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Abstract: An ontology is a formal representation of domain knowledge, which can be interpreted by
machines. In recent years, ontologies have become a major tool for domain knowledge representation
and a core component of many knowledge management systems, decision-support systems and
other intelligent systems, inter alia, in the context of agriculture. A review of the existing literature
on agricultural ontologies, however, reveals that most of the studies, which propose agricultural
ontologies, are lacking an explicit evaluation procedure. This is undesired because without wellstructured evaluation processes, it is difficult to consider the value of ontologies to research and
practice. Moreover, it is difficult to rely on such ontologies and share them on the Semantic Web
or between semantic-aware applications. With the growing number of ontology-based agricultural
systems and the increasing popularity of the Semantic Web, it becomes essential that such evaluation
methods are applied during the ontology development process. Our work contributes to the literature
on agricultural ontologies by presenting a framework that guides the selection of suitable evaluation
methods, which seems to be missing from most existing studies on agricultural ontologies. The
framework supports the matching of appropriate evaluation methods for a given ontology based on
the ontology’s purpose.
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1. Introduction
An ontology is a formal representation of domain knowledge, which can be interpreted
by machines [1]. In other words, ontologies formally define the entities (concepts) of a
domain, their attributes and the relationships among them, in a machine interpretable way.
Ontologies can be used for several purposes: First, an ontology can be used by
machines for knowledge deduction [2]. This makes ontologies suitable for serving as the
underlying knowledge base of decision support systems (DSS) and expert systems. Second,
ontologies enable sharing conceptual schemata of data, allowing software applications
to interoperate without having to share data structures [2–4]. Third, ontologies enable
reuse of domain knowledge [5,6]. Once an ontology is published, it can be used by various
applications in various domains. The web-based application and the experiment parts of a
domain can be integrated to create one large ontology of the domain [5]. This, of course,
may require mappings between concepts of the different ontologies to bridge over different
perspectives of the integrated knowledge models. A pivotal use of ontologies is for the
creation of the so-called Semantic Web. The Semantic Web (also known as Web of Data or
Web of Linked Data) is an extension of the Web through standards by the World Wide Web
Consortium (W3C) with the aim of providing a formal representation of the information on
the World Wide Web, to facilitate sharing and reusing of data on the web, making data in
Web documents understandable for machines [2,7]. Thus, ontologies have become a major
tool for domain knowledge representation and a core component of many knowledge
management systems, decision support systems and other intelligent systems [1,5,8–16].
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The increasing use of ontologies is also seen in agriculture (e.g., [4,6,17–26]), where
they are used for various purposes, such as agriculture knowledge sharing across farmers
around the world and in different languages [18,25,27–29], creating semantic interoperability of agricultural systems [4,22,30,31], and supporting farmer decisions [32] by
providing automatic knowledge inference. This is not surprising, given that agriculture
is a knowledge-centric field that covers many areas of expertise and many world-wide
used practices and technologies. Agriculture also includes numerous concepts that are
often designated by different names with similar meanings [20,33,34], fragmented across
different systems [35]. Furthermore, the ability to integrate and harmonize large amounts
of agricultural information, originating from a wide range of sources and in various formats, has been recently identified as a key perquisite for sustainable agriculture [36]. All of
these characteristics of agricultural knowledge emphasize the need to utilize ontologies
in agriculture.
A review of the existing literature on agricultural ontologies, however, reveals that
most of the studies, which propose agricultural ontologies, are lacking a clear ontology construction method and, more importantly, explicit evaluation procedures. This is undesired
because without well-structured construction and evaluation processes, it is difficult to consider the value of ontologies to research and practice. Moreover, it is difficult to rely on such
ontologies and share them on the Semantic Web or between semantic-aware applications.
Table 1 summarizes the goals for each of the surveyed agricultural ontologies and whether
their construction and evaluation processes are available. The right column in this table
shows that most agricultural ontologies studies do not describe any evaluation method.
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Table 1. A summary of agricultural ontologies, their goals, and whether their construction and evaluation processes are described.
Goal

Study
OTAG [6,37]
Urban GIS [6,38]
Chinese Agricultural Thesaurus [18]
PLANTS [31]
ONTAgri [30]
Smart Farm with GSN [32]
Precision Dairy Farming [22]
Crop Cultivation Standards [19]
Precision Agriculture Knowledge [21]
Ontology-based AIS [20]
Crop-pest Ontology [17]
Organic Agriculture Learning [28]
Soil and Fertilization [24]
Crop Pest and Disease [26]
1

Share
Vocabularies,
Integrate Data 1

X
X
X

Knowledge Search
and
Exploration 2

System
Interoperability 3

Decision Support 4

X
X
X
X
X
X

X

X
X
X
X

X
X

X

X
X
X

X
2

Construction
Method
Described 5

Evaluation Method
Described 6

−
partial
−
+
−
−
+
+
−
Partial
+
Partial
+
+

−
−
−
+
−
−
−
−
−
+
−
−
+
Partial

Sharing common understanding of the structure of information among people or software [5]; Supporting the sharing of agricultural knowledge (e.g., best practices) and enabling people to search and explore
it; 3 Enabling agricultural information systems and smart machinery to communicate and exchange information; 4 Supporting agricultural decisions; 5 Including a description of the ontology construction
method; 6 Including a description of the ontology evaluation method.
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With the growing number of ontology-based agricultural systems and the increasing
popularity of the Semantic Web [34], it becomes essential that such construction and
evaluation methods are put forward to guide future efforts of ontology development.
Such efforts are particularly important in the context of agriculture, which, as discussed
above, covers a wide range of knowledge areas, concepts, sources and formats, and hence
demands complex ontologies. While over the years numerous ontology construction
methods have been proposed [5,13,39–42], these methods are widely different and are often
not detailed enough [13]. The variety of construction methods and their inconsistencies
may also lead to difficulties in the selection of proper ontology evaluation methods, further
increasing the need for clear guiding rules for ontology evaluation.
In this study, we propose a framework that guides the selection of suitable evaluation
methods for agricultural ontologies, based on the ontology goals, as identified in the
literature summarized in Table 1. The use of the framework is demonstrated on the case
of a pest-control ontology. Our work contributes to the existing literature on agricultural
ontologies by presenting a comprehensive framework to facilitate ontology evaluation,
which, as shown by our literature review, is currently missing from most studies. Using the
proposed framework, ontology developers can easily match suitable evaluation methods
to their agricultural ontologies.
The rest of the paper is organized as follows: Next, background on ontologies and the
Semantic Web is provided. In the Materials and Methods section, we discuss the research
steps and present a review of ontology evaluation methods. In the Results section, we
survey the purposes for which ontologies are used in the context of agriculture, present the
framework for matching evaluation methods based on the ontology purpose, and finally,
demonstrate how the framework should be applied in a case study of pest-control ontology.
In the last section, we discuss the resulting framework and provide conclusions.
2. Materials and Methods
The development of the evaluation framework for agricultural ontologies included
three steps: First, literature on existing ontology evaluation approaches (not necessarily
in the context of agriculture) was surveyed. Second, given the goals or uses of ontologies
in the context of agriculture which were identified in the Introduction section, we define
a framework that matches evaluation approaches to different ontology purposes. Third,
we demonstrate the application of the framework, using a case-study of a pest-control
ontology, which has been developed for integrating knowledge from different websites,
as well as concepts from other ontologies, in order to provide a pest-control knowledge
base. Specifically, the pest-control ontology is aimed at supporting pest-control decisions of
farmers, as it serves as the knowledge base of a pest-control decision support application.
The ontology can be downloaded from pesticidesontology.com and its goals as a
development process have been published [43].
A Review of Ontology Evaluation Methods
Various ontology evaluation methods have been proposed in the literature. These
methods are commonly classified into the following types [44,45]:

•

•

Evaluation against a gold standard—This method compares an ontology with common
standards or with another ontology that is considered as a benchmark. Such a method
is typically used in cases where the ontology was automatically or semi-automatically
generated. In many cases, the application of this method is impossible since such a
gold standard does not exist.
Application-based evaluation—The application-based evaluation (or task-based evaluation [45]) uses the ontology for completing tasks within an application and measure
its effectiveness. Since comparing several optional ontologies in the context of a
given application environment is usually not feasible, often the proposed ontology
is evaluated in a quantitative or qualitative manner by measuring its suitability for
performing tasks within the application. The advantage of this method is that it allows
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•

•

assessing how well the ontology fulfils its objectives. Nevertheless, the evaluation is
only relevant for that particular application. If the ontology is to be used in another
application, the evaluation is irrelevant.
Criteria-based evaluation—This method evaluates the ontology against a set of predefined criteria. Depending on the criteria, the evaluation is conducted either automatically [45] or manually, usually by experts [9]. Various criteria have been used in the
literature. Gruber [40] defines five criteria: Clarity—the ontology should effectively
and objectively communicate the definitions of terms; Coherence—the ontology should
support inferences that are consistent with the definitions and have no contradictions;
Extendibility—it should be possible to extend the ontology to support possible uses
of the shared vocabulary, without altering the ontology; Minimal encoding bias—the
conceptualization should be as independent of the particular encoding being used
as possible; and Minimal ontological commitment—the ontology should define as few
restrictions on the domain of discourse as possible. Gómez-Pérez [46] also defines
five criteria that are partially overlapping with Gruber’s criteria: Consistency and
Expendability, which are similar to Gruber’s coherence and extendibility, respectively;
Conciseness—definitions should be clear and unambiguous, yet expressed in few
words; Completeness—the ontology captures all that is known about the real world in
a finite structure; and Sensitiveness—how sensitive the ontology is to small changes
in a given definition. Some criteria (e.g., expendability, clarity and completeness)
are difficult to evaluate and require manual (and subjective) inspection by domain
experts or ontology engineers [45]. Other criteria can be measured quantitatively by
various measures. For example, consistency can be measured based on the number of
circularity errors, partition errors and semantic inconsistency errors; and conciseness
can be measured based on the number of redundancy errors, grammatical redundancy
errors and number of identical formal definitions of classes [47]. The selection of
appropriate criteria and measures for the evaluation of an ontology depends on the
ontology requirements and goals, as demonstrated by [45].
Data-driven evaluation—In this evaluation method, the ontology is compared with
relevant sources of data (e.g., documents, dictionaries, etc.) about the domain of
discourse. For example, Brewster et al. [48] use such a method to determine the degree
of structural fit between an ontology and a corpus of documents.

To the above classification of methods, Brank et al. [44] add another dimension of
classification—one that is based on the level of evaluation. They argue that an ontology
can be evaluated on six different levels, representing different ontology aspects, as follows.
First, the lexical, vocabulary, or data level, in which the concepts, facts or instances that are
included in the ontology are evaluated, usually by comparing them with different domainrelated data sources, as well as with string similarities techniques (e.g., [49]). Second, the
hierarchy or taxonomy level, in which we evaluate whether an appropriate hierarchy of
‘is-a’ relations between concepts is defined (e.g., [45]). Third, other semantic relations, in
which semantic relations, besides ‘is-a’, are evaluated. Fourth, the context level, in which an
ontology may be part of a larger collection of ontologies and may reference or be referenced
by definitions in these other ontologies. In this level, we evaluate these inter-ontology
references. The context of an ontology can also be an application that uses the ontology. If
this is the case, we evaluate how effective the ontology is with respect to the achievement
of application goals. Fifth, the syntactic level, in which we evaluate whether the ontology is
correctly specified and follows the syntactic requirements of the selected formal language.
This level is relevant when the ontology is created manually. Many of the existing ontology
editors (e.g., Protégé) include automatic mechanisms for syntactic evaluation. Finally, the
structure, architecture, and design level, in which we evaluate whether the ontology satisfies
pre-defined design principles or criteria, structural concerns, and whether it is suitable for
further development.
Brank et al. [44] map between the four evaluation methods (i.e., gold standard,
application-based, criteria-based and data-driven) and the above levels. For example,
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while all methods are suitable for evaluating the lexical, vocabulary, or data level, the hierarchy or taxonomy level, and the other semantic relations level, only the application-based and
criteria-based methods are suitable for evaluating the context level. In addition, only the
gold-standard and criteria-based methods are suitable for evaluating the syntactic level,
and only the criteria-based method is suitable for evaluating the structure, architecture, and
design level.
The framework proposed in this study bridges over the above-mentioned evaluation
methods and the different levels of evaluation, for different purposes of agricultural ontologies.
3. Results
3.1. Proposed Framework for Agricultural Ontology Evaluation
To facilitate the selection of suitable evaluation methods, we propose a framework
that links between the ontology purpose, the ontology aspects (levels), and the appropriate
evaluation method [44,45]. The framework recommends appropriate evaluation methods
based on the purpose of the ontology.
Our literature review reveals that in the context of agriculture, ontologies are used for four
main purposes: As means to share vocabularies and integrate data (e.g., [6,18]), for knowledge
search and exploration [17–19,21,25,33], for system interoperability (e.g., [20,22,30]), and
for decision support and automation (e.g., [32,50]). The evaluation of ontologies with
these different purposes requires focusing on different ontology aspects, i.e., it calls for the
evaluation of different ontology levels: the lexical, vocabulary, or data level, the hierarchy or
taxonomy level, the semantic relations level (other than hierarchical), and the context level [44].
Each of these levels requires the employment of different evaluation methods.
The selection of appropriate evaluation methods for a given ontology should account
for the aspects or levels of the ontology that need to be evaluated, given the ontology’s
purpose. Evaluation of the hierarchy or taxonomy level, assuring that hierarchical ‘is-a’
relations between concepts are correct, is particularly important in ontologies that are
aimed at supporting knowledge search and exploration in order to foster efficient search of
knowledge. Such evaluation can be accomplished using any of the evaluation methods
(gold-standard, application-based, criteria-based, or data-driven) [44]. However, particularly suitable for such evaluation are the gold-standard method, in which the taxonomy
is compared to a common standard or to another ontology that serves as a benchmark
(assuming one exists), and the criteria-based method (e.g., [51]), in which the backbone
taxonomy relationships are examined against various criteria.
The evaluation of the context level ensures that the ontology correctly relates to other
ontologies or to the particular context in which it is used. Such an evaluation is particularly
important in ontologies that aim at decision support, to measure the effectiveness of the
ontology-based DSS, and in ontologies that aim at integration of data from different ontologies, to ensure that references between ontologies are correct. This can be attained using an
application-based method, in which the effectiveness of the ontology is examined within
the application where it is used, or using experts’ assessments of predefined criteria [44].
Evaluation of the semantic relations level is particularly important in ontologies that
aim at creating shared vocabularies and integrating data (or ontologies) to create system
interoperability, since these ontologies require agreement on the meaning of things. Such
evaluation can be attained by each of the evaluation methods.
Syntactic level evaluation is important for any ontology, as correct syntactic specification is mandatory for the ontology to be used by information systems, computerized
agents and the Semantic Web. Likewise, since the building blocks of any ontology are the
concepts, instances, or facts that form it, evaluation of the lexical level, i.e., the vocabulary
used to represent these concepts and facts, is important for any ontology. Evaluation at this
level usually involves data-driven evaluation methods in which the ontology is compared
with domain-specific documents, dictionaries, and other relevant sources.
The framework recommendations are summarized in Figure 1. Each quadrant of
Figure 1 links a particular ontology purpose to ontology levels that are important for
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pest-control ontology used the Protégé-OWL reasoner to ensure logical consistency of ontology axioms. Furthermore, domain experts confirmed that the definitions are consistent
with the formal axioms [43].
Minimum encoding bias—this criterion implies that knowledge representation should
not be affected by symbol-level encoding due to convenience of implementation [40].
The pest-control ontology was specified in OWL, which is expressive enough such that
knowledge representation choices are not limited or affected by symbol encoding and there
is no encoding bias.
Conciseness—conciseness is satisfied if the ontology does not include any unnecessary
definition or explicit redundancies among definitions [10,47]. We overviewed the schema
and verified that it includes no unnecessary definitions. Additionally, we confirmed that
the schema does not include concepts that already appear in AGROVOC and Dbpedia, but
rather includes references to these concepts. For example, the ontology includes Hebrew
definitions of pests and links them to the corresponding concepts in AGROVOC. In this
way, the ontology is extended with additional relevant information on these pests (e.g.,
their family, species, and names in other languages).
Completeness—completeness is satisfied if the ontology captures all that is known
about the real world. Studies [10,46] propose to check completeness by showing that all
competency questions (i.e., predefined questions that should be answered by the ontology)
can be answered using the ontology. Others [43] show that all specified competency
questions can be answered by the ontology. The above notwithstanding, the ontology may
be considered as incomplete with respect to future possible uses (beyond what is defined
by the competency questions).
While a gold-standard approach may also be applicable for evaluating the Semantic
relations level, to the best of our knowledge, there are no relevant gold standards or other
pest-control ontologies available.
To evaluate the Context level, we examine the usability of the ontology and the effectiveness of the system that uses the ontology [44]. In our context, the goals of evaluation
are: (1) validate the usability of the ontology for supporting pesticide-usage decisions;
(2) evaluate the extent to which using the ontology-based application improves user performance. To address the first goal, we developed a prototypical Web-based application for
supporting pesticide-usage decisions that is based on the proposed pest-control ontology.
This application supports farmers’ decisions, such as selecting the pesticide that requires
the least number of waiting days for different markets (local and global), or finding whether
a crop treated with a given pesticide can be exported to a particular country. To address the
second goal and evaluate the effectiveness of the ontology-based application, we performed
an experiment, in which participants were given two simple tasks that required retrieving
information on pesticide application regulation: (1) find the pesticide with the lowest
number of waiting days for the local market and for export that is suitable for treating
pepper infested with Aphid (plant lice); and (2) find whether pepper with a maximum
residue limit (MRL) of 0.3 for the chemical Pymetrozine can be exported to the USA. The
experiments measured the increased effectiveness of using the Web-based application
in accomplishing these tasks. The results showed that when using the application, all
participants were able to complete both tasks in less than 1.5 min, compared to more than
5 min without the application (in fact, half of the participants were unable to complete
the tasks without the application). The web-based application and the experiment are
described in more detail in a previous paper [43].
To evaluate the lexical level, comparisons with various sources of data are usually
performed [44]. Such evaluation would be redundant in our case, as the ontology was
built based on existing online data sources. It should be noted that the criteria-based
evaluation used above for the semantic relations level is also relevant for the evaluation of
the lexical level.
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4. Conclusions
Ontologies are a powerful tool for representing domain knowledge. Consequently, a
growing number of knowledge management systems and DSS in the context of agriculture
are based on ontologies. In this paper, a framework for agricultural ontology evaluation is
presented. The framework combines ideas from pivotal existing evaluation methods [44,45]
and matches specific evaluation methods to the purpose of the agricultural ontology. The
applicability and ease of use of the framework is then demonstrated on the case of a
pest-control ontology.
Clear and structured methods for ontology evaluation are highly important; without
such methods, it is difficult to consider an ontology as a contribution to research and
practice. With the growing use of ontologies and the Semantic Web for developing agricultural systems, such methods become increasingly critical. Furthermore, as revealed by our
literature review, most of the studies that develop agricultural ontologies do not present
the method of construction and do not even discuss how the developed ontologies were
evaluated, making it difficult to share and reuse them. Our work thus narrows this gap
in the literature on agricultural ontologies by proposing a framework that facilitates the
selection of evaluation methods suitable to the ontology purpose. This framework can
guide the evaluation of ontologies developed in other studies.
This study is not without limitations, which open new directions for future research.
Specifically, as the applicability of the framework is demonstrated on the case of a pestcontrol ontology, it focuses on evaluation levels and their respective evaluation methods
that are more relevant to the characteristics and goals of this particular ontology. For example, the pest-control ontology does not require evaluation of the hierarchy level. In addition,
the ontology was developed using Protégé, which obviates the need for evaluating the
syntactic level (although, we do refer to cases where the ontology is manually defined
and where hierarchy level evaluation is required). Therefore, it can be beneficial in future
research to apply the framework to evaluate additional agricultural ontologies. Reciprocally, such applications of the framework can generate insights into how to further refine
the framework and increase its usability and effectiveness, thereby advancing ontology
research and practice.
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