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Abstract: Presented as a research challenge in 2001, the Semantic Web (SW)
is now a mature technology, used in several cross-domain applications. One of
its key benefits is a formal semantics of its RDF data format, which enables
a system to validate data, infer implicit knowledge by automated reasoning,
and explain it to a user; yet the analysis presented here of 71 RDF-based
SW systems (out of which 17 reasoners) reveals that the exploitation of such
semantics varies a lot among all SW applications. Since the simple enumeration
of systems, each one with its characteristics, might result in a clueless listing, we
borrow from Software Engineering the idea of maturity model, and organize our
classification around it. Our model has three orthogonal dimensions: treatment
of blank nodes, degree of deductive capabilities, and explanation of results. For
each dimension, we define 3—4 levels of increasing exploitation of semantics,
corresponding to an increasingly sophisticated output in that dimension. Each
system is then classified in each dimension, based on its documentation and
published articles. The distribution of systems along each dimension is depicted
in the graphical abstract. We deliberately exclude resources consumption (time
and space) since it is a dimension not peculiar to SW.

Graphical Abstract:
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Distribution of the 54 Semantic Web Journal (SWJ) and Journal of Web Se-
mantics (JWS) systems and 17 W3C reasoners along three dimensions mea-
suring how semantics can be exploited: (1) incomplete information (a.k.a.
blank nodes), (2) deductive capabilities, and (3) explanation facilities. These
dimensions constitute a Maturity Model for evaluating the semantic capabili-

ties of a SW system.




1 Introduction

During the nearly two decades from its initial proposal, Semantic Web (SW)
has become a mature technology, which can support and enhance existing ap-
plications in several scenarios, ranging from e-commerce [Necula et al., 2018]
to Human-Device interaction [Perera et al., 2020], and product configuration
[Bischof et al., 2018], just to name a few. The core idea of Semantic Web is
to provide a semantics of data, which allows a system to manipulate them
into chains of meaningful deduction steps, according to sound rules. Moreover,
thanks to such semantics, SW data processing is amenable of meaningful expla-
nations, in contrast with sub-symbolic technologies like Neural Networks. Yet,
by carefully inspecting the reasoning abilities of SW systems, one can find that
reasoning can be performed at a more or less sophisticated level—briefly, it is not
a yes/no capability. For instance, consider the statement saying (informally):
“If a document has a creation date, this is also a date for the document”. !
Some tools for accessing SW data take this statement into account, while others
do not. As another example regarding explanation, when asked why a given fact
was returned, some systems can only answer either “This is a retrieved fact” or
“This fact was derived”, while other systems—very few up to now—can give a
human-readable full explanation about all the deductions used to derive that
fact.
So, the questions this paper dares to explore, are:

1. Can we define some meaningful levels that a SW system reaches when
exploiting semantics?

2. Can we classify SW systems according to such levels?

To answer Question (1), we propose three “dimensions” along which levels of
increasing exploitation of SW features can be placed: treatment of incomplete
information (in SW terminology, blank nodes), sets of rules that a SW system
can apply, and refinement of the explanation capabilities. We deliberately ex-
clude efficiency/resource consumption, since it is a dimension not peculiar to
semantics. Using these measures, we answer Question (2) by placing 17 W3C-
listed reasoners and other 54 systems like points in a three-dimensional discrete
space. The methodology we used can be applied also to other SW systems not
yet classified.

2 Basics of SW notation and semantics

The Semantic Web is divided in two major branches for knowledge modeling
and reasoning: OWL and RDF/RDFS.

n the Dublin Core Ontology expressed with the SW language RDF'S, this statement
can be found as

dcterms:created rdfs:subProperty0f dc:date .
See https://www.dublincore.org/specifications/dublin-core/dc-elem-refine/.



We excluded from this classification OWL-based SW systems, because litera-
ture about the evaluation of such systems is already abundant (see [Dentler et al., 2011],
as an example), and includes the proceedings of a conference held for several
years [Horrocks et al., 2012, Bail et al., 2013, Bail et al., 2014, Dumontier et al., 2015,
Dragoni et al., 2017].

We concentrate here on RDF-RDFS bases; we recall only the notions that
are strictly necessary to present our dimensions since good introductions to RDF
are extensively covered in textbooks, e.g., [Hitzler et al., 2009, Chap.2-3].

The Resource Description Framework (RDF) is, in a nutshell, a data format
equipped with a semantics.

RDF data is formed by triples composed by a subject s, a property (or
predicate) p, and an object o. Such triples can be written in many serialization
formats?; we present here the NTRIPLES format, in which a triple is written
as

spo . (1)

(with a full stop at the end), where s, p, 0 are RDF resources. A triple asserts
that s is related to o through p. For instance, the following triple (taken from
DBPedia®):

<http://dbpedia.org/resource/Paris>
<http://purl.org/dc/terms/subject>
<http://dbpedia.org/resource/Category:Capitals_in_Europe> .

describes a property of Paris (the capital of France) in NTRIPLES serialization
format.

The elements of a triple are either (i) URIs, or (i) so-called blank nodes
(whose identifiers always begin with an underscore “), or (%ii) literals. In
the initial proposal blank nodes (which we discuss at length in Section 3.1)
could not appear in the predicate position, and literals could occur only as
objects, even though some authors relaxed such a constraint, e.g., in so-called
generalized triples [ter Horst, 2005, de Bruijn and Heymans, 2010]. Apart from
that, every URI can appear in every position—meaning that a URI can occur in
the property position in a triple, and in the subject/object position in another
triple of the very same file. Literals are formed by a string and a datatype,
belonging to the full set defined in the XML Schema Definition (XSD), e.g.,
"564"""xsd:integer.

We stress from this point onwards the importance of blank nodes in RDF:
initially proposed mainly for anonymous aggregations of data [Noy et al., 2006],
blank nodes are essential in recent proposals about privacy-preserving Linked
Data publishing [Delanaux et al., 2018, Grau and Kostylev, 2019, Baader et al., 2020].

2We notice that several applications adopt N-Quads concrete-syntax [Wood et al., 2014],
in which quadruples substitute triples to allow the encoding of multiple graphs. N-quads
statements are quadruples including for each RDF triple: i) subject; ii) predicate; iii) ob-
ject; iv) the graph to which the triple belongs in a dataset.

Shttps://dbpedia.org/page/Paris



We note that Knowledge Graphs [Farber et al., 2015, Ji et al., 2022] can be
considered a strict subset of RDF in which no blank node is allowed, and the
labels used for subjects and objects s, 0 are strictly disjoint from the ones for
properties p (see instead [Colucci et al., 2016, Figure 2] for an example of a set
of RDF triples which could not be considered a Knowledge Graph).

Differently from a simple data format, RDF is equipped with a model-
theoretic semantics [Patel-Schneider et al., 2023]; three levels of increasing strength
were defined for such a semantics: Simple-, RDF-, and RDFS-semantics, each
one with the possible addition of the interpretation of Datatypes, called D-
semantics. Each level is said to be “stronger” than the previous one, in the
sense that predicates that are interpreted just as names in one level, are given
a logical meaning in the next level, by restricting the set of interpretations to
those satisfying larger sets of rules and axioms. These requirements make more
triples to be entailed by an initial set of triples, defining increasingly stronger en-
tailment relations, that mirror the levels of semantics: Simple-, RDF-, RDFS-
entailment, respectively, all of which can be enriched with D-entailment. When
a system claims to adhere to one of such semantics, it is because it includes in its
reasoning process all the logically implied triples, as if they were written inside
the set. In particular, some SW systems just materialize derived triples, so that
after materialization, the derived triples are actually inside the (augmented)
dataset, e.g., a recent use of RDFox [Lee et al., 2020].

We make just a simple example adopting the syntax of the W3C-official
RDF Semantics [Patel-Schneider et al., 2023]. In Simple semantics the prop-
erty rdf:type is just as any other predicate name, but in RDF-semantics it is
interpreted as set membership, so that a triple of the form
vvv rdf:type uuu .
is satisfied only by interpretations in which (i) a class extension is assigned to
uuu, and (i) the interpretation of vvv belongs to such a class. In the (stronger)
RDF'S-semantics, a triple of the form
uuu rdfs:subClass0f xxx .
is satisfied only by interpretations in which the extension (a set) assigned to
uuu is a subset of the extension assigned to xxx. Hence, a system adhering to
RDFS-semantics should derive from the above two triples that also the triple
vvv rdf:type xxx .
is true, and use such a triple as if it occurred in the dataset. To derive such
consequences, sets of sound reasoning rules [Hitzler et al., 2009, Ch.3.3] can
be used—where stronger entailment relations correspond to larger rule sets.
RDFS rules are given in the form of a premise P (one or more triples) and
a consequence (), containing generic variables standing for actual terms (i.e.,
IRIs, literals or blank nodes) in a dataset. For instance, Rule rdfs9 (below)
mirrors the semantic property illustrated above (where now uuu, vvv, xxx are
variables in the rule):

uuu rdfs:subClassO0f xxx .
vvv rdf:type uuu .
Q ‘ vvv rdf:type xxx .




We denote by ¢ a substitution that assigns to each variable in P either a URI, or
a blank node, or a literal, so that o P contains no variables. An RDF'S reasoner
applies a rule when, given (i) a dataset D, (ii) a rule whose premise is P, and
whose consequence is @, (iii) a substitution o such that each triple in oP is
in D, the reasoner derives from D the new triple 0@. Iterating rule applica-
tions either forwards or backwards, triples that are implicitly true in RDFS-
entailment can be found. We mention that RDFS rules are incomplete with
respect to RDFS-semantics, and become complete only if generalized triples
are used [Patel-Schneider et al., 2023, Appendix A]; however, in this paper we
are only concerned about whether rules are completely applied, or not, by the
systems we analyzed, not with the theoretical completeness of such rules. Sys-
tems may partially use such rules, so they can be compared on the basis of
their deductive capabilities, as we do in Section 4. The lowest level in such a
comparison is filled by systems that do not consider any derived triples—not
even the ones entailed in Simple semantics. Such systems can be considered as
Data Management systems for the RDF data format.

3 The Maturity Model used in the Classification

In this section we propose a model for the classification of RDF-based systems
according to their ability to exploit Simple-, RDF-, RDFS-semantics.

The model is sketched in Figure 1 and includes three orthogonal dimensions,
related to three capabilities we believe crucial: correctly treat blank nodes, per-
form deduction and explain reasoning. Each dimension is graduated in incre-
mental levels of maturity. The three dimensions are motivated in the rest of the
section.

Sidebar Title: A Maturity Model for evaluating reasoning charac-
teristics.

Reasoning characteristics of RDF-based SW systems may be evaluated in
terms of three orthogonal dimensions, related to crucial capabilities: correct
treatment of blank nodes, inference, and reasoning explanation. Each dimen-
sion is graduated in incremental levels of maturity, measuring to what ex-
tent a system is able to provide the above mentioned capabilities. Taken as
a whole, such dimensions with recognizable levels constitute a maturity model
that can be used by two kinds of actors: (i) on one side, implementers may
clearly describe the characteristics of their implementation, and (%), on the
other side, users could correctly evaluate the system they use. The proposed
dimensions may be considered prior to efficiency (both in speed and mem-
ory consumption): speed can be compared only for systems solving the same
need—i.e., with the same characteristics. Therefore, one should first collect
the systems whose inference characteristics fit the problem requirements; and
then, compare the time and space efficiency of (only) the suitable ones.
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Figure 1: The Maturity Model for RDF-based SW systems

3.1 Treatment of blank nodes

Blank nodes belong to the RDF standard syntax and any system handling RDF
datasets should be able to manage them. So we identify our entry level in this
dimension as the one in which triples with blank nodes are simply discarded.

Regarding the second level, we must enter a digression about what problems
pose blank nodes to SW systems.

The problems come from the numerical processing of data that most SW
systems perform as a step subsequent to deduction—to compute, e.g., a simi-
larity degree between resources, clustering, or some form of learning. In fact,
almost all numerical data analysis tools need complete data, so they consider
RDF data as a complete model of a domain, by implicitly adopting Closed
World Assumption (CWA) (see for example [Bansal et al., 2020, Ali et al., 2021,
Nickel et al., 2016]). We briefly summarize CWA (in the context of SW) in the
following paragraphs.

First, we observe that a set of RDF triples forms a logic theory, not a model.
The difference is that a model is always a complete representation of a domain
of interest, while a theory describes the domain through a set of formulas, and
it is almost always incomplete—which means that depending on how its infor-
mation is completed, several different models could be obtained. The simplest
way to complete a theory is to adopt Reiter’s Closed World Assumption (CWA)
[Reiter, 1977]: every formula which cannot be derived from the data is false,
and “an absence of a certain individual in the local configuration means that
it does not exist”[Steyskal and Coyle, 2017]. This is the usual assumption for



algorithms processing RDF data: since RDF does not allow one to express
negative information, CWA is hypothesized when needed. For instance, a Ker-
nel method based on random walks on RDF-graphs [Vishwanathan et al., 2010]
that does not find a path in the graph, assumes the path does not exist—as if
the RDF-graph were a model, not a logical theory. Reiter showed that CWA is
sound when applied to a set of ground, positive, formulas (like an RDF-dataset
without blank nodes), while it leads to inconsistencies when formulas describe
incomplete information. Blank nodes state explicitly that data are incomplete:
there is some resource, referenced by a blank node _:x, but we do not know
which IRI/literal the resource is referenced by. So if a dataset D contains, say,
the triple

ex:a ex:p _:X .
adopting CWA leads to the paradoxical conclusion that for every possible IRI/literals
a,b,c,... (occurring or not in D)

ex:a ex:p ex:a . Iis false,
ex:a ex:p ex:b . is false,
ex:a ex:p ex:c . Iis false,
etc.

while the semantics of a blank node is that it denotes some resource, so at least
one of the above triples is true in each model of D, hence no one of them could be
assumed as definitely false. There have been proposals [Motik and Rosati, 2010]
on how to reconcile (more sophisticated forms of) CWA with existentials in
datasets, but at the price of extending the syntax with Modal Logics.

The usual way out from this inconsistent behavior is to skolemize blank
nodes, i.e., substituting each one of them with a fictitious IRI, each IRI different
from any other one, and treat them as new constants—what is proposed, e.g., by
[Beek et al., 2014]. This approach recovers the cases like, say, the existence of
a path that passes through a blank node and ends in some IRI/literal. Observe
that although skolemization solves the denotation problem, it adopts the most
“uninformative” denotation possible—one that invents constants that do not
exist in the original domain. So we consider skolemization only as a way to
preserve deductions without taking all denotations into account, and we consider
this approach as our second level (more mature) of the blank node treatment.

However, note that skolemization may lead to counterintuitive results when
used in real SW systems, outside deduction. For instance, some scenarios—
e.g., people information management— need to cope with privacy preserv-
ing issues, addressed in the literature since a long time [Verykios et al., 2004].
In the RDF context, imagine a dataset merging information about people,
where some data sources specify a sex for each person, while others mask it
through a blank node—a practice that has been recently proposed by several re-
searchers [Delanaux et al., 2018, Grau and Kostylev, 2019, Baader et al., 2020]
for anonymized, privacy-preserving data publishing. Skolemizing such privacy-
motivated blank nodes as all new sexes (each one different from each other) may
yield unpredictable results in similarity, clustering, etc. since it is well known
[Chang and Lee, 1973] that skolemization preserves unsatisfiability, not logical
equivalence. Similar considerations apply when SHACL shapes [Knublauch and Kontokostas, 2017]



are used to validate RDF data: e.g., a SHACL shape may specify that each per-
son has at most one age, while RDF data merged from two sources may yield
the two triples

ex:person345 ex:age _:x1 .

ex:person345 ex:age _:x2 .
which, after skolemization, make the validation process fail.

These considerations lead us to identify a third level of maturity in the
treatment of blank nodes, in which the RDF-based system takes into account
several possible denotations for a blank node, and balances its behavior accord-
ingly. For instance, when aggregating data, blank nodes of a similar kind—e.g.,
based on the properties they are related to—could be assigned an IRI/literal
based on some probability distribution—an already assessed practice for treat-
ing missing values in statistical analysis [Hunt, 2017].

For convenience, we summarize below the above three levels of maturity we
propose along this dimension.

1. Discarding triples with blank nodes: the RDF-based system ignores triples
including blank nodes;

2. Consider blank nodes (with no denotation): the RDF-based system con-
siders blank nodes without considering all their possible denotations, e.g.,
by skolemizing them. Skolemization enables sound and complete RDFS-
deduction, but may lead to unwanted results when the skolemized data
are used as a model;

3. Consider several denotations for blank nodes: the RDF-based system
takes into account different denotations for the same blank node, and
its behavior is influenced by such different possibilities.

We observe that the third maturity level is inapplicable for RDF'S reasoners,
because out of the scope of pure deduction.

3.2 Deductive Capabilities

This dimension evaluates the capability of RDF-based systems to correctly ap-
ply sets of RDFS deduction rules [Hitzler et al., 2009] to known facts provided
in the input dataset(s). So in this case, an entry level of this dimension would be
no ability to apply RDFS rules: this level is not applicable for RDFS reason-
ers, while there may be SW systems based only on RDF, that do not consider
deducible triples. Further levels measure to what extent systems (including rea-
soners) are able to apply such rules: the second maturity level collects systems
that infer triples by applying just a subset of RDFS deduction rules, while in
the third level the full set of rules is used.
We summarize below the three maturity levels of this dimension:

1. No capability: the RDF-based system is only able to retrieve triples from
the dataset;



2. Limited Capability: the RDF-based system is able to deduce information
by applying only a subset of RDF'S deduction rules;

3. Full capability in RDFS: this level is reached by RDF-based systems able
to apply the full set of RDFS deduction rules to infer information.

3.3 Explanation Capabilities

The ability of an automated reasoning process to explain its deductions has a
long tradition of research in Artificial Intelligence [McGuinness and Borgida, 1995],
and received attention also in the SW community [Buneman and Kostylev, 2010,
Kravari et al., 2011]. Recently, thanks to widespread applications of Neural
Networks and Data Science results, explanations capabilities of intelligent sys-
tems (the so-called eXplainable Artificial Intelligence, XAI) gained an ever-
increasing attention, with a convergence of results from philosophy and psychol-
ogy [Miller, 2019]. The relevance of XAI in the literature is witnessed by spe-
cialized workshops in main Al conferences (https://sites.google.com/view/
xai2020/home), and several papers in main Al journals [van der Waa et al., 2020,
Guidotti, 2021, Lécué, 2020].

Explanation is very important to make the end user confident about the
SW system results—apart from helping implementors in the debugging phase.
The more the pervasiveness of SW systems in society—e.g., medical advice,
stock market suggestions—the more the need for explainability of SW systems
conclusions.

As the most basic possible form of explanation, we consider the ability to
tell a user whether a triple was present in the dataset, or it was derived by the
reasoning system inside the system. Clearly, the next level is to show the line
of reasoning leading to a conclusion, in the form of a sequence of rule applica-
tions. Observe however that this kind of explanation would be meaningful for
a developer, but unreadable for most end users of a SW system. For them, the
explanation should be given in a human-readable format, which constitutes the
highest level in this dimension.

We list the four levels of explanation ability below:

1. No explanation: the SW system presents just its results to the user, who
can only decide to trust them or not.

2. Distinguish between explicit and derived data: the system can tell whether
each triple was found in a dataset, or else it was deduced by the reasoner.
No explanation is given about how a derived triple was deduced.

3. Ezplanation of deductions as rule sequences: the SW can explain its de-
ductions, providing the sequence of RDFS rules it used to derive a specific
triple. Such a sequence is meaningful only for SW experts, though.

4. Human Readable Format: the most mature level is reached by systems
providing a human-readable format for the explanation of deduced infor-
mation.



4 Classification of SW systems

We classify a specific set of SW systems w.r.t. the maturity model presented in
the previous section.

The choice of which systems to include in our survey followed the criteria
below:

e objectivity: we searched for systems officially recognized as SW systems,
rather than subjectively judging the focus to SW of available systems;

e applicability: systems have to manage at least RDF, given the focus of
this paper;

e quailability: information useful for the classification of systems must be
available—and possibly verifiable.

In order to guarantee the objectivity of our choice, we first tried to follow a
classification by W3C, and initially evaluated its list of Semantic Web Case Stud-
ies and Use Cases (https://www.w3.o0rg/2001/sw/sweo/public/UseCases/).
However, the case studies and use cases are described at a really high level,
causing a low availability of information and making them hard to classify, even
for systems endowed with deductive capabilities.

Thus, we reverted to a list of papers accepted in two recognized journals in
the SW community: the Semantic Web Journal (http://www.semantic-web-journal.
net/) (SWJ) and the Journal of Web Semantics (https://www.journals.
elsevier.com/journal-of-web-semantics) (JWS). Both journals have a spe-
cific section for the presentation of systems.

In particular, the Semantic Web Journal has an explicit and directly acces-
sible “Tools and Systems” section (http://www.semantic-web-journal.net/
tools_and_systems). Instead, the Journal of Web Semantics includes a “Sys-
tem Papers” section, accessible by browsing each journal issue.

Papers from both SWJ and JWS make available in a sufficient detail all the
information functional to our classification needs. We classify this objective list
of RDF-based SW systems in Section 4.1.

Intuitively, the nature of classified systems affects their maturity level: one
may expect that, e.g., a knowledge engineering system has a maturity level
higher than, say, a question answering tool. Nevetheless, we do not make any
distinction by “nature” and homogeneously treat the items in our list as SW
systems. In this way, we avoid the subjective judgment of systems nature,
implicitly required for their classification by “kind”. In fact, neither the analyzed
systems are listed by “kind”, nor their authors/documentation explicitly declare
system nature.

Yet, this classification revealed that only a small portion of systems provide
an explicit assertion of their deductive capabilities in RDFS. Thus, we moved
our focus on systems surely endowed with deductive capabilities: RDF'S reason-
ers listed by W3C, that keep applicability of our model (the ability to manage
RDF is guaranteed). This objective list (https://wuw.w3.0rg/2001/sw/wiki/



Category:RDFS_Reasoner) includes pointers to the reasoners Web sites, which,
in general, make available the information we need to perform the classification.

In other words, we treat such RDFS reasoners as a subcategory of RDF-
based systems, and classify their deductive capabilities w.r.t. the same model
presented in Section 3. Such a classification is shown in Section 4.2.

We chart the results of both sections in Figure 2.
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Figure 2: Distribution of the 54 SWJ and JWS systems and 17 W3C reason-

ers along three dimensions of the Maturity Model.

We stress the fact that the level we placed a system on, is not a grade, nor
it is definitive, since we adopted a conservative approach: that is, when the

10



documentation was insufficient to assess a given level of maturity, we opted for
a lower level. We are not claiming that the system is definitely below a higher
level; only that from its documentation, one cannot ascertain such a higher level.
This sometimes points to a lack of documentation that could be filled in later
versions, not of system capabilities.

Sidebar Title: Classification results w.r.t. the Maturity Model

71 RDF-based Semantic Web systems—out of which 17 RDFS reasoners—
have been classified w.r.t. the Maturity Model for reasoning characteris-

tics evaluation. This analysis reveals that RDF data are mostly used for
database-like operations. In particular, w.r.t. blank nodes, almost all systems
and reasoners are just able to treat blank nodes, without considering differ-
ent denotation for them. Moreover, the analysis of deductive capabilities shows
that more than half of the systems do not declare to have reasoning capabil-
ities. On the contrary, all reasoners provide either full or limited RDF'S rea-
soning, not surprisingly. Only 10 systems (out of which 8 reasoners) provide
some explanation about reasoning. As of February 2023, 2 reasoners are able
to provide an explanation in human-readable format.

4.1 Classification of RDF-based systems in SWJ and JWS

This section shows the results of the classification we performed on the list of
tools and systems published by the Semantic Web Journal and the Journal of
Web Semantics.

Semantic Web Journal Tools and Systems As of February 2023, SWJ in-
cludes 49 papers presenting SW systems. We immediately notice that our study
brought us to exclude 6 tools/systems, because their functionalities and objec-
tives do not fall under the purpose of our classification: TAO [Wang et al., 2012],
Using Syntactic and Semantic Analyses to Improve the Quality of Require-
ments Documentation [Verma et al., 2014], ICOM 3.0 [Fillottrani et al., 2012],
Mastro [Calvanese et al., 2011], OWLINK [Liebig et al., 2011], and Agreement-
MakerLight [Faria et al., 2023].

We also excluded: OWLIM [Bishop et al., 2011], which is the former name of
GraphDB, a reasoner we classified in Section 4.2; Ontop [Calvanese et al., 2017],
that has been added to the W3C list in 2022 and then classified in Section 4.2.

The remaining 41 RDF-based systems are classified in Tables 1-5 according
to the maturity model presented in Section 3.

Journal of Web Semantics system papers In the whole JWS life (2003
February 2023) only 19 system papers have been published, and our classifi-
cation is applicable to only 13 of them. In fact, we excluded 4 tools/systems,
because they do not manage RDF, making our classification inapplicable: DLE-
Jena [Meditskos and Bassiliades, 2010], Konclude [Steigmiller et al., 2014], GrOWL
[Krivov et al., 2007], Pellet [Sirin et al., 2007]. We also excluded: i) the work
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by [Ankolekar et al., 2008], that illustrates the potential of combining Web 2.0
and Semantic Web technologies in a semantic weblogs scenario, rather than
presenting a system; ii) SHER [Dolby et al., 2009], because the reasoner is al-
ready included in the W3C list analyzed in Section 4.2. Thus, we classify the
remaining 13 systems in Table 6 and Table 7 according to the maturity model
presented in Section 3.

We recall that the maturity model includes three dimensions: blank nodes,
deductive capabilities and explanation. The reader interested in an explanation
for the assigned levels in tables may check the Appendix.

In what follows, we discuss the classification of all 54 analyzed systems pre-
sented either in SWJ (41 systems) or in JWS (13 systems).

Regarding the first model dimension (treating blank nodes), we found that
no system is able to consider several denotations for blank nodes. Yet we want
to include this level now for comparison in future classifications of SW sys-
tems; in fact, when Data Analysis SW systems will meet privacy-preserving
RDF datasets, well-known techniques about data imputation for missing data
[Little and Rubin, 2019] are likely to carry over. At the second level, only 5 sys-
tems explicitly refer to the capability of treating blank nodes (with no reference
to their denotation), while the rest of them just implicitly declare to be able to
manage full RDF syntax. In 12 cases, such an ability is not mentioned, and
since we cannot suppose it, we conservatively classify them at the lowest level
of this dimension.

Regarding deductive capabilities (second model dimension), we report in
Tables 1-7 that only 21 out of 54 RDF-based SW systems are endowed with—
either limited or full—deductive capabilities in RDFS. In other words, most
of analyzed RDF-based SW systems, though they manage RDF data, do not
show in their documentation the capability to reason about them.

Moreover, 8 out of the 22 systems with deductive capabilities rely on external
reasoners, whose services are invoked on-demand. Of course, the completeness
of such “borrowed” reasoning capabilities depends on the chosen RDFS rea-
soner (see Appendix for details on single systems). Thus, we classified such 8
systems according to the maturity level of the reasoner they embed: 6 systems at
level IIT and 2 systems at level II. Notably, some systems ([Stellato et al., 2020],
[Haase et al., 2019], [Knap et al., 2018], [Pazienza et al., 2012]), provide inter-
faces to more than one external reasoner. Given that each system supports at
least one reasoner with full deductive capabilities, we classified all of them at
level III.

We considered as “limited” the capabilities of 8 systems that, although pro-
viding some RDF'S reasoning, are not fully compliant to RDFS semantics.
In particular: the inference provided by Watson [d’Aquin and Motta, 2011],
The Alignment API 4.0 [David et al., 2011], MTab4D[Nguyen et al., 2022], Blue
Brain Nexus[Sy et al., 2022] and CONFOTO [Nowack, 2006] is limited to the
rules involving the predicate rdfs:subClass0f; FALCON-AO ([Hu and Qu, 2008]
and SMARTMUSEUM [Ruotsalo et al., 2013] refer to some specific supported
inference (see Appendix tables). ourSpaces [Edwards et al., 2014] supports rea-
soning via custom rules, that let users implement full RDFS deduction. Yet, we
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classify ourSpaces as providing “limited” deductive capabilities, since making
users build their own deductions via custom rules shifts the burden of prov-
ing soundness and completeness (with respect to RDFS semantics) of the sys-
tem+rules to users themselves. This, in our opinion, amounts to providing a
form of programming language, not a complete deduction service.

Regarding the third model dimension (explanation capabilities) we found
that only 2 systems provide some explanation of inference: VocBench [Stellato et
and RacerPro [Haarslev et al., 2012]. In particular, RacerPro provides a facility
to distinguish explicit triples from those derived by inference. VocBench is, in-
stead, classified at the third level (show rule sequence) because it is able to show
the specific explicit triples used for deriving new triples, which is a form or ex-
planation more extensive than just distinguishing explicit from derived triples.
We also notice that both VocBench and RacerPro rely on explanation services
provided by the external reasoners in use. In particular, VocBench borrows its
explanation services from GraphDB, which is classified at maturity level III for
explanation.

Summarizing, most of the analyzed RDF-based systems seem not to exploit
the RDF semantics of the RDF data model they manage. This is true especially
for the treatment of blank nodes, whose possible denotations are not considered
by any system.

As a final consideration, the maturity level in the three dimensions does not
seem to be time-dependent: system maturity level does not increase over time
and is randomly distributed in the analysis period (2008-2022). Surprisingly,
this is true also for explanation, which became a major trend topic in Artificial
Intelligence in recent years. Nevertheless, recently proposed SW systems do
not show increasing levels of maturity in explanation (the only two systems
providing some explanation capability date back to 2012 and 2020).

4.2 Classification of W3C-listed RDFS Reasoners

We classified RDFS reasoners recognized by W3C and listed at https://wuw.
w3.0rg/2001/sw/wiki/Category:RDFS_Reasoner. The list is made up of 20
reasoners as of February 2023. We removed from the list four reasoners: OWLIM
is just the old name of GraphDB; OpenAnzo seems to be unavailable, as of
February 2023; Ontopic Studio is an editor for mapping relational data into a
Knowledge Graph, that embeds Ontop for reasoning. We also refer to Sesame
as Sesame/RDF4J, given its official migration to RDF4J project in 2016.

In most cases, the referenced documentation consists in a general overview
and does not give us immediate answers about the maturity levels in the three
dimensions. Hence, our classification included an in-depth retrieval and analysis
of the sources including the desired information. Tables 89 show the classifi-
cation of the 17 reasoners analyzed.

We report in the Appendix, for the interested reader, additional pointers
and knowledge justifying the results of the classification in Tables 8-9. In what
follows, we just discuss some general issues related to the application of our
maturity model to RDFS reasoners.
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We discuss our analysis along the three dimensions of blank nodes, deductive
capabilities and explanation.

Regarding blank nodes, we again point out that the third maturity level
(i.e., considering several denotations for blank nodes) is not applicable to RDF'S
reasoners. The possibility of changing behavior according to different denota-
tions of blank nodes pertains only to SW systems. In fact, the most mature form
of treatment of blank nodes for a reasoner, is performing complete deduction
also in the presence of triples including anonymous resources. To this aim, some
reasoners could skolemize blank nodes, but this is an information not revealed
in the documentation of analyzed tools. Of course, any SW system that in-
cludes an RDF'S reasoner skolemizing blank nodes—including the systems that
explicitly outsource reasoning—would not reach the third maturity level (see
Section 3.1).

Going back to our classification, most of the RDFS reasoners explicitly
declare just to treat blank nodes in the deduction process. Some reasoners,
instead, implicitly refer to RDF standard syntax or RDF complete terms,
letting us only suppose their ability to treat also blank nodes. Also, SHER
(https://www.w3.0rg/2001/sw/wiki/SHER) seems to limit existential asser-
tions (which blank nodes are an instance of) only to those expressible in the
Description Logic SHIN .

As for deductive capabilities, it is not surprising that all reasoners are
able to deduce information, so each one of them outmatches the first maturity
level. In addition, we discovered from our analysis that all reasoners are able to
combine different datasets as basis for their deduction in RDF'S. Nevertheless,
not all RDF'S reasoners attain the third level* in this dimension; we highlighted
some exceptions in Tables 8-9: some reasoners do not apply the complete set of
RDFS rules —OpenLink Virtuoso, Ontop and SHER—or require the explicit
specification of the inference rules by the user—StrixDB and TopBraid. For
these latter reasoners, we applied the same criterion we discussed in Section 4.1
for ourSpaces, and classified them as “limited”.

Regarding explanations, the behavior of RDFS-reasoners is quite hetero-
geneous: the majority of them is either simply not able to explain deduction, or
just returns the number of inferred triples. Only 3 reasoners attain the second
level: they distinguish explicit and derived triples, as a bare form of explana-
tion. Five reasoners pass the third level: they are able to show the rule sequence
leading to derived information; and two of them visualize such information in a
human-readable format, attaining the highest level in this dimension.

5 Related Work

We first focus on relevant maturity models proposed for the Information Tech-
nology domain in Section 5.1. Then, in Section 5.2, we analyze surveys and

4Some reasoners provide deduction also for an extension of RDFS (see Appendix, Tables
16 and 26), which we do not delve into, since it is not a W3C-standard.
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review papers that compare the features of RDF-based systems belonging to
specific classes.

5.1 Maturity Models

First attempts to evaluate the stage of growth of evolving entities dates back to
almost 50 years ago, and include models specifically focused on Software Engi-
neering [Nolan, 1973]. Since then, several so-called “maturity models” have been
proposed in heterogeneous research areas, ranging from Knowledge Manage-
ment [Hsieh et al., 2009] and e-Government [Gottschalk, 2009] to Information
Systems [Proenga and Borbinha, 2016]. Intuitively, each model comes with its
own classification rules and evaluation features, but they all share some design
elements, enclosed in the following definition: “a maturity model conceptually
represents phases of increasing quantitative or qualitative capability changes of
a maturing element in order to assess its advances with respect to defined focus
areas” [Kohlegger et al., 2009)].

The maturity model we propose in this paper is designed for RDF-based
SW systems. For this reason, we summarize only relevant models tailored to
Information Technologies (IT) domain. Among most recognized models in IT,
the Richardson Maturity Model [Webber et al., 2010] classifies services on the
Web in four incremental maturity levels, based on service support to URIs,
HTTP, and hypermedia (the lowest level refers to no support). A maturity
model for Semantic RESTful Web APIs, called W S2, has also been proposed
[Salvadori and Siqueira, 2015]. WS? is not strictly incremental, but introduces
a three-dimensional classification model for Web APIs, embedding a so-called
Semantic dimension. According to the Semantic dimension, APIs are classified
as mature if both resources and relationships amongst them are semantically
described, without any mention to reasoning and deductive capabilities.

The problem of evaluating the maturity and applicability of SW has been
investigated in the literature. In particular, [Janev and Vranes, 2009], analyze
the status and trends in the SW at the time of writing (2009) and discusses
the adoption of the SW technologies in practice. The paper provides a cross
comparison of the key SW technology segments and the key application areas,
as a result of the analysis of the W3C collection of Case Studies and Use Cases.
Achieved results show, since 2009, that SW is not just a fashionable research
issue, but a mature and applicable set of technologies.

Probably, the most well-known maturity model pertaining the SW is the
five-star rating mechanism of Linked Open Data (LOD) [Berners-Lee, 2006]. It
is an incremental model that measures the degree of availability and connection
of data published as LOD in five levels of maturity. The mechanism, in other
words, helps to evaluate how much linked (L) and open (O) Data classified as
LOD actually are. To this aim, specific guidelines to the production of five-stars
LOD have been designed [Heath and Bizer, 2011]. The conformance of available
data to such guidelines has been specifically investigated [Hogan et al., 2012],
through a systematic classification of several RDF datasets. We follow an ap-
proach similar to the LOD classification: we (i) propose a maturity model for
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classifying RDF-based SW systems; (ii) classify RDF-based systems w.r.t. this
model, based on their available technical documentation.

5.2 Classification of RDF-based systems

In this section, we report on some relevant surveys and review papers on RDF-
based systems. We immediately point out that each paper compares systems
sharing a common target, that may vary from paper to paper.

For example, [Ozsm 2016] compares different systems devoted to RDF data
management, by classifying them in three main storage&access categories: cen-
tralized systems, distributed systems, and systems querying linked data. [Pan et al., 2018]
classify state-of-the-art RDF stores (defined as systems that store, query, and
infer RDF data) in two distinguished categories: native and non-native. Native
stores are systems built from scratch and making full use of the RDF data model
to store and query. The paper compares 6 native RDF stores in terms of de-
veloping language, data model and support for inference. Regarding inference,
the authors outline a general lack of inference capability and discuss the inte-
gration of RDF' stores with available reasoners as an open issue. Non-native
RDF stores, instead, add a specific RDF layer to an existing database stor-
age, including relational database and NoSQL. The paper compares advantages
and disadvantages of different approaches involving relational databases. Then,
it introduces several NoSQL-based proposals and compares some distributed
NoSQL RDF stores in terms of underlying data store, data model and par-
titioning strategy. Finally, the paper also introduces and compares prevailing
RDF benchmark datasets.

[Banane and Belangour, 2019] review several approaches adopting NoSQL
technology to RDF data storage, analyzing their effectiveness for the manage-
ment of large RDF data.

[Duan et al., 2011] compare features of real RDF datasets w.r.t. benchmark
proposed in the SW community, like the Berlin dataset [Bizer and Schultz, 2009].

[Antoniou et al., 2018] give a systematic review of high-performance reason-
ing systems, in terms of reasoning expressivity and computational properties,
such as completeness, or reasoning objectives. The analysis is focused on sys-
tems able to scale over huge data sources, with particular reference to those
modeled in ontological languages for the Web of Data.

[Mishra and Kumar, 2011] proposed a survey of SW reasoners and languages.
Reasoners are classified in terms of involved inference algorithm, supporting
logic, degree of completeness of reasoning, implementation language. Although
closely related to our classification, [Mishra and Kumar, 2011] review reasoners
according to other dimensions, by considering reasoners implementing all avail-
able SW languages. Our work is, instead, specific to RDF-based reasoners and
this leads us to set model dimensions targeted to RDFS inference. Notably, we
classify by the same model also RDF-based SW systems, with the aim of investi-
gating if and to what extent they support inference. [Mishra and Kumar, 2011]
also review some software tools implementing reasoning process, available at the
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time of writing. This review, apart from being now obsolete, is not systematic
and includes only systems selected by their capability of providing inference.

Fach of the above works provides an analysis that is meaningful because all
the reviewed systems belong to the same category and can be compared in terms
of provided features. Our classification is preliminary w.r.t. such comparative
analysis of systems features, because it aims at determining classes of systems
with homogeneous reasoning features. A comparative analysis of features pro-
vided by such systems would make sense only inside the same class and has not
been proposed in the literature so far, to the best of our knowledge.

Moreover, we notice that the cited surveys/reviews did not declare criteria
for choosing the analyzed systems, which makes this choice unknown. Instead,
we use objective choice criteria (see Section 4), making the reader aware of the
reasons for the inclusion of systems in our analysis.

Conclusion

In this paper we classified RDF-based SW systems from the viewpoint of the
characteristics of their logical inference, an aspect that was not analyzed so far,
to the the best of our knowledge. In order to make a systematic classification,
we proposed a maturity model for logical inference, along three dimensions, and
applied such a model in the analysis of the documentation of 54 RDF-based
SW systems and 17 RDFS reasoners, yielding 71 proposals in total.

Following the general motivations behind maturity models, our model may
help advancing development methodologies, by marking levels of maturity that a
system may reach, better weighing benefits in a cost/benefit analysis. Moreover,
our maturity model tries to help standardizing in a uniform way the develop-
ers’ descriptions of the reasoning capabilities of the available RDF-based SW
systems:

1. from the viewpoint of a developer writing the system documentation, it
could help explicitly describing—already in the system overview—salient
characteristics of the system made available;

2. from the viewpoint of someone evaluating the system (an end user, a
middleware developer combining systems), it could place on a scale these
characteristics, and help choosing the one that best fits his/her needs.
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Appendix: Explanation of classification results

In Section 4, we presented only the final results of the classification of 54 RDF-
based SW systems (Section 4.1) and 17 RDFS reasoners (Section 4.2) w.r.t.
the maturity model in Section 3. In this appendix, we report in tables, for
the interested reader, some additional knowledge explaining such results. In
particular, Tables 10-25 explain the classification of systems provided in Sec-
tion 4.1. Tables 26—30 provide, instead, an explanation for the classification of
RDFS reasoners shown in Section 4.2. In all tables, for each system/reasoner,
we provide: i) a reference to a general document describing it, besides its name,
in the first column of tables; ii) the maturity level assigned for each dimension
(referred to the numbering of levels in Figure 1); iii) the information source
used to assign such levels (if not specified, the level is assigned on the basis of
the general reference immediately after the name of the system/reasoner). The
numbered notes in the tables refer to Endnotes.

Further Reading

e Grigoris Antoniou, Paul Groth, Frank van van Harmelen, and Rinke Hoek-
stra. 2012. A Semantic Web Primer. The MIT Press.

e Dean Allemang, Jim Hendler, and Fabien Gandon. 2020. Semantic Web
for the Working Ontologist: Effective Modeling for Linked Data, RDFS,
and OWL (3rd. ed.). Association for Computing Machinery, New York,
NY, USA.

e Berners-Lee, T., Hendler, J., and Lassila, O. (2001). The semantic web.
Scientific american, 284(5), 34-43.
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‘ SW systems

Model dimensions

Blank Nodes

Deductive
Capabilities

Explanation

Components.js
[Taelman et al., 2022]

Level

II: Implicit
reference to
RDF

I

TermitUp
[Martin-Chozas et al., 2022]

Level

II: Implicit
reference to
RDF

MTab4D [Nguyen et al., 2022]

Level

II: Implicit
reference to
RDF

II: Limited to
subClassOf

Information
source

” Entity

types are re-
lated by an
rdfs:subClass0f
relation. When
tl is a sub-
class of t2 (or
multi hops)
(t1,t2 € T),
we write the re-
lation between
the two types
astl C + t2
(or t1 C * t2
for multi hops).
Entity e € E
could be an in-
stance of one or
multiple types
(hierarchy).” 7

Blue Brain Nexus [Sy et al., 2022]

Level

II: Implicit
reference to
RDF

II: Limited to
subClassOf

Information
source

”1t” (SHACL)
”is there-

fore useful

to be able

to” .

managed on-
tologies as

part of the
validation: it is
key to be able
to leverage class
hierarchies dur-
ing validation
by injecting

in the schema
transitive
closure of
rdfs:subClassOf
relations typi-
cally defined in
ontologies.”

Helio
[Cimmino and Garcia-Castro, 2022]

Level

II: Implicit
reference to
RDF

I

Table 10: The Table summarizes, for a subset of analyzed SW systems, the
assigned maturity level in the three dimensions and the information source

used for classification.
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‘ SW systems

Model dimensions

reference to
RDF

Blank Nodes Deductive Capa- Explanation
bilities
RAMOSE [Daquino et al., 2022] Level 1I: Implicit 1 1
reference to
RDF
TheyBuyForYou Level II: Implicit I I
[Soylu et al., 2022] reference to
RDF
Casual Learn Level II: Implicit I I
[Ruiz-Calleja et al., 2022] reference to
RDF
Glottocodes Level I1: Implicit I I
[Hammarstrom and Forkel, 2021] reference to
RDF
Gravsearch Level II: Implicit II1 I
[Schweizer and Geer, 2021] reference to
RDF
Information ”Depending on the
source triplestore’s infer-
ence capabilities,
Knora either uses
the triplestore’s
RDFS inference or
expands the query
itself using property
path syntax.” ”
Sampo-UI [Ikkala et al., 2021] Level II: Implicit I I

Table 11: The Table summarizes, for a subset of analyzed SW systems, the
assigned maturity level in the three dimensions and the information source

used for classification.
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SW systems

Model dimensions

Blank Nodes

Deductive Capa-
bilities

Explanation

VocBench 3
[Stellato et al., 2020]

Level

II: Explicit
treatment of
blank nodes

III: Via external
reasoner

III

Information
source

1 for RDF4J,
10 for
GraphDB

”Based on

RDF4J APIs and
GraphDB. RDF4J
used to ship a rea-
soner with hard-
coded rules for
RDFS.” ”Ontotext
GraphDB imple-
ments reasoning
using a rule-engine
that can execute
arbitrary rules writ-
ten in a propri-
etary rule-language.
GraphDB provides
optimized rulesets
for RDFS, OWL2-
RL and OWL2-QL
semantics.”

metaphactory
[Haase et al., 2019]

Level

II: Explicit
treatment of
blank nodes

II1: Via external
reasoner

Information
source

”The metaphactory
platform officially
supports most of
the well-known
triple store solu-
tions available on
the market, e.g.
Blazegraph , Star-
dog , Amazon Nep-
tune, GraphDB,
Virtuoso, and oth-
ers”...”the plat-
form’s repository
manager enables
configuring and
managing connec-
tions to many data
repositories in a
declarative way”

ExConQuer
[Attard et al., 2018]

Level

II: Implicit
reference to
RDF data

I

Table 12: The Table summarizes, for a subset of analyzed SW systems, the
assigned maturity level in the three dimensions and the information source
used for classification.
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| SW systems | Model dimensions |

Blank Nodes Deductive Capa- Explanation
bilities
FRED Level I: No mention I I
[Gangemi et al., 2017]
Information ”The main limit
source of this approach is

that the resulting
representation does
not trigger any au-
tomatic reasoning.
FRED provides a
means to perform
machine reading
where the result

is formally repre-
sented according to
semantic web stan-
dards and design,
carrying the seman-
tics of cognitive
linguistics frame
and enabling auto-
matic reasoning and
reuse from other
software agents”

| Map-On [Sicilia et al., 2017] | Level | I: No mention | I | I

SPARQLES Level II: Explicit 1 1
[Vandenbussche et al., 2017b] reference to
blank node
checks

Information ”We issue end-
source points a subset
of the Data
Access Work-
ing Group
test-cases for
SPARQL 1.0,
omitting syn-
tax tests and
focusing on
core function-
alities. This
test-set checks
a range of as-
pects of the
SPARQL 1.0
standard in-
cluding .......
blank node
checks ”

Table 13: The Table summarizes, for a subset of analyzed SW systems, the
assigned maturity level in the three dimensions and the information source
used for classification.
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| SW systems

Model dimensions

Blank Nodes

Deductive Capa-
bilities

Explanation

| SeMFIS [Fill, 2017]

‘ Level

‘ I: No mention

I

| I \

Information
source

”SeMFIS does how-

ever not provide
reasoning mech-
anisms, rule en-
gines, or further
constraints regard-
ing the processing
of the semantics
in the ontologies.
If needed, these
functionalities can
be easily added

to SeMFIS using
third-party tools
and APIs via the
subsequently dis-
cussed interfaces
and scripting func-
tionalities.”

LOV
[Vandenbussche et al., 2017a)]

Level

II:Implicit
reference to
RDF

I

YASGUI
[Rietveld and Hoekstra, 2017]

Level

I: No mention

I

Table 14: The Table summarizes, for a subset of analyzed SW systems, the
assigned maturity level in the three dimensions and the information source

used for classification.
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‘ SW systems

Model dimensions

Blank Nodes Deductive Capa- Explanation
bilities
SPARKLIS Level II: Explicit 1 1
[Ferré, 2017] treatment of
blank nodes
Information ”Blank nodes ” Another limita-
source are correclty tion is when the
handled. They endpoint does not
are shown in apply RDFS or
results, and OWL inference, so
suggestions are that some sugges-
given about tions are missing.
them, but From its client side,
they cannot be SPARKLIS has no
inserted in the easy way to com-
query” pensate for this lack
of inference.”
TraitBank Level I: No mention I I
[Parr et al., 2016]
Information ”These links im-
source prove the discover-
ability and queri-
ability of the data
and provide inter-
operability with
other semantic re-
sources, but more
principled inference
is left to end users.”
UnifiedViews Level I: No mention III: Via external I
[Knap et al., 2018] reasoner
Information ?Every backend
source uses its own RDF

Working Store for
storing tempo-
rary data which is
produced by the
pipeline during

its execution. As
the RDF Working
Store, we currently
support Sesame
repositories, either
as a local native
store or on a re-
mote server, and
GraphDB. Experi-
mental support for
OpenLink Virtu-
oso is also in place
and can be enabled
by a configuration
option. In gen-
eral, any repository
which supports the
OpenRDF Sesame
API can be used as
an RDF Working
Store”

Table 15: The Table summarizes, for a subset of analyzed SW systems, the
assigned maturity level in the three dimensions and the information source
used for classification.

44




SW systems

Model dimensions

Blank Nodes

Deductive Capa-
bilities

Explanation

[Roder et al., 2018]

Level

I: No mention

I

I

DataGraft
[Roman et al., 2018]

Level

I: No mention

I

\
‘ GERBIL
|

SISSVoc [Cox et al., 2016]

Level

I: No mention

I

I

Information
source

”While SISSVoc
does not explic-
itly feature logics-
based reasoning

in the API, this
functionality could
be included in a
SISSVoc deploy-
ment by building on
triple store imple-
mentations which
support reasoning
(e.g. OWLIM)”

ClioPatria
[Wielemaker et al., 2016]

Level

II: Implicit
reference to
RDFS

II1

Information
source

”Entailment reason-
ing can be imple-
mented in several
ways. ClioPatria
provides a library
that provides RDFS
entailment prim-
itives....Besides
entailment models
for standardized
entailment regimes
such as RDFS and
OWL, it is just as
easy to write an
entailment mod-
ule with custom,
domain-specific
rules” ..” Standard-
ized SW reasoning
in ClioPatria is
currently limited
to RDFS++. For
example, fullscale
OWL-DL reason-
ing is not yet sup-
ported, although
this should be rel-
atively easy given
the underlying ar-
chitecture.”

Table 16: The Table summarizes, for a subset of analyzed SW systems, the
assigned maturity level in the three dimensions and the information source

used for classification.
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SW systems

Model dimensions

Blank Nodes

Deductive Capa-
bilities

Explanation

An Infrastructure for
Probabilistic Reason-
ing with Web Ontologies
[Huber et al., 2017]

Level

II: Implicit
reference to
RDF

II1

Information
source

”QOur system relies
on the RDF(S) en-
tailment rules as a
standard rule set.
Using the pred-
icate triple(s, p,
0), we define the
entailment rela-
tion....by mapping
the RDF(S) en-
tailment rules to
first-order formu-
las. .. Moreover, it
is possible to ex-
tend the basic set
of completion rules
by defining addi-
tional rules and
constraints in or-
der to cover a wide
range of application
scenarios. In par-
ticular, pure RDF
Schema reasoning
does not have a
notion of contradic-
tion. We therefore
introduce notions
of contradiction
by adding special
rules”

Dbpedia
[Lehmann et al., 2015]

Level

II: Implicit
reference to
RDFS

II: Via external
reasoner

Table 17: The Table summarizes, for a subset of analyzed SW systems, the
assigned maturity level in the three dimensions and the information source

used for classification.
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‘ SW systems ‘ Model dimensions |

Blank Nodes Deductive Capa- Explanation
bilities
Semantic Turkey Level II: Implicit II1:Via external 1
[Pazienza et al., 2012] reference to reasoner
RDFS
Information ”the user can go
source out of available

boundaries, and
introduce new im-
plicit knowledge
by adding ground
facts which alter,
by inference, the
knowledge of the
domain..... Seman-
tic Turkey thus
makes ontology
editing faster by
proposing sugges-
tions to the users,
which rely on de-
clared restrictions
and on asserted (or
inferred) types and
values, but they
can always break
these boundaries
and have access

to the whole data,
eventually letting
further inference
follow its actions.”
....”Inference: na-
tively supported by
API, specific rea-
soning depends on
triplestore imple-

mentation”

PowerAqua Level I: No mention I I
[Lépez et al., 2012]
Injecting semantic anno- Level I: No mention 1 I
tations into (geospatial)
Web service descriptions
[Maué et al., 2012]

Information ”?The proxy itself

source is not semantically

enabled: it does
neither enable users
to create semantic
annotations, nor
does it perform
reasoning on the se-
mantic annotations.

»

| BibBase [Xin et al., 2013] | Level | I: No mention | I | I

Table 18: The Table summarizes, for a subset of analyzed SW systems, the
assigned maturity level in the three dimensions and the information source
used for classification.
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htbp]

| SW systems

Model dimensions

‘ Blank Nodes

Deductive Capa-
bilities

Explanation

ETALIS [Anicic et al., 2012]

Level

II: Implicit
reference to
RDF

111

Information
source

?ETALIS can eval-
uate domain knowl-
edge on-thefly,
thereby proving
semantic relations
among events and
reasoning about
them. This im-
portant feature
has been recog-
nised recently in
various related ap-
proaches ..... In
contrast to these,
ETALIS follows

a completely de-
ductive rule-based
paradigm, thereby
providing an effec-
tive solution for
CEP and Stream
Reasoning”.....
”Event streams
are expected to

be represented

as timestamped
RDF triples [4], and
background knowl-
edge can be spec-
ified as an RDFS
ontology”.......
”Note that, by
using deductive
rules, ETALIS can
be used to infer
implicit knowl-
edge (i.e., not only
explicitly stated
knowledge)”

WebProtege
[Tudorache et al., 2013]

Level

II: Implicit
reference to
RDF

I

Table 19: The Table summarizes, for a subset of analyzed SW systems, the
assigned maturity level in the three dimensions and the information source

used for classification.
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SW systems

Model dimensions

Blank Deductive Capa- Explanation
Nodes bilities
OntoBroker Level II: Implicit 111 I
[Angele, 2011] reference to
RDF
Information ”OntoBroker is an ” As OntoBroker
source ontology repository also provides rule
that includes a high materialization,
performance deduc- i.e. executing all of
tive reasoning en- the rules and stor-
gine ..”RDF(S) and ing the data in the
OWL are translated internal ontology
into ObjectLogic store, this also in-
primitives and cludes extraction
SPARQL queries of the data from
are translated the data sources
into ObjectLogic and storing them
queries. ” locally in the own
store. On the other
hand, usually on-
toprise’s customers
prefer query-time
integration as they
want to continue to
maintain their own
data stores.”
S-Match Level II: Implicit I 1
[Giunchiglia et al., 2012] reference to
RDFS
RacerPro Level II: Implicit III: Via external II
[Haarslev et al., 2012] reference to reasoner
RDFS
Information ”Ontologies can be ” Query results
source read from files, or (bindings for vari-
can be retrieved ables) can be inter-
from the web as actively inspected
well as from an and Aboxes can in-
RDF triple store teractively explored
managed by the in the Abox inspec-
built-in Allegro- tor showing told
Graph system (ver- and inferred asser-
sion 3) from Franz tions (see Figure
Inc. AllegroGraph 6).”
can be used to store
materialized infer-
ences and also pro-
vides for a powerful
query language
based on SPARQL
syntax [1].”

Table 20: The Table summarizes, for a subset of analyzed SW systems, the
assigned maturity level in the three dimensions and the information source
used for classification.
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SW systems

Model dimensions

Blank
Nodes

Deductive Capa-
bilities

Explanation

Watson

[d’Aquin and Motta, 2011]

Level

II: Implicit
reference to
RDF

II: Limited to sub-
ClassOf

Information
source

”Functions are pro-
vided that allow
an application to
access the content
of an ontology,
through explor-
ing its entities and
their connections.
These functions in-
clude the possibility
to ask for the sub-
classes of an RDF,
DAML or OWL
class in any of the
collected ontolo-
gies, the labels of a
given entity or any
relation pointing
to a given individ-
ual. Some of these
functions are also
available in a vari-
ant providing basic
level reasoning, in
order to, for ex-
ample, obtain all
the subclasses of a
class, i.e., both the
directly declared
ones and the ones
inferred from the
transitivity of the
subclass relation”

OWL API

[Horridge and Bechhofer, 2011]

Level

II: Implicit
reference to
RDF

I

Information
source

?The OWL API
provides a collec-
tion of powerful and
flexible interfaces
supporting the use
of OWL ontologies
within applica-
tions. The model
explicitly supports
the recent OWL 2
Recommendation.
Common interfaces
to reasoning en-
gines are defined,
facilitating the use
of inference within
applications”

Table 21: The Table summarizes, for a subset of analyzed SW systems, the
assigned maturity level in the three dimensions and the information source
used for classification.



SW systems | Model dimensions |

Blank Nodes Deductive Capa- Explanation
bilities
The Align- Level II: Implicit II: Limited to sub- I
ment API 4.0 reference to ClassOf
[David et al., 2011] RDF
Information ”Unasserted super-
source classes can be taken

within those super-
classes that can be
obtained by limited
reasoning methods
like Inherited su-
perclasses obtained
only by transitive
closure computa-
tion”

Table 22: The Table summarizes, for a subset of analyzed SW systems, the
assigned maturity level in the three dimensions and the information source
used for classification.

List of RDF'S reasoners

Lhttps://rdf4j.org/documentation/programming/model/#rdf-building-blocks-iris-literals-blank-
nodes-and-statements
2https://vocbench.uniroma2.it/doc/user/owl_consistency_check. jsf
Shttps://franz.com/agraph/allegrograph/
“https://franz.com/agraph/support/documentation/current/http-protocol.html\#put-materialize-entailed
Shttp://jena.apache.org/documentation/inference/index.html\#rdfs
Shttps://wiki.blazegraph.com/wiki/index.php/FeatureMatrix
"https://wiki.blazegraph.com/wiki/index.php/DataMigration
8https://wiki.blazegraph.com/wiki/index.php/InferenceAndTruthMaintenance
9https://project.inria.fr/corese/
O0http://www-sop.inria.fr/acacia/soft/corese/querydoc/node12.html
Mhttp://graphdb.ontotext.com/documentation/free/index.html
2http://graphdb.ontotext.com/documentation/free/reasoning.html
L3https://graphdb.ontotext.com/documentation/10.4/inference.html#proof-plugin
14nttp: //wuw.intellidimension. com/products/semantics-server/
15http://www.intellidimension.com/developers/library/semantics-server—guide.aspx
16nttp://www.intellidimension.com/developers/library/rdfcore-over.aspx
Thttp://help.semafora-systems.com/index.html
8https://ontop-vkg.org/guide/
https://ontop-vkg.org/tutorial/mapping/existential.html
20https://ontop-vkg.org/tutorial /basic/university-1.html#mappings
2lhttp://docs.openlinksw.com/virtuoso/index/
22nttps://sourceforge.net/p/virtuoso/mailman/message/26040078/
23nhttp://docs.openlinksw.com/virtuoso/rdfsparqlrulesubclassandsubprop/
24nttps://owl-rl.readthedocs.io/en/latest/index.html
25https://owl-rl.readthedocs.io/en/latest/RDFSClosure.html
26nttp://parliament . semwebcentral . org/
27http://parliament.semwebcentral.org/ParliamentUserGuide.pdf
28nttps://www.profium.com/en/technologies/profium-sense/rule-engine/
29nttps://www.oxfordsemantic.tech/product
30nttps://oxfordsemtech.github.io/RDFoxDocs/_versions/1.3.3/\#/04-using?id=managing-data-stores
3lnttps://oxfordsemtech.github.io/RDFoxDocs/_versions/1.3.3/\#/
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‘ SW systems

Model dimensions

Blank Nodes Deductive Capa- Explanation
bilities
CONFOTO [Nowack, 2006] Level II: Implicit II: Limited to sub- I
reference to ClassOf
RDF
Information ”For a given re-
source source, a SPARQL
query first retrieves
the asserted re-
source types (via
rdf:type) from the
data store. Poten-
tial naming prop-
erties are then ob-
tained in a second
step by searching
for special annota-
tions in the locally
described ontol-
ogy classes. Class
tree expansion is
used to include
super-classes in the
retrieval process.”
ZemPod Level II: Implicit I I
[Celma and Raimond, 2008] reference to
RDF
FALCON-AO Level II: Explicit 11 I
([Hu and Qu, 2008] treatment of
blank nodes
Information "RDF sen- ”Specifically, three
source tences can categories of coordi-

provide more
integrated
syntactic and
semantic struc-
tures than
RDF state-
ments, be-
cause they can
encapsulate
blank nodes
into them.”

nation rules can be
assigned to elemen-
tary matchers ...:
(1) removing redun-
dant statements;
(2) inferring omit-
ted statements, e.g.,
the ones involving
owl:inverseOf; and
(3) reconstruct-
ing List struc-
tures, e.g., using
the rdfs:member
property to de-
scribe the rela-
tionship between a
list and each of its
members, instead
of RDF collec-

tion vocabularies
(rdf:first, rdf:rest
and rdf:nil).”

Table 23: The Table summarizes, for a subset of analyzed SW systems, the
assigned maturity level in the three dimensions and the information source

used for classification.

92



SW systems

Model dimensions

[Bex et al., 2014]

reference to

RDF

Blank Nodes Deductive Capa- Explanation
bilities
QALL-ME Level II: Implicit I: limited to RTE I
[Ferrandez et al., 2011] reference to
RDFS
Information ”Behind the scenes, I
source the QALL-ME
framework ad-
dresses the mapping
between a natural
language question
and a query to the
database using Rec-
ognizing Textual
Entailment (RTE)
techniques”
SMARTMUSEUM Level II: Implicit 11
[Ruotsalo et al., 2013] reference to
RDF
Information ”Therefore, we
source construct the index
based on all triples
to be inclusive of
their deductive
closure.”
Ultrawrap Level II: Implicit 1 1
[Sequeda and Miranker, 2013] reference to
RDF
Ztreamy Level II: Implicit I I
[Arias-Fisteus et al., 2014] reference to
RDF
ArguBlogging Level II: Implicit I I

Table 24: The Table summarizes, for a

subset of analyzed SW systems, the

assigned maturity level in the three dimensions and the information source
used for classification.
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‘ SW systems

Model dimensions

Blank Nodes

Deductive Capa-
bilities

Explanation

SWGET
[Fionda et al., 2014]

Level

II: Implicit
reference to
RDF

II: Via external
reasoner

Information
source

?NautiLOD could
also perform

RDFS inference.
For instance, if

the user chooses

a property pl,
NautiLOD could
consider its sub-
properties (e.g., p2
rdfs:subPropertyOf
pl) by navigat-

ing the schema.
Another line of ex-
tension could be the
interaction of swget
with engines like
Sindice.”

ourSpaces
[Edwards et al., 2014]

Level

II: Implicit
reference to
RDF

II: via custom rules

Information
source

Moreover, we make
use of the SPIN
ontology to sup-
port the use of the
SPARQL query lan-
guage to specify
rules and logical
constraints nec-
essary to reason
about policies.

Linked Hypernyms Dataset
[Kliegr, 2015]

Level

II: Implicit
reference to
RDF

I

Revyou
[Heath and Motta, 2008]

Level

II: Implicit
reference to
RDF

Sweet Wiki
[Buffa et al., 2008]

Level

II: Implicit
reference to
RDF

III: Via external
reasoner

Information
source

”the implemen-
tation of Sweet-
‘Wiki relies on the
CORESE ... seman-
tic search engine
for querying and
reasoning”

Table 25: The Table summarizes, for a subset of analyzed SW systems, the
assigned maturity level in the three dimensions and the information source

used for classification.
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| RDFS Reasoner

Model dimensions

Blank Nodes

Deductive Capa-
bilities

Explanation

AllegroGraph 2

Level

II: Explicit treat-
ment

III

I: Number
of inferred
triples

Information
source

1”Determine how to
handle blank node
identifiers in N-
Triple and N-Quad
files. STRATEGY
must be one of

file, job or none.
By default, blank
node identifiers

are scoped to the
source in which
they appear. I.e.,
the blank node _:b1l
in file filel.nt is
considered to be
different than the
blank node _:bl in
file file2.nt. Alle-
groGraph calls this
the file strategy and
uses it as the de-
fault. Blank node
strategy job will
consider all blank
nodes found in N-
Triple and N-Quad
files to be in the
same ”scope”. This
means that the _:bl
in filel.nt will be
considered to be
the same as the one
found in file2.nt.
Blank node strat-
egy none will cause
agtool load to error
if any sources con-
tains blank nodes.
Loading is faster
when the blank
node strategy is
none.”

” AllegroGraph of-
fers a very fast and
practical RDFS++
reasoner. We sup-
port all the RDF
and RDFS predi-
cates and some in
full OWL.”

4

Apache Jena ®

Level

II: Explicit treat-
ment

III

II1

Table 26: The Table summarizes, for a subset of analyzed RDFS reasoner,
the assigned maturity level in the three dimensions and the information

source used for classification.
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‘ RDFS Reasoner

Model dimensions

Blank Nodes

Deductive Capa-
bilities

Explanation

| Bigdata ° Level | II: Explicit treatment | 1II | II: told triples
Information 77 Standard RDF se- 8 6 »When a KB
source mantics for blank nodes contains materi-
requires that an ex- alized inferences
port/import process you will typically
maintains a mapping want to export
from the blank node ID only the ”told”
to the internal BNode triples (those ex-
object used to model plicitly written
that blank node. This onto the KB by
works fine as long as the application).
you export / import After you import
a KB as a single RDF the data you can
document. However, if then recompute
references to the same the materialized
blank node ID appear inferences. If you
in different RDF doc- export the in-
uments then they will ferences and/or
be construed as distinct axioms as well
blank nodes!” ”Big- then they will
data also supports a become ”told”
”told bnodes” option. triples when you
‘When using this op- import the data
tion, the blank node into a new big-
IDs are treated in much data instance.”
the same manner as
URIs. They are stable
identifiers which may
be used to refer to the
blank node. In this
case, the interchange of
RDF data may be bro-
ken down into multiple
documents and blank
node identity will be
preserved.”
‘ Corese ° | Level ‘ II: Explicit treatment ‘ 111 ‘ I
Information 10 [Corby et al., 2004],
source [Corby and Faron Zuc|
‘ 1GlraphDB ‘ Level ‘ II: Explicit treatment ‘ 111 ‘ 111
Information 12 o 13 »The GraphDB
source proof plugin en-

ables you to find
out how a par-
ticular statement
has been derived
by the inferencer,
e.g., which rule
fired and which
premises have
been matched

to produce that
statement.”

Table 27: The Table summarizes, for a subset of analyzed RDFS reasoner,
the assigned maturity level in the three dimensions and the information
source used for classification
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| RDFS Reasoner

Model dimensions

Blank Nodes Deductive Capa- Explanation
bilities
Intellidimension ** Level II: Explicit III 11
treatment
Information 15 16 4 »The inference
source data source object
can be used to test
whether a state-
ment is a fact or
inferred statement.”
OntoBroker 17 Level II: Explicit 111 v
treatment
Information 15 (Using On- 15 (Using Ontobro- 15 (Using Ontobro-
source tobroker as ker as RDF Triple ker as RDF Triple

RDF Triple
Store — RDF
Compatibil-
ity — Inter-
nal Model
and Round-
Tripping).
”Blank nodes
are also sup-
ported. The
blank node
identifiers are
adapted during
import in or-
der to ensure
uniqueness
even in the
case of graph
merging. How-
ever, this will
not affect the
proper seman-
tics of blank
nodes.”

Store — Inferenc-
ing)

Store — Explana-
tions) " A feature
of OntoBroker is to
explain the reason
why a query returns
specific results.
This chapter shows
how to enable the
explanation fea-
ture in OntoBroker
and give an ex-
ample of how to
formulate so-called
explanation rules.
Retrieving expla-
nations is done in
two steps: -First
execute the query
with the ”explain”
query option; -Then
execute another
query to retrieve
the explanations
for the first query
If an explanation
for a generated an-
swer is requested,
it is necessary that
each relevant rule
of the ontology is
accompanied by an
explanation rule.
These rules contain
text blocks to ex-
plain the meaning
in common lan-
guage, including
place holders for
the concrete instan-
tiations of the rule
variables.”

Table 28: The Table summarizes, for a subset of analyzed RDFS reasoner,
the assigned maturity level in the three dimensions and the information
source used for classification.
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RDFS Reasoner ‘

Model dimensions

Blank Nodes Deductive Capa- Explanation
bilities
Ontop '8 Level IT: Explicit II I
treatment of
blank nodes
Information 19 » Ontop 20 » Ontop embeds
source includes a some inference ca-
tree-witness pabilities ...”
query rewrit-
ing algorithm
implementing
existential rea-
soning.”
OpenLink Virtuoso Level II: Explicit II: rdfs:subClassOf I
2l treatment rdfs:subPropertyOf
in ad-hoc rule sets
Information 22 23
source
OWLRL 24 Level II: Implicit ref- | III I
erence to com-
plete RDF(S)
terms
Information 25
source
Parliament 2¢ Level II: Explicit 111 I
treatment
Information [Kolas et al., 200 27
source
Profium Sense 28 Level II: Implicit 111 I
reference to
RDF standard
syntax
RDFox 2° Level II: Explicit III 111
treatment
Information 30 31 32
source
Sesame/RDFJ 33 Level II: Explicit III 1
treatment
Information 34 35
source

Table 29: The Table summarizes, for a subset of analyzed RDFS reasoner,
the assigned maturity level in the three dimensions and the information
source used for classification.
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RDFS Reasoner

Model dimensions

Blank Nodes Deductive Capa- Explanation
bilities
SHER Level II: Limited II: SHIN v
[Dolby et al., 2009] to SHIN as-
sertions with
existentials
Information [Dolby et al., 2009] ” Also, the in-
source memory version
supports incremen-
tal updates and
provides explana-
tions for subsump-
tion (i.e., smallest
set of axioms re-
sponsible for the
subsumption). ”
StrixDB 3¢ Level II: Explicit II: via Datalog I
treatment rules integrated in
SPARQL queries
Information 37 38
source
TopBraid 3° Level II: Explicit II: via custom 11
treatment SHACL rules
Information 402 The SHACL 41 »The Inferences
source rules engine imple- Panel lets you run

ments support for
inferencing using
SHACL. In partic-
ular, it can be used
to execute SHACL
rules and property
value rules.”

SHACL rules. It
will display all
triples generated
by the rules us-

ing a table with 3
columns: subject,
predicate and ob-
ject, or using Turtle
source code.”

Table 30: The Table summarizes, for a subset of analyzed RDFS reasoner,
the assigned maturity level in the three dimensions and the information
source used for classification.
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32https://kangaroo—hibiscus—B?bl.squarespace.com/product\#incremental
33nttp://uww.rdf4j.org/
34nttps://rdf4j.eclipse.org/documentation/programming/model/
35nttps://rdf4j.eclipse.org/documentation/programming/spin/
36nttp://opoirel.free.fr/strixDB/
37http://opoirel.free.fr/strixDB/DOC/StrixStore_doc.html
38http://opoirel.free.fr/strixDB/gettingStarted.html\#import_rules
39nttps://archive.topquadrant .com/doc/7.8/index . html
40nhttps://archive.topquadrant .com/doc/7.8/reference/InferenceEngines.html
4lnttps://archive.topquadrant .com/doc/7.8/reference/InferencesPanel.html
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