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Abstract. Multiple-criteria decision analysis methods are widely used as tools
supporting a decision problem. The article presents the taxonomy of the
methods, which takes into consideration the most essential characteristics. This
taxonomy, in the conceptualization process, was written by means of description
logic and then it was implemented in the OWL language in the form of ontology
representing field knowledge in the scope of MCDA methods. The research also
considers the ontology verification prepared with the use of competency
questions.
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1 Introduction

Along with the development of operational research, an alternative approach evolution
of MCDA methods has been observed. This alternative approach applies both in the-
oretical studies that result in the continuous development of existing methodologies and
techniques, as well as the application layer covering new areas of application methods
in business practice. The result of the aforementioned statement is the demand for the
development of dedicated approaches adjusted to the specifics of the problem. This is
supported by a detailed literature review, where research in various scientific disci-
plines is effectively conducted with the use of a number of multi-criteria methods
[35, 39]. Combined with a variety of specific decision problems discussed by the
authors of studies in this area, the natural direction of research can be an attempt to
systematize the knowledge in this field [21]. Large heterogeneity of domain knowledge
including available scientific publications and the existing decision support systems is
an additional prerequisite for undertaking research in this field. In the literature, one can
notice attempts to develop models of knowledge representation of MCDA problems
and methods areas. For example, the paper [29] demonstrates an ontology designed to
describe the structure of decision-making problems. In [31] an ontological represen-
tation of the AHP method and a set of inference rules was presented. Earlier studies of
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systematized knowledge about various aspects of decision-making are shown in
[32, 33]. Article [32] discusses the use of ontology knowledge model integrating
knowledge about decision-making process (i.e. a set of alternatives, preferences). The
proposed approach was later extended by additional ontology components [33].
Presented works deal with the problem of systematization of knowledge about the
various MCDA methods only to a small extent. The knowledge about the character-
istics of the different MCDA methods, their environmental context and use cases [30] is
not included in characterized ontologies.

This article constitutes part of wider works which aim is to construct the ontology
of MCDA methods which allows to choose a proper method depending on the char-
acteristics of decision problems. This ontology, in its final form, should take into
consideration aspects such as: characteristics of individual methods, information about
the environmental context of their applications and concrete cases of application of the
MCDA methods to solve specific decision problems. The possible construction of such
a repository in the form of ontology allows formal specification and analysis of the
various MCDA methods, as well as consequent sharing and reusing that domain
knowledge [24]. The diagram depicting the construction of discussed ontology is
presented in Fig. 1.
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Fig. 1. Process of constructing ontology of MCDA methods and their applications

The aim of this paper is to develop the first stage of such solution, i.e. domain
ontology containing knowledge model of MCDA methods. In order to construct such a
solution, literature related to MCDA methods was reviewed and analyzed. This formed
the basis of the development of a taxonomy and ontology. The study was divided into
two parts: a discussion of the literature as well as the development of a taxonomy
together with the practical verification of author’s ontology using competency ques-
tions. The work constitutes a continuation of research described in the article [25]. The
taxonomy, presented in the work, of a subset of MCDA methods was completed in this
study. Furthermore, functional ontology for a broaden set of MCDA methods was
worked out and verified. The engineer form of the ontology was presented with the use
of the OWL standard and is available online [37].

2 Methods of Multi-Criteria Decision Analysis

The development of two main groups of methods and directions: approaches based on
value/utility theory and outranking relations [19] is based on the research into the
MCDA area. The utility theory-based approach derives from the American MCDA
school. Two types of relationships between alternatives are determine: indifference (a; I
a;) and preference (a; P a;) of one alternative over another. The methods in this group
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leave out non-comparability of the decision variants and assume transitivity and
completeness of preference [19]. Methods based on outranking relations stem from the
European MCDA school. Methods from this group frequently expand a set of basic
preferential situations with the result that includes indifference of decision variants (a; /
a;), weak preference one variant over another (a; Q a;), the strict preference of a variant
of the decision-making relative to the other (g; P a;), and incomparability between data
variations (a; R a;) [34]. Moreover, the preferential situations can be combined in
“outranking” relation which contains the situations of indifference, strong and weak
preference (a; S a;) [34]. In the literature two basic operational approaches can be
distinguished to aggregate performance of variants: (1) aggregate to a single criterion
(American school), (2) aggregation by using the outranking relationship (European
MCDA school) [34]. Also, mixed (indirect) approaches, which combine elements of
American and European decision-making schools, are applied. An example of this
approach can be a group of PCCA (Pairwise Criterion Comparison Approach) methods
[18]. A number of researchers acknowledge that the discussed groups of methods also
differ in the occurrence of the criteria compensation effect. The compensation itself is
that bad performance on one attribute can be compensated by good performance on
other attributes [34]. While the difference between the two discussed groups of methods
lies in the fact that in methods based on the value/utility theory there is a compensation,
whereas methods employing the outranking relation by many researchers are consid-
ered non-compensatory [19]. Roy specifies that the difference refers to operational
approaches in particular [34]. However, other researchers claim that the methods
employing an exceeding relation are characterized by partial compensation [20].
Particularly Guitouni and Martel [21] state that there are no unanimous definitions or
principles to characterize the degree of compensation. They distinguish three degrees of
compensation (1) absolute compensation - a good performance on one criterion can
easily counterbalance a poor one on another, e.g. weighted sum; (2) no compensation -
some dimensions are important enough to refuse any kind of compensation or
trade-offs, e.g. lexicographic method; (3) partial compensation - some kind of com-
pensation is accepted between the different dimensions or criteria. They classify the
majority of American and European Schools methods as the last group. MCDA
methods also differ in nature and characteristics of data which are used in them [21].
The nature of date is closely related to the measurement scale. The data can be qual-
itative or quantitative and therefore can be expressed in the ordinal (qualitative) or
cardinal (quantitative) scale. Moreover, the cardinal scale can be ratio or interval [22].
The characteristics of the data used refers to whether the data is certain or not [19].
Certain data, named also deterministic, is expressed in a crisp form, whereas uncertain
data (non-deterministic) is represented by some kind of distribution (discrete or con-
tinuous) [21]. Furthermore, many new methods based on the fuzzy set theory enable to
express uncertain data in a fuzzy form [34]. All the elements characterized above were
taken into consideration in the prepared taxonomy and ontology. Based on an analysis
of the literature, a complex set of available MCDA methods was identified. Part of the
set was presented in the paper [25], whereas its development was included in this
article.

In the future research one needs to take into consideration the decision-making
issues considered by means of individual methods and their characteristics resulting
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from the uniqueness of a decision problem (e.g. the ability of a method to apply
qualitative, quantitative or relative criteria weights, the ability to compare the pro-
ductivity of variants, applying threshold values for the criteria comparisons of variants).

3 Constructing Ontology of Multi-Criteria Decision Analysis
Methods

In the literature ontology is treated as the specification of conceptualization providing a
description of the concepts and relationships that take place between them [27]. The
application of ontologies as a solution supporting the choice of a given MCDA method
is designed to assist the user in selecting the proper solution for a particular decision
situation described using a specific criteria. Also, the ontology ought to provide
detailed information about various MCDA methods. The first action in the construction
of ontology is to develop a taxonomy of the MCDA methods. The identification and
analysis of 20 MCDA methods was allowed to create a set of criteria and sub-criteria
characterizing different solutions. A total set was formed comprising four main criteria
(available binary relations, linear compensation effect, the type of aggregation and the
type of preferential information) as well as 16 sub-criteria. This collection was the basis
for the construction of taxonomies of analyzed solutions as well. Table 1 depicts the
taxonomy of a subset of MCDA methods. The individual positons of Table 1 are
characterized in Chapter 2. The subset extends the state of authors’ research presented
in [25].

Taxonomy presented in Table 1 should be converted to an ontological form and
requires distinguishing the concept on the basis of criteria and sub-criteria and estab-
lishing their hierarchy [26]. In the ontology there are four types of taxonomic relations:
the conclusion of the concepts, concepts separation, division, and total partition.
Containment (subsumption) (Subclass-Of) concept C; in the concept of C means that
C, is a subclass of (detailing of) C. This is due to concept C,’s inheritance of attributes
of concept C. The subsumption of the concepts can be understood as the inclusion of
the sets, as shown in Fig. 2(a). Severability (Disjoint-Decomposition) concepts C; and
C, containing the concept of C means each occurrence (instance) of concept C affects
the simultaneous occurrence of concept C; or C,, but the occurrence of C; and C,
cannot be at the same time. Furthermore, it may be the instance of C in the absence of
the occurrence of concepts C; or C,. Acceptable occurrences of concepts (instances I,
I, I;) while maintaining severability are shown in Fig. 2(b). The complete division
(Exhaustive-Decomposition) concepts C; and C, containing a concept C is that each
instance of C must be occurrence concept C;, C, or both C; and C,. In other words, the
occurrence of concept C is also contained in the occurrence of total concepts C; and C,.
This situation is shown in Fig. 2(c) where a partition created with concepts C; and C,
contained in the concept C is that each instance of concept C is also the occurrence
concept C; or C,. Partition concepts C, and C, can be understood as the sum of disjoint
sets, as shown in Fig. 2(d). Figure 3 depicts a graphical diagram of a set of criteria and
sub-criteria of constructed ontology. The authors decided to use concepts in the
ontology, since the instances of concepts had been reserved in this case for reference
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Table 1. Taxonomy of selected MCDA methods
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Fig. 2. Taxonomic relations between ontology concepts: (a) subsumption, (b) disjoint-decom-
position, (c) exhaustive-decomposition, (d) partition

literature cases of applying individual methods in accordance with the structure of a
decision problem. Such instances will be attached to the ontology in the future.

Part of ontology (set of criteria) written in the form of description logics [28] was
concluded in expressions (1) — (10). Parts (1) — (4) of expressions indicate the criteria
containing a (subsumption) in the concept of “Criterion”. Expression (5) means the
individual criteria are disjoint. Separation is used here because the individual criteria
are independent of each other, but the taxonomy can be added to the new criteria.
Records (6) — (8) describe the contents of the concept of “Linear compensation effect”.
The expressions (9) and (10) define a partition of concepts included in the criterion of
“Linear compensation effect”. It should be done due to the fact that the content of the
concept of “Linear compensation effect” is complete and will not be added to it in the
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future. In addition, one method may meet only one of the sub-criteria (e.g. only
supports the “Partial linear compensation effect”). In a similar manner a space is
defined as the criterion “Type of aggregation”.

Linear compensation effect C Criterion (1)
Available binary relations C Criterion (2)
Type of aggregation C Criterion (3)

Type of preferential information C Criterion (4)

Linear compensation effect = —Available binary relations. . .

. = —Type of aggregation = —Type of preferential information

No linear compensation effect C Linear compensation effect (6)
Partial linear compensation effect C Linear compensation effect (7)
Total linear compensation effect C Linear compensation effect (8)

Linear compensation effect = No linear compensation effect . . .

...UPartial linear compensation effect U Total linear compensation effect

No linear compensation effect = —Partial linear compensation effect . .. (10)
. = —Total linear compensation effect

A bit otherwise specified content criteria include “Type of preferential information”
and “Available binary relations”. In the case of the criterion “Type of preferential
information” and its sub-criteria, complete division was applied, which describes the
expressions (11) — (16). Complete division was used due to the fact that different
methods of MCDA can simultaneously use different types of preferential information,
but there is no other type of preferential information than those in the concept of “Type
of preferential information” (the contents of this concept is complete).

Cardinal C Type of preferential information (11)
Fuzzy C Type of preferential information (12)
Non-deterministic C Type of preferential information (13)
Deterministic C Type of preferential information (14)

Ordinal C Type of preferential information (15)
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Type of preferential information = Cardinal U Fuzzy. . . (16)
...UNon-deterministic U Deterministic U Ordinal

In a similar way the space of criterion “Available binary relations” was defined.
Inside criterion “Available binary relations” including relations R, S, I, P, Q complete
division was applied. Exhaustive-decomposition was used due to the fact that the other
type of relation between variants evaluated with the use MCDA methods does not exist.
Meanwhile these relations can exist together in single method. The ontology offers a set
of MCDA methods shown in Table 1, with a set of differentiating criteria and a network
of taxonomic relationships between concepts (relations between different classes of
instances). Using this ontology, it is possible to select methods based on selected
criteria. This is the base for a simple reusable but structured domain knowledge area.
Based on preset criteria a user can obtain detailed information about the satisfying
method (methods) with its specific taxonomic characteristics. A sample set of results is
depicted in Fig. 3a, illustrating a method (here Promethee II) which met the criteria for
the query: binary relations P and I, the partial effect of linear compensation, aggregation
using outranking relations, the type of preferential information — ordinal, cardinal and
deterministic. To answer the ontology’s competence question, the Protege editor’s
extension named “DL Query” was used. The tool allows formulating questions and
asking the ontology the questions in accordance with the Manchester OWL (Web
Ontology Language) [23] syntax and writing the question in the form of the ontology
classes. The question had the form of: “MCDA_Method and (hasCriterion some P
and hasCriterion some I and hasCriterion some PartialLinearCompensationEffect and
hasCriterion some QOutrankingAggregation and hasCriterion some Ordinal and
hasCriterion some Cardinal and hasCriterion some Deterministic)”. A sample rea-
soning process [40] has the following course in this case: PROMETHEE_II SubClassOf
hasCriterion some I; isCriterion inverseOf hasCriterion; isCriterion Range MCDA_-
Method; PROMETHEE_II SubClassOf hasCriterion some P; PROMETHEE_II Sub-
ClassOf hasCriterion some QOutrankingAggregation;, PROMETHEE_II SubClassOf
hasCriterion some PartialLinearCompensationEffect; PROMETHEE_II SubClassOf
hasCriterion some Ordinal;, PROMETHEE_II SubClassOf hasCriterion some Cardi-
nal; PROMETHEE_II SubClassOf hasCriterion some Deterministic. The key stage in
the presented reasoning is concluding a reverse relation isCriterion and hasCriterion as
well as determining the scope of the relation isCriterion to the concept MCDA_-
Method. On the basis a reasoning mechanism is able to conclude that the concept
PROMETHEE_II is a subclass of the concept MCDA_Method. A further query to the
ontology was created using the SPARQL language [36]. Inquiries to the knowledge
base in SPARQL may relate only to the knowledge stored permanently and not that up
to date by the inference. This allows a new structure of the knowledge base to be
obtained that contains all the relationships between concepts and instances established
through the mechanism of the applicant. Having deduced form prepared query ontol-
ogy instances of multi-criteria methods, which use binary relations P and I and the
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aggregate results of the evaluation using outranking relations. The structure of com-
petence query is listed below:

SELECT ?Method ?AvailableBinaryRelations ?TypeOfAggregation
WHERE { ?Method rdf:type :MCDA_Method.
?Method rdf:type :MCDA_BinaryRelationP.
?Method rdf:type :MCDA_BinaryRelationI.
?Method rdf:type :MCDA_OutrankingAggregation.
?Method rdf:type ?AvailableBinaryRelations.
FILTER( REGEX (STR(?AvailableBinaryRelations), 'BinaryRelation')).
?Method rdf:type ?TypeOfAggregation.
FILTER ( REGEX (STR (?TypeOfAggregation), 'Aggregation'))}

In the clause “SELECT” are defined variables that are to be displayed in the results,
and in the clause “WHERE” are defined relationships that should exist between the
variables. The relation of “rdf: type” specifies instances of a particular class. The
competence query results are shown in Fig. 3b. The use of ontology as a tool to support
the selection of the MCDA method allows a solution to be chosen that takes into
account user-defined criteria on the basis of which only the MCDA methods or liter-
ature reference solutions that meet user-specified environmental determinants and
decision-making are designated.

@) (b)
*© TypeOfPreferent 2 *® Criterion —|"© AvaiableBinary
iallnformation Relations
*@ LinearCompensat 2 @ TypeOfAggregati Jstipd . ype0)
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Fig. 3. Results of the Manchester OWL competence query (a), and results of the SPARQL
language competence query (b)

The same ontology contains the complete set of domain knowledge about the
MCDA methods. This ontology has been built using Protege 4, using the OWL [28].
The MCDA ontology is available in [37] and the effect of the reasoner is given in [38].

4 Conclusion

This article deals with the issue of the construction of ontology of MCDA methods. On
the basis of the analysis of MCDA methods a taxonomy characterizing the different
solutions was demonstrated. It constituted the basis for the construction of ontology of
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MCDA methods. The findings confirmed the possibility of the conceptualization of
knowledge in the area of MCDA methods. The application of the proposed ontology
supports the decision-maker’s correct choice of a multi-criteria method and allows for
full domain knowledge about each one. It ought to be noted that the standard employed
for the construction of the ontology ensures compliance with international semantic
standards. This makes it possible to further use the developed solution as well as its
connection to other ontologies in various fields within the growing trend of knowledge
engineering. Additional research needs to be supplemented by ontology of reference
cases of the application of each method in various areas (management, logistics,
environment, medicine, etc.). For ontology, further criteria characterizing the various
methods and the environmental context of their use can be attached. It allows for the
greater use of the adequacy of the reasoner and asks for the use of various methods in
decision problems using SWRL language rules.
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