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15. Challenges, Approaches and Solutions in Data
Integration for Research and Innovation

Maurizio Lenzerini , Cinzia Daraio

In order to be implemented by policy makers, sci-
ence, technology, and innovation (STI) policies and
indicator building need data. Whenever we need
data, we need a method for data management,
and in the era of big data, a crucial role is played
by data integration. Therefore, STI policies and in-
dicator development need data integration. Two
main approaches to data integration exist, namely
procedural and declarative. In this chapter, we
follow the latter approach and focus our atten-
tion on the ontology-based data integration (OBDI)
paradigm. The main principles of OBDI are:

(i) Leave the data where they are.
(ii) Build a conceptual specification of the domain

of interest (ontology), in terms of knowledge
structures.

(iii) Map such knowledge structures to concrete
data sources.

(iv) Express all services over the abstract represen-
tation.

(v) Automatically translate knowledge services to
data services.

We introduce the main challenges of data integra-
tion for research and innovation (R&I) and show
that reasoning over an ontology connected to data
may be very helpful for the study of R&I. We also
provide examples by using Sapientia, an ontology
specifically defined for multidimensional research
assessment.
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15.1 The Role of Data Integration for Research and Innovation

In the last years, the amount of data available for re-
search and innovation (R&I) is growing, in particular
thanks to data collections and other initiatives of in-
ternational and national organizations. While the avail-
ability of data stored in current information systems and
the processes making use of such data are exponentially
increasing, turning this data into information and gov-
erning both data and processes are still great challenges
in the context of information technology (IT) [15.1–3].

These issues arise from the proliferation of data sources
and services both within a single organization and in
cooperating environments. Data integration and data in-
teroperability, which have been important in the last
decades, are even more important today, in the big data
era (see, for instance, two recent books on big data inte-
gration [15.4, 5]). Some of the theoretical issues that are
relevant for data integration and data interoperability
are modeling a data integration application, extract-
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ing and exchanging data from relevant sources, dealing
with inconsistent data sources, and processing and rea-
soning on queries [15.6].

According to Parent and Spaccapietra [15.7], inter-
operability is the way in which heterogeneous systems
talk to each other and exchange information in a mean-
ingful way. They recognized three stages of interoper-
ability, from the lowest based on no integration, to an
intermediary stage in which the system does not guaran-
tee consistency across database boundaries, to a higher
stage, which has the objective of developing a global
system embracing the existing systems, in order to de-
liver the desired level of integration of the data sources.

Two main approaches to data integration exist,
namely procedural and declarative. In the procedural
approach, also called bottom-up approach, for every in-
formation need, one figures out which data are needed
and how they can be accessed, and the goal is to de-
sign and realize the corresponding service. On the other
hand, in the declarative approach, also called top-down
approach, one defines a global representation structure
that is valid for the domain of interest underlying the
data sources, links this structure to the actual data,
lets the user use this structure to specify the infor-
mation needs, and the goal is to automatically extract
the right data from the sources. In this chapter, we
follow the latter approach and focus our attention to
the ontology-based data integration (OBDI) paradigm,
which is a recently introduced declarative paradigm for
data integration and governance. OBDI uses knowledge
representation and reasoning techniques for a new way
of integrating and governing data. The principles at the
basis of OBDI can be summarized as follows:

(i) Leave the data where they are.
(ii) Build a conceptual specification of the domain of

interest, in terms of knowledge structures; such a
conceptual representation is called ontology.

(iii) Map such knowledge structures to concrete data
sources.

(iv) Express all services over the abstract representa-
tion.

(v) Automatically translate knowledge services to data
services.

An OBDI system is thus constituted by three main
components: the ontology, which represents a concep-
tual description of the domain; the data sources, where
the actual data are, and the mappings that link the data
sources to the ontology. Additionally, the ontology is
expressed in a form that is both computational and
logical. The computational form allows the ontology
not only to be understood by humans, but also to be
manipulated by the computer, to aid human and ma-

chine agents in their performance of tasks within that
domain. The logical form is instrumental in enabling
additional properties to be inferred by logical reason-
ing. More generally, reasoning can be used for different
goals, such as verification, validation, analysis, syn-
thesis, and exploitation of the latest development in
automated reasoning.

The main benefits of the OBDI approach for R&I,
as we will see in the examples reported in the follow-
ing, are related to the opportunity of reasoning over the
conceptual structure of the domain (the ontology), rea-
soning over the mappings of the data sources to the
ontology, and reasoning over the data and indicators,
for their consistency analysis, their validation, and their
data quality assessment (see also the conclusions for an
extended summary).

Data integration for R&I is a challenging issue be-
cause R&I activities are complex and their assessment
is complex too. This is because it requires a systemic
approach in which research activities are considered to-
gether with education and innovation activities. More-
over, the development of models of indicators or met-
rics requires a comprehensive framework that includes
the specification of the underlying theory, methodology,
and data dimensions. Models of metrics are necessary
to assess the meaning, validity, and robustness of met-
rics [15.8]. The complexity of R&I assessment also
arises from the consideration of the implementation
problem according to this three-dimensional framework
(see [15.8] for more details).

A workshop organized during the 15th Interna-
tional Conference on Scientometrics and Informetrics
held in Istanbul (Turkey) on 29 June–4 July 2015 dis-
cussed the Grand Challenges in Data Integration for
Research and Innovation (R&I) Policy. The grand chal-
lenges identified were: handling big data, coping with
quality issues and anticipating new policy needs.

The analysis of data integration for R&I policy
was framed on a groundwork scheme composed by
four main areas of intervention and a list of critical is-
sues [15.9]. The main four areas of intervention are:

� Data collection/project initiatives� Open data, linked data, and platforms for STI� Monitoring performance evaluation� Stakeholders, actions, options, costs and sustain-
ability.

The identified critical issues, without being fully
comprehensive, are:

� Data quality (considered as fitness for use with
respect to user needs, see [15.10]) issues – com-
pleteness, validity, accuracy, consistency, availabil-
ity and timeliness
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� Comparability problems related to heterogeneous
definitions of the variables, data collection practices
and databases� Lack of standardization� Lack of interoperability� Lack of modularization� Problems of classification� Difficulties in the creation of concordance tables
among different classification schemes� Problems and costs of the extensibility of the system� Problems and costs of the updating of the system.

Interestingly, many of these issues were already dis-
cussed in a Special Session of the ISSI Conference
in 1995 in Chicago [15.11]. Moreover, the need for
harmonization and standardization of data in R&I is dis-
cussed in Glänzel and Willems [15.12]. It seems that
the need for “a clear and unambiguous terminology and
specific standards” [15.13, p. 176] is still relevant and
timely nowadays.

As described in Daraio and Glänzel [15.9], the
complexity of R&I systems requires a continuous in-
formation exchange. This process is due to the commu-

Data sources
(e.g., databases)

Data collection
(e.g., surveys)

Data

Process monitoring

(Meta-)data
definition &

standards

Rules & 
standards

Input–output 
monitoring

Ex-ante, ex-post 
evaluation

Quantification

Fig. 15.1 Data integration in use for
different purposes with interference
points for standardization (after
Daraio and Glänzel [15.9])

nication and interaction process among all actors and
agencies involved in the production, processing, and ap-
plication of knowledge. All data entries, all processing,
development, and application of data relevant for re-
search, technology, and innovation have their own rules
and standards.

Figure 15.1 shows some elementary rules of in-
terferences expressed in terms of data definition and
standard setting in the process of data integration
for different purposes, including process monitoring,
input–output monitoring, and ex-ante and ex-post eval-
uation. The application of appropriate standards and
data harmonization is crucial to achieve the interoper-
ability of heterogeneous sources of data.

The chapter unfolds as follows. The next section
presents the problem of data integration and data gov-
ernance in a general way. Section 3 describes a formal
framework for ontology-based data integration. Section
4 presents the ontology Sapientia and the OBDI system
developed for multidimensional research assessment.
Section 5 presents some illustrative examples of rea-
soning over Sapientia, while Section 6 summarizes the
main points and concludes the chapter.
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15.2 The Problem of Data Integration and Data Governance

Big data management and analysis form a key technol-
ogy for the competitive advantage of today’s enterprises
and for shaping the future data-driven society. How-
ever, after years of focus on technologies for big data
storing and processing, many observers are pointing
out that making sense of big data cannot be done
without suitable tools for conceptualizing, repairing,
and integrating data (http://www.dbta.com/). A com-
mon opinion in technology observers is that big data are
ready for analysis; one should simply access, select, and
load data from big data sources, and magically gain in-
sight, discover patterns, and extract useful knowledge.
As pointed out in [15.14], this is not the case; load-
ing a big data platform with quality data with enough
structure to deliver value is a lot of work. Thus, it
is not surprising that data scientists spend a compar-
atively large amount of time in the data preparation
phase of a project. Whether you call it data wrangling,
data preparation, or data integration, it is estimated that
50�80% of a data scientists’ time is spent on preparing
data for analysis. If we consider that in any IT organi-
zation, data governance is also essential for tasks other
than data analytics, we can conclude that the challenge
of identifying, collecting, retaining, and providing ac-
cess to all relevant data for the business at an acceptable
cost, is huge. If we specialize the above observation to
the domain of interest in this chapter, namely R&I, we

Declarative or top-down:
Define a global structure wich is valid for all source
data, link this structure to the data, use this structure
to specify the indicator needs and automatically
extract the right data from the source

Q1
Q2 Q3

Declarative database integrationOBDM
OBDM (ontology-based data management):
A new declerative paradigm for STI data integration
and governance
- Use knowledge representation and reasoning
 principles and techniques for managing data
- Leave the data where they are
- Build a conceptual specification of the domain
- Map such knowledge structure to concentrate data sources
- Express all the indicators over the abstract representation
- Automatically translate conceptual indicators to data

Procedural or bottom-up
(called in gergo silos approach):
For every indicator need, figure out
wich data you need and how they can be
accessed, and design/realize a corresponding
service

Q1
Q2 Q3

Q1 Q2 Q3 Q1
Q2 Q3

Ontology Database schema

Fig. 15.2 Approaches to data integration for STI (after [15.15])

can state that one of the most challenging tasks for car-
rying out quantitative studies in the realm of R&I is to
identify, collect, integrate, organize, govern and access
all relevant data.

Although data integration is one of the oldest
problems in data management, the above observations
show that it is a major challenge today. As we said
in Sect. 15.1, in principle, there are two main ap-
proaches to this problem: procedural and declarative.
In the procedural approach, sometimes called bottom-
up approach, whenever an information need arises that
requires accessing the integrated data, a specific pro-
gram is coded, so as its execution produces the required
information. In some sense, with this approach, inte-
gration is achieved on a query-by-query basis. In the
declarative approach (top-down), one defines a priori an
integration database structure, and in order to satisfy an
information need one can simply pose a query over such
a structure (Fig. 15.2 illustrates these notions relative to
R&I). So, with this approach, integration is achieved in-
dependently from a specific query (or a specific set of
queries).

In this chapter, we focus on the declarative approach
and we refer to the typical architecture underlying this
approach, which is based on three components [15.6,
16]: the global schema, the sources, and the mapping
between the two. The sources represent the repositories

http://www.dbta.com/
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where the data are; the global schema, also called medi-
ated schema, represents the unified structure presented
to the clients; the mapping relates the source data with
the global schema. The most important service provided
by the integration system is query answering, i. e., com-
puting the answer to a query posed in terms of the
global schema. Such computation involves accessing
the sources, collecting the relevant data, and packaging
such data in the final answer.

Formal, declarative approaches to data integration
started in the 1990s [15.6, 16–18]. Since then, many
aspects of the general problems have been the sub-
ject of detailed investigations both in academia and in
industry.

Among them, in this chapter, we want to focus
on the idea of using semantics for making data inte-
gration more powerful. As illustrated in [15.14], using
semantics here means conceiving data integration sys-
tems where the semantics of data is explicitly specified
and is taken into account to devise all the function-
alities of the system. Over the past two decades, this
idea has become increasingly crucial to a wide variety
of information-processing applications and has received
much attention in the artificial intelligence, database,
web, and data mining communities [15.19].

As we said before, we concentrate on a spe-
cific paradigm for semantic data integration, OBDI.
This new paradigm was introduced about a decade
ago, as a new way for modeling and interacting with
a data integration system [15.20–23]. According to
such paradigm, the client of the information system
is freed from being aware of how data and processes
are structured in concrete resources (databases, soft-
ware programs, services, etc.) and interacts with the
system by expressing her queries and goals in terms
of a conceptual representation of the domain of inter-
est, called ontology. An OBDI system is an information
management system maintained and used by a given
organization (or a community of users), whose architec-
ture has the same structure as a typical data integration
system, with the following components: an ontology,
a set of data sources, and the mapping between the
two. The ontology approach as outlined in the following
paragraphs was originally published in [15.24].

The ontology is a conceptual, formal description of
the domain of interest to the organization, expressed
in terms of relevant concepts, attributes of concepts,
relationships between concepts, and logical assertions
formally describing the domain knowledge. The data
sources are the repositories accessible by the organiza-
tion where data concerning the domain are stored. In
the general case, such repositories are numerous and
heterogeneous, each one managed and maintained in-

dependently from the others. It may be even the case
that some of the data sources are not under the control
of the organization and can be accessed remotely, e. g.,
via the web. The mapping is a precise specification of
the correspondence between the data contained in the
data sources and the elements of the ontology, where
by element we here mean concepts, attributes, and re-
lationships. The main purpose of an OBDI system is
to allow information consumers to query the data using
the elements in the ontology as predicates. In the spe-
cial case where the organization manages a single data
source, the term ontology-based data access (OBDA)
system is used instead of the OBDI system.

The notions of OBDA and OBDI were introduced
in [15.20–22] and originated from several disciplines,
in particular, information integration, knowledge repre-
sentation and reasoning, and incomplete and deductive
databases. OBDI can be seen as a sophisticated form of
information integration, where the usual global schema
is replaced by an ontology describing the domain of
interest. The main difference between OBDI and tradi-
tional data integration is that in the OBDI approach, the
integrated view that the system provides to information
consumers is not merely a data structure accommodat-
ing the various data at the sources, but a semantically
rich description of the relevant concepts in the domain
of interest, as well as the relationships between such
concepts. In general, such a description is formally de-
fined in logic and enriches, generalizes, and relates the
vocabularies of different data sources, thus providing
a common ground for the domain knowledge. Also, the
distinction between the ontology and the data sources
reflects the separation between the conceptual level,
the one presented to the client, and the logical/phys-
ical level of the information system, the one stored
in the sources, with the mapping acting as the recon-
ciling structure between the two levels. Notably, this
separation is also instrumental for recovering the pos-
sibility of access to legacy systems, which are often
excluded from the possibility of being used in interest-
ing analyses carried out by the organization on its own
data.

From all the above observations one can easily see
that the central notion of OBDI is the ontology, and,
therefore, reasoning over the ontology is at the basis
of all the tasks that an OBDI system has to carry out.
By reasoning, we mean the ability to derive all the
implicit knowledge on the domain that is logically im-
plied by the explicitly asserted facts in the ontology. In
particular, the axioms of the ontology allow one to de-
rive new facts from the source data, and these inferred
facts greatly influence the set of answers that the sys-
tem should compute during query processing. In the last
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decades, research on ontology languages and ontology
inferencing has been very active in the area of knowl-
edge representation and reasoning. Description logics
(DLs) [15.25] are widely recognized as appropriate log-
ics for expressing ontologies and are at the basis of the
W3C standard ontology language OWL. These logics
permit the specification of a domain by providing the
definition of classes and by structuring the knowledge
about the classes using a rich set of logical operators.
They are decidable fragments of mathematical logic,
resulting from extensive investigations on the trade-off
between expressive power of knowledge representation
languages and computational complexity of reasoning
tasks. Indeed, the constructs appearing in the DLs used
in OBDI have been carefully chosen taking into account
such a trade-off.

As we said before, the axioms in the ontology can
be seen as semantic rules that are used to complete
the knowledge given by the raw facts determined by
the data in the sources. In this sense, the source data
of an OBDI system can be seen as an incomplete
database, and query answering can be seen as the pro-
cess of computing the answers logically deriving from
the combination of such incomplete knowledge and
the ontology axioms. Therefore, at least conceptually,
there is a connection between OBDI and the two ar-
eas of incomplete information [15.26] and deductive
databases [15.27]. The new aspect of OBDI is related
to the kind of incomplete knowledge represented in the
ontology, which differs both from the formalisms typ-
ically used in databases under incomplete information
(e. g., Codd tables) and from the rules expressible in
deductive database languages (e. g., logic programming
rules).

Once we are able to reason about the ontology, we
can take advantage of the OBDI system in many inter-
esting and relevant ways. Some of these are referred to
below:

1. As already noticed, we can take into account all
inferences over the ontology in processing the
queries. In other words, the quality of the query
answering service is potentially much higher than
in the traditional setting, because all the knowledge
about the domain represented by the ontology is ex-
ploited in computing the answers.

2. We can carry out the task of data source profil-
ing again by relying on the knowledge about the
domain. This allows the data designer to describe,
maintain, and document the content of the various
data sources in a much richer way than in traditional
systems, because (s)he can now specify the charac-
teristics of the sources in terms of the vocabulary
and the metadata sanctioned by the ontology.

3. We can check and assess the quality of the data
sources by comparing their content and their struc-
ture with the ontology, and, therefore, singling out
inconsistencies, incompleteness, and inaccuracies
of the data sources with respect to the domain
knowledge.

4. We can set up new interesting services realized
through the integration system. One notable exam-
ple is open data publishing. The presence of the
ontology makes it simple and effective to anno-
tate the published data with the concepts and the
relationships that are relevant in the domain of in-
terest, so as to provide a conceptual description and
a meaningful context of the published datasets.

15.3 Formal Framework for OBDI

The previous section introduced the notion of OBDI as
a new paradigm for data integration. In this section, we
provide the fundamental elements for a formalization
of OBDI, illustrating the form of an OBDI specifica-
tion, and presenting the semantics of an OBDI system.
We closely follow the exposition in [15.14]. In the for-
mal framework, we assume that the OBDI system can
access the data sources through a single SQL (Struc-
tured Query Language) interface, which presents the
various data as if they were in a unique database. In
other words, we talk about a single data source, which
is a database obtained as an abstraction for a variety
of (possibly heterogeneous) data sources. This is not
a real limitation, because in practice, such a database
might be obtained through the use of an off-the-

shelf data federation tool, which presents the sources
through a schema of a single database as a wrapping
of the source schemas expressed in terms of a unique
format.

Given this assumption, an OBDI specification I is
as a triple hO, S, Mi, where O is an ontology, S is
a relational schema, called source schema, and M is
a mapping from S to O. As already stated, O represents
the general knowledge about the domain (i. e., rela-
tive to classes and relationships, rather than to specific
objects that are instances of concepts), expressed in
some logical language. Typically, O is a lightweight DL
TBox [15.20], i. e., it is expressed in a language ensur-
ing both semantic richness and efficiency of reasoning,
and in particular of query answering. The mapping
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SubClassOf(Dean Professor)

SubClassOf(University Organization)

ObjectPropertyDomain(advisor Student) 
ObjectPropertyDomain(headOf Dean)

ObjectPropertyDomain(takesCourse Student) 

FunctionalObjectProperty(headOf )
EquivalentClasses(Person ObjectUnionOf(Student Professor)) 
SubClassOf(Student ObjectSomeValuesFrom(takesCourse Course)) 

SubClassOf(Professor ObjectSomeValuesFrom(worksFor University))

SubClassOf(Professor ObjectSomeValuesFrom(teacherOf Course)) 

SubClassOf(Dean ObjectSomeValuesFrom(headOf College)) 

DisjointClasses(Dean ObjectSomeValuesFrom(teacherOf Course)) 

Fig. 15.3 The ontology of the example

faculty(UNIVERSITY_CODE, CODE, DESCRIPTION)

students(ID, FNAME, SNAME, DOB, ADDRESS)

course(FACULTY_CODE, CODE, DESCRIPTION)

assignment(COURSE_CODE, PROFESSOR, YEAR)

professor(CODE, FNAME, SNAME, ADDRESS, PHONE)

exam(STUD_ID, COURSE_CODE, DATE, RATING)

career(STUD_ID, ACADEMIC_YEAR, FACULTY_CODE)

degree(STUD_ID, YEAR, PROF_ID, TITLE)

Fig. 15.4 Relational tables of the
source schema of the example

M is a set of mapping assertions, each one relating
a query over the source schema to a query over the
ontology.

Example. We now present an example of an OBDI
system extracted from a real integration experiment in-
volving data from different sources in use at Sapienza
University of Rome. The ontology is defined by means
of the OWL 2 assertions shown in Fig. 15.3.

It is, in fact, a portion of the Lehigh University
Benchmark (LUBM) ontology, an ontology that is com-
monly used for testing ontology-based applications in
the Semantic Web. In particular, the global schema
contains the classes Person, Student, Professor, Orga-
nization, College, Dean, and Course, and the object
properties headOf, worksFor, takesCourse, and advi-
sor. For the sake of simplicity, we do not report in
this example assertions involving data properties (i. e.,
attributes), but they are obviously allowed in our frame-
work. The source schema is a set of relational tables
resulting from the federation of several data sources of
the School of Engineering of the Sapienza University
of Rome, and the portion that we consider in this ex-
ample is constituted by the relational tables shown in
Fig. 15.4.

As for the mapping, referring to the global and
source schemas presented above, we provide some sam-
ple mapping assertions in Fig. 15.5.

The mapping assertion M1 specifies that the tuples
from the source table students provide the information
needed to build the instances of the class Student. In
particular, the SQL query in the body of M1 retrieves
the code for students whose date of birth is before 1990;
each such code is then used to build the object iden-
tifier for the student by means of the unary function
symbol “st”. Similarly, the mapping M2 extracts data
from the table degree, containing information on the
student’s Master’s degree, such as the year of the de-
gree, the title of the thesis, and the code of the advisor.
The tuples retrieved by the query in the body ofM2, in-
volving only degree titles earned after 2000, are used
to build instances for the object property (relationship)
advisor; the instances are constructed by means of the
function symbols “pr” and “st”. Finally, the mapping
assertion M3 contributes to the construction of the do-
main of the advisor, taking from the source table exam
only codes of students who have passed the exam of
courses that were not assigned to any professor before
1990.
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M1: SELECT ID 

FROM students

WHERE DOB <= ’1990/01/01’ }        SELECT ?st(ID) 
{?st(ID) rdf:type Student }

M2: SELECT STUD_ID, PROF_ID 

FROM degree WHERE YEAR > 2000 } SELECT ?st(STUD_ID) ?pr(PROF_ID)

{?st(STUD_ID) advisor ?pr(PROF_ID)}
M3: SELECT STUD_ID 

FROM exam
WHERE course CODE NOT IN 

(SELECT COURSE_CODE 
FROM assignment WHERE YEAR < 1990) } SELECT ?st(STUD_ID) 

{ ?st(STUD_ID) advisor ?X } 

Fig. 15.5 Map-
ping assertions of
the example

An OBDI system is a pair (I, D), where I is an OBDI
specification and D is a database for the source schema
S, called source database for I. The semantics of (I, D)
is given in terms of the logical interpretations that are
models of O (i. e., satisfy all axioms of O, and satisfy
M with respect to D). The notion of mapping satisfac-
tion depends on the semantic interpretation adopted on
mapping assertions. Commonly, such assertions are as-
sumed to be sound, which intuitively means that the
results returned by the source queries occurring in the
mapping are a subset of the data that instantiate the
ontology. The set of models of I with respect to D is
denoted with ModD(I).

As we said before, in OBDI systems, the main ser-
vice of interest is query answering, i. e., computing the
answers to user queries, which are queries posed over
the ontology. Such service amounts to return the so-
called certain answers, i. e., the tuples that satisfy the
user query in all the interpretations in ModD(I). Query
answering in OBDI is thus a form of reasoning under
incomplete information and is much more challenging
than classical query evaluation over a database instance.

It is well known that carrying out inference tasks,
such as answering queries in OBDI systems, may be
computationally expensive. From the computational
perspective, query answering depends on:

1. The language used for the ontology
2. The language used for user queries, and
3. The language used to specify the queries in the map-

ping.

In the following, we consider a particular instantia-
tion of the OBDI framework, in which we choose each
such language in such a way that query answering is
guaranteed to be tractable with respect to the size of the
data.

From the general framework we obtain a compu-
tationally tractable one by choosing appropriate lan-
guages as follows:

� The ontology language isDL-LiteA or its subsetDL-
LiteR [15.22].� The mapping language follows the global-as-view
(GAV) approach [15.6].� The user queries are unions of conjunctive
queries [15.16].

In the following, we discuss each of the above
choices.

15.3.1 Ontology Language

DL-LiteA [15.22] is essentially the maximally expres-
sive member of the DL-Lite family of lightweight
DLs [15.20]. In particular, its subset DL-LiteR has
been adopted as the basis of the OWL 2 QL pro-
file of the W3C standard OWL. As usual in DLs,
DL-LiteA allows for representing the domain of in-
terest in terms of concepts, denoting sets of objects,
and roles, denoting binary relations between objects.
In fact, DL-LiteA also considers attributes, which de-
note binary relations between objects and values (such
as strings or integers), but for simplicity, we do not
consider them in this chapter. From the expressiveness
point of view, DL-LiteA is able to capture essentially all
the features of entity-relationship diagrams and UML
(Unified Modeling Language) class diagrams, except
for completeness of hierarchies. In particular, it allows
for specifying ISA (“is a”) and disjointness between
either concepts or roles, mandatory participations of
concepts into roles, and the typing of roles. Formally,
a DL-LiteA TBox is a set of assertions obeying the
syntax
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B1vB2 .positive concept inclusion/

B1v:B2 .negative concept inclusion/

R1vR2 .positive role inclusions/

R1v:R2 .negative role inclusions/

.funct R/ .role functionalities/

where:

� B1 and B2 are basic concepts, i. e., expressions of
the form A, 9P, or 9P�.� R, R1, and R2 are a basic roles, i. e., expressions of
the form P, or P�.� A and P denote an atomic concept and an atomic
role, respectively, i. e., a unary and binary predicate
from the ontology alphabet, respectively.� P� is the inverse of an atomic role P, i. e., the role
obtained by switching the first and second compo-
nents of P.� 9P (or 9P� ), called existential unqualified restric-
tion, denotes the projection of the role P on its first
(or second) component.� :B2 (or :R2) denotes the negation of a basic con-
cept (or role).

Assertions of the form (funct R) are called role
functionalities and specify that an atomic role, or its
inverse, is functional. DL-LiteA poses some limita-
tions on the way in which positive role inclusions
and role functionalities interact. More precisely, in
a DL-LiteA TBox an atomic role that is either func-
tional or inverse functional cannot be specialized,
i. e., if (funct P) or (funct P�) are in the TBox,
no inclusion of the form RvP or RvP� can oc-
cur in the TBox. DL-LiteR is the subset of DL-
LiteA obtained by removing role functionalities alto-
gether.

A DL-LiteA interpretation J D .�J; �J/ consists of
a non-empty set constituting the interpretation domain
�J and an interpretation function �J that assigns to each
atomic concept A a subset AJ of �J, and to each atomic
role P a binary relation PJ over �J. In particular, for the
constructs of DL-LiteA, we have (symbol n is used to
denote set difference):

� AJ��J

� PJ��J��J

� .P�/J D f.o2; o1/j.o1; o2/2PJg� .9R/J D foj9o0:.o; o0/2RJg� .:B/J D �JnBJ

� .:R/J D .�J��J/nRJ

Let C be either a basic concept B or its negation:B.
An interpretation J satisfies a concept inclusion B v C

if BJ�CJ, and similarly for role inclusions. Also, J sat-
isfies a role functionality (funct R) if the binary relation
RJ is a function, i. e., .o;o1/2RJ and .o; o2/2RJ implies
o1 D o2.

15.3.2 Mapping Language

The mapping language in the tractable framework al-
lows mapping assertions of the following the forms:

� ®.x/ ! A.f.x//� ®.x/ ! P.f1.x1/; f2.x2//

where ®.x/ is a domain-independent first-order
query (i. e., an SQL query) over S, with free variables x,
A and P are as before variables in x1 and x2 also occur
in x, and f, possibly with subscripts, is a function.

Intuitively, the mapping assertion of the first form,
called the concept mapping assertion, specifies that
individuals that are instances of the atomic concept
A are constructed through the use of the function f
from the tuples retrieved by the query ®(x). Similarly
for the mapping assertion of the second form called
the role mapping assertion. Each assertion is of type
GAV [15.6], i. e., it associates a view over the source
(represented by ®(x)) to an element of ontology. How-
ever, differently from traditional GAV mappings, the
use of functions is crucial here, since we are consider-
ing the typical scenario in which data sources do not
store the identifiers of the individuals that instantiate
the ontology, but only maintain values. Thus, functions
are used to address the semantic mismatch existing be-
tween the extensional level of S and O [15.22].

Formally, we say that an interpretation J satisfies
a mapping assertion ®.x/ ! A.f.x// with respect to
a source database D, if for each tuple of constants
t in the evaluation of ®.x/ on D, .f.t//J2AJ , where
.f.t//J2�J is the interpretation of f(t) in J that is, f(t) acts
simply as a constant denoting an object. Satisfaction
of assertions of the form ®P.f1.x1/; f2.x2// is defined
analogously. We also point out that DL-LiteA adopts
the unique name assumption (UNA), that is, different
constants denote different objects, and thus different
ground terms of the form f(t) are interpreted with dif-
ferent elements in �J.

15.3.3 User Queries

In our tractable framework for OBDI, user queries are
conjunctive queries (CQs) [15.16] or unions thereof.
With q(x), we denote a CQ with free variables x.
A Boolean CQ is a CQ without free variables. Given
an OBDI system (I,D) and a Boolean CQ q over I, i. e.,
over the TBox of I, we say that q is entailed by (I, D),
denoted with (I, D) |= q, if q evaluates to true in every
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interpretation J2ModD.I/. When the user query q(x) is
non-Boolean, we denote with certD.q.x/; I/ the certain
answers to q with respect to (I, D), i. e., the set of tuples
t such that .I;D/j D q.t/, where q(t) is the Boolean CQ
obtained from q(x) by substituting x with t.

15.3.4 Query Answering

Although query answering in the general framework
may soon become intractable or even undecidable,
depending on the expressive power of the various lan-
guages involved, the tractable framework has been
designed to ensure tractability of query answering. We
end this section by illustrating the basic idea to achieve
tractability.

In the tractable OBDI framework previously de-
scribed, one can think of a simple chase proce-
dure [15.28] for query answering, which first retrieves
an initial set of concept and role instances from the data
source through the GAV mapping, and then, using the
ontology axioms, expands such a set of instances deriv-
ing and materializing all the logically entailed concept
and role assertions; finally, queries can be evaluated on
such an expanded set of instances. Unfortunately, in
DL-LiteA (and in DL-LiteR already) the instance mate-
rialization step of the above technique is not feasible in
general, because the set of entailed instance assertions
starting from even very simple OBDA specifications
and small data sources may be infinite.

As an alternative to the above materialization strat-
egy, most of the approaches to query answering in
OBDI are based on query rewriting, where the aim is
to first compute a query q0 representing a reformulation
of a query q with respect to an OBDI specification I, and
then evaluate q0 over the source database. Actually, the
above described OBDI framework allows for modular-
izing query rewriting. Indeed, the current techniques for
OBDI consist of two phases, namely the phase of query
rewriting with respect to the ontology, and the phase of
query rewriting with respect to the mapping:

1. In the first phase, the initial query q is rewritten with
respect to the ontology, producing a new query q1,
still over the ontology signature; intuitively, q1 en-
codes the knowledge expressed by the ontology that
is relevant for answering the query q.

2. In the second phase, the query q1 is rewritten with
respect to the mapping M, thus obtaining a query q2
to be evaluated over the source data. Thus, the map-
ping assertions are used for reformulating the query
into a new one expressed over the source schema
signature.

Thus, following the above method, computing the
certain answers of a query Q over I is reduced to
a simple evaluation of a suitable query over the source
database, thus relying on the technology of relational
databases, including the possibility of adopting well-
established query optimization strategies.

15.4 Sapientia and OBDI for Multidimensional Research Assessment

Sapientia is the ontology of multidimensional research
assessment developed by an interdisciplinary group of
scholars funded by Sapienza University of Rome in the
framework of its Research Awards (two main research
projects). It models all the activities relevant for the
evaluation of research and for assessing its impacts. For
impact, in a broad sense, we mean any effect, change or
benefit, to the economy, society, culture, public policy
or services, health, the environment, or quality of life,
beyond academia.

The first version of Sapientia was closed on the
22 December 2014. It consisted of 14 modules of
around 350 concepts, roles and attributes (Fig. 15.6).
Figure 15.7 illustrates the organization of the main com-
ponents of an OBDI system including Sapientia.

15.4.1 Sapientia’s Philosophy
and its Main Principles

Sapientia’s mission is being comprehensive and try
to model everything related to the evaluation of re-

search and its impacts. As we stated in Sect. 15.1,
the evaluation of research, is a complex activity. It
requires a systematic view and has its base on the
interplay between theory, methodology, and data. To
accomplish its mission, we designed Sapientia to be
at the heart of a flexible knowledge infrastructure
(“robust networks of people, artifacts, and institutions
that generate, share, and maintain specific knowledge
about the human and natural worlds” [15.29]) for the
multidimensional assessment of research and its im-
pacts. By flexible we mean a knowledge infrastruc-
ture characterized by being an open and evolving
infrastructure.

The principles followed in the design and develop-
ment of Sapientia are the following:

� We started with a top-down modeling approach,
with subsequent bottom-up refinements and cyclical
improvements. We describe and model the domain
from a conceptual point of view, without consider-
ing the existing data and its specificity.
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Fig. 15.6 An illustration of Sapientia (the ontology of multidimensional research assessment) 1.0

� We left outside the scope of the ontological com-
mitment all the methodological consideration about
choice of the methods for the assessment of re-
search. This is because we want that our ontology
being the common ground for experimenting and
testing different methods and approaches.� We left outside the scope of the ontological com-
mitment the implementation problem and the conse-
quences of evaluation. Again, this is for keeping our
ontology as a common ground, a shared language or
vocabulary, to build a cooperative and open discus-
sion about evaluation approaches considering the
interaction of different stakeholders with different
points of view and interests.� We pursued a modeling approach based on pro-
cesses, which are conceived as collections of activ-
ities. A process is composed by inputs and outputs.� Individuals and activities are the main pillars of the
ontology.� We followed a modeling approach based on a mod-
ularization of the system. Our ontology is organized
in modules. As we shall see later, we have two kind
of modules: functional modules and structural mod-
ules. By functional modules we mean modules that
model the main agents and activities of our domain
(namely Agents, Activities, R&D, Publishing, Edu-

cation, Resources and Review). By structural mod-
ules, we mean those modules that represent the con-
stituent elements of the ontology to ensure its long
lasting and general-purpose functionality (namely,
Taxonomies, Space, Representations, and Time).

We consider the building of descriptive, interpreta-
tive, and policy models of our domain as a distinct step
with respect to the building of the domain ontology. In
the following part of this section, we will reproduce
the findings that we previously published in Daraio,
Lenzerini, et al. [15.24]. However, the ontology will
intermediate the use of data in the modeling step and
should be rich enough to allow the analyst the freedom
to define any model she considers useful to pursue her
analytic goal.

Obviously, the actual availability of relevant data
will constrain both the mapping of data sources on the
ontology and the actual computation of model variables
and indicators of the conceptual model. However, the
analyst should not refrain from proposing the models
that she considers the best suited for her purposes and
to express, using the ontology, the quality requirements,
the logical, and the functional specification for her ideal
model variables and indicators. This approach has many
merits, in particular:



Part
B
|15.4

408 Part B Advancement of Methodology for Research Assessment

(1) Agents

(2) Activities

(4) Publishing

(9)
Space

(11) Time

(3) R&D(5) Education

(8)
Taxonomies

(10)
Representations

(6) Resources

(7) Review

Fig. 15.7 Modules of Sapientia 3.0

� It allows the use of a common and stable ontology
as a platform for different models.� It addresses the efforts to enrich data sources, and
verify their quality.� It makes transparent and traceable the process of
approximation of variables and models when the
available data are less than ideal; it makes use of ev-
ery source at the best level of aggregation, usually
the atomic one.

More generally, this approach is consistent with
the effort of avoiding “the harm caused by the blind
symbolism that generally characterizes a hasty math-
ematization” put forward by Georgescu-Roegen in his
seminal work on production models and on methods
in economic science [15.30–32]. In fact, one can ver-
ify the logical consistency of the ontology and compute
answers to unambiguous logical queries.

Moreover, the proposed ontology allows us to fol-
low the Georgescu-Roegen approach also in the use of
the concept of process. We can analyze the knowledge
production activities at an atomic level, considering
their time dimension and such funds as the cumulated
results of previous research activities, both those avail-
able in relevant publications and those embodied in the

authors’ competences and potential, the infrastructure
assets, and the time devoted by the group of authors to
current research projects. Similarly, we can analyze the
output of teaching activities, considering the joint ef-
fect of funds such as the competence of teachers, the
skills and initial education of students, and educational
infrastructures and resources. Thirdly, service activities
of research and teaching institutions provide infrastruc-
tural and knowledge assets that act as a fund in the
assessment of the impact of those institutions on the
innovation of the economic system. The perimeter of
our domain should allow us to consider the different
channels of transmission of that impact: mobility of re-
searchers, career of alumni, applied research contracts,
joint use of infrastructures, and so on. In this context,
different theories and models of the system of knowl-
edge production could be developed and tested.

15.4.2 Requested Investment
and Modularity of the System

In an OBDI approach, the modular design and its imple-
mentation requires an initial large scale investment into
the formal definition of the main relevant concepts (and
relationships among them) of the domain of interest but
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is facilitated by suitable graphical tools (which we will
see below) that allow an easy modularization and up-
dates of the relevant domain. The following paragraph
is taken from Daraio, Lenzerini, et al. [15.33].

Following a real options approach in investment
theory [15.34], we can conceive a data platform as
an asset allowing repeated use. In this context, invest-
ment costs are made by front-up costs for the platform,
maintenance costs, and recurring costs for projects.
The revenues instead are the gains from better de-
cisions in policy making (e. g., the possible use for
performance-based allocation of public resources, the
possible use for strategic priorities in S&T, or to set up
public subsidies to firms for industrial R&D). A real
options analysis in this context should follow a mod-
ular engineering design perspective [15.35] in which
a quantitative model to describe the economic forces
that push a design towards modularization and the con-
sequences of modularity on the business environment
are described. In this context, value creation is the goal
of the modularization process, and real options theory
offers a natural framework to evaluate the modulariza-
tion of the design of the system.

There are also criteria to assess the decomposition
of systems into modules. In modular design, the main
criteria to assess the decomposition of systems into
modules are those of cohesion and coupling. The prin-
cipal rule to assess the quality of the modularization of
a system, attributed to Parnas [15.36] even if the pa-
per does not contain the terms cohesion and coupling,
is of high cohesion within modules and loose coupling
between modules.

Cohesion refers to the degree to which the elements
of a module belong together and, hence, it is a measure
of how strongly related each piece of a module is. Mod-
ules with high cohesion tend to be preferable, because
high cohesion is associated with several desirable prop-
erties including robustness, reliability, reusability, and
understandability.

Coupling is the manner and degree of interdepen-
dence between modules; a measure of how closely
connected two modules are. Low coupling is often
a sign of a well-structured system and a good design,
and when combined with high cohesion, supports the
general goals of high readability and maintainability.
Modularity is a property of quasi-decomposition of hi-
erarchical systems, based on the minimization of the
interdependence of subsystems [15.37].

The modification of subsystems does not require
the re-design of the entire system. Making the de-
sign of products modular requires a large front up
investment in conceptual design. The standardization of
interfaces is necessary. However, the design of succes-
sive versions of the product and/or re-design becomes
cheaper.

The current version of Sapientia, Sapientia 3.0, in-
cludes around 600 concepts, roles, and attributes and is
organized in 11 modules (Fig. 15.7). Another module
on skills is going to be included. Its aim is to model all
the competences involved in the assessment of research
and its impacts.

The central modules of Sapientia are Agents (no.1)
and their Activities (no.2), which are expanded into the
five main process-based modules: 3 R&D, 4 Publishing
(ancillary module of R&D), 5 Education, 6 Resources,
7 Review. These are connected to the four auxiliary
modules (also defined as structural modules): 8 Tax-
onomies, 9 Space, 10 Time and 11 Representations,
which support the modeling of the main modules from
1 to 7.

The module Agents (1) models the subjects in-
volved in the world of research, carrying out the ac-
tivities described in module 2 (Activities). Activities
models, overall, the relevant actions carried out by
agents and their products. Module 3 (R&D) models Re-
search and Development (R&D) activities, those that
allow the scientific community to advance the state of
the art of knowledge. The module Publishing (4) mod-
els the publishing activities, those that allow people to
communicate (and disseminate) the results of the R&D
activities carried out. Education (5) models the educa-
tional activities, those that allow people to improve their
knowledge and to acknowledge the improvementsmade
by other people. Resources (6) models the resources
and the activities carried out for their management. Re-
view (7) models the reviewing activities for assessing
the R&D activities and their results. Taxonomies (8)
models the nomenclatures that classify the several el-
ements of the domain. Space (9) models the regions of
space where agents and activities are located and their
roles. Representations (10) models the representations
of the objects of the domain according to a Source.
A data source is a possible source, but also other
sources, such as a theory may be a source. Time (11)
models the depth of time of the domain and cut across
all the other modules.
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15.5 Reasoning over Sapientia: Some Illustrative Examples

Sapientia, the ontology introduced in the previous sec-
tion, is an important element of an OBDI system intro-
duced in the previous sections (Fig. 15.8).

An OBDI system allows us to reason on each com-
ponent of the system, i. e., on the ontology, on the data
sources, and on the mappings. In the following, we
show some examples.

15.5.1 Reasoning over the Ontology

In this section, we illustrate an example of reasoning
over the ontology Sapientia analyzing some extracts
from the Module 3 (R&D). The R&D module aims at
modeling the research activities of researchers and their
products. The central concept of the module is the R&D
activity that is linked to two important concepts, i. e., re-
search product and research outcome.

In Sapientia, any research activity has:

� Its direct output (has_output), available without the
contributions of any other activity.

Real world

OBDM
A three-level
architecture

composed by:

Data world

Ontology:
A conceptual description
of the domain of interest 1.

Ontology

2.
Mappings

3.
Sources

Ontological commitment

Science
technology
and
innovation

Mappings

Fig. 15.8 Key components of an OBDI information system (after [15.15])

� Its outcome (has_outcome): an output of any activ-
ity (not necessarily a research activity) participating
a value chain where the research activity has an en-
abling role (i. e., without the research activity, that
specific output would not be generated).

In Sapientia, a Publication aims at reporting em-
pirical or theoretical work and describes the results
obtained in some knowledge field. Publications are de-
scribed in the Module Publishing (4), which concerns
the activity that allows people knowing the results of
research. The output of a publishing activity is a pub-
lication, which is a way to represent a content through
some media. There are four kinds of contents in Sapien-
tia: paper-like content (a content structured as for being
published paper); book-like content (a content struc-
tured as for being published as monographs or edited
chapters), patent-like content (a content structured as
for being published as patent applications) and Project-
like content (a content structured as being suitable to
apply for a call).
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We point out that publication of research work is
not considered an output of that research, because the
output of the research work is the content of the pub-
lication. Publications, in fact, are the main concept of
another module, the Module 4 (Publishing).

There are three kinds of agents involved in a publi-
cation:

� Author: An author of a publication is an agent that
has contributed in writing the content of the pub-
lication (for instance, reporting the results of some
research (s)he has carried out).� Editor: An editor of a complex publication (where
contributions of different authors need to be veri-
fied, harmonized, and combined) is an agent that
oversees and coordinates the publication.� Publisher: A publisher of a publication is the agent
that provides some media to deliver and display
a publication.

In Sapientia there are three kinds of publications:

� Atomic publications: A publication resulting from
a unique, indivisible act of writing by one or more
authors.� Collections: A publication disseminating a group
of atomic publications in a unique impulse, during
a limited and short period of time.� Series: Each disseminating a group of atomic pub-
lications during a long and (perhaps) unlimited
period of time.

In Sapientia, a patent application is a possible pub-
lication, and is the output of an applied research. Notice
that a patent is different from the other types of atomic
publication; it is a right granted by a state which may
concern a research output, not an output itself. A patent
application follows its own path within the three levels
of publications:

� It is an atomic publication itself.� It is published in an issue (a collection).� That issue appears in an intellectual property law
journal (a series).

Note that there are no constraints between contents
and publications where they can be published (for ex-
ample, a patent_like_content can be placed in a part of
a paper).

In Figs. 15.9 and 15.10, we show an example
extracted from the Module R&D of Sapientia 3.0. Fig-
ures 15.9 and 15.10 display the path from Researcher
to Publication in Sapientia. Figure 15.11 reproduces
a legend to interpret the symbols used in the previ-

ous Figs. 15.9 and 15.10. Table 15.1 describes the
main concepts and relations showed in Figs. 15.9
and 15.10. The language Graphol (http://www.dis.
uniroma1.it/~graphol/) developed at the Sapienza uni-
versity and implemented in the software Eddy [15.38,
39] is used in Figs. 15.9 and 15.10.

Graphol permits the expression of the axioms of an
ontology as described in Sections 2 and 3 but in a more
readable manner, in the form of a graph. This graphi-
cal representation of an ontology is very practical and
useful to those who do not have a thorough knowl-
edge of mathematical logic. Using the editor Eddy, it
is possible to construct the corresponding chart ontol-
ogy expressed in Graphol, which can be automatically
translated (with a suitable translator downloaded from
the website of Graphol) in a superset of OWL, or in
a set of axioms OWL, possibly with the addition of
some axioms that are not directly expressible in OWL
(such as those of identification and denial of DL-lite).
The graph expressed by Graphol illustrates and high-
lights the relationship between the various concepts and
the various reports. The purpose of the graph is to offer
a schematic view of the ontology, to focus attention on
the concepts and how they are mutually linked in the
representation.

The examination of Figs. 15.9 and 15.10 allows us
to reason over the ontology about the path from re-
searcher to publication. It clearly appears that the path
from researcher to R&D activities to publication goes
through content.

15.5.2 Reasoning over the Mappings

The mappings in an OBDI system play a crucial role.
They bind the data sources to the ontology. The con-
nection is made through the materialization or staging
phase (Fig. 15.12). Different levels of materialization
are possible, and the refreshing of the materialization
can be different according to the data source. The real-
ization of the mappings in the context of Sapientia and
its OBDI system is an interesting peculiar case, because
the problem of disambiguation is a very important prob-
lem in bibliometrics and affects the assessment of the
research and its impacts.

The solution proposed so far for the implementation
of the mappings of Sapientia to its data sources is based
on the balance between the level of computation and
the level of materialization. Therefore, quality checks
on data sources can be carried out.

The connection with the entity resolution (ER) oc-
curs at the computation level through modularization.
This allows a high degree of flexibility; ER algorithms
can be replaced and/or updated without modifying
the overall system. This is a computational flexibility

http://www.dis.uniroma1.it/~graphol/
http://www.dis.uniroma1.it/~graphol/
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Fig. 15.9 An illustration of Sapientia from Module 3 R&D. Part I: from researcher to descriptive content



Data Integration for Research and Innovation 15.5 Reasoning over Sapientia: Some Illustrative Examples 413
Part

B
|15.5

Descriptive_
content

Oral_content

has_version

exists

exists

Patent_
like_content

Book_like_
content

Paper_like_
contentUnreviewed

content

Project_
like_content

Patent_
applicationPaper

Monograph
Edited_book_

chapter

Survey
Blog

Diary

published_as

Media_contentWritten_content

forall

forall

forall

Fig. 15.10 An illustration of Sapientia from Module 3 R&D. Part II: from descriptive content to publications

with ER techniques through modularization. In addi-
tion, the ontological model offers the advantage of
analyzing authors and affiliations together by means
of a conceptual flexibility through the Module 11
Representations.

So far, we have implemented blocking mechanisms,
mainly based on the Inverted Index. As with pairs of
comparisons, blockingmechanisms are based on a com-
mon interface and specific implementations for single
data sources. They act in a spiral model that will al-
low us to refine ER algorithms in subsequent iterations.
In this respect, the ontology can be supportive to iden-
tify the strengths and weaknesses of the different ER
algorithms that will be tested and implemented to our
domain.

De Giacomo et al. [15.14] in the current challenges
for OBDI mention “the problem of devisingmethodolo-
gies and tools for developing mappings for OBDI” and
state that it “is largely unexplored.”

15.5.3 Reasoning over the Data
and Indicators

Other possible reasoning tasks are those on data sources
and on the indicators that may be built over the data.
Daraio, Lenzerini, et al. [15.33] showed the usefulness
of an OBDI system for R&I integration from a data
quality perspective. Daraio, Lenzerini, et al. [15.42]
showed that an OBDI approach allows for an unam-
biguous specification of indicators according to its four
main dimensions: ontological, logical, functional, and
qualitative (Table 15.2).

Reasoning over Sapientia permits the characteriza-
tion of each indicator along its four dimensions listed
above. This is extremely useful for studying the spec-
ification of indicators in the context of an ontological
approach to the evaluation of research. The specifica-
tion of the indicators within an OBDI framework aims
to protect the analyst from the risk of reductive conclu-
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Fig. 15.11 Legend of the symbols illustrated in Figs. 15.9 and 15.10 (after [15.38, 39])

sions, which would focus on the logical and functional
aspects of the specification, ignoring the ontological
and quality assessment parts of the process.

In a broader perspective, Daraio and Bonaccorsi
[15.43] identify two trends in indicator development:

� Trend towards granularity of indicators (“new in-
dicators are explicitly requested to allow various
kinds of aggregation and disaggregation, preserving
desirable statistical properties, in order to address

new policy needs”), detailing granularity in territo-
rial, institutional and disciplinary areas.� Trend towards cross-referencing (“the ability of
indicators to be combined in meaningful ways, pre-
serving their statistical properties”).

Sapientia and its OBDI system may be a suitable
infrastructure to develop indicators that satisfy the pol-
icy requirements of granularity and cross-referencing in
a coherent and consistent way.
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Table 15.1 Main concepts and roles illustrated in Figs. 15.9 and 15.10

Term Type Definition
Researcher Concept A researcher is an agent that carries out research activities allowing the scientific community to advance

the state of the art of knowledge
R&D activity Concept A research and experimental development (R&D) activity, according to the Frascati manual [15.40,

p. 28] “comprise creative and systematic work undertaken in order to increase the stock of knowledge—
including knowledge of humankind, culture and society—and to devise new applications of available
knowledge.”

Research_product Concept A research product is a product that is an output of a research activity. In Sapientia, we included all the
research products of the Research Excellence Framework [15.41].

Research_outcome Concept A research outcome of a research activity R is the output of an activity (not necessarily a research ac-
tivity) participating a value chain where R has an enabling role (without R that output would not be
generated).

Subject Concept A subject is any entity that can act as an agent and, playing such role, performs some activities. There
are two types of subjects: natural persons and organizations.

Patent Concept A patent is a right that may be owned in an ownership, and shall confer to its owner the following ex-
clusive rights: where the subject matter of a patent is a product, to prevent third parties not having the
owner’s consent from the acts of: making, using, offering for sale, selling, or importing for these pur-
poses that product where the subject matter of a patent is a process, to prevent third parties not having
the owner’s consent from the act of using the process, and from the acts of using, offering for sale, sell-
ing, or importing for these purposes at least the product obtained directly by that process. Patent owners
shall also have the right to assign or transfer by succession the patent and to conclude licensing contracts
(Article 28 of the Trade-Related Intellectual Property Rights (TRIPS) Agreement administered by the
World Trade Organization (WTO) that sets down minimum standards for many forms of intellectual
property). Patents grant their owner a set of rights of exclusivity over an invention (a product or process
that is new, involves an inventive step and is susceptible of industrial application). The legal protection
conferred by a patent gives its owner the right to exclude others from making, using, selling, offering
for sale or importing the patented invention for the term of the patent, which is usually 20 years from
the filing date, and in the country or countries concerned by the protection. This set of rights provides
the owner with a competitive advantage. Patents can also be licensed or used to help create or finance
a spin-off company. It is therefore possible to derive value from them even if their owner does not have
its own manufacturing capability (e. g., universities).

Publication Concept A publication is a particular kind of product consisting of an atomic or complex media including some
content. There are three kinds of publications: atomic, collections and series.

Product Concept A product is an output of an activity, an entity (that might satisfy a want or need expressed by
someone—or something—different from the agent who carried out the activity) which appears in the
domain as consequence of an activity. Notice that the activity does not need to be finished at the time
one of its products appears.

Descriptive content Concept A descriptive content is an interpretable object from which a human or an artificial intelligence can
capture a meaning. It can use linguistic expressions and or media content.

Written content Concept A written content is a set of resources suited to be included in a single publication. These can be texts,
technical drawings, diagrams, photographs and so on. These resources come together with their orga-
nizations (chapters, paragraphs, index). The linguistic parts of the resources are written in one or more
natural languages (has_language).

Oral content Concept A descriptive content is oral if is the content of a speech.
Media content Concept A descriptive content is a media content whether it represents the way one or more events stimulate

human sight and/or hearing.
Paper-like content Concept A paper like content is a written content suitable to become a paper, with respect to its internal organiza-

tion, its length, its illustrations (technical drawings and diagrams, for example) and so on. Every paper
has its content but not every paper-like content is published as a paper (for example it exists before the
publication).

Book-like content Concept A book like content is a written content suitable to be published as (a part of) a book, with respect to
its internal organization, its length, its illustrations (technical drawings and diagrams, for example) and
so on. Every book has its content but not every book-like content is published as a book (for example it
exists before the publication).
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Table 15.1 (continued)

Term Type Definition
Patent-like content Concept A patent like content is the a written content suitable to a patent application, with respect to its internal

organization, its length, its illustrations (technical drawings and diagrams, for example), and so on.
Every application has its content but not every patent-like content is published as an application (for
example, if it exists before the application).

Project-like content Concept A project-like content is written content suitable to apply to answer a call with respect to its internal
organization, its length, its illustrations (technical drawings and diagrams, for example), and so on.
A project like content is not, in general, an object of publication.

Survey Concept A paper-like content is a survey if it is an attempt to summarize the current state of understanding on
a topic or a knowledge area.

Paper Concept A paper is an atomic publication. It contains original research results or reviews existing results. Before
publication, the content of the paper has undergone a process of peer review by one or more referees
(who are experts of the same field) who have checked that the content of the paper is suitable for publi-
cation in the journal. Such content may undergo a series of reviews, revisions, and re-submissions before
finally being accepted or rejected for publication.

Monograph Concept A monograph is an atomic publication. Although a monograph has, in general, a structure, all its parts
share the same group of authors. A monograph can be physically distributed in more volumes.

Edited_book_chapter Concept An edited book chapter is an atomic publication that is a part of an edited book with specific authors.
Unreviewed_content Concept It is a written content that has not been reviewed.
Diary Concept A diary is a record (possibly in handwritten format) with discrete entries arranged by date reporting

(typically) on what has happened over the course of a day or a period.
Blog Concept A blog (a truncation of the expression weblog) is a discussion or informational site published on the

World Wide Web and consisting of discrete entries (posts) typically displayed in reverse chronological
order (the most recent post appears first). Blogs often cover a single subject. A blog is a diary, since the
posts are arranged by date.

Published_as Relation Binds a written content to the publication which disseminates it (if any)
Has_version Relation Binds a written contents to its new versions (if any)
Has_description Relation Binds a research activity with descriptive content that descriptive it (if the activity has descriptions);

notice that the descriptive content of a research activity may not be one of its outputs, and an output of
a research activity may not be a description of the activity itself

Has_output Relation Binds any activity to its outputs; an activity may produce its outputs at any time when it is operative.
Authorship Relation Binds a research outcome to the subject which is responsible for it
Has_outcome Relation Binds a research activity to any output of any activity (not necessarily a research activity) participating

in a value chain where the research activity has an enabling role (without the research activity that out-
put would not be generated). The figure shows chains schemes that justify the outcome of the research
activity shown in the left. The arrows represent the role has_output.

Performed_by Relation Binds an activity to the agent who performs it

Table 15.2 Main indicator dimensions and their role in the process of indicator development

Dimension Description Role
Ontological Conceptual characterization (knowledge representation) of

the domain of the indicator
Conceptual definition (meaning) of the indicator (a bench-
mark for the qualitative dimension)

Logical Logical specification of the query(-ies) needed to retrieve all
the information (data) needed to calculate the indicator

Data definition: selection of the relevant information through
the query

Functional Mathematical expression of the indicator (to be applied to
the results of the queries)

Mathematical definition: related to the selected method of
calculation of the indicator (most relevant for the user: the
user is interested in the value of the indicator!) Note that the
method is outside the ontological domain

Qualitative Ontological questions related to the meaningfulness of the
indicator.

Definition of the criteria for the assessment of the obtained
result (degree of meaningfulness of the indicator)
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Fig. 15.12 Illustration of the materialization phase in an OBDI system

15.6 Conclusions

In this chapter, we introduced the main challenges in
data integration for R&I.We discussed the two main ex-
isting approaches to data integration, namely procedu-
ral and declarative. We followed the latter approach and
focused the subsequent analysis on the OBDI approach.
The key idea of OBDI is to resort to a three-level archi-
tecture, constituted by the ontology, the sources, and the
mapping between the two.

Daraio, Lenzerini, et al. [15.42] introduce the OBDI
approach to coordinate, integrate and maintain the data
needed for science, technology, and innovation pol-
icy and illustrate its potentials for specifying STI in-
dicators and developing science of science policies.
They outline the main advantages of OBDI with re-

Table 15.3 Main advantages of an OBDI approach over a traditional silos-based approach (after [15.42])

Advantage Short description
Conceptual access
to the data re-usability

Users can access the data by using the elements of the ontology.

Documentation and standardization The mapping layer explicitly specifies the relationships between the domain concepts and the
data sources. It is useful for documentation and standardization purposes.

Flexibility of the system You do not have to merge and integrate all the data sources at once which could be extremely
costly.

Extensibility of the system You can incrementally add new data sources or new elements (ability to follow the incremen-
tal understanding of the domain) when they become available.

Opening of the system Provide a conceptual framework that can be used as a common language by the community.

spect to the traditional silos-based approach to data
integration, namely: conceptual access to the data,
re-usability, documentation and standardization, flex-
ibility, extensibility, and opening of the system (Ta-
ble 15.3).

The three main advantages of OBDI for research
and innovation analysis [15.33], which encompass and
further expand those listed in Table 15.3 are: openness,
interoperability, and data quality.

An OBDI approach may be an adequate platfor-
m/infrastructure to embrace and coordinate in an effec-
tive way (i. e., ensuring interoperability and high level
of data quality standard), the many initiatives that are
going on in research and innovation data collections.
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Figure 15.13 shows an outline of the main compo-
nent of an open OBDI infrastructure.

An open STI data platform may encourage and
support new research developments in the generation
of new indicators carried out by scientists, which ex-
ploit the accessibility and transparency of data. In this
way, there may be opportunities for the creation of
new indicators beyond the short-term needs of policy-
makers. The open-data framework, offers the possibility
of full documentation on data and explicit articulation
of logical linkages. It makes the traditional training
and accreditation approach obsolete, in which users
of indicators were dependent on the training provided
by the owners of the data. Communities of users can,
in fact, contribute to the improvement of the docu-
mentation and identify pitfalls and shortcomings of
indicators. Sapientia and OBDI are two technologies
to operationalize the consideration of data as infras-
tructural resources, as they are “shared means to many
ends” that satisfy the three criteria of infrastructure
resources [15.44]: a) non-rivalrous goods; 2) capital
goods; and c) general-purpose inputs. Sapientia and
OBDM could, indeed, be two enabling technologies
to improve the exploitation of data for supporting
growth and well-being, as proposed by OECD [15.45],
and pushing towards the realization of an open sci-
ence [15.46].

As we have showed in this chapter, the application
of OBDI for the integration of data in R&I can be an
interesting technology to further explore and exploit.

Mapping
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Data
schema

Documentation

Data
source

C1

C2 C3

C4

C = Concept
r = Relation

Ontology

r1 r2
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- Consistency checker

Certain answers
from
Mastro Studio

Fig. 15.13 Illustration of an open OBDI information system (after [15.33])

However, it is important to point out that OBDM is not
a panacea able to solve all the main challenges in data
integration for R&I. Nevertheless, it can be a useful tool
for reasoning over the assessment of research and inno-
vation for different purposes and may lead to a more
aware and careful specification of data and indicators
useful in the evaluation process. Sapientia and its OBDI
system may be at the heart of an open and collaborative
platform around which to build a knowledge infrastruc-
ture for the assessment of research and its impacts.

Besides, the field of OBDI in computer science
is far from being stable and consolidated. It is a dy-
namic and evolving field. De Giacomo et al. [15.14]
discuss the main challenges related to OBDI that cur-
rently deserve investigation, namely querying rewriting
optimization, meta-modeling, and meta-querying, non-
relational data sources, OBDI methodology and tools,
OBDI evolution, and going beyond data access. This is
to say that the field of OBDI introduced in this chapter
is a relatively new discipline to apply to interesting and
complex issues, such as the evaluation of research and
innovation, to corroborate the existing methodologies,
and develop new and appropriate tools and solutions for
data integration in these fields.

We conclude this chapter, recalling the final obser-
vation of Daraio and Glänzel [15.9]:

One of the main Grand Challenges that remains
to address is the exploitation of data availability,
Information Technology and current state of the
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art in science and technology for the dynamical
setting of standards in a data integration frame-
work in use for multiple purposes. . . . Within this
framework, to deal with this Grand Challenge, the
interaction with stakeholders for ensuring an ef-
ficient and effective sustainable model is crucial.
It depends also on the ability to successfully ad-
dress, in a systematic way, the other problems
highlighted above.

What would be needed to deal with this Grand Chal-
lenge and interact with stakeholders in order to develop

and implement an OBDI approach for the integration
of research information systems and the building of in-
dicators upon them is a long term investment in the
technology behind the OBDI and its related research. As
recalled above, it is a relatively new discipline, which is
worth further exploration and exploitation to address the
existing challenges in data integration for R&I.
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