, the propeds:name will not have any translation, since
there will not be a concept in the eBay schema which is @euivtoam:Publ .

The last type of rule aims at translating class conceptde T&bindicates
that thatam:Book class is equivalent teb:Book . The corresponding mapping

rule is as follows:
eb:Book(b) ~ am:Book(b)

The rule means that each triple pattern of the form
(?s rdf:type eb:Book) should be translated to the pattern
(?s rdf:type am:Book)

However, consider the following query over the eBay seéhem

PREFIX eb:<http://ebay.com>
SELECT ?s
WHERE

{?s rdf:type eb:Product}

The result set contains instances afb:Book , eb:Music ,
eb:DVDMovies and eb:ComputerNetworking , Which are subsets of
eb:Product . Since Table 19 only indicates thatn:Book matches with
eb:Book and am:Music matches witheb:Music , it is expected that an
equivalent query over the Amazon schema returns instasfcasi:Book and

am:Music . Indeed, the equivalent query over the Amazon schem&ivoe:

PREFIX am:<http://amazon.com>
SELECT 7s
WHERE

{{?s rdf:type am:Book} union

{?s rdf:type am:Music}}

This translation can be achieved by adding to the conceppings the

following two rules:

eb:Product(p)  — am:Book(p)
eb:Product(p)  — am:Music(p)
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4.3.2.

Formal definition of concept mapping rules

Let Sbe an OWL Extralite schema in what follows.

We say thaBis well-formediff

» for any property of S the domain op is a class 0§

« for any object propertg of S the range op is a class o6

« for any clasg of S if sis defined as a superclasscah S thensis also

a class o5
We understan® as a theory[S]=(A[S],C[S]) in ALCQI (Chomicki and

Saake 1998), a dialect of Description Logics, such that

» the concepts and roles of the alphaki&] are the classes and properties

of S

« the axioms ofC[S] are the constraints d§ denoted iNALCQI as

follows:

(0]

(0]

a propertyp has domaiml and range: TZ= Op.rnOp .d

a propertyp, with ranger, is inverse functional:r = (€ 1p")
a propertyp, with domaind, has minCardinaliti: d = (= kp)
a propertyp, with domaind, has maxCardinalitk d= (< k p)

a classsis defined as a superclasscofc = s

In what follows, we will also use fromALCQJI the intersectionof two

concepts, denotexn d, and thesubsumptiorof two concepts, denoted= d.

Let V be the set ofariables which is assumed to be disjoint from the set of

concepts oS A class literalis an expression of the forafx), wherec is a class

andx is a variable; groperty literalis an expression of the forp{x,y) wherep

is a property anc andy are variables; &teral is a class literal or a property

literal. A conjunctionis a list of literals separated by commasdigjunctionis a

list of conjunctions separated by semi-colons. (This notationld be familiar to

Prolog programmers).

A rule is an expression of one of the forms:

. c(X) —~BJ[x], wherec(x) is a class literal an[x] is a disjunction where

the variablex occurs in each conjunction
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. p(x,y)—B[x,y], where p(x,y) is a property literal and[x,y] is a
disjunction where the variabl@sandy occur in each conjunction
The literal is theheadand the disjunction is thsodyof the rule. We use the
notationB[x] andB[x,y] to stress which variables must occur in the body.
Let| be a set of triples d. Theuniverseof | is the setJ[l] of all URIrefs
and literals that occur in triples bf
Consistently with the notion of interpretation of Description teggiven a

classc of S theinterpretationof cin | is the set
¢ ={i0u[] /(,type ,c)dI}
and, given a propertyof S theinterpretationof pin | is the binary relation
p' ={ (i,0)0U[1] xU[1 /(i,p,0)dl }
Theinterpretationof the intersection of two concepts: d is the set

(cndy =cnd

We say that the subsumption of two concepts d is true in |, denoted
| =ceEd,iff ¢ Od'.
Rather than resorting to the formalization #.CQJI, we directly define
when a constraintr of Sistrue in |, denoted =o:
» if o declares that a property has domaind and ranger, then
| =oiff p' Od' xr'
» if gdeclares that a properpy with ranger, is inverse functional, then
| =o iff, foranyb Or', card{ adU[l] /(a,bOp’} <1
» if odeclares that a propeny with domaind, has minCardinalitk, then
| o iff, foranyaOd', card{ bOU[] / (a,0)0p’}) =k

» if o declares that a property with domaind, has maxCardinalitk,

then
| o iff, foranyaOd', card{ bOU[l] / (a,b0p’}) <k

« if o declares that a class is a superclass ofc, then
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=g iff ¢' O¢

We now turn to the semantics of rulesv#luationfor the set of variableg
in | is a functionv that maps the variables Vhinto elements of)[l] .

We extend the notion of interpretation to rule bodies as folloMes.first
define when a rule bodB is true in | for vy denotedl,v =B, inductively as

follows:

. if B is of the formc(x) then I,v =B iff v(x)Oc'
. if B is of the formp(x,y)then I,v B iff (v(x),v(y)p
. if B is of the formC,D then I,v =B iff I,v =C andl,v =D

. if Bis of the formC;D then l,vEBiff Lv=Corl,v =D

Theinterpretationof a rule body of the forB[x] in | is the set

B[x]' = { adU[l] / there is a valuationfor VV in |
such that,v =B[x] andv(x)=a }

and theinterpretationof a rule body of the forrB[x,y] in | is the binary relation

B[x,y]' = { (a,b)JU[] xU[l] /there is a valuationfor V in |
such that,v =B[x,y] andv(x)=aandv(y)=b }
Finally, we say that a setof triples ofS is consistentiff | satisfies all
constraints of.
We will use the above definitions in Section 4.3.4 to discussdhsistency
of concept mappings induced by vocabulary matchingstiamae define in the

next section.

4.3.3.
Concept mappings induced by vocabulary matchings

Given an OWL schema, we say that a classominatesa classc or the
intersectiorc=d n e of two classesd ande iff there is a sequende,c,,...,G) such
that

» f=c; andc=c,

*  Cy1Subsumes,
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o for eachi][1,n-2), either
0 Cis1 andg are classes amgl is declared as a subclasscof
or
0 G+ IS a classg is an object property argh, is declared as
the range o€;, or
0 Ci+1 IS an object property; is a class and is declared as the
domain ofcis1
We also say thatz=(ci,C,,...,G) is a dominance pathfrom ¢ to d and

&( Py, Py, - Py, ), the subsequence afconsisting of the object properties that

occur in7z is theproperty path corresponding t@(note thatd may be the empty
sequence).

Let SandT be two (OWL Extralite) schemas in what follows. Recall that a
contextualized vocabulary matching betweSnand T is a finite set 4 of
quadruplegvi, e, V,,e).

A contextualized vocabulary matching, from S into T is structurally

correctiff, for all (vi,e1,V»,&) O & such that, andv, are properties:

(i) there is a claskof S such thajs matched with the domain of, andf
dominatesd; n e;, whered; is the domain o¥;

(i) if vy is a datatype property, then the range;a$ a subtype of the range
of v»

(iii) if v1 is an object property, them, matches the range of with the

range ofv,

Let 14 be a structurally correct contextualized vocabulary matching.
concept mapping/ from S into T induced kyy, is a set of rules derived from the
quadruples of4 as follows.

For each quadruplén,e,v»,e)04, the concept mapping/ contains the

following rules:

Case 1v; andv, be classes. TheW contains rules of the form

V2(X) « vi(X)
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S(X) « vi(X) for each superclasof v,

Case 2:v; andv, are properties. Lat; andd, be the domains, and andr;
be the ranges ok andv, (recall thatr; andr, are XML Schema data types,
if vi andv, are datatype properties, and tpgimatches the range of with

the range of, if v; andv; are object properties).

Case 2.1y matchegl; with d,. Then,M contains a rule of the form

V2(X,Y) < Va(X,y) ei(X)

Case 2.2:14 does not matchl; with d,. Letf be a class 08 such thai,

matchesf with d, and f dominatesd, n e. Let p_,p, ,...p, be the

property path corresponding to a dominance path franal, n €. Then,M
contains a rule of the form

Va(X,Y) < P (X %), P, (X1, %), P, (X1, 2) , VA(2,Y) €1(2)
if the property path is nonempty; otherwise the rule redteéisat of case
2.1. (Note that, sincgy is structurally correct, a dominance path friotmd,
indeed exists. Also note that, since the dominance path mdenmique,

the concept mapping induced fyis not unique).

Note that the contextualized vocabulary matchiggnay have more than
one quadruple for the same concepdf the target schema, which implies that the
above process may generate more than one rule.fém addition,v, may be a
superclass of more than one class, which again impliethihatove process, by
Case 1, may generate more than one rule/fofrherefore, as a last step in the
construction of the concept mapping we collect together all rules fap as a
single rule with a disjunctive body. More preciselyy4fis a class and the above
process generates rules

Vo(X) « Bi[x], for i ]1,n]
then we replace all such rules by a single puté the form
V2(X) = Ba[X] ; ... i Bn[X]

and likewise, ifv; is a property.
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We say that a rulg in M definesa concepv, of T iff the head ofpis of the
form vy(x), if v, is a class, or of the formk(x,y) if v, is a property (by the
transformation described abow,has at most one rule for each concepi)of

However, there might be a conceptof T such thatM has no rule that
definesv,. We therefore defin@/M as the subset df restricted to the concepts
thatM defines. Then, the constraintsT¥M are the constraints df defined over
such vocabulary. In particular, we can prove that thersigsses, domains and
ranges are properly defined M.

Proposition 1. Let 4 be a structurally correct contextualized vocabulary

matching and/ be a concept mapping fra&into T induced by4,. Then:

(i) for any clasx of T/M, if sis a superclass afin T, thens is also a class of
T/M.

(i) for any propertyp of T/M, the domain op is also a concept di/M.

(iii) for any object propertg of T/M, the range op is also a concept di/M.

Pr oof

(i) Let c be a class of/M ands be a superclass ofin T. Sincec is a class of /M,

by Case 1 of the construction i there is a rule i of the formc(x) — pi(x).

Sincesis a superclass af again by Case 1, there is a rule in M of the fe(r)—

p1(x). Hencesis defined inM, that is,sis a class of /M.

(i) Let p be a property of /M. Letd be domain op. Sincep is a property off/M,

by Case 2, there is a rule i of the formp(x,y)— BJ[x,y] and a clas$ of S such

that z4 matched with the domaird of p. Then, by Case 1, there is a ruleMrof

the formd(x) —f(x). Henced is defined inM, that is,d is a class of /M.

(iii) Let p be an object property ai/M. Letr be the range gb. Sincep is an

object property off /M, by Case 2, there is a ruleNMhof the formp(x,y)— B[X,y]

and a clasg of S such thafs, matcheg with the range of p. Then, by Case 1,

there is a rule i of the formr(x) — g(x). Hence is defined inM, that is,r is a

class ofT/M.

Corollary 1: T/M is a well-defined OWL Extralite schema.

Finally, we define the functio/ induced byM as the mapping from sets

of triples ofSinto sets of triples of /M such that, for each set of triplesf S J
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= M( ) iff, for each rulgoin M
. if pis of the formc(x)— B[x], thenJ contains a tripldi,:type ,c) iff
iOB[x]'
. if pis of the formp(x,y)—B[x,y], thenJ contains a tripl€i,p,j) iff
(i) OB[x,y]'
We stress thal/ is used to map queries submitted to the target schiema

into queries of the source sche@awvhereasM is a theoretical device to prove

the correctness of the concept mapping, as discussedriexhsection.

4.3.4.
Consistent concept mappings

We denote theninCardinality and themaxCardinalityof a propertyp by mC|p]
and MC|p], respectively. By convention, we takeC[p]=0 (and MC[p]= ), if
minCardinality (or maxCardinality is not declared fop.

A propertyq is no less constrainethan a propertyp iff

. mCJ[p] < mCJ[q] and

. MCIp] = MCJ[q] and

. if pis declared as inverse functional then sp is

Note that the above definition applies everpiéndqg are from different
schemas.

In what follows, letS and T be two (OWL Extralite) schemags be a
structurally correct contextualized vocabulary matching f@mto T, M be a
concept mapping frorB into T induced by, and M be the function induced by
M.

Let p be a rule inV of the formp(x,y)~ B[x,y]. Recall thap is a property of
T and all classes and properties that occ[iy] belong toS. We introduce, by
definition, a property ofS denotedprop[B], whose semantics igrop[B]' =
B[x,y]', for each set of triples ofS We say thap is correctiff prop[B] is no less
constrained thap.

We say thatV/ is correct iff any rule in M of the formp(x,y)—B[x,y] is
correct. We note that this definition takes advantage of thettiat, for each

conceptc of T, the concept mapping/ has at most one rule (possibly with a
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disjunctive body) that defines
We then say tha¥l is consistentff, if | is a consistent set of triples §f

then any constraint af/M is true inJ= M (1).

Lemma 1. Let 14 be a structurally correct contextualized vocabulary matching
and M be a concept mapping froBiinto T induced byzs. Assume thatV/ is
correct. Then/ is consistent.

Pr oof

Let 14 be a structurally correct contextualized vocabulary matcaimyy/ be a
concept mapping fror8 into T induced by Assume that/ is correct. Let be

a set of triples 0§, andJ =M (l). Assume that is consistent. We have to prove
that any constraint df/M is true in J.

Let o be a constraint of/M. There are five cases to consider

Case 1: Constrainto declares that a propenty of T/M has domaird, and range
ra.

We have to prove thap; 0d; xr,’. Let (i,j)O p; . By the construction oM,
sincep, be a property off/M, there is a propertp, of S with domaind; and
ranger, such that there i,e1,2,&)014. Let rrbe the rulgy(x,y)~B[x,y] in M
that definesp,. Since(i,j)0 p; , by construction ofl, we have thafi,j) OB[x,y]'.
Recall thatB[x,y] is a disjunction of the formBi[x,y];,....Bi[X,y]”. Assume that
(i.§) OBx.y]".

There are two cases to considerBgix,y], corresponding to Cases 2.1 and 2.2 of
the construction of/.

Case 1.1: Case 2.1 of the constructionMfapplies.

Then, 14 matchesd; with d,. In this caseBy[x,y] is a conjunction of the form
“pu(x,y), ex(x)”. Since(i,j) OBx.y]', we have thai,j)0 p; , i0d; andjdr,, since
d; andr; are the domain and rangemf Sincezs, matchedd; with dp, by Case 1
of the construction oM, there is a rul&in M of the formd,(x) — di(x). Hence,
by construction of and sinceélld, , we have thatJd., .

Case 1.1.1: py is a datatype property 67M.

Since 4 is structurally correctr; is a subtype of,. Hence,jOr, implies that
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jar,) .

Case 1.1.2: py is an object property af/M.

Since 4 is structurally correcty4, matchesr; with ro. Hence, by Case 1 of the
construction ofM, there is a rulgp in M of the formry(x) — ri(x). Hence, by

construction ofl and sincédr, , we have thatr, .

Case 1.2: Case 2.2 of the constructionMfapplies
Then, 14, does not match; with d, and there is a clas®f S such thajs matches

f with d, andf dominatesl; m e;. In this caseBy[x,y] is a conjunction of the form
Py, (X, %0), P, (X %),-, By (%, » D) Pa(z,Y) &(2)

where p, , p,,---, P IS the property path corresponding to a dominance pat fr

ftod; n e. Since(i,j) OBJx,y]', there aré,,...,im-1,asuch that
(i,i) 0 py o(i1,1,) O Py, e ie,@) 0 (8 )0 py

Sincef dominatesd; n e, andp, , p,, ,---, P IS the property path corresponding to

a dominance path/ from f to d; r u, by definition of dominance path, there is a

non-empty prefixf,....,t of /7 such thatf, =f, f, :dkl andf; £ fi, E..E fy,

whered, is the domain ofp, . Hence(i,i, )0 p, impliesiOd, , which in turn
implies thati O f'. But 24 matched with d,. By Case 1 of the construction i

there is a ruled in M of the formd,(x) —~ f(x). Hence, by construction dfand
sincei 0 f', we have that(d, .

Case 1.2.1: py is a datatype property G7M.

Since 4 is structurally correctr; is a subtype of,. Hence,jOr, implies that
jar,) .

Case 1.2.2: py is an object property af/M.

Since i is structurally correctys, matchesr; with ro. Hence, by Case 1 of the
construction ofM, there is a rulep in M of the formry(x) — ri(x). Hence, by

construction ofl and since(a, j ) O p, impliesjr, , we have that O’ .
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Therefore, in both Cases 1.1 and 1.2, we have ¢hgt)0 p;, implies that
i0d)and jOr, .

Case 2: 0 declares that is inverse functional.

Let 77 be the rule inM that definesp and assume thatr is of the form
p(x,y)— B[x,y]. SinceM is correct,p(X,y)—B[x,y] is also correct, which means
that prop[B] is no less constrained tham Then, B[x,y] must also be inverse
functional. Sincel is consistent, if there ar@j)Oprop[B]' and (g.,j)Cprop[B]',
then i=g. Since, by construction of, (i,j)0 p’iff (i,j)Oprop[B]', if there are
(i,j) Op’ and(g,j)0p’, theni=g, which means that is true inJ.

Case 3: 0 declares thgt has minCardinality equal to(that is,mC[p] =K).

Let /7 be the rule inM that definesp and assume thatr is of the form
p(x,y)— B[x,y]. SinceM is correct,p(X,y)—B[x,y] is also correct, which means
thatprop[B] is no less constrained thanThen,mC[p] =k < mC[prop[B]]. Since

| is consistents < mC[prop[B]] implies that, if there i§,j) Oprop[B]', there are at
least k pairs (i,j1),...,(i,j)O0prop[B]'. Since, by construction o8, (i,j)0 p” iff
(i,j) Oprop[B]', if there is(i,j) Op’, there are at lea&tpairs(i,j1),...,(i,j)Op’, which

means thad is true inJ.

Case 4: 0 declares that maxCardinality equakt(that is,MCJ[p] =K).

(Follows as in Case 3).

Case5: o declares that is a superclass af

Let 77be the rule irM that definex and assume thatis of the formc(x)— B[X].
Let idc’. Then, by construction af, iOB[x]'. We may assume without loss of
generality thatrris of the formc(x)—...;d(x);.... and thatidd'. Sinces is a
superclass of, by Case 1 of the construction Mf there is also a rule in M of
the forms(x)— ...;d(x);.... Then, by construction @ and sincéld', we have that
i0s.

Thereforejdc’ implies thaiJs’, which means that is true inJ. [
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Lemma 1 is not entirely helpful, though, sincesitpt entirely obvious how
to test if a rule of the fornp(x,y)—B[X,y] is correct, i.e, ifprop[B] is no less
constrained thanp. Proposition 1 below provides sufficient condiBon

guaranteeing correctness of one such rule.

Proposition 2: Let p be a rule inM of the formp(x,y)—B[x,y]. Assume that
Blx,y] is of the formB[x,y];...;Bn[X,y]. L€t P4, P 5., P, DE the properties &
that occur irBi[x,y], forilJ[1,n]. Then,

(i) mCprop[B[x,y]]] = min{|‘|’j“:lmC[ p;l1/i=1..n}

(i) MClprop[B[xyIIl < >, [1%LMC[ p,;]

(ii) If all properties that occur inB[x,y] are inverse functional and
prop[Bi[x,y]]....,prop[Bn[X,y]] are pairwise disjointthen prop[B[X,y]] is
inverse functional.

(iv) If all properties that occur iB[x,y] are inverse functional arig[x,y] has
just one conjunction (that isp=1), then prop[B[x,y]] is inverse

functional.

Pr oof
Let p be a rule inV of the formp(x,y)—B[x,y]. Assume thaB[x,y] is of the form
BilX.y];...;BnlX,y]. Let p. 1, Py, P, D€ the properties ¢ that occur irBi[x,y],

foriJ[1,n]. We first prove that

(1) mC[prop[B[xyIll =1L, mCl p,;]

(2) MC[prop[Bi[xyIll = [TLMC[ p;]

There are two cases to considerBgx,y], corresponding to Cases 2.1 and 2.2 of
the construction of.

Case 1: Case 2.1 of the constructionMfapplies.
Then,Bj[x,y] is a conjunction of the form

P1(XY).&(X)

Sinceg (x) restricts the domain op, , but not the range, we trivially have that
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(3) mC[prop[B[x,y]] =
mClprop[ p, ,(z,y).&(2)]] =mClprop[ p, ,(z,y)]] =mC[ p, ,]

(4) MC[prop[Bi[x,y]] = MC[prop[ p;,(z,y).&(2)]] =MC[ p,; ]

Case 2: Case 2.2 of the constructionMfapplies

Then,B;j[x,y] is a conjunction of the form
Py (XX )y Bt (X2, 2), P (2 YY), 8 (2)

Since a conjunctionC[ x,y] of the form “g,(X z),q,(z,y)” captures the
composition of two propertieg, and g,, by definition of minCardinality, we

have that

(5)mCf prop[d,(x,z),0,(z, y)]] = mC[ prop[ d,(x,z)]] .mC[ prop[ d,(z, y)]] =
mC[q, ].mC[q, ]

Again, sincee (z) restricts the domain of, , , but not the range, we have that

(6) mC[ prop[ p,, (zy).€(2)]] =mdC] prop[ p,,, (z y)]] =mC[ p,, ]
By repeatedly applying (5) and using (6) at thst &ep, we have that

(7) mClprop[B[xy]l] =
mC[ prop[ B 1 (X%, )i By -1( X2, 2), B (ZY). € (2)]] =

mC[ pi,l] .mC[ pi,z] .o . MC] pi,m—z] .mC[ pi,m—l] .mC[ pi,mi] =
ML.mc p;]

Using a similar argument and the definition of max@nality, we have that

(8) MClprop[Bi[x.y]]] =
MCI prop| Pi1 (X, Xl)l"'!pi,m—l(xi,m—Z’ 2), Pim (zy)e(d]l] =

MC| pil] MCI pi,z] ... MC[ pi,m—z] .MCJ[ pi,m—l] .MCJ[ pi,mi] =
|_| MC[ pl]

We now prove (i) and (ii).
Recall that, since th&[x,y] is a disjunction of the formB[x,y];...;Bn[X,y],
for any interpretatiom of S we have that
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(9) Bi[x,y]' O B[x.y]', for anyid[1,n]

From (9), by definition of minCardinality, we hatleat

(10) mC[prop[B[x,ylll = mC[ prop[ B [x, yII] , for anyilJ[1,n]
Hence, from (10) and (1), we have that:

(11) mCJprop[B[x,y]]] = min{mC[prop[B, [x,yl]] /i =1,..n} =
min{[1L,mC[ p,;]1/i =1,..n}

Also, for any interpretatiohof S we have that

(12) Blx,yl' =Bix,y]' O ... 0 By[x,y]'

From (12), by definition of maxCardinality, we hatat

(13) MC[prop[BIx,y]Il < >, MC[ prop] B [x, ]I
Hence, from (13) and (2), we have that:
(14)MC[prop[B[xylI] < X", MC[ prop[ B [x,y]l] = >, [].mCl p,;]

Note that (iv) directly follows from (iii). So, wenly prove (iii). Assume that

(15) all properties that occur B{x,y] are inverse functional

(16) prop[B4[x,Y]],...,prop[Bn[X,y]] are pairwise disjoint

using an argument similar to that of Cases 1 aatid¥e for (i) and (ii), by (15),
we have that

(17) Bi[x,y] is inverse functional

From (12) and (17), by (16), we have tB&t,y] is inverse functional.

Note that, in (iii), we cannot establish thatop[Bi[X,y]].....prop[Bn[X,y]] are
pairwise disjoint within OWL Extralite, since thidialect of OWL does not
support class or property disjointness (henceithplgied statement in (iv)).

We may combine Lemma 1 and Proposition 1 anddiicgent conditions
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for consistency.

Corollary 2: Let 4 be a structurally correct contextualized vocalutaatching
and /M be a concept mapping froginto T induced bys. Then,M is consistent

if, for any rule inM of the formp(x,y)—B[x,y], we have:

(i) min{|‘|'j“:lmC[ p;1/i=1..nt=mC[p]

(i) 2L MCl p ;1< MC[p]

(i) If p is inverse functional, then all properties thatwcin B[x,y] are
inverse functional and eith@rop[B4[X,Y]],...,prop[Bn[X,y]] are pairwise
disjoint, orB[x,y] has just one conjunction (that ms1)

where B[x,y] is of the form Bi[x,y];..;Bnx,y] and p,p,,..p,are the

properties ofSthat occur irBj[x,y], foril][1,n].

4.4,
Summary and contributions

In this chapter we focused on the more complex Iprolof matching two
schemas that belong to an expressive OWL dialdut. Mmatching technique is
based on the notion of similarity. We decomposedpioblem of OWL schema
matching into the problem of vocabulary matchingl &ime problem of concept
mapping. We also introduced sufficient conditionsugnteeing that a vocabulary
matching induces a correct concept mapping.

We developed a similarity function based on thetrest model (Tversky
and Gati 1978), which proved to efficiently capttine notion of similarity, and
described heuristics that lead to practical OWLaniaigs.

We introduced the OWL Extralite dialect becausdsitas expressive as
UML and, yet, it avoids the complex constructions @WL Full, such as
subproperties and multiple inheritances.

Unlike any of the instance-based techniques preWodefined, the OWL
schema matching process, we proposed to use stynifanctions to induce
vocabulary matchings in a non-trivial way.

Contrasting with (Doan et al. 2001, Madhavan ef8D5), we do not use
machine learning techniques to acquire knowledgritalmatchings. Instead, we
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capture semantic similarity by adopting similarftynctions and heuristics that
depend on the schema concepts. We consider tlategyrto be more general
because it can identify matching candidates whiehewnot in the training corpus.

Contrasting with (Brauner et al. 2007b, Wang ef8l04), which measure
the similarity between concepts only by the comnhitea between sets of values,
we use similarity functions that take into acconat only the commonalities, but
also the differences between concepts. Such maqolel¢ed to increase the
precision of the matching process. In addition, wge similarity heuristics that
operate at the level of data values, that is, thesmit comparing data values
based on their similarity, and not just on theiaeequality.

We overcome the limitation of representing an ins¢éa by a string
constructed out of all its property values, introeld in (Bilke and Naumann
2005), by representing an instance by a stringtoacted out of the values only of
those properties that match, in a first approxiorati

In summary, unlike the techniques listed in Secfid) we proposed hybrid
matching techniques that are uniformly grounded stmilarity functions to
generate matchings between simple catalogue schemdsbetween more

complex OWL schemas.
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