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Research data can be described with RDF based metadata following discipline specific
application profiles. To make the best use of this data stocks according to the FAIR
principles, users should be able to search within these metadata sets. Among different
approaches it is investigated whether mapping the RDF data into a search index affects
the quality of search. The evaluation indicates that approaches are either easy to use
but slow or ineffective, or fast and effective but difficult to use. With the transformation
of RDF data into a search index, a solution was found that combines benefits of the
approaches.

1 Introduction

Digital transformation affects all areas of society: More data is produced and workflows
rely on data analysis leading to new challenges in data management. Within the con-
text of research data management, the National Research Data Infrastructure aims to
systematize research data stocks and make them accessible. RWTH Aachen University
supports this effort with the development of the research data management platform
Collaborative Scientific Integration Environment (Coscine): Research data is made acces-
sible independent of the actual storage location and described with metadata that allows
a structured search. The goal is to make the data Findable, Accessible, Interoperable and
Reusable (FAIR) [1].

1.1 FAIR Metadata

An important aspect is the diversity and heterogeneity of the various scientific disciplines
as well as the decentralized nature of data and IT Services [2]. Discipline-specific applica-
tion profiles are required and should be available to researchers early in the Research Data
Life Cycle (RDLC) since implicit knowledge is not passed on and often lost [3]. These
application profiles are typically based on existing metadata standards.

The FAIR Digital Object provides a framework for the layout and interleaving of identi-
fiers, metadata and data using a describing record as part of a data identifier [4] in such
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a distributed system: Several infrastructure components are available for this purpose:
(i) the Persistent Identifier (PID) for registration, permanent and unique referencing,
(ii) external “linked” metadata records stored with the PID, which enables the use of
discipline-specific systems, (iii) a storage system in which researchers can store the actual
bit sequences of their research data, and (iv) the means to publish the results in a suitable
repository.

To simplify data exchange and machine processing, the World Wide Web Consortium
specifies Semantic Web technologies like Resource Description Framework (RDF) [5] to
provide the means to describe digital resources. RDF is suitable because its schema-
lessness provides flexibility for changes and different disciplines. In order to follow defined
metadata schemas, RDF needs to be restricted by application profiles that allow validation
as offered by Shapes Constraint Language (SHACL) [6]. While this makes metadata
available as a RDF-based knowledge graph, it presents some general challenges described
by Arnaout and Elbassuoni [7]:

• Data incompleteness, since RDF triples contain a lot of information, but most knowl-
edge is represented as free text in literal nodes.

• Inflexible querying, because triple-pattern queries are highly expressive, but at the
same time restrictive, because they have to follow a certain structure.

• Missing result ranking, queries may yield results in arbitrary order; a ranking is not
provided by SPARQL Protocol And RDF Query Language (SPARQL) and has to
be added explicitly.

• Result diversity, because it is important that the topmost results give a broad
overview of the results of a query and do not all contain similar aspects.

The searchability and thus the sub-goal reusability of the FAIR Guiding Principles is
achieved by an associated query language SPARQL [8], requiring considerable technical
knowledge. There are two main approaches to overcome this obstacle: the systematic
generation of a query or the mapping of RDF (meta-)data into a search index for use in
a search engine.

1.2 Hypothesis

Based on the state of research on RDF searches or general Information Retrieval (IR)
and taking previous approaches into account, the work is oriented towards the following
hypothesis, which is to be tested:

Mapping RDF-based metadata records into a search index for use in a search engine
improves the quality of the search and results for the user compared to using generated
SPARQL queries.

To validate this hypothesis, different approaches to create an efficient semantic search en-
gine for metadata in RDF-based knowledge graphs are evaluated concerning the resulting
quality of the search.
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1.3 Assessment of the Quality of Search

In this context, “quality” is regarded in multiple dimensions ranging from user experience
when entering their search intention to the results returned and the technical abilities of
the system.

Effectiveness According to International Organization for Standardization (ISO) [9].
Referring to search results, a system should find correct data records and satisfy the
search intention.

Usability According to ISO [10]. For search, it is therefore primarily a matter of the
User Interface (UI) to be appealing and understandable for the user.

Complexity of the creation of a search query is for the user and expected preliminary
knowledge.

Efficiency According to ISO [9]. For search, this refers to the effort formulating a query
compared to the generated results.

Response Time Nielsen [11] defines two limits: 0.1s for a direct response to an interac-
tion and 1.0s to notice the delay but remain uninterrupted.

Scalability It is expected, that the data stock is growing over time. Hence, the system
should be able to handle growing quantities of data.

Additional Effort This requirement assesses how much additional storage or computing
resources are necessary to realize the search.

2 Related Work

To generate a better overview, related approaches are divided into different categories,
whereby a clear separation is not always possible or ambiguous.

2.1 Retrieval of Entities in the Semantic Web Using Keywords

Swoogle is a crawler-based indexing and retrieval system for RDF documents [12]: an IR
system is applied, which uses either character n-grams or Uniform Resource Identifiers
(URIs) as terms to find documents given the search terms and computes a rank indicating
the documents’ importance. Sindice indexes RDF documents based on resource URIs,
Inverse Functional Propertys (IFPs) and keywords [13]. The focus of the approach is
retrieval of ontologies and documents in the Semantic Web. Similarly, SWSE is a search
engine that allows finding and navigating in an object-oriented search space by keyword-
based input [14]. Falcons provides keyword-based search for concepts and objects on
the Semantic Web by indexing all the terms of an entity’s virtual document consisting
of its names, associated literals, and names of neighboring entities [15]. While in the
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context at hand, metadata records are directly persisted in an RDF triplestore and do
not need to be indexed, the approaches demonstrate the distinction between object-based
and document-based search.

2.2 Generating a SPARQL Query

A very basic approach is to generate a SPARQL query from the keyword-based search
of a user where predefined basic graph pattern templates and a mapping of keywords to
possible URIs and background information about the existing data structure are used [16].
This shows that background knowledge and structures are helful to generate adequate
queries.

SPARQL query builders allow a step-by-step construction of SPARQL queries using clev-
erly chosen user interfaces. Kuric et al. have compared the best-known query builders
regarding their usability for laypeople and divided them into three different categories
[17]: (i) Form-Based Query Builders use input fields to build the SPARQL query step
by step. Classes and objects must either be advised or made available for selection by
the user. ExConQuer [18], the Linked Data Query Wizard [19], VizQuery [20], and the
Wikidata Query Service (WQS) [21] are examples of such approaches. (ii) Graph-Based
Query Builders make use of a visual and graphical user interface that guides the user in
creating valid SPARQL queries. Some examples of these approaches are iSPARQL [22],
NITELIGHT [23], OptiqueVQS [24], and QueryVOWL [25]. (iii) Natural Language-Based
Query Builders build the query based on the natural language of the user. NLP-Reduce
[26], SPARKLIS [27], DEANNA [28], AskNow [29], Swip [30] and ScoQAS [31] are exam-
ples for a Natural Language (NL)-based approaches that also allow generation of SPARQL
queries. However, the apporaches focus on enhancing NL approaches and not so much on
the quality of search so these are excluded from further consideration.

Faceted Search is used to allow flexible navigation through a large search space and to
limit this space by so-called facets [32]. Faceted search can also be applied to RDF
knowledge graphs by offering properties (predicates) of entities (subjects) as facets with
corresponding values (objects). OSCAR [33], the OpenCitations RDF Search Application,
and SemFacet [34] are examples of such an approach.

The Assisted SPARQL Editor leverages the graph summary to support the user in ef-
fectively formulating complex SPARQL queries [35]. For this purpose, suggestions for
classes, predicates, relationships between variables, and named graphs are provided to
the user. SemSearch is a search engine that translates user input from a simple syntax
into a formal SPARQL query [36]. While loosing much of the expressiveness of SPARQL.
SINA, a keyword-based search system, uses a hidden markov model to transform input
into a SPARQL query [37]. AutoSPARQL uses active supervised machine learning to
formulate a SPARQL query [38].
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2.3 Generating a Search Index to use IR Techniques

Linked swissbib converts bibliographic data into a RDF-based data model and divides
it into six different concepts [39]. By using the JSON-LD serialization of RDF, they
are indexed in the search engine Elasticsearch (ES). Open Semantic Search stores the
associated labels of the RDF annotation to URIs for indexing data in Solr and allows a
faceted search without generting a SPARQL query. Semplore also uses a hybrid query
option that allows structured queries and faceted searches [40]. Rocha et al. presented a
hybrid approach to keyword-based search in the Semantic Web, where the focus is also
on finding concepts using an instance graph for each concept, which is searched with
traditional IR techniques [41].

3 Approaches for Searching in RDF Metadata

If RDF data is stored in a triple store, the easiest way to access it is the SPARQL
Endpoint that allows querying and filtering data. A user must have some knowledge
to do this: (i) RDF and SPARQL, (ii) the structure of the stored data, (iii) used vo-
cabularies and terms as well as their corresponding URIs or Internationalized Resource
Identifiers (IRIs)1. Even if a user would have these information, the use of SPARQL is
very expressive and therefore challenging. It can thus be assumed that the interface can
only be used by more experienced Data Curators. Unfortunately, many of the presented
approaches are outdated, no longer available or there is no code or exact description for
their implementation and realization2, are domain-specific and would have to be widely
adapted for use in the domain independent scenario.

3.1 Full-Text Search

SPARQL offers the possibility to filter data using regular expressions. However, a SPARQL
query must be generated internally, which applies the user input to all possible occurrences
of a literal somewhere in the graph. Virtuoso also offers the option to do a case insensitive
full-text search with the bif:contains function [42]. Since only indexed literals can be
searched with bif:contains, it is not possible to define additional rules which compound
the literals on the fly in the constructed SPARQL query. Therefore, not all literals in the
graph can be searched without onstructed literals and additional triples directly in the
triplestore. However, a strategy would have to be considered how to separate the original
metadata record, which is why this variant is not further considered.

1An IRI is a generalization of an URI. Since both are used very interchangeably in general linguistic
usage, only the term URI is used in the following, even if a IRI would be allowed.

2Ironically, this is exactly one of the phenomenons, that should be tackeled by an Research Data
Management (RDM) system.
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3.2 Faceted Search

The approach of a faceted search is especially interesting because it allows for an incre-
mental refinement of data. At the core, this approach generates a SPARQL query that,
by selecting facets and values, directly using URIs and data structures of the knowledge
graph. Implementations should consider further aspects like the selection of facts and
their representation in the UI. In the case of Coscine these could be metadata fields from
application profiles, but the question arises how to select the currently visible applica-
tion profiles. In the scope of this work, however, the focus is on the result which can be
achieved with such an approach rather than the generation of an adequate UI.

3.3 Query Builder

The related work shows a lot of different query builders, which all work a bit differently
or have a different focus. They will be evaluated in the work because they can provide the
most optimal and direct representation in the knowledge graph by gradually assembling a
SPARQL query. Various such approaches have already been extensively evaluated [43, 17,
44]. In general, the generated SPARQL queries are to be considered for the evaluation.

3.4 Elastic Search: Index and Search Engine

Creating a search index allows to benefit from functionalities and optimizations for user
input and search features like auto-completions, search suggestions, stemming or tolerance
towards spelling errors. Positively evaluating this approach would therefore support the
core hypothesis.

A conceptual challenge remains how to map the entities from RDF to documents. The
mapping offered by Semplore [40] was enhanced to allow custom inference rules, and the
possibility to use ES to benefit from advanced search types like value range queries. The
resulting model considers resources, the metadata records, as documents in the search
index. In principle this defines an entity-object-mapping as basis for the conversion from
RDF to the search index.

To define queries, ES provides a Domain Specific Language (DSL) based on JSON. ES
offers two different search syntaxes to directly convert user inputs into a corresponding
search query. A simpler variant is ignoring syntactically incorrect input while the advanced
syntax is offers more search features while being stricter in terms of syntax.

4 Evaluation

In order to evaluate the discussed approaches for searching RDF metadata a two step
approach is followed. Firstly they are used generate SPARQL queries that match 13
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different search intentions, assuming the user has all necessary knowledge to produce an
optimal result. Secondly the generated queries are used for evaluation against a sample
dataset.

4.1 Dataset and Evaluation Environment

For the following evaluation of the different approaches, 10.000 exemplary metadata
records were generated based on Records from DBPedia. They are based on an ap-
plication profile based on the EngMeta metadata schema [45].

In the context of the evaluation and for testing the quality of the search results a set of
search intentions were considered. The intentions were selected in a way to cover many
different search types encountered in the context of RDM e.g.:

• Records with version number 10
• Records about computer science
• Records which are available since 03.07.2020
• Records about political left
• Records which contain a variable with the value 2 meters
• Records about object-oriented software which are published before 2015

Respective search queries are constructed for the approach, that resemble each search
intention as close as possible assuming the user not to make any mistakes in this process
and achieves a close to optimal result. For the ES approaches, RDF data is first mapped
to JSON objects and then inserted into the search index.

4.2 Comparison of the Effectiveness

Based on the sample search queries, confusion matrices were constructed. Table 1 summa-
rizes the results by calculating average precision, recall, and F1 score of the total confusion
matrices of the respective approaches.

Table 1: Precision, recall, and F1 score (rounded to two digits)
Regex Bif:contains Query Builder Faceted Search ES Simple ES Advanced

Preciscion 0.6 0.77 0.96 0.88 0.66 0.96
Recall 1 0.67 1 0.9 0.98 1
F1 Score 0.75 0.72 0.98 0.89 0.79 0.98

4.3 Comparison of the Usability

For comparison, the task execution time estimated by means of the Keystroke-level Model
(KLM), the simplest of the Goals, Operators, Methods, and Selection rules (GOMS) fam-
ily [46] was considered. The KLM [47] describes various actions with associated physical
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operations and specifies an execution time for them. Tasks are converted into operations
and the execution time is added up. Table 2 shows average execution times across the
approaches.

Table 2: Average task execution time in s based on the KLM
Regex Bif:contains Query Builder Faceted Search ES Simple ES Advanced

� 7.79 7.12 34.15 2.86 8.51 17.7
For Faceted Search only the time of the second step is calculated. For the first step, the same
time is valid as for the respective search intention in the regex approach.

4.4 Comparison of Complexity

Sepecific preliminary knowledge to express search intentions is quite different: Regex
requires egular expression syntax, Bif:contains requires Specific Bif:contains opera-
tors, Query Builder requires SPARQL Syntax (optional) and knowledge graph structure,
Faceted Search requires Regular expressions for preliminary full text search (optional), ES
Simple] requires ES simple search syntax and ES Advanced requires ES advanced search
syntax.

Individual search queries were considered per approach and classified into categories.
The most often selected category was used as an indicator for a final comparison of the
complexity as shown in Table 3.

Table 3: Complexity for user to perform search requests (
√

= easy, − = complex)
Regex Bif:contains Query Builder Faceted Search ES Simple ES Advanced√ √

−
√ √ √

4.5 Compasrison of Efficiency

The categories of effectiveness, usability, and complexity are put in relation to each other.
The ranking for the efficiency results from the ratio output/input, where output is the
effectiveness and input is the combination of usability and complexity. Table 4 gives a
ranking in the categories and overall efficiency.

4.6 Comparison of Response Time

The average wall clock times from sending the request to returning the result set were
measured for a small dataset. The standard deviation was calculated to illustrate the
inaccuracies of measurements as shown int Table 5.
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Table 4: Ranking of effectiveness, usability, complexity, and efficiency whereby the ap-
proaches in a higher row are better ranked

Rank Effectiveness Usability Complexity Efficiency
1 Query Builder Regex Regex ES Simple

ES Advanced Bif:contains Bif:contains ES Advanced
ES Simple Faceted Search

ES Simple
ES Advanced

2 Faceted Search Faceted Search Query Builder Faceted Search
ES Advanced

3 ES Simple Query Builder RegEx
4 Regex Quiery Builder
5 Bif:contains Bif:contains

Table 5: Average response time in ms (rounded to a full number) of user requests across all
intentions.

Regex Bif:contains Query Builder Faceted Search ES Simple ES Advanced
� 401±26 346±24 311±20 327±24 553±30 555±28

For Faceted Search only the time of the second step is calculated. For the first step, the same
time is valid as for the respective search intention in the regex approach.

4.7 Comparison of Scalability

To measure scalability of the approaches, the previously presented search queries were
executed on the entire 10,000 metadata records the same way described the previous
section. The results are shown in Table 6

Table 6: Response time in ms (rounded to a full number) of user requests in large search data
record.

Regex Bif:contains Query Builder Faceted Search ES Simple ES Advanced
� 2604±97 357±21 335±38 1084±37 552±33 552±27

For Faceted Search only the time of the second step is calculated. For the first step, the same
time is valid as for the respective search intention in the regex approach.

4.8 Comparison of Additional Effort

For the SPARQL query builder and the faceted search, no further arrangements need to
be made. For the regex and bif:contains approach, only the literals need to be specified
and stored. For ES, in addition to this, the mapping of metadata records to the search
index is required additional processing times for different actions on the metadata are
shown in Table 7.
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Table 7: Times in ms for the additional effort for indexing in ES.
(Re)-Indexing Add Update Delete

1646706±53376 837±143 839±129 735±121

5 Conclusion

Based on the evaluation criteria the approaches were ranked. The order is a direct result
of the measured times or classifications without normalizing them or considering further
gradations (i.e., to classify similar values equally) in the individual categories. To get a
better overview of the results, a preference matrix as shown in Table 8, is used to look at
how often one approach is better or worse than another.

Table 8: Preference matrix to compare different approaches where the numbers indicate how
often the approach of the top beats the one to be compared

Regex Bif:contains Query Builder Faceted Search ES Simple ES Adv.
Regex - 2 4 3 3 3
Bif:cont. 1 - 4 3 3 3
Query B. 3 3 - 3 4 4
Faceted S. 4 3 3 - 4 4
ES Simp. 2 3 3 2 - 2
ES Adv. 2 2 2 1 2 -
Win/Loss 11/15 13/14 16/17 12/17 16/11 16/10
Diff -4 -1 -1 -5 +5 +6

The extended ES approach performs best. Next comes the simple variant of ES, and after
that the SPARQL query builder together with the bif:contains approach. This largely
confirms the hypothesis: The mapping of RDF-based metadata records into a search
index for use in a search engine improves the quality of the search for the user, compared
to the use of generated SPARQL queries. Essentially, the same results can be achieved
with less effort for the user.

In conclusion, the main finding of this work is that the use of search engines can also
be suitable for searching in RDF-based knowledge graphs if an adequate entity-object-
mapping is applied. In the case at hand a mapping was derived from and enhanced.

The consecutive step is the full integration of the search functionality in the research data
management platform Coscine. In addition, an appropriate user interface for displaying
the found metadata records must be considered. Exemplary ES specific search interfaces
also include ES features like auto-complete or search suggestions [48], which reduce the
error rate and help the user to enter the most optimal search query.

Additionally, some tests or considerations for the optimal configuration of ES could still
be done. Here, for example, the indexing and search analyzers, tokenizers, synonyms, and
ranking functions could be considered to enhance results and rankings.

217



Supplementary Information

The datasets and applications used for the evaluation are available:

• “Search Engine Evaluation for Research Data in an RDF-based Knowledge Graph”,
DOI: https://doi.org/10.18154/RWTH-2020-09885.

• “Sample Dataset for Search Engine Evaluation for Research Data in an RDF-based
Knowledge Graph”,https://doi.org/10.18154/RWTH-2020-09886.

• “RDF-based Knowledge Graph Mapping for Elastic Search”, https://doi.org/
10.18154/RWTH-2020-09884.

A more extensive report on the background, especially the entity-object-mapping is avail-
able in the master thesis by Sarah Bensberg: “An Efficient Semantic Search Engine for
Research Data in an RDF-based Knowledge Graph”. 2020. DOI: https://doi.org/10.
18154/RWTH-2020-09883.
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