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Abstract. Ontologies have been proposed as a means towards making data FAIR (Findable, Accessible, Interoperable, Reusable). This has
attracted much interest in several communities and ontologies are being developed. However, to obtain good results when using ontologies in
semantically-enabled applications, the ontologies need to be of high quality. One of the quality aspects is that the ontologies should be as complete
as possible. In this paper we propose a first version of a tool that supports users in extending ontologies using a phrase-based approach. To
demonstrate the usefulness of our proposed tool, we exemplify the use
by extending the Materials Design Ontology. 1

1

Introduction

In many areas there is a recent interest in making data FAIR, i.e., Findable,
Accessible, Interoperable, and Reusable [10]. Findable refers to the fact that
data and metadata should be easy to find, accessible to the fact that it should
be clear how to access the data, interoperable to the fact that the data needs to
be integrated with other data and be usable by applications and workflows, and
reusable to the fact that data and metadata are well described such that the
data can be replicated or combined in different settings. Ontologies can alleviate
some of the issues towards making data FAIR, such as in ontology-based access
to multiple data sources for Interoperability and using ontologies to describe
data source capabilities for Findability.
Ontologies need to be of high quality. One of the quality aspects is that the
ontologies should be as complete as possible.2 If an ontology is not complete,
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This relates to the requirement of domain coverage in [9]. In practice, knowing when
an ontology is complete is difficult but it is possible to define an ‘is more complete
than’ relation between ontologies which can be used for comparing completeness [5].

it may lead to missing inferences and thus incomplete results in semanticallyenabled applications.
Many techniques exist for finding missing information in ontologies and extending them. The ontology extension problem that we tackle deals mainly with
concept discovery and concept hierarchy derivation which are also two of the
tasks in the problem of ontology learning [3]. Therefore, there are many techniques that can be used as shown by a recent survey [2] that discusses 140
research papers. These techniques are usually linguistics-, statistics-, or logicbased. One such technique is phrase-based extension where frequent phrases are
collected from text and proposed to a domain expert as candidates for creating
concepts with similar names. An example of such a method that has been applied to ontologies in the materials science field is found in [6,1]. When using
the method the phrases were presented in an Excel file to the domain expert
who then annotated the file with the concepts and axioms to add to the ontology. Then this information was transferred into OWL format manually or via
an ontology editor. It was clear that user support for these tasks was needed.
Therefore, in this paper we present a first version of a tool that takes as input
a list of phrases (generated using the method in [6,1] or any other method that
outputs phrases) and supports the user in turning phrases into concepts and in
defining axioms related to the new concepts. We show the use of the tool in a
use case where we extend the Materials Design Ontology.
The remainder of the paper is organized as follows. In the background section
we describe the method for ontology extension on which our proposed tool is
based (sub-section 2.1), as well as the ontology that we extend to exemplify the
method (sub-section 2.2). In section 3 we briefly discuss the purpose, intended
users and development of the tool. We describe our tool in section 4. In section
5 we show a use case in the materials science domain where we extend the
Materials Design Ontology and briefly discuss a user interface evaluation. The
paper concludes in section 6.

2
2.1

Background
Method for extending ontologies

Our tool is based on the approach for extending ontologies presented in [6] and
extended in [1]. Figure 1 gives an overview.
Given a corpus of unstructured text, in a first step a phrase-based topic
model is produced. The output of this step is a list of frequent phrases as well as
a number of topics with representative phrases. In the method described in [6,1]
this is done using the ToPMine system [4]. The approach in [6] uses a formal
topical concept analysis-based approach to mine topics. The frequent phrases,
the topics, and the result of the formal topical concept analysis are suggestions
that a domain expert should validate or interpret and relate to concepts in the
ontology.
The method in [6] introduced different categories for the phrases related to
processing that could lead to the ontology extension based on the phrases. The

Fig. 1. Approach: The upper part of the figure shows the creation of a phrase-based
topic model with unstructured text as input and phrases and topics as output. The
lower part shows the formal topical concept analysis with as input topics and as output
a topical concept lattice. In both parts a domain expert validates and interprets the
results. [6].

ADD category represents the addition of concepts where the new concept has the
same name as a phrase. For the ADD-m category a new concept is added with
a name that is a modification of a phrase. The EXIST and EXIST-m categories
do not represent a change, but indicate that there already is a concept in the
ontology with the same name as the phrase or a modified version of the phrase,
respectively. The No category represents that the phrase cannot be used to
create a concept for the ontology, while the No-g category represents the fact
that the phrase should not lead to a new concept in this ontology, but could be
used in a more general ontology. We also introduce here NEW which represents
the addition of a new concept that is not related to a phrase. We note that
this categorization is interesting for experimenting and gathering data regarding
the kinds of operations a user performs when extending an ontology, but not
necessarily for an end user using the tool.
During the work on extending ontologies using this approach, it became clear
that the domain and knowledge engineering experts needed tool support. In this
paper we have implemented a tool for helping a domain expert validating phrases
and creating concepts and axioms related to these phrases in the ontology. The
validation of topics and axioms related to topics is left for future work. Large
parts of the current functionality related to phrases will be reusable for topics,
but some new visualizations will be needed.

Fig. 2. The Materials Design Ontology [7]. The different modules Core, Structure Calculation and Provenance as well as other connected ontologies have different colors.

2.2

Materials Design Ontology

The ontology that we use to exemplify our approach is the Materials Design Ontology (MDO) presented in [7] and available at https://w3id.org/mdo. MDO is
an ontology covering basic concepts for materials design (Figure 2). The development was guided by the schemas of the Open Databases Integration for Materials
Design (OPTIMADE3 ) project. The OPTIMADE project aims at making materials databases interoperable by developing a common API and the consortium
includes many of the important database providers in the field. Therefore, the
OPTIMADE schemas are based on a consensus reached by several of the important stakeholders in the field. The aim is to use MDO for providing semantic
search and integration of materials databases, e.g., via OPTIMADE.

3

Requirements and Development

Before we present our tool in section 4, we discuss the system requirements to
clarify some of its aspects and use the dimensions of the design space for user
studies in Semantic Web contexts in [8] as guidelines.
Purpose. The purpose of the tool is to support a user in extending an ontology using a phrase-based approach. The tool supports the user in creating
concepts from phrases as well as in adding subsumption axioms related to the
new concepts. The main purpose of the tool is creating and managing as defined
in [8] as it is essentially an ontology authoring tool that supports the creation
of new concepts and axioms for an ontology. However, there is also an aspect
3
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of learning and understanding as a user needs to understand the phrases, the
concepts and their contexts to be able to make informed decisions about which
phrases can lead to concepts and axioms that should be added to the ontology.
Therefore, in addition to supporting tasks related to creating, adding and managing concepts and axioms based on phrases, also tasks related to exploration
and searching for information in the frequent phrases and ontology need to be
supported.
Users. The tool is supposed to be used by users or teams of users that
have skills and experience in two fields. As it is an ontology authoring tool the
user team needs to be well-versed in ontology development and understand such
things as what an ontology can contain, how reasoning works and what the
consequences are of adding an axiom to an ontology. Further, the user team also
needs expertise in the domain of the ontology, e.g., in our use case exemplifying
the use of the tool, the user team needs expertise in materials science.
Development. The tool was developed in an agile way, with meetings about
once a week with ontology engineering and materials science experts. This allowed for fast feedback and the discussions led to changes in the design choices.
Some examples of changes were the use of tabs instead of windows, the addition
of the possibility to mark phrases as finalized, and the possibility to add additional concepts when defining a new concept. One item that we have currently
kept in the tool is the ability to classify the type of action (using ADD, ADD-m,
EXIST, EXIST-m, No, No-g, see explanation in section 2.1). In the final version
of the tool for end users this is not needed and the parts of the user interface
referring to this will be removed, but while experimenting with the tool this
gives us valuable information.

4

Ontology Extension System

In this section we describe our tool with its functionality and current user interface. We use screenshots from extending MDO. We decided to model the
interface in a way that reflects the workflow of the user. There are three main
steps: Set-up where ontology and phrases are loaded, From Phrase to Concept
where phrases are used to define concepts, and From Concept to Axiom where
axioms related to the concepts are defined. Each of the steps in the workflow
is represented by a tab in the tool. The workflow is iterative and the steps are
repeated for different phrases and concepts.

4.1

Set-up

The first step in the workflow is loading the necessary files including the ontology
that we want to extend and the frequent phrases. In Figure 3 MDO has been
loaded from OWL files (as four different modules) and the frequent phrases have
been loaded from a file that was generated earlier.

Fig. 3. The Set-up tab of the Ontology Extension System.

Fig. 4. The From Phrase to Concept tab of the Ontology Extension System.

4.2

From Phrase to Concept

In this step of the workflow the user processes the frequent phrases and decides
for each phrase whether one or more concepts related to the phrase can be
defined in the ontology. Figure 4 shows the tab for this phase.
At the left hand side of the From Phrase to Concept tab two main columns,
Phrases and Labels are shown. The Phrases column contains the frequent phrases
loaded or generated in the previous step. The Labels column will contain one or
more of ADD, ADD-m, EXIST, EXIST-m, No, No-g in case the phrase has been
(partly) processed through assigning label functionality.
By clicking on a phrase in the Phrases column, inner tabs are opened that
support the processing of the phrase.

Fig. 5. Extracting sub- and super-phrases from another frequent phrases list.

In the part marked by red frame 2 in Figure 4 the user can define a new
concept for the ontology. There are three options represented by the three radio
buttons. For the name of the new concept the phrase can be used as is (ADD,
first button), or a modified version of the phrase can be used, e.g., removing
plural ‘s’ (ADD-m, second button). The third button allows to define a new
unrelated concept which was deemed necessary by the domain experts (NEW).
Further, all concepts created in relation to the phrase are shown in the text box
on the right side of the frame.
The part marked by red frame 1 in Figure 4 is mainly interesting for our
experiments and allows a user to directly assign or remove categorization labels.
In the part marked by red frame 3 in Figure 4 the user can relate an existing
concept to the phrase and implicitly assign an EXIST or EXIST-m label.
The part related to red frame 4 in Figure 4 allows for searching sub- and
super-phrases in other lists. This is useful, for instance, when different frequent
phrase lists are generated by a system with different parameter settings. This
functionality allows to also use parts of the other lists by adding these phrases
as well. An example is shown in Figure 5.
In the Phrases list, the phrases can be marked or unmarked as processed
by right-clicking on the desired phrase. This allows the user to mark progress.
An additional help, using the Matching functionality, is to search for phrases or
concepts with a name similar to a phrase. The algorithm uses fuzzy matching on
the phrases and concepts and a string matcher on their stemmed version. This
information could be used, for instance, to relate concepts and phrases or as
extra information to the decision process regarding adding new concepts based
on phrases.
4.3

From Concept to Axiom

Figure 7 shows the tab related to the next step in the workflow for extending
ontologies using the phrase-based approach. In this step axioms related to the
new concepts are added to the ontology.
At the left hand side of the tab there is a column of concepts which consists
of concept names from the ontology loaded during the Set-up phase together
with the ones that have been added by the user in the From Phrase to Concept

Fig. 6. Matching a phrase with other phrases and concept names.

phase. The origin relates a new concept to the phrase that was used for defining
the concept.
In the upper part of the tab, axioms can be defined. By clicking on a concept
in the concept list, the concept name appears at two places with radio buttons
to help the user define sub- and super-concepts of the concept. These can be
selected from the list shown in the text box shown on the right side.
The existing axioms as well as the axioms defined by the user are displayed in
the bottom part of the tab in the list labeled as Axioms defined for the concept.
To provide more information regarding the context of an axiom, clicking on an
axiom shows the axioms related sub-concepts of the concept in the left-hand
side of the axiom and super-concepts of the concept in the right-hand side of the
axiom. An example is given in Figure 8.

4.4

Additional functionality

In addition to the tabs described earlier other functionalities have been implemented as shown in the menu bar. The File menu contains functionalities related
to creating, opening and saving files. For instance, the lists of phrases and concepts can be saved as Excel files including added parts such as defined axioms,
which phrase was the origin for a concept, assigned labels and concepts created
for a phrase. The extended ontology can be saved as an OWL file. We note that
partial results can be saved and loaded again at a later time. The Options menu
contains functionality to search phrases, concepts and axioms. Additionally, all
the axioms (Figure 9) and equivalent concepts can be displayed as well. Ontology Visualization is used to visualize the ontology as well as the changes
made. The new concepts and axioms are displayed in a different color from the
concepts and axioms that were in the original ontology (Figure 10).

Fig. 7. The From Concept to Axiom tab of the Ontology Extension .

Fig. 8. Axioms related to sub- and super-concepts of concepts in an axiom.

Fig. 9. Axioms of the ontology.

5

Experiments

We performed a feasibility study to evaluate the functionality and usefulness of
our tool by extending MDO. Furthermore, we performed a small evaluation of
the user interface.

Fig. 10. Ontology visualization.

5.1

Use case - extending MDO

As a use case we decided to have a domain expert extend MDO using our tool. We
used the list of 131 frequent phrases that was used in an earlier study described
in [1] as well as the same domain expert.
The final result contains 29 new concepts (see Table 1) and 27 new axioms
to be added to MDO.
The domain expert found that the tool gave support to the process of extending the ontology and was a large improvement over the Excel files that saved
time and made the process easier. In particular, the fact that the tool guided
the user through the different phases of the workflow was helpful. Further, the
tool guides the user in different tasks and suggests possibilities. Also being able
to search in the different lists and marking progress, as well as providing more
information regarding the concepts and phrases, was very helpful. The labeling
of the different kinds of changes was not always that easy and in the future we
will remove this part for the end user. When we want to gather data about this,
we will investigate in ways to do the labeling automatically.
When comparing the result with the result of [1], we noted some differences
in the list of added concepts. The main reason for these differences was that
the domain expert had a better understanding of the use of MDO and therefore
sometimes made more restrictive decisions on what concepts should be part of
MDO. Deciding on axioms is a task that the domain expert finds hard and it
is clear that the help of an ontology engineering expert is highly recommended.
Therefore, the current results regarding axioms should be considered as a first
draft that should be discussed further.
5.2

User Study

As part of the design and implementation phase of our tool, we performed a small
user study to receive feedback on the user interface and which resulted in some

Table 1. New concepts proposed to be added to MDO.
Stacking Fault
Face Centered Cubic
Body Centered Cubic
Rare Earth
Brillouin Zone
Stone-Wales Defect
Half-Metal
Homo-Lumo Gap
Valence Band
Slip-Plane
Rutile
Conduction Band
Defect Type
Zinc Blende
Domain Wall

Linearized Augmented Plane Wave Density Functional Theory Method
Nearest Neighbor
Electronic Band Structure Feature
Projector Augmented Wave Method
Lennard-Jones Potential
Rock-Salt Structure
Realspace Density Functional Theory Method
Modified Becke-Johnson Exchange-Correlation Energy Functional
Perdew-Burke-Ernzerhof Exchange-Correlation Energy Functional
Kohn-Sham Density Functional Theory Method
Hexagonal Close Packed
Muffin-tin Orbital Method
Bravais Lattice Type
Modified Embedded Atom Method

changes to the user interface. The subjects were 4 PhD students in computer
science at our department which did not have a background in ontologies nor in
materials science. A small introduction including the purpose, the project and
some basic ontology terminology was handed out beforehand. During a session
with a subject via Zoom, the subject performed a number of typical tasks and was
asked to think loud. The subjects did not think it was that easy to use the tool
and we gathered a number of issues that led to changes that were implemented
in the current version of the interface to improve the functionality of the tool.
Some issues were left for a future version of the user interface. For instance, one
issue that we will work on in the future is to make the interface more clean and
not combine the functionality for an end user and a researcher gathering data
about the use of the tool in one interface. Further, we will look into making the
search functionality more easy to use and make other tasks more uniform.

6

Conclusion

In this paper we have presented the first version of a tool that supports users with
phrase-based ontology extension by representing the user’s workflow and guiding
the user during each step. As future work, we will implement a version of the
tool that is focused on end-users. We will also take the comments gathered from
the use case and the user study into account. Additionally, it may be interesting
to consider other kinds of relations besides is-a relation, as well as the fact that
sometimes additions to the ontology may lead to deletions in the ontology as
well.
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