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Preface

The INnovation for Systems Information and Decision (INSID) meeting is an event
(http://insid.events) linked to the international network INCT-INSID (http://insid.org.br).
This network involves academics and practitioners from different countries, bringing
together outstanding researchers from around the world in the field of information
systems and decision.

The INSID meetings have provided a stimulating environment for the dissemination
of state-of-the-art thinking and knowledge about INnovation for Systems, Information
and Decision. This broad theme is transversely related to many areas, particularly to
operational research, management engineering (or production engineering), including
also systems engineering (and engineering in general), management science, computer
science, and their interdisciplinary related areas. These meetings have prompted
discussions among participants and the exchange of ideas and critical comments for
further improvement since 2008, under the acronym SIDS.

INSID 2021 was to have been held at the Federal University of Pernambuco,
in Recife-Pernambuco, Brazil, during December 1–3, 2021. However, due to the
COVID-19 pandemic, it took place virtually (as did INSID 2020). Thus, this was the
second time that the event took place under an online format.Moreover, this is the second
volume of INSID meetings in the Lecture Notes in Business Information Processing
(LNBIP) series.

In total, 70 papers were approved for presentation covering the main topics related to
the themes and areas of interest of the meeting as follows: methodological advances in
decision-making and aid; decisionmodels in the environmental context; decisionmodels
in the energy context; decision models in service systems; and potential applications of
decision and negotiation models. After a thorough review process, nine of these papers
were selected for inclusion in this volume of INnovation for Systems Information and
Decision: Models and Applications.

These nine papers reflect methodological improvements and advances in
Multicriteria Decision-Making/Multicriteria Decision-Aid (MCDM/MCDA) oriented
toward real-world applications, which contribute to the understanding of relevant devel-
opments of current research on and future trends of INnovation for Systems Information
and Decision.

The first paper by Czekajski et al. develops an application of the FITradeoff method
to identify the potential of the cultural heritage of the Czeladź commune and to use it to
analyze a possible set of Cultural Tourism Products (CTPs). To do so, they take a formal
multicriteria decision-aiding approach. The second paper by Danielson and Ekenberg
presents a review of some leading algorithms for automatic weight generation without
external parameters besides cardinal and ordinal rankings and provides some guidelines
for selecting a surrogate weight-generating function for MCDM applications, in ordinal
as well as cardinal information settings. The third paper byWan et al. combines the Data
EnvelopmentAnalysis (DEA)model and a technique for order performance by similarity

http://insid.events
http://insid.org.br


vi Preface

to ideal solution (TOPSIS) to evaluate and then rank the efficiency and competitiveness
of a Medium-lift Launch Vehicle (MLV).

Rai et al. deal with the analysis of a strategic port alliance in Japan based on
cooperative game theory, by examining the International Container Strategy started
in 2011 and the designation of Strategic International Ports. Espirito Santo at al.
propose an improvement to the intra-criteria evaluation step of the FITradeoff method,
by putting forward a new approach for eliciting marginal value functions based on
partial information. It follows a study by Mondadori et al. which presents the use
of the Multicriteria Partial Information Method for choosing the most suitable online
platform to integrate hardware and consulting services for online data acquisition and a
manufacturing execution system.

Vieira et al. propose an approach for solving multicriteria decision-making problems
with hierarchically structured criteria in the FITradeoff method for choice and ranking
problematics. Cimadamore et al. present an innovative approach to conduct pairwise
comparisons for AHP based on a UI widget that resembles an interactive data plot.
Finally, the ninth paper, by Syrides et al., presents a multimethodology for structuring
and proposing interventions called Complex Holographic Assessment of Paradoxical
Problems (CHAP2) to support a post-graduation course on implant dentistry.

The preparation of this volume required the efforts and collaboration ofmany people.
In particular, we would like to thank the Steering Committee and Program Committee
for their contributions to INSID 2021. Special thanks also go to all members of the
INCT-INSID network. We are also very grateful to the following reviewers for their
timely and informative additional reviews: Marc Kilgour, Liping Fang, Pascale Zarate,
Tomasz Wachowicz, Ana Paula Gusmão, Mischel Carmen Neyra Belderrain, Eduarda
Frej, Leandro Rego, MaisaM. Silva, Carolina Lino, Jonatas de Almeida, Luciana Hazin,
Ana Paula Cabral, and Alexandre Alberti.

We would also like to thank Ralf Gerstner, Alfred Hofmann, Christine Reiss, Guido
Zosimo-Landolfo, and Anna Kramer at Springer for their excellent collaboration.

Finally, we hope readers will find the content of this book useful and stimulating
and that it encourages them to seek to produce further developments and applications of
INnovation for Systems Information and Decision.

December 2021 Adiel Teixeira de Almeida
Danielle Costa Morais
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FITradeoff Based Analysis of Cultural Tourism
Products Regarding Post-industrial Heritage

in Czeladź Commune in Poland

Marek Czekajski1(B) , Tomasz Wachowicz1 , and Eduarda Asfora Frej2

1 Department of Operations Research, College of Informatics and Communication,
University of Economics, 50, 1 Maja Street, 40-287 Katowice, Poland

marek.czekajski@edu.uekat.pl, tomasz.wachowicz@uekat.pl
2 Center of Decision Systems and Information Development – CDSID, Universidade Federal de

Pernambuco, Av. Da Arquitetura – Cidade Universitária, Recife, PE, Brazil
eafrej@cdsid.org.br

Abstract. Diverse cultural heritage, occurring on a local or regional scale, has
become an extremely valuable base for creating new interesting tourist products.
One example is the post-industrial heritage related to the areas of two former
hard coal mines in the Czeladź Commune in the Silesian Voivodeship. The pro-
cesses related to designing, planning and final decisions regarding selecting the
best solution for the promotion of post-industrial heritage are, in this problem,
non-trivial, as they have a complex structure and multiple criteria character. This
paper presents specific characteristics of the decision problem under considera-
tion resulting in several alternative options for a planned cultural tourism product
(CTP) regarding post-industrial heritage in Czeladź. The analysis of its features,
attributes, criteria and alternatives is provided to formulate a multiple criteria
decision making (MCDM) problem. It is based on the 12-step analytic framework
that implements the FITradeoff method for preference modelling. This method is
operated by means of an interactive Decision Support System (DSS) with several
flexibility features; moreover, the elicitation process is carried out based on partial
information provided, which lead to time and effort saving.

Keywords: Multiple criteria analysis · Multiple criteria problems in cultural
tourism · Decisions on new cultural tourism products · FITradeoff method

1 Introduction

In the 21st century, cultural tourism plays an important role for states or local authorities
taking into account its social, economic and business consequences. Newer and newer
regions or tourism products are involved in the international and domestic tourism trends.
In the ever-growing competition, only such a tourism destination of tourism entity can
survive that reveals the highest quality standards [23].Cultural heritage is a cornerstoneof
local, regional, national and European identity. It should be handled with an integrated,
complex approach when planning the regional development, as it is one of the most
critical cultural, environmental and economic resources [12].

© Springer Nature Switzerland AG 2021
A. T. de Almeida and D. C. Morais (Eds.): INSID 2021, LNBIP 435, pp. 1–19, 2021.
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In economic and marketing terms, cultural tourism manifests itself in the existence
of various products. Compared to the other types of products and services, tourism
products have different characteristics, and there is a need to understand their specificity.
The process of creating local and/or regional CTPs has a multifaceted nature. There are
issues involved in creating CTPs, ranging from organisational, technical, infrastructural
to economic and financial ones, such asmanagement style,materials, devices, equipment
and infrastructure, budget and the leading institutions. These resources may belong to
different owners (local government authorities, different entities, institutions); hence
various stakeholders may create CTPs. Besides these formal decision-makers, other
partiesmay also be involved, such as advisers, experts, directors andmanagers of various
institutions and entities (museum, community centres) whose scope of statutory activity
is related to the management and development of cultural tourism issues. They may also
have different goals and priorities; hence the evaluation of CTPsmay require usingmany
criteria.

Many studies apply decision analysis and appropriate multiple criteria decision aid-
ing (MCDA) methods to analysing existing tourist products or planning new ones. For
instance, a fuzzy multiple criteria decision making model (FMCDM) was used by Chou,
Hsu, Chen [15] to select the location of an international tourist hotel in Taiwan. They
created 21 criteria for selecting the hotel location and demonstrated the computational
process and effectiveness of the fuzzy approach. Further, the Canadian governmen-
tal commission used several innovative approaches to collaborative decision making
for environmental resources to the strategic spatial planning process for central British
Columbia [47]. It (1) proposed to use these criteria to evaluate the effectiveness of the
process from the perspective of tourism stakeholders (including cultural tourism) partici-
pating in the planning exercise, (2) made recommendations to governmental and tourism
organisations on managing future spatial planning strategies to involve stakeholders in
such processes. Finally, Wong and Fung [48] indicate the possibility of incorporating
multi-criteria decision analysis procedures into ecotourism planning. They note that the
geographic information system combined with the multiple criteria decision analysis
procedure (GIS-based MCDA approach) can efficiently identify potential sites for var-
ious ecotourism activities and tourism development potential on Hong Kong’s Lantau
Island.

In the view of the above, it is clear that also the processes of creating post-industrial
CTPs, should be viewed asmultiple criteriamanagement decisions. The following issues
influence the complexity of the decision problem related to creating CTPs:

1) Different visions, goals and functions of CTPs presented by many stakeholders [38,
39, 45].

2) Many different evaluation criteria and various stakeholders’ preferences, as well
as the complexity of the data and information which need to be processed (e.g. a
number of attributes that can be viewed as criteria; a number of different types of
post-industrial heritage, a number of social, economic, technological factors, etc.)
[24, 28, 29].

3) Problems of scales used to measure evaluation criteria – some criteria are quantita-
tive, others are qualitative [16, 46].
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4) Selection of the most important criteria that will best match the specificity and
features of CTP related to the promotion of post-industrial heritage from among all
possible criteria (examples of unified criteria are presented in Sect. 4.3) [8, 10, 27,
33, 42, 44].

5) Comparability of alternatives that can be of different type and form, e.g. product-
thing, product-service, or product-route – which can take the real, virtual or mixed.
[13, 29, 30, 43, 49].

6) Diversity of the post-industrial heritage base (what elements of this heritage should
be used; how to classify these elements; what is the core of this heritage?).

The main objective of this paper is to identify the potential of the cultural heritage
of Czeladź Commune and use it to analyse the possible set of CTPs implementing a
formal MCDA approach. A decision-maker (DM) may use such analysis to enhance
their knowledge of the problem and prepare for negotiations with other stakeholders
when the local authorities consider the strategic plan of building such a product. A
thorough historical literature review allows us to identify all possible remainings of the
post-industrial heritage of Czeladź Commune that can be used to design complex CTPs.
Then, by implementing the 12-step framework for structuring and analysing theMCDM
problems [3], we structure the problem of ranking some selected instances of CTPs given
the preselected set of the evaluation criteria. In this paper, the analysis is conducted from
the viewpoint of the single stakeholder, representing the cultural institutions that may
be involved in providing the services for such a future CTP, i.e. the “Saturn” Museum.

This paper is structured as follows. Section 2 identifies the post-industrial heritage of
theCzeladź Commune thatmay be used to design theCTP. Section 3 presents how the 12-
step framework for structuring and analysing the MCDM problem may be implemented
to design the CTP related to local post-industrial heritage in Czeladź. Structuring the
problem of post-industrial CTP design and choice is presented in Sect. 4. Section 5 anal-
yses the preferences of the “Saturn” Museum managers, and Sect. 6 presents sensitivity
analysis and recommendations. Some concluding remarks are presented in Sect. 7.

2 Post-industrial Heritage of the Czeladź Commune

2.1 The Heritage Identified

To identify the post-industrial heritage of the Czeladź Commune, we conducted a histori-
cal literature review. It allowedus to recognise themost important archivalmaterials, such
as (1) archival collection of the “Saturn” Museum in Czeladź [6, 7], (2) State Archive’s
resources regarding the Mining and Industrial Society “Saturn” [40], (3) State Archive’s
resources regarding the Nameless Society of Coal Mines “Czeladź” in Czeladź-Piaski
[41]. These materials were supplemented by an additional, though surprisingly small,
set of scientific manuscripts devoted to the industrial and historic issues of this part
of Poland (see [9, 14, 17, 25, 26]). A thorough study of the sources mentioned above
resulted in the identification of two former mines, i.e. “Saturn” and “Ernest-Michał” as
being the main composites of the post-industrial heritage of Czeladź Commune. The
heritage base of the former “Saturn” coal mine amounts to the following elements:
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• Type I: Facilities (buildings, architectural objects) included in the “Saturn” coal mine.
• Type II: Housing estate – workers’ and clerks’ housing.
• Type III: Housing estate – public utility buildings (school, teachers’ house, clerks’
club and others).

• Type IV: Housing estate – management buildings.
• Type V: Machine and equipment infrastructure (e.g. “Wanda” power generator –
reversible compressor, compressor by Belliss &Morcom, power systems – generators
sets, control and measurement desk).

• Type VI: Parks, gardens and estate greenery.
• Type VII: Sports fields and other sports facilities.

In turn, the post-industrial heritage of the former “Ernest Michał” coal mine can be
divided into the following several types:

• Type I: Housing estate – workers’ and clerks’ housing.
• Type II: Housing estate – public buildings (e.g. pharmacy, hospital, clerk’s club,
schools, an orphanage for children).

• Type III: Housing estate – management buildings.
• Type IV: Church, parishes (church buildings and other church infrastructure, e.g.
parish cemetery, so-called “Catholic House”, presbytery).

• Type V: Housing estate greenery.
• Type VI: Playing fields.
• Type VII: Objects included in the former coal mine, e.g., mine railway station, rail-
way siding (connecting with the Warsaw-Vienna Iron Road), sorting building, central
power plant, boiler room building, shaft structures and equipment.

The identified post-industrial heritage of the two aforementioned coalmines and their
diverse infrastructure constitute a solid base and a promising potential for the creation
of new cultural tourism products.

2.2 Considering Various CTPs to Be Built from the Heritage Identified

The problem under consideration is to analyse the quality of possible CTPs given the
identified post-industrial heritage for Czeladź Commune. However, designing the poten-
tial products to be evaluated is not an easy task. The CTP may be a single homogeneous
product (mono-product), but it may also consist of many different products, each having
a different form and type. Many typologies are used in the literature to identify tourism
products. From the viewpoint of possible products’ categories, the following products
can be distinguished [13, 29, 30, 43, 49]:

a) product-thing or product-material good (tourist guidebook, map, etc.),
b) product-service (thematic tourist guide, hotel and catering services, etc.),
c) product-event (post-industrial festivities, picnics, etc.),
d) product-services set (themed rallies, trips, running competitions, etc.),
e) product-object (museum, post-industrial monuments, buildings),
f) product-route (traditional, real post-industrial heritage route, etc.),
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g) product-area (comprehensive post-industrial heritage area).

It is worth noting that a product-service is a single service related to tourist activities,
e.g. transport, accommodation, catering, guide. In turn, the product as a set of services
is at least two simple tourist services (trip, rallies, etc.)

CTPs can also be viewed in terms of the degree of integration of the aforementioned
product categories [34]. This allows to identify of two types of products:

a) basic products, which are single products of minor complexity, such as a thing or a
service;

b) integrated products (multi-products), with much greater complexity, organisational
and/or spatial integration, which occurs on two levels:

• level I: basic product + organisation + management – CTP as an event, CTP as
a tourist service set

• level II: basic product + organisation + management + location – CTP as an
object (facility), CTP as a route, CTP as an area.

The third criterion for distinguishing CTPs is their form, namely:

1) real (traditional, material),
2) multimedia (e.g. related to the use of digital photos, films, or animations),
3) virtual (in the Internet as applications for PC and mobile devices),
4) mixed – hybrid (any combination of the forms given above).

In view of the above, the primary challenge is to create a product based on the poten-
tial provided by the post-industrial cultural heritage in the present Czeladź Commune,
simultaneously integrating the diversity of CTP categories, types and forms. Various
approaches may be used here to determine the set of alternative CTPs using some for-
mal approaches as portfolio selection or the multidimensional knapsack models [2, 35].
Such a portfolio product consists of elements form the categories above of tourist prod-
ucts, their instances, and their forms of organisation (simple, complex products). Here, a
problem arises regarding the appropriate selection of these elements in terms of quantity
or compatibility. It lies, however, behind the scope of this paper.

3 12-Step Framework for Structuring and Analysing Multiple
Criteria Problem

The evaluation of alternative variants of CTP related to post-industrial heritage is a deci-
sion making problem. Various methods developed by soft operations research may be
used to precisely define, structure, and analyse it. Examples of suchmethods are the clas-
sic PrOACT (Problem, Objectives, Alternatives, Consequences, Tradeoffs) algorithm
[22] or mind or cognitive mapping [18]. In this paper, we implement a more detailed
algorithm that allows a thorough step-by-step analysis of the problem under consider-
ation, i.e. the 12-step framework proposed by De Almeida et al. [3]. This framework
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includes the model building process, which has three main phases, each one with several
steps as follows:

• First phase (Preliminary phase):

– Step 1 – Characterising the Decision Maker
– Step 2 – Identifying Objectives
– Step 3 – Establishing Criteria
– Step 4 – Establishing the Set of Actions and Problematic
– Step 5 – Identifying the State of Nature

• Second phase (Preference Modelling and method choice):

– Step 6 – Preference Modelling
– Step 7 – Conducting and Intra-Criterion Evaluation
– Step 8 – Conducting and Inter-Criterion Evaluation

• Third phase (Finalisation):

– Step 9 – Evaluating Alternatives
– Step 10 – Conducting a Sensitivity Analysis
– Step 11 – Drawing up Recommendations
– Step 12 – Implementing Actions

The first phase allows structuring the decision problem. The second one elicits the
preferences from the decision-maker, while the third one – aggregates the preference
information to provide the final evaluation of alternatives and produce the final recom-
mendation on selecting the best (most preferred) one. The next three chapters discuss
the steps of all these three phases when applied to designing and selecting CTP of
post-industrial heritage for Czeladź Commune.

4 Structuring the Problem of Post-industrial CTP Design
and Choice

4.1 Characterising Decision-Makers

In the first step, we characterise the decision-makers and other actors (stakeholders).
Based on the analysis of human resources and the scope of competencies of various
entities operating in the Czeladź Commune, it is possible to define a set of DMs and
stakeholders who can participate in the process of creating a new CTP, namely:

1) Stakeholders at the level of the local government unit (LGU) of the Czeladź
Commune:
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a) formal DMs (direct, actual DMs with the power of decision): the Mayor of
Czeladź Commune and his deputies,

b) substantively competent employees of organisational units (offices, depart-
ments) of the Czeladź Commune Hall, responsible for the promotion of local
government units, territorial marketing, culture, tourism, city development, etc.

2) Stakeholders in units, entities and institutions subordinate to the Czeladź Commune
as LGU, i.e. the DMs from:

a) municipal cultural institutions, e.g. “Saturn” Museum, “Kopalnia Kultury”
(“Culture Mine”) culture centre (directors, managers),

b) institutions related to tourism, sport, and recreation, e.g. MOSiR (Municipal
Sports and Recreation Centre) (directors, managers).

3) Stakeholders in non-governmental organisations (NGOs) whose statutory activity is
related to promoting culture, tourism, cultural tourism, e.g. managers in NGOs such
as: Stowarzyszenie Edukacyjno-Kulturalne (Educational and Cultural Association)
“Razem”, Towarzystwo Powszechne (Public Society) “Czeladź”.

4) Stakeholders in municipal educational institutions – schools – related to the subject
of cultural tourism): teachers (e.g. in history, cultural studies, social studies, etc.),
headmasters and/or their deputies.

We can also distinguish one more group of CTP stakeholders, namely tourists (cul-
ture tourism consumers) from both the Czeladź Commune and the Będzin District or
the Silesian Voivodeship. However, at the level of analysis related to the structuring
of the problem of creating CTP (concepts, models, various approaches), the scope of
stakeholders has been focused on entities that prepare decisions and then make them in
the formal way.

In this paper, we consider analysing the post-industrial CTPs from the viewpoint of
a single DM as an element of its strategic planning. We analyse the problem from the
viewpoint of the “Saturn” Museum managers.

4.2 Identifying Objectives

Based on the analysis of the nature of the problem, the decision context, an object and
a preference direction, we can distinguish the following objectives:

1) Strategic objective: a newway of promoting, preserving and caring for the remaining
post-industrial heritage in the Czeladź Commune.

2) Fundamental objectives: presenting a set of alternative decision variants of a product
promoting post-industrial potential, enriching the local tourist offer, development of
industrial and technical facilities tourism.

3) Means objectives: creating a new form of promotion of Czeladź Commune, finding
other traces and remains of post-industrial heritage that have not been discovered so
far.
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The first objective was built deriving from the overall vision and mission of the new
CTP on post-industrial heritage. The strategic concept of the new product assumes it
allows disseminating information about the post-industrial heritage of two former coal
mines in Czeladź. The fundamental objectives detailed the overarching strategic objec-
tive related to the vision and mission. Fundamental objectives are related to the instru-
ments (tools, ways) based on alternative decision variants and potential solutions to the
given problem.Means objectives reflect the intentions of development and improvement
of strategic objective and are formulated on the basis of the analysis of success factors.
The implementation of intermediate objectives leads to the main goal. In this case, the
means objectives represent the possibilities of other, additional implementations and
activities related to the general promotion of post-industrial CTP.

4.3 Establishing Criteria

There are multiple attributes and multiple criteria character of CTPs in general due to
many typologies and classifications of CTPs in literature [1, 20, 27, 33, 37].We analysed
them and prepared a standardised set of 14 attributes/criteria, which will be very helpful
to create (in the next step) a subset of key criteria to evaluate the CTP regarding local
post-industrial heritage, such as:

• C1: Attractiveness of the product from the point of view of tourists.
• C2: Innovation in product development.
• C3: New technologies used in product development and its promotion.
• C4: Economic and social importance for the development of the region.
• C5: Relationships to events or traditions related to post-industrial time.
• C6: Authenticity (how well the product describes the post-industrial time).
• C7: Uniqueness (how original the product is).
• C8: Impact on general tourists infrastructure of the region.
• C9: Stimulation of tourist events in the region.
• C10: Stimulation of cultural events.
• C11: Providing new experiences, emotions, social contacts.
• C12: Enhancing promotion of the region, creating the region’s image.
• C13: Providing educational impact for the users.
• C14: Shaping local/regional identity.

The DMs and stakeholders need to select out of the list above the key criteria that
will best match the specificity and context of the CTPs creation process related to the
promotionof post-industrial heritage. Properly designed surveysmayhelp in establishing
such a set of key criteria. Assuming that DMs and stakeholders evaluate the necessity of
including each of these criteria in the set of key criteria using the 5-point Likert scale,
their evaluations may be then aggregated (e.g. using simple Borda rule). This will result
in a list of the most important criteria from the group viewpoint. Naturally, a cut-off
point in selecting the final number of key criteria needs to be discussed with DMs and
stakeholders.

In our case, the DM identified the subset of the most important criteria in
brainstorming. They are shown in Table 1.
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Table 1. List of key criteria evaluating CTP related to post-industrial heritage

Criterion code Symbol and name of standardised
criteria

Characteristics of the criteria

NEW_TECH C3: New technologies in product
development and its promotion

Does the product use new
technologies, such as beacons, QR
codes, mobile applications, web
2.0/3.0 technology, travel planners,
geotagging, multimedia platforms,
ICT systems, and e-books?

ECON C4: Economic and social importance
of the product for the development of
the region

What is the product’s economic and
social importance for the
development of the region? This
includes (1) economic potential of the
product; (2) product image, i.e.
perception of the offer on the tourist
market; (3) economic effect; (4)
integration of the local community;
(5) estimated future volume of tourist
traffic; (6) tourist destination area

INFR C8: General infrastructure How much the product influences the
development of infrastructure such as
(1) tourist facilities; (2) recreational
attractions; (3) accommodation base;
(4) food and entertainment facilities;
(6) transport and communication
accessibility, (7) transport at the
destination; (8) tourist and sports
equipment and its rentals; (9)
souvenirs shops

EVENTS C10: Cultural events Is the planned product conducive to
such events as festivities, picnics,
festivals, exhibitions, etc.

EXPER C11: New experiences, emotions and
impressions, new social contacts

Does the product have a positive
effect on (1) getting to know the
place, attraction, value, heritage; (2)
excitement, fascination with the
visited place; (3) establishing a
relationship with people who
experience and feel alike

PROM C12: Promotion of the LGU Is the product promoting the area of
LGU, increasing the value of the
LGU’s tourist offer and building its
image?
Is it strengthening the
competitiveness of the LGU on the
regional market of tourist services?

(continued)
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Table 1. (continued)

Criterion code Symbol and name of standardised
criteria

Characteristics of the criteria

EDU C13: Education Does the product affect the quality of
the educational offer (e.g. giving the
possibility of conducting thematic
lessons or creating educational trials)

Source: own

4.4 Establishing the Set of Actions and Problematic

The variety of the categories, types and instances of CTPs (see Sect. 2.2) makes the
possibility of building multi-products of cultural tourism. The presented problem is an
ordering problem, we aim to present to DMs a list of possible decision alternatives with
their evaluation, which allow them to get a deeper insight into the performance and
quality of the possible solutions considered. It is an organisationally and technically
challenging problem that deserves separate considerations, which lay behind the scope
of this paper. Here, in Table 2, we present the characteristics of ten exemplary variants
of CTP promoting the post-industrial heritage of the Czeladź Commune designed by our
DM in brainstorming.

Table 2. Examples of alternative decision variants of CTP related to promotion of post-industrial
cultural heritage occurring in the Czeladź Commune

Alternative Combination in relation to
the multidimensionality of
the product

Description of the alternative
variant of CTP

Route of Postindustria
(ROUTE)

Product-route in real form
and/or Product-thing in a
hybrid form

Thematic cultural route
leading through the most
important points (places) of
post-industrial heritage. The
route also consists of
dedicated, thematic sub-routes
and educational trails
concerning the technical
monuments (machines,
devices) and residential
architecture

(continued)
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Table 2. (continued)

Alternative Combination in relation to
the multidimensionality of
the product

Description of the alternative
variant of CTP

Postindustria Family Festivals
(FESTIVALS)

Product-event in a real form
and/or Product-event in a
hybrid form

Thematic tourist and cultural
events containing such
attractions as educational
workshops, outdoor family
games, do it yourself (DIY)
workshops, multimedia
presentation of places, traces,
artefacts

Postindustria Family Rally
(RALLY)

Product-services set in real
form

Thematic annual sports, tourist
and culture event with
elements of learning
(workshops) about
post-industrial culture

Postindustria Quest of
Czeladź (QUEST)

Product-route in real form
with questing and/or
product-route in hybrid form
with questing

Questing of post-industrial
cultural heritage; outdoor
game solving puzzles, tasks,
quizzes, and finding the
password

Postindustria Museum
(MUSEUM)

Product-object in real form
and/or product-object in
hybrid form

Temporary, cyclical (once a
year) exhibitions at the
“Saturn” Museum and
Contemporary Art Gallery
“Elektrownia”

“Terra Postindustria” (AREA) Product-area in the real form Thematic geographically
determined area of the former
two coal mines, their patron
estates and other infrastructure
sites with routes, trails,
questing games, cultural
tourism facilities

“Postindustria Story”
(STORY)

Product-service in real form
and/or Product-service in
hybrid form

Thematic story-based guided
tour of the entire area related
to the two mines and their
heritage, divided into several
thematic sections: (1)
technical monuments, (2)
residential architecture, (3)
recreation, entertainment and
(4) everyday life of mine
workers, customs, rituals

(continued)
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Table 2. (continued)

Alternative Combination in relation to
the multidimensionality of
the product

Description of the alternative
variant of CTP

Portfolio product A
(PORTFOLIO A)

Material good (thing) +
service + route

Map of post-industrial
attractions, guide service of
the most important attractions,
thematic route through the
most important post-industrial
attractions

Portfolio product B
(PORTFOLIO B)

Event + services set +
virtual route

Thematic tourist and cultural
festivities, picnics, festivals,
exhibitions, etc. Thematic,
sports, tourist rally with
elements of learning about
post-industrial culture. Virtual
route on the web

Portfolio product C
(PORTFOLIO C)

Product-thing in multimedia
form + virtual service +
virtual route

Interactive map of attractions
(with photos, videos, graphics,
animations), including virtual
tour combined with the
audiobooks through the virtual
route on the website

Source: own

4.5 Identifying the State of Nature

For this problem, we consider that all criteria can be measured in a deterministic way,
without the influence of non-controllable factors. Therefore, we do not consider the
presence of stochastic variables with states of nature in our approach. In Sect. 5.1, we
show how we could measure each of these criteria.

5 Analysing Preferences of the “Saturn” Museum Managers

5.1 Preference Modelling

In the preference modelling step, a significant question regarding the type of rationality
that is most adequate to the DM should be raised. If the answer is—non-compensatory,
a preliminary selection of non-compensatory methods (e.g. outranking methods) should
be applied. If the answer is—compensatory, compensatory methods (such as MAUT
(Multi-Attribute Utility Theory) or MAVT (Multi-Attribute Value Theory) should be
in use (De Almeida et al., 2015). The question of selection of type and instance of the
MCDM/Amethod is vital since choosing an inappropriate technique that would notmeet
the contextual requirements as well as the cognitive capabilities of DMs may result in
false results, different for any two selected techniques (see, e.g. [21, 32]).
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For our problem, compensatory rationality is assumed since the DM is willing to
perform tradeoffs amongst criteria so that a better performance in another criterion
can compensate for worse performance in another criterion. Therefore, in modelling
preferences of the management of the “Saturn” Museum in our problem, we use the
FITradeoff method [4, 19] and the DSS based on it – FU-TXMMO-WF1. This system
elicits the scale constants of the additive model in a flexible and interactive way for
the problems of choice and ranking. It allows the use of linear and non-linear value
functions, conducting holistic evaluations to inform dominance relations between the
alternatives of the problem, and performing sensitivity analysis of the results [11].

The method will be used using the subjective perception of the alternatives’ perfor-
mances regarding all evaluating criteria expressed by our DM in a consequence matrix.
The management pre-evaluated and agreed upon the consequences in a free discussion
using a 5-point Likert scale (in which 1 is the worst possible evaluation and 5 is the best
possible evaluation). The consequences matrix obtained this way is shown in Table 3.

Table 3. The matrix of consequences for the post-industrial CTPs

Alternatives KC1 KC2 KC3 KC4 KC5 KC6 KC7

A1 4 3 4 1 3 5 4

A2 3 3 3 5 4 3 3

A3 3 3 3 2 3 3 3

A4 4 3 3 2 4 4 4

A5 3 3 3 3 2 3 5

A6 3 4 4 2 3 4 4

A7 2 2 3 2 3 3 4

A8 3 3 4 2 3 4 4

A9 4 3 4 5 4 4 4

A10 5 3 4 2 4 3 3

Source: own

5.2 Intracriteria, Intercriteria and Alternatives Evaluation

In the FITradeoff method, steps 7, 8, and 9 of the framework are conducted jointly in
the DSS. In order to support DM in their analyses, we applied the FU-TXMMO-WF1,
which is based on the FITradeoff method. The criteria were ranked first using the option
of ranking the criteria scaling constants in DSS. Then the series of questions was asked
to compare hypothetical pairwisely (see Fig. 1) to produce the ranges for criteria weights
(Fig. 2) and the rank order of alternatives.

In our case, the most important criterion is “Promotion of the LGU (PROM)” and
the least important one is General infrastructure (INFR). During the elicitation phase,
after asking eight questions the system was not able to determine the complete order
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of alternatives, as two of them, i.e. alternative “Route of Postindustria (ROUTE)” and
“Portfolio product B (PORTFOLIO B)” were still considered incomparable. Luckily,
the ninth question allowed to produce the complete order of alternatives identifying the
following rank order of alternatives: ROUTE→PORTOFOLIOB→QUEST→AREA
and PORTFOLIO C → PORTFOLIO A → FESTIVALS → MUSEUM → RALLY →
STORY.

This ranking shows us that the best option turns out to be the “Route of Postindustria
(ROUTE)” option concerning the creation of the thematic cultural route leading through
the most important points (places) of post-industrial heritage. Another good option is
“Portfolio product B (PORTFOLIO B”, a portfolio product that consists of: (1) thematic
tourist and cultural festivities, picnics, festivals, exhibitions, etc.; (2) thematic, sports,
tourist rally with elements of learning about post-industrial culture; (3) virtual route on
thewebsite. Theworst alternative is “PostindustriaStory”which is a thematic story-based
guided tour of the entire area related to the two mines and their heritage.

Fig. 1. Elicitation of preference for hypothetical alternatives Source: FU-TXMMO-WF1 –
FITradeoff method based system

Fig. 2. Ranking the criteria Source: FU-TXMMO-WF1 – FITradeoff method based system

6 Finalisation

6.1 Conducting a Sensitivity Analysis

The results should be checked for their robustness, assuming changes in the parameters
of the model and its input data. This step may indicate that the recommendation is
either: robust or sensitive to the input data or the model features. It may also show that
the results from step 9 should be reevaluated due to false assumptions or input data
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or inadequate simplification in the model [3]. The FITradeoff method based DSS has
the functionality for a sensitivity analysis. Suppose we conduct sensitivity analysis for
alternatives’ consequences in criterion “Promotion of the LGU (PROM)” – assuming
the possible ±20% of changes in values (changes of 1 level in 5-point Likert scale
evaluation). The results of such sensitivity analysis are shown in Fig. 3.

Fig. 3. Sensitivity analysis for issue of promotion of the LGU (PROM) Source: FU-TXMMO-
WF1 – FITradeoff method based system

One can see that the alternative “Portfolio product B (PORTFOLIO B)” (with the
probability of 25,50%) and “Postindustria Quest of Czeladź (QUEST)” (with probabil-
ity of 14,30%) could be at first place in ranking of alternatives. This is an important
information, especially if the original performances of alternatives were the subject of
the compromise among the managers representing our DM and could be changed inn
further discussion. We can see that this could affect the final ranking of alternatives.

Similar sensitivity analysis can be performed for other criteria providing our DM
with additional information on the stability of the ranking obtained.

6.2 Drawing up Recommendations and Implementation Actions

The finalisation is conducted by analysing the final results and producing the report for
the DMs and stakeholders, with the final recommendations. Note, however, that in this
paper, we analysed the problem of analysing the possible CTPs from the viewpoint of
the single DM, as an element of their preparation to broader discussion with other DMs
and stakeholders. With the information about the potential importance of the evaluation
criteria (their ranges) and the resulting rank order of alternatives, the “Saturn” Museum
managers are ready to start their prenegotiation preparation for the forthcoming negoti-
ations with other stakeholders. Knowing the best solutions for themselves, the managers
may now efficiently plan their negotiation and concession strategy, as recommended by
the theory of negotiation analysis [36].

7 Conclusions

In this paper, we identified the post-industrial heritage of Czeladź Commune and pro-
vided a decision analysis of the performance of potential CTPs that may promote it.
The FITradeoff method and corresponding electronic DSS were used to perform the
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decision analysis. It turned out that finding a solution using FITradeoff quite fast and
allow easily to take into account the subjectivism of our DM in defining their prefer-
ences. It should be highlighted that the FITradeoff method operates based on partial
information provided by the DM, which allows the elicitation process to be carried out
with less cognitive effort, compared to traditional complete information methods, such
as the classic tradeoff. The visualisation of possible tradeoffs was considered by them
as easy and intuitive and allow to build the ranking of alternatives in nine easy steps. It
confirms earlier simulation studies [31] that the convergence of the method is fast.

The three alternatives: “Route of Postindustria”, “Portfolio product B”, and “Postin-
dustria Quest of Czeladź” can be seen as a set of very good solutions. The similar features
and characteristics of these alternatives make them have a very similar influence on the
key important criteria for DM. The common idea of these variants is the promotion
of post-industrial heritage by: (1) active cultural tourism; (2) providing routes or paths
created ad hoc (as quest); (3) learning about heritage objects. These are the alternatives
most preferable for the “Saturn” Museum and should be set as the aspiration levels in
the forthcoming negotiations with other future stakeholders in the problem of creating
post-industrial CTP in Czeladź. Additionally, by having the complete ranking of offers,
the other CTPs were identified as the potential concessions that may be used in the
negotiations.

The problem, however, requires further analyses to provide a comprehensive solu-
tion for all possibly involved stakeholders. In particular, we should focus on designing
the process of construction of different variants of CTPs by using some formal proce-
dures, deriving from portfolio building theory and using knapsack models. Further, the
mechanism for supporting all stakeholders should be developed deriving from group
decision-making and taking into account individual stakeholders’ cognitive abilities and
information processing styles. This concept could involve, for example, an a-few-step
approach. In the first step, the stakeholders could take properly prepared psychological
tests to determine their dominant information processing style. Next, the characteristic
features of a given information processing style would be compared with the specificity
of procedures of MCDA methods to find the best possible selection of MCDA methods
to be applied to support a specific subgroup of respondents. The use of this selected
method by individual respondents belonging to a given subgroup will be one of the steps
in the further stages (in the second phase) of the study.

References

1. Abdurahman, A.Z.A., Ali, J.K., Khedif, L.Y.B., Bohari, Z., Ahmad, J.A., Kibat, S.A.: Eco-
tourism product attributes and tourist attractions: UiTM undergraduate studies. Procedia Soc.
Behav. Sci. 224, 360–367 (2016)

2. Alfieri, A., et al.: A multi-objective tabu search algorithm for product portfolio selection: a
case study in the automotive industry. Comput. Ind. Eng. 142, 106382 (2020). https://doi.org/
10.1016/j.cie.2020.106382

3. De Almeida, A.T., Cavalcante, C.A.V., Alencar, M.H., Ferreira, R.J.P., De Almeida-Filho,
A.T., Garcez, T.V.: Multicriteria and Multiobjective Models for Risk, Reliability and Main-
tenance Decision Analysis. International Series in Operations Research & Management
Science, vol. 231. Springer, New York (2015). https://doi.org/10.1007/978-3-319-17969-8

https://doi.org/10.1016/j.cie.2020.106382
https://doi.org/10.1007/978-3-319-17969-8


FITradeoff Based Analysis of Cultural Tourism Products 17

4. De Almeida, A.T., de Almeida, J.A., Costa, A.P.C.S., de Almeida-Filho, A.T.: A new method
for elicitation of criteria weights in additive models: flexible and interactive tradeoff. Eur. J.
Oper. Res. 250(1), 179–191 (2016)

5. de Almeida, A.T., Frej, E.A., Roselli, L.R.P.: Combining holistic and decomposition
paradigms in preference modeling with the flexibility of FITradeoff. CEJOR 29(1), 7–47
(2021). https://doi.org/10.1007/s10100-020-00728-z

6. Archival collection of the “Saturn” Museum in Czeladź. Project of the mine building.
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Piaski (1919–1922). Accessed 31 July 2021
42. Stefano, N.M., Casarotto Filho, N., Barichello, R., Sohn, A.P.: Hybrid fuzzy methodology

for the evaluation of criteria and sub-criteria of product-service system (PSS). Procedia CIRP
30, 439–444 (2015)

43. Stokes, R.: Tourism strategy making: insights to the events tourism domain. Tour. Manag.
29(2), 252–262 (2008)

44. Szromek, A.R., Herman, K.: A business creation in post-industrial tourism objects: case of
the industrial monuments route. Sustainability 11(5), 1–17 (2019)

45. Vucetic, A.: Impact of tourism policy on development of selective tourism (2009). https://
ssrn.com/abstract=3579681. Accessed 31 July 2021

46. Weber, F., Taufer, B.: Assessing the sustainability of tourism products – as simple as it gets.
Int. J. Sustain. Dev. Plan. 11(3), 325–333 (2016)

47. Williams, P.W., Penrose, R.W., Hawkes, S.: Shared decision-making in tourism land use
planning. Ann. Tour. Res. 25(4), 860–889 (1998)

https://doi.org/10.1287/ijoc.1090.0344
https://ssrn.com/abstract%3D3579681


FITradeoff Based Analysis of Cultural Tourism Products 19

48. Wong, F.K.K., Fung, T.: Ecotourism planning in Lantau Island usingmultiple criteria decision
analysis with geographic information system. Environ. Plann. B Urban Anal. City Sci. 43(4),
640–662 (2016)

49. Yu,X.,Xu,H.: Cultural heritage elements in tourism: a tier structure froma tripartite analytical
framework. J. Destin. Mark. Manag. 13, 39–50 (2019)



The Worth of Cardinal Information
in MCDM – a Guide to Selecting
Weight-Generating Functions

Mats Danielson1,2 and Love Ekenberg2,1(B)

1 Department of Computer and Systems Sciences, Stockholm University, PO box 7003,
SE-164 07 Kista, Sweden

mats.danielson@su.se, ekenberg@iiasa.ac.at
2 International Institute for Applied Systems Analysis IIASA, Schlossplatz.1,

AT-2361 Laxenburg, Austria

Abstract. There exist a variety of methods for extracting weights and values
in multi-criteria decisions based on different rankings. However, it is difficult to
determine which the useful ones are and how they correspond to the decision
makers’ perceptions, if at all. How do we know that what we are using is really
significant, especially in situations when the decision bases are vague? One cate-
gory of methods that has proved relatively successful is to use so-called generated
surrogate weights that are, in some sense, meant to represent rankings and there
are various suggestions as to how best to distil them from input information. In this
paper, using a number of simulations, we review some leading algorithms for auto-
matic weight generation without external parameters besides cardinal and ordinal
rankings and provide some guidelines for selecting a surrogate weight-generating
function for MCDM applications, in ordinal as well as cardinal information set-
tings. We also propose an alternative with some attractive properties compared
with the existing ones.

Keywords: Multi-criteria decision analysis · Surrogate numbers · Robustness ·
Rank order

1 Introduction

A common underlying measurement mechanism in multi-criteria decision analysis
(MCDM) is Multi-Attribute (Value or) Utility Theory (MAVT / MAUT), where a com-
mon model is the additive evaluation one, i.e., V (a) = ∑m

i=1 wivi(a), where V (a) is
the overall value of alternative a, vi(a) is the value of the alternative under criterion i,
and wi is the weight of this criterion. This model is fraught with some difficulties as
many emphatically has pointed out [1], not least because it requires information that
the decision-maker does not have access to, which can result in decisions being based
on estimates or pure conjecture. This has been dealt with in various ways by allowing
imprecise information, e.g. in the form of intervals, distributions, or ordinal or cardinal
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rankings of criteria and alternatives. This article focuses on the latter approach, more
precisely to the issue of elicit preference information.

To represent ordinal and cardinal relations, one important class of methods uses
auto-generated weights and (sometimes) alternative values to express some kind of
plausible interpretation of the decision-makers’ preference orders. Needless to say, it
is not immediately obvious which of the various proposals to choose or what their
characteristics are relative to other proposals. Barron and Barrett [2] made an important
contribution in systematising the evaluation of some suggestions by utilising simulations.
The idea is to construct both automatic random weights and a kind of “true” reference
weights based on underlying distributions and then study howwell the results correlated.
However, the method in [2] has a weakness in that the results are highly dependent on the
distribution used to create the weight vectors. There are also other issues involved, such
that the employment of ratio weight procedures can be difficult due to response errors
[3]. In any case, one category of surrogate number generation is to derive them from
ordinal importance information [4, 5], utilising rank orders, i.e., ordinal information,
whereafter these orderings are transformed into numerical weights in correspondence
with the information. Such methods include rank sum (RS) weights and rank reciprocal
(RR) weights [6], as well as centroid (ROC) weights [7]. The information loss, when
using ordinal information only, could be problematic why cardinal orderings have been
suggested as an alternative for utilising further information that might be present in
decision situations.

In this article, we review and measure some leading well-known automatic weight-
generating functions that do not contain external parameters, i.e. they do not require
any other information from a decision-maker than the ranking. We thus discuss the
properties of a number of surrogate number methods from a robustness perspective
as well as an efficiency viewpoint. Using a simulation approach, we compare a set of
rankingmethods forweights and their relevance. In Sect. 2, we give a general overview of
some techniques for representing ranking methods. Section 3 covers cardinal rankings.
In Sect. 4, we describe the simulation approach and provide an overview of six cardinal
methods and their robustness properties. Section 5 concludes the paper.

2 Automatic Weight-Generating Functions

A number of different preference elicitation methods have been proposed over the years,
such as scoring points (point allocation, PA) and direct rating (DR) methods. In PA, the
decision-maker provides a score that is distributed across or divided between the criteria.
After the weights for N–1 criteria are distributed, the N criterion is determined, i.e. there
are N–1 degrees of freedom (DoF). In contrast, DR methods do not put a limit on these
scores and each score is simply divided by the total, so there are N degrees of freedom
for N criteria.1 Regardless of which method is used, some form of weight distribution is
thus implied. So-called rank sum (RS) and rank reciprocal (RR) weights are discussed in

1 In mathematics and in simulations, as well as in human real-life reasoning, the resulting distri-
bution of weights differs if a) the weights are first assigned disregarding the requirement to sum
to one and then subsequently normalised by dividing by their sum; or b) all except one weight
are assigned and the remaining one receives what is left to make them sum to one.
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Stillwell et al. [6] and suggested as alternatives to ratio-based weight schemes. RSmeans
that the ranking should be reflected directly in the weights. GivenN criteria weights (i =
1,…,N) and the constraints w1 > w2 > ... > wi > ... > wN ≥ 0,

∑
wi = 1, the RS

surrogate weights are given by:

wRS
i = N + 1 − i

∑N
j=1 (N + 1 − j)

(1)

RR is instead based on the reciprocals of the rank order:

wRR
i =

1/
i

∑N
j=1

1
j

(2)

Barron [7] suggested the ROC (rank order centroid) weights as the average of the
corners in the simplex defined by the constraints, i.e. the weights are the components of
the centroid of the simplex:

wROC
i = 1/

N
∑N

j=i

1

j
(3)

The properties of RS, RR, and ROC are discussed in [8], and it can be seen that their
performance is strongly dependent on quite strong assumptions regarding the decision-
makers. RS performs best when we assume N DoF and RR as well as ROC under
the assumption of N–1 DoF. Danielson and Ekenberg [8] therefore suggested a weight
generation combining the properties of RS and RR while considering different degrees
of DoF:

wSR
i =

1/
i + N+1−i

N
∑N

j=1

(
1/
j + N+1−j

N

) (4)

There is also a range of cardinal-based alternatives as discussed e.g. in [9]. For
instance, Simos [10, 11] proposed a quite popular visual method for easily representing
criteria rankings, possibly extended with some cardinality. A decision-maker group is
given a set of coloured cards with the criteria names written on them as well as a set of
blank cards. The coloured cards are placed in preference order and the white cards are
placed in between the coloured cards to provide information on preference strengths,
where a constant value difference, u, between two consecutive cards is assumed. For
instance, a white card between two consecutive coloured ones denotes a difference of
2·u. From a set of ordered cards, the normalised weights can then be determined. The
Simos method is called SI in the study below and implemented according to [10, 11].

Regardless of themethod chosen, its qualitywill dependon assumptions of themental
model of the decision-maker’s thought process. To investigate this further, we divide the
automatic weight generationmethods into three categories depending onwhichmodel of
the decision-maker’s thought process they adhere to. In the first category, which we will
call category N1, resides the methods that bet on the decision-makers using an N–1 DoF
way of reasoning and thus aligns their weighting functions to work the most properly in
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that case. The N1 category consists, in this article, of ROC and RR. As we will see in
the results section, they perform markedly better in an N–1 scenario and worse in an N
scenario. The second category, which we will call category N, contains the methods that
instead bet on decision-makers using an N DoF way of reasoning. The RS and Simos
methods fall into that category in this article. As opposed to the N1 category, these
methods perform better in an N scenario than in an N–1 one. Finally, we have methods
that are designed to work in both scenarios and in any mixture thereof. We will call this
category theM category (M for mixed), and besides the SR weight function introduced
in [8], we will in this paper introduce another function with the same rationale but with
somewhat differing properties. The key idea is still to obtain a high level of robustness,
but this time not only with respect to differing degrees of freedom as previously, but also
with respect to the loss of information when cardinality is decreased (or, conversely, the
gain of information when it is increased). In a way similar to the construction of SR, the
SUMROC weight function (sometimes denoted SC in this article for short) is composed
of a combination of the RS and ROC functions (the SR function was an amalgamation
of RS and RR), retaining the idea of combining an N–1 aligned function with an N one.
In this setting, the ROC function has the role of an N–1 DoF catering function and RS
has the role of an N DoF catering one. The combination of them is therefore a candidate
for a robust automatic weight-generating function that caters to the whole spectrum of
decision processes with N and N–1 DoF as its endpoints, much in the same way as SR
has been proven to be, but its efficacy remains to be shown. Section 4 will address this
question. SC is defined as:

wSC
i =

(∑N
j=i

1
j

)
+ N + 1 − i

N + ∑N
j=1 j

(5)

where the denominator is, as usual, the normaliser ensuring that the generated weights
sum to one.

During interviews and focus groups with 139 decision-makers over two years, where
each one of them was instructed to make an important decision in their lives and with
each decision taking on average three weeks, we came to the conclusion that decision-
makers vary vastly in the way they reason about criteria weights; some using thinking
more akin to an N DoF model and others rather being closer to an N–1 model, while
many did something in between since the two models could be seen as endpoints on a
rather large continuum.While the studies reported in [12] and [13] did not have the issue
of decision-maker DoF as their main focus (which instead was comparing the SMART,
AHP, and CAR families of MCDM approaches), one big takeaway was the modes of
reasoning each decision-maker displayed during the study.While some clearly described
either having some kind of “putty” at their disposal to distribute (an N–1 model), others
rather acknowledged that they awarded points to the criteria while worrying about if it
was too much or too little at a much later stage (an N model). But the most common
situation was for the decision-makers to describe something in between, being aware of
a total weight sum (100%) that must be satisfied and keeping it in the back of their heads
but not acting on or enforcing it until somewhat later in their thinking process.
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3 The Weight of Cardinal Strength

Ordinal orders are of course relatively weak and there may often be more information
in a decision situation. For example, decision-makers may have more or less strong
preferences between the constituent criteria. The surrogate weights generated from pure
ordinal rankings may therefore be unnecessarily misleading in that they do not make
use of the information at hand. Therefore, there may be a case (like e.g. Simos) for
extending ordinal rank orders to include strength relations. However, cardinal scales are
usually more complicated for decision-makers to use than ordinary ones. For example,
the ratio scales in the original AHP method (using a number of ratios) or the scoring in
the SMART family (using multiple integers) require a precision that can be difficult to
accomplish. There is therefore a compelling case for looking at some alternatives.

Assume that there exists an ordinal ranking of N criteria. In order to make this
order into a stronger ranking, information should be given about how much more or less
important the criteria are compared to each other. Such rankings also take care of the
problemwith ordinal methods of handling criteria that are found to be equally important,
i.e. resisting pure ordinal ranking. In this paper, we will use the following notations for
the strength of the rankings between criteria as well as some suggestions for a verbal
interpretation of these:

>0 Equally important.
>1 Slightly more important.
>2 More important (clearly more important).
>3 Much more important.

In analogy with the ordinal weight functions in the previous section, counterparts
using the concept of preference strength can straightforwardly be derived.

1. Assign an ordinal number to each importance scale position, starting with the most
important position as number 1.

2. Let the total number of importance scale positions be Q (in a Simos terminology,
the number of blanks and coloured cards). Each criterion i has the position p(i) ∈
{1,…,Q} on this importance scale, such that for every two adjacent criteria ci and
ci+1, whenever ci>si ci+1, si = | p(i + 1) – p(i) |. The position p(i) then denotes the
importance as stated by the decision-maker. Thus, Q is equal to

∑
si + 1, where i =

1,…,N − 1 for N criteria.

Then the cardinal counterparts to the ordinal ranking methods can be found by using
this extension.

4 Investigation of Cardinal Strength for Automatic Weights

How should methods for cardinal preference ordering be validated? One way is to use
simulations in analogy with previous studies on ordinal orders such as in [1, 14–16],
which has become a kind of validation standard in the field. Here it is assumed that
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the decision-maker (unconsciously) has a set of “true” weights, which are unavailable
in terms of exact numbers, but that they nevertheless exist in some abstract sense and
against which the simulation results can be matched. The weakness, besides perhaps a
questionable metaphysical assumption, is that the validation becomes heavily dependent
on the random generation of vectors. For example, if we assume an N–1 DoF model,
the components should sum to 1, while if we assume an N DoF model, all values in the
vectors lie between 0 and 1 that are then subsequently normalised. One can, of course,
as in [17] assume mixtures of this or assume completely different distributions, but the
important observation here is that the validation itself depends on assumptions as strong
as the assumptions regarding the cognitive performance of the decision subjects.

This, of course, raises the issue of the reliability of the validations.AnN–1DoFmodel
assumes a homogeneousN-variate Dirichlet distribution, cf. [18]. If one starts from anN
DoFmodel, one has a uniform distribution withN degrees of freedom that is normalised
only in the next step, see e.g. [19] for details. We call the corresponding generator types
N–1 generators and N generators, respectively. The background assumption about the
cognitive notion of the decision-maker already has a large impact here. In [8] we discuss
how ROC weights and N–1 generators on one hand and RS weights and N generators
on the other have a considerable impact on the validation results. In general, we can
rarely know whether particular decision-makers have mental N–1 or N DoF preference
representations or anything in between these. Even less so in the case of a group of
decision-makers who are trying to find a common model, why there must be a great deal
of flexibility in this respect. In ranking mechanisms, the generation of surrogate weights
must thus be able to handle both types of representation, as well as mixtures of them.

4.1 Generation Procedure

In [17], the following procedure is described for the assessment of different automatic
weight generation functions. The same procedure has been used in this article.

1. For an N-dimensional problem, generate a random weight vector t with N compo-
nents. This is called the true weight vector. Determine the order between the weights
in the vector t. For each method X ′, use the order to generate a weight vector wx′

.
2. Given M alternatives, generate M × N random values with value vij belonging to

alternative j under criterion i.
3. Let wx

i be the weight from weighting method X for criterion i (where X is either
X’ or t). For each method X, calculate Vx

i = ∑
wx
i vij. Each method produces a

preferred alternative Ax, i.e. the one with the highest Vx
i .

4. For each method X’, assess whether X’ yielded the same decision (i.e. the same
preferred alternative AX) as t. If so, record a hit.

The hit rate is the number of times a weighting method got the same result as using
the TRUE vector. Other possible measures of effectiveness are average loss of value
and average percentage of the maximum value range, both of which however correlate
strongly with the hit rate and therefore do not provide much more information regarding
the validity of the respective methods.
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4.2 Comparing Weight Methods

Similar to earlier studies, the comparative simulations were carried out with a vary-
ing number of criteria and alternatives. There were five numbers of criteria N =
{3, 6, 9, 12, 15} and five numbers of alternatives M = {3, 6, 9, 12, 15} creating a total
of 25 simulation scenarios of which we show nine in the tables below. Each scenario
was run 10 times, each time with 10,000 trials, yielding a total of 2,500,000 decision
situations generated. An N-variate joint Dirichlet distribution was employed to generate
the randomweight vectors for the N–1 DoF simulations and a standard round-robin nor-
malised random weight generator for the N DoF simulations. Similar to [2], unscaled
value vectors were generated uniformly.

All numbers in the tables below are given in‰ (permille) or ppt (parts per thousand),
where 1000 would indicate a full occurrence frequency of 1 (or 100%). The analysis of
the results starts with the ordinal case. In this case, all criteria are ranked in a strict order.
For the ordinal case, as for all subsequent cases, the simulations were performed for N
DoF scenario decision-makers, for N–1 ones, and for an equal mixture of the two.

The latter mixture is shown in the result tables below while the former are found
for completeness reasons in Appendix B. It is argued above that since we do not know
the decision method of a specific decision-maker, a good weight-generating function
must be able to function in both scenario endpoints as well as anywhere in between.
The best indicator for the analysis is the mixed DoF tables below. In Table 1, the results
for the ordinal case are shown (only >1 is allowed in our terminology). Note that for SI
(Simos), the results are exactly the same as for RS. This is due to the fact that when SI
is used on ordinal data, the algorithm coincides with that of RS. In the left column of
Table 1, the category that a particular algorithm belongs to according to Sect. 2 is shown
in parenthesis.2

Table 1. The ordinal frequency for the methods using a combination of DoFs

3/3 3/15 6/6 6/12 9/9 12/6 12/12 15/3 15/15

ROC(N1) 888 783 823 789 798 818 785 868 772

RS(N) 888 787 835 802 817 836 804 884 795

RR(N1) 889 777 804 765 746 742 702 778 659

SR(M) 893 787 837 807 821 841 809 889 800

SC(M) 893 793 846 809 830 848 816 891 805

SI(N) 888 787 835 802 817 836 804 884 795

2 In this and the following tables, the headings contain the notation A / B, denoting a decision
situation having A criteria and B alternatives from the set {3, 6, 9, 12, 15}. The numbers in the
set are selected to cover a broad range of decision situations encountered in real life. The tables
show tendencies when the number of criteria and alternatives are being changed, but changing
in steps smaller than 3 would not considerably impact the trends seen. This way, the tables are
kept at reasonable size.
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Next, the corresponding tables are shown for the semi-ordinal case (Table 2), where
two criteria are allowed to be deemed equal, but with no blanks in between criteria (>0
and >1 are allowed in our terminology).

Table 2. The semi-ordinal frequency for the methods using a combination of DoFs

3/3 3/15 6/6 6/12 9/9 12/6 12/12 15/3 15/15

ROC 903 805 844 813 817 832 802 878 787

RS 898 796 849 816 834 854 825 898 819

RR 895 781 816 775 763 761 721 802 679

SR 898 793 851 816 833 854 824 899 814

SC 905 807 863 830 849 868 841 908 833

SI 898 799 842 810 821 840 808 887 798

Following this, the next table (Table 3) shows the results when up to two blank
positions (blank cards in ELECTRE/Simos terminology) are allowed. This entails that
ranking symbols >0, >1, >2, and >3 are allowed. For completeness, the intermedi-
ary case of one blank (symbols >0, >1, and >2) is shown in Appendix A, but these
intermediate results do not change the conclusions in any respect.

Table 3. The cardinal frequency for the methods using a combination of DoFs

3/3 3/15 6/6 6/12 9/9 12/6 12/12 15/3 15/15

ROC 891 772 813 776 804 788 752 837 738

RS 924 838 905 882 895 908 889 933 883

RR 896 785 755 707 666 656 599 713 552

SR 916 823 867 837 845 858 832 893 824

SC 920 831 909 885 905 914 894 939 891

SI 921 836 894 868 877 890 867 918 855

From Tables 1, 2 and 3, the gain in decision power from introducing cardinality can
be inferred. Tables 4 and 5 show the difference in frequency between the cardinal cases
and the ordinal case which serves as a base case in the comparison. Note that some
of the gains are negative, i.e. there is a loss of decision power from introducing more
information.

Finally, the last step before the analysis is to show the robustness of each weight-
generating function. As argued in [9] and [12], since there is no way of knowing the
DoF reasoning of a particular decision-maker, it is important for a viable weight method
to cover the full spectrum from N–1 DoF to N. This robustness is measured by the
difference in frequency between the two endpoint DoFs, and Tables 6, 7 and 8 show



28 M. Danielson and L. Ekenberg

Table 4. The gain in frequency from using semi-cardinal information

3/3 3/15 6/6 6/12 9/9 12/6 12/12 15/3 15/15

ROC 15 22 21 24 19 14 17 10 15

RS 10 9 14 14 17 18 21 14 24

RR 6 4 12 10 17 19 19 24 20

SR 5 6 14 9 12 13 15 10 14

SC 12 14 17 21 19 20 25 17 28

SI 10 12 7 8 4 4 4 3 3

Table 5. The gain in frequency from using cardinal information

3/3 3/15 6/6 6/12 9/9 12/6 12/12 15/3 15/15

ROC 3 −11 −10 −13 6 −30 −33 −31 −34

RS 36 51 70 80 78 72 85 49 88

RR 7 8 −49 −58 −80 −86 −103 −65 −107

SR 23 36 30 30 24 17 23 4 24

SC 27 38 63 76 75 66 78 48 86

SI 33 49 59 66 60 54 63 34 60

this spread for the three information situations ordinal, semi-cardinal, and cardinal as
above. For completeness, the spread for the situation with one blank position is shown
in Appendix A.

Table 6. The spread in frequency when using only ordinal information

3/3 3/15 6/6 6/12 9/9 12/6 12/12 15/3 15/15

ROC 31 13 49 51 80 88 100 74 122

RS 10 51 76 83 108 127 144 107 168

RR 13 31 50 44 104 132 142 118 170

SR 4 41 12 26 13 7 13 0 11

SC 6 27 47 59 77 93 114 89 141

SI 10 51 76 83 108 127 144 107 168
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Table 7. The spread in frequency when using semi-cardinal information

3/3 3/15 6/6 6/12 9/9 12/6 12/12 15/3 15/15

ROC 23 5 40 42 69 80 94 66 117

RS 10 52 71 77 101 109 130 93 142

RR 0 40 16 7 62 95 104 90 133

SR 5 47 30 40 28 14 22 6 9

SC 2 32 43 55 66 77 91 71 110

SI 9 54 79 85 113 128 145 108 170

Table 8. The spread in frequency when using cardinal information

3/3 3/15 6/6 6/12 9/9 12/6 12/12 15/3 15/15

ROC 39 60 64 72 133 80 87 54 110

RS 20 8 23 25 54 64 72 59 92

RR 27 18 54 54 75 92 88 83 115

SR 24 11 28 27 37 46 49 37 59

SC 26 22 4 0 18 33 39 37 54

SI 15 2 38 41 80 92 108 82 129

4.3 Selection Guidelines

Studying the results in Tables 1, 2, 3, 4, 5, 6, 7 and 8, the following conclusions can be
drawn (which also make up the guidelines for selecting an automatic weight-generating
function):

• The gain from using semi-cardinal information (allowing ‘=’) is around 1–2% in
decision power (Table 4), almost regardless of algorithm category and size of problem
(the exception being SI (Simos) that gains less). This points to the viability of always
allowing ‘=’ (>0 in our terminology) as a mode of expression, even in settings where
there is usually strictly ordinal information. There is no compelling reason to use
ordinal-only modes of expression.

• Up to 5–8% can be gained in decision power from allowing up to two blank positions
in the rankings for some methods, but the choice of weight generation method is
critical in this scenario. Since the generating functions are already at around 80% in
their ordinal form, this is a very substantial gain overall.

• Algorithms from the categoryN1 (RR andROC) are, unsurprisingly, not able to handle
cardinal information well. There is even a substantial loss in decision power when
more information is used as opposed to the expected gain.
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• The algorithm RR is not realistically usable for any purpose, be it ordinal or cardinal.
Its performance is dominated by several others in every respect, and from the viewpoint
of guidelines, it should be avoided.

• For really small problems, with only a few criteria and alternatives, any established
algorithm will do (with the exception of equal weights, which is not covered in this
article).

• The algorithm category M always outperforms the other categories. Next comes
category N with some merit, while category N1 is unsuitable for most purposes.

• Beyond two blank positions, there are diminishing returns. While not shown explic-
itly in the tables in this article, there cannot be much improvement per new blank
position since there is simply no room for it (trying to approach an unrealistic 100%
upper limit). Further, it is rather inconceivable that a decision-maker would be able
to regularly discriminate between, say, five and six blank positions in a meaningful
way.

• Within categoryM, in general the algorithm SR performs the best for ordinal informa-
tion and SC (SUMROC) for cardinal information. But the picture is not as clear-cut.
Considering the desired property of robustness as well (which SR was specifically
designed for), the suggestion for a selection guideline would be to use SR if there
is ordinal or semi-cardinal information, and SC if there is truly cardinal information
(blanks present in the data). This way, the best performance of both weight-generating
algorithms of this category can be obtained.

• Within category N, the algorithm RS performs better than SI (Simos) for cardinal
and semi-cardinal information (for ordinal information, they are the same identical
algorithm). This is somewhat surprising since SI – unlike RS – was designed for
cardinal information, not the other way around. Nevertheless, it is suggested to look
for an algorithm belonging to category M in the first place.

This set of observations and conclusions constitute the verified guidelines for select-
ing an automatic weight-generating function for MCDM applications, in ordinal as well
as cardinal information settings. To sum up, if there is a considerable amount of cardi-
nal information in the dataset considered, SUMROC is the best choice for generating
weights.

5 Concluding Remarks

In this article, we have reviewed and measured a set of leading well-known automatic
weight-generating functions that do not contain external parameters, i.e. they do not
require any other information from a decision-maker than the ranking. We have also
provided a set of guidelines for selecting automatic weight generation functions. One
general observation is that there is a significant gain in decision power from allowing up
to two strength positions (blanks) in the rankings, while the use of more positions only
marginally improves the results. We have also seen that Rank Reciprocal and ROC han-
dle cardinal information quite badly in their original format and that the performance of
Rank Reversal is dominated by several others in virtually every respect, except in small
problemswhere basically any algorithmwill do. Furthermore, methods that are designed
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to work in scenarios with both N and N–1 degrees of decision-maker weight-selecting
freedom always outperform methods from the other categories. We have moreover anal-
ysed a combined ranking method, SUMROC, for MCDM problems with respect to its
performance compared to others and shown that if there is any truly cardinal information
in the dataset considered, SUMROC is the best choice for generating surrogate weights.
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Appendix A

The Tables A1, A2 and A3 display the results for cardinal information with at most
one blank position (symbols >0, >1, and >2). As expected, the results fall between the
semi-cardinal situation and the situation with at most two blank positions. All numbers
in ‰.

Table A1. The cardinal frequency for the methods using a combination of DoFs

3/3 3/15 6/6 6/12 9/9 12/6 12/12 15/3 15/15

ROC 899 793 828 794 797 808 773 852 756

RS 921 832 884 857 871 888 862 919 856

RR 899 789 779 735 702 693 641 736 594

SR 914 823 864 837 845 860 831 897 824

SC 920 830 888 863 877 899 873 925 867

SI 916 830 872 845 854 870 842 905 831

Table A2. The gain in frequency from using cardinal information

3/3 3/15 6/6 6/12 9/9 12/6 12/12 15/3 15/15

ROC 11 10 5 5 −1 −10 −12 −16 −16

RS 33 45 49 55 54 52 58 35 61

RR 10 12 −25 −30 −44 −49 −61 −42 −65

SR 21 36 27 30 24 19 22 8 24

SC 27 37 42 54 47 51 57 34 62

SI 28 43 37 43 37 34 38 21 36
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Table A3. The spread in frequency when using cardinal information

3/3 3/15 6/6 6/12 9/9 12/6 12/12 15/3 15/15

ROC 35 48 65 71 80 91 112 71 126

RS 11 14 40 44 73 86 95 73 112

RR 21 1 49 47 77 99 113 90 132

SR 15 8 14 8 19 31 34 34 46

SC 22 1 10 18 29 50 58 52 77

SI 14 18 52 59 95 110 124 93 148

Appendix B

The Tables B1, B2, B3, B4, B5, B6, B7 and B8 display the results in % for the separate
situations of N–1 and N DoF.

Table B1. The ordinal frequency for the methods using N–1 DoF

3/3 3/15 6/6 6/12 9/9 12/6 12/12 15/3 15/15

ROC 904 790 848 815 838 862 835 905 833

RS 883 762 797 761 763 773 732 831 711

RR 896 762 829 787 798 808 773 837 744

SR 895 767 831 794 815 838 803 889 795

SC 896 780 823 780 792 802 759 847 735

SI 883 762 797 761 763 773 732 831 711

Table B2. The ordinal frequency for the methods using N DoF

3/3 3/15 6/6 6/12 9/9 12/6 12/12 15/3 15/15

ROC 873 777 799 764 758 774 735 831 711

RS 893 813 873 844 871 900 876 938 879

RR 883 793 779 743 694 676 631 719 574

SR 891 808 843 820 828 845 816 889 806

SC 890 807 870 839 869 895 873 936 876

SI 893 813 873 844 871 900 876 938 879
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Table B3. The semi-cardinal frequency for the methods using N–1 DoF

3/3 3/15 6/6 6/12 9/9 12/6 12/12 15/3 15/15

ROC 915 808 864 834 852 872 849 911 846

RS 893 770 814 778 784 800 760 852 748

RR 895 761 824 779 794 809 773 847 746

SR 896 770 836 796 819 847 813 896 810

SC 906 791 842 803 816 830 796 873 778

SI 894 772 803 768 765 776 736 833 713

Table B4. The semi-cardinal frequency for the methods using N DoF

3/3 3/15 6/6 6/12 9/9 12/6 12/12 15/3 15/15

ROC 892 803 824 792 783 792 755 845 729

RS 903 822 885 855 885 909 890 945 890

RR 895 801 808 772 732 714 669 757 613

SR 901 817 866 836 847 861 835 902 819

SC 904 823 885 858 882 907 887 944 888

SI 903 826 882 853 878 904 881 941 883

Table B5. The cardinal frequency (at most one blank) using N–1 DoF

3/3 3/15 6/6 6/12 9/9 12/6 12/12 15/3 15/15

ROC 917 817 861 830 837 854 829 888 819

RS 927 825 864 835 835 845 815 883 800

RR 910 789 804 759 741 743 698 781 660

SR 922 819 871 841 855 876 848 914 847

SC 931 831 883 854 863 874 844 899 829

SI 923 821 846 816 807 815 780 859 757

Table B6. The cardinal frequency (at most one blank) using N DoF

3/3 3/15 6/6 6/12 9/9 12/6 12/12 15/3 15/15

ROC 882 769 796 759 757 763 717 817 693

RS 916 839 904 879 908 931 910 956 912

RR 889 790 755 712 664 644 585 691 528

SR 907 827 857 833 836 845 814 880 801

SC 909 830 893 872 892 924 902 951 906

SI 909 839 898 875 902 925 904 952 905
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Table B7. The cardinal frequency (at most two blanks) using N–1 DoF

3/3 3/15 6/6 6/12 9/9 12/6 12/12 15/3 15/15

ROC 911 802 845 812 871 828 796 864 793

RS 934 842 894 870 868 876 853 904 837

RR 910 794 782 734 704 702 643 755 610

SR 928 829 881 851 864 881 857 912 854

SC 933 842 911 885 896 898 875 921 864

SI 929 837 875 848 837 844 813 877 791

Table B8. The cardinal frequency (at most two blanks) using N DoF

3/3 3/15 6/6 6/12 9/9 12/6 12/12 15/3 15/15

ROC 872 742 781 740 738 748 709 810 683

RS 914 834 917 895 922 940 925 963 929

RR 883 776 728 680 629 610 555 672 495

SR 904 818 853 824 827 835 808 875 795

SC 907 820 907 885 914 931 914 958 918

SI 914 835 913 889 917 936 921 959 920
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Abstract. Owing to increasing launch demand and lack of launch vehicle to space
for commercial satellite customers, the commercial launchmarket for transporting
satellites into orbit by medium-lift launch vehicle (MLV) is extremely popular
and competitive. Understanding the efficiency and competitiveness of vehicles
is particularly significant for both MLV providers and parties that are willing to
utilize launch services. This paper presents a hybrid model that combines the
data envelopment analysis (DEA) model, and technique for order performance
by similarity to ideal solution (TOPSIS) to evaluate and then rank the efficiency
and competitiveness of 15 currently operational MLVs. DEA analysis shows that
the comprehensive efficiency, pure technical efficiency and scale efficiency of 10
MLVs are all 1, which means relatively DEA effective. The remaining 5MLVs are
relatively DEA ineffective, and the vehicle named Zenit 3 has the lowest relative
efficiency. Through DEA, various criteria of ineffective MLVs are revised to ideal
values, which achieves effectiveness and improve competitiveness. The following
TOPSIS analysis shows that Falcon 9 Block 5 has the highest efficiency and
competitiveness. This paper provides benchmarkMLVwith the highest efficiency,
which can be studied extensively by the customers of commercial launch vehicles
and peerMLV operators to compare different criteria affecting their efficiency and
competitiveness.

Keywords: Medium-lift launch vehicle · Efficiency · Data envelopment
analysis · Analytic hierarchy process · Technique for order performance by
similarity to ideal solution

1 Introduction

1.1 Background

The era of space exploration and creation of various launch vehicles commenced with
the first artificial satellite launch by Sputnik (SL-1) in 1957. Since then, increasingly
more countries in the world have been trying to launch their own satellites into the orbit.
Space technology and access to space have been elusive for developing countries [1].
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Over the last half century, owing to the lack of awareness of policy/decision makers
about the role of space technology in national development. Space technology was seen
as very expensive and prestigious, meant only for the major industrialized countries,
while the developing countries should focus on building their national economy and
providing food, shelter and other social amenities for their ever-growing populations. In
the last decade, the trend has changed, with many developing countries embracing space
technology as one of the major ways of achieving sustainable development. This can be
seen in countries like India, China, Morocco, South Africa, Nigeria, Egypt, and South
Korea, among others [2].

The present trend towards small and medium sized satellites has also aided this
transition because, apart from the smaller size, they tend to be cheaper to build and
launch, with shorter development time, lower complexity, improved effectiveness and
reduced operating costs [3]. This in turn has made themmore affordable and has opened
up now avenues for the acquisition of satellite technology.

However, a growing number of space players means an increasing demand for
satellite launch vehicles that are able to carry payload to orbit.

1.2 Recent Development

Bangladesh has become the latest country to own a satellite. The Bangabandhu-1 satel-
lite was launched on an improved version of SpaceX Falcon 9 rocket in 2018 [4].
Bangladesh’s motivation for owning a satellite is strengthening the foundation for eco-
nomic development, conforming to the growing trend of developing countries investing
in their own satellites. However, the capacity of developing countries to generate enough
revenue for recovering the satellite expenditure is questionable, especially if the local
market is already crowded. The trend also comments on the validity of the United
Nations and international space treaties stressing on sharing of space exploration bene-
fits. The rising number of space actors also brings to forth the pressing need to ensure
sustainability of outer space.

The World Bank has classified countries into low income, lower middle income,
uppermiddle income and high-income sections.While none of the low-income countries
own a satellite, a number of lower and upper middle-income economies have launched
satellites. These satellites include communications, remote sensing and student satellites.
The small satellites, based on the CubeSat standard, is allowing many countries to
experiment with satellite building. These satellites are capable of carrying cameras and
multispectral sensors for earth observation. India’s PSLV has captured global attention
for launching these satellites [5].

However, developing indigenous sophisticated remote sensing or communications
satellites is beyond the scope of majority middle income countries and they are therefore
dependent on established players. Venezuela, Pakistan, Nigeria, Cambodia, Laos, etc.,
have given contracts to China to launch their first communications satellites. Only a few
such as India, China and Russia represent the middle-income group, with capacity to
develop and launch satellites indigenously. India and China also offer cheaper launches
compared to Western launchers [6].

Therefore, the aspiring countries are making efforts to indigenize satellite technol-
ogy by partnering with established operators. For example, China is obliged to train the
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technicians from the ordering countries such as Venezuela, Bolivia, etc. [7]. However, a
completely indigenous space program is not possible without mastering the launch tech-
nology. Given the associated military-strategic implications, the spacefaring countries
will not be inclined to readily share or train on this technology. Moreover, a new launch
capable country means increased competition and dwindling business opportunities to
established operators.

Given the economic conditions, the middle-income countries also have to consider
initial funding and operational expenses in addition to finding business opportunities.
The contrasting stories of Nigeria and Belarus offer a good example in this scenario.
Both launched their first communications satellites with China’s loans and technical
help. However, Nigeria had to compel its state entities to utilize the satellite before
it becomes a liability. On the other hand, Belarus launched the satellite with business
motive and has already leased half the capacity to users [8].

Bangladesh also leases some of the capacity to its neighbors. But it is already a
crowded market. It is imperative to find business opportunities, given that satellites are
costly and some of them are built on foreign loans. It is interesting that the middle-
income countries have to obtain major loans for satellite services when the United
Nations and the international space treaties emphasize helping the developing countries.
It has been observed that a majority of Sustainable Development Goals can be achieved
using satellites. The American GPS is free for use across the globe and also its Landsat
earth observation data [9].

India has welcomed its South Asian neighbors to use its navigation satellite system
free.However, it is hard to imagine communications satellites or earth observation images
being offered free, across established players.

Still, itmight be prudent to buy satellite data rather than launching one’s own. It seems
these countries have calculated that it is economical over the long term to use their own
satellites rather than depend on external operators. The launching of own satellites also
awards political mileage to incumbent leaders or help support a geopolitical narrative
[10]. For example, Pakistan rejected the SAARC satellite and contracted China for its
satellites. TheAfrican countries such as Ethiopia, Egypt, etc., can be seen using satellites
as instruments for African leadership position.

While there could be more terrestrial issues behind the middle-income countries
owning satellites, it should be noted that outer space is getting crowded. The competition
for geostationary slots and frequency is well known. Tracking of satellites andmitigating
threats from natural and man-made objects should be given priority during the planning
stage. The increasing number of small satellite operators, concentrating on imagery and
internet services, might offer a cheaper and secured option, given their ability to scale
better than the countries in discussion.

It is welcoming to see that more middle-income countries are using satellite ser-
vices in their economic development. A nuanced study for understanding the concurrent
political, financial and space security implications, alongwith advances in businessmod-
els across the globe, could be helpful in mitigating liabilities and fostering economic
benefits.
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1.3 A Medium-Lift Launch Vehicle (MLV)

A medium-lift launch vehicle (MLV) is the type of rocket system that can raise the
satellite payload weighing between 2,000 and 20,000 kg to Low Earth Orbit (LEO),
with altitude stretching from 200 km to 1600 km [5]. There are more than 100 MLVs
in the world, yet majority are either already retired or under-development. At the time
this research is carried out, the number of fully operational MLVs stated to be 15. For
practicality purposes, the launch vehicles that are retired and/or under development were
not analyzed during the study.

2 Literature Review

An overview of world space launches from 1957 through 1998, compared the launch
system success rates among small, medium and large launch vehicles and space launch
failures that occurred in all of the space-faring nations of the world. With particular
attention paid to world space launch vehicle failures in 1983–1998, research found that
former USSR, Europe, the US, Japan and China had between 6.2 and 17.2 failure rates,
leading to the loss of launch vehicles and satellite payload estimated to be worth up to
billions of US Dollars [1].

However, due to the high upfront costs of building a satellite and the potential long-
term revenue stream such satellites can generate, satellite operators tend to emphasize
launch reliability and schedule assurance over launch costs. Even though, as of 2010,
the launch of a typical commercial GEO communications satellite can cost in excess
of $100 million, it remains only a fraction of the overall cost of the system, taking into
account the satellite manufacturing, insurance, and in many cases, ground equipment
costs. While satellite operators are interested in lowering the cost of launch, that remains
a lower priority than safely launching the satellite, and doing so on schedule, so that the
satellite can generate revenue as soon as possible, and avoid other losses and liabilities
that would be associated with the delayed entry into service of a new satellite [11].

Customers of the commercial launch vehicles also tend to prioritize other factors
over launch cost, although they regard the launch cost to be very crucial aspect of
their decision. Interestingly, A review of customer groups and their requirements for
space launch offers that for most major customers, cost is not the most important, or
even necessarily a key factor [12]. This flies in the face of conventional wisdom that
suggests that lowering launch prices is paramount to national launch strategy. Most
major government and established commercial customers prioritize other factors over
cost. For exquisite national security space customers, launch reliability is critical because
of the essential missions these spacecrafts perform, their high cost, and limited back-up
options in the event of a failure. For civil human spaceflight, a related criterion, crew
safety, is the key factor. Established commercial and civil robotic spacecraft customers
do place some emphasis on cost, but place a higher priority on reliability and schedule
assurance. A related issue that indicates that launch cost is not the key factor for most
markets is the inelastic nature of most established government and commercial markets.
Lowering launch prices does not necessarily stimulate additional demand for launches.
This is in part because of launch costs are just one part of the overall cost of a system:
for a commercial mission, the cost of launch may only be one-half to one-third or less
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of the total cost a new satellite system, given the large costs of satellite manufacturing,
insurance, and other expenses. For government systems, launch costs may be even a
smaller fraction for high-value national security or exploration missions that can run
into the billions of dollars. Thus, even a significant drop in launch costs results in only
a modest reduction in overall system costs. Based on the quarterly report of Federal
Aviation Administration [13], the majority of the commercial satellite companies have
usedmultiple types of launchers to deploy their satellites, indicating that launchprocurers
rarely confine themselves to a single launcher but prefer to diversify their choices. In
doing so, a companymakes decisions based on not one butmany factors, evaluating them
and making trade-offs to achieve an optimal combination of technical, programmatic,
financial, and contractual factors.

A research revealed that two third of the SmallSats, the satellites with under 500 kg
wet mass launched between 1995 and 2014 mainly used Medium-LVs, which offer rea-
sonable launch prices, although may not offer the desired launch date and orbit. Besides
taking medium size communication satellites to orbit, MLVs are also capable of carry-
ing most SmallSats as secondary payload making them as optimal and universal choice
for micro and mini-satellite developers [7]. Ability to carry small satellites is especially
significant as small satellites are one of the most valuable tools to initiate and develop
indigenous space capability. Apart from their low cost which makes them affordable by
almost all countries, SmallSats offer the opportunity for developing countries to use the
knowledge and skills of their citizens to develop their own satellites. These satellites
offer low-cost data and accessibility via direct reception to low cost receiving stations,
which can be operated by users [2].

3 Materials and Methods

3.1 Research Methodology

Data Envelopment Analysis (DEA)
Data Envelopment Analysis (DEA) is first proposed by operations researcher Cooper
et al. It’s a efficiency evaluation method based on relative efficiency. In this model, the
evaluation object is regarded as a separate decision-making unit (DMU), the appropriate
input and output indices are selected to construct a relatively efficient production frontier.
According to the distance of eachDMUand efficient production frontier, it can determine
the relative effectiveness of each DMU [14].

The CCR model and the BCC model are two basic models that are frequently used.
The CCR model assumes that the return to scale remains unchanged, and it measures
comprehensive efficiency (CRSTE). The BCC model assumes that the return to scale
is variable, and its measured efficiency includes pure technical efficiency (VRSTE) and
scale efficiency (SCALE, SCALE = CRSTE/VRSTE) [15].
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If the CRSTE value of a DMU is 1, the DMU is DEA effective. That means all inputs
and outputs of the DMU is effective at the efficient production frontier. Or if it’s less than
1, the DMU is not DEA effective. If the VRSTE value of a DMU is 1, the outputs of the
DMU are the best at current situation. Or if it’s less than 1, the optimal is not achieved
and it needs to be improved. If the SCALE value of a DMU is 1, the DMU is in a state
of constant return to scale. Or if it’s less than 1, the scale of income is in ascending or
descending state.

Analytic Hierarchy Process (AHP)
Analytic Hierarchy Process (AHP) which provides an effective method to deal with
complex decision making, was first introduced by Thomas Saaty in 1970. It has been
widely used in economic, social and management sciences [15].

The procedure of AHP is divided into five steps given below:

(1) Model the problem containing the decision goal, the alternatives for reaching it,
and the criteria for evaluating the alternatives.

(2) Establish priorities among the elements of the hierarchy by making a series of
judgments based on pairwise comparisons of the elements.

(3) Synthesize these judgments to yield a set of overall priorities for the hierarchy.
(4) Check the consistency of the judgments.
(5) Come to a final decision based on the results of this process.

Technique for Order Performance by Similarity to Ideal Solution (TOPSIS)
TOPSIS is a sorting method that is close to the ideal solution, which also known as
the distance method of superior and inferior solutions, was first proposed by Hwang
and Yoon in 1981 [16]. It is a comprehensive evaluation method, which often used in
multi-objective decision analysis. The TOPSIS method ranks according to the closeness
of a limited number of evaluation objects to the idealized object. It has no special
requirements on sample size, only simple calculation and flexible application.

The basic principle is to sort by detecting the distance between the evaluation object
and the optimal solution and the worst solution. If the evaluation object is closest to the
optimal solution and farthest away from the worst solution, it is the best; otherwise, it is
not optimal. Among them, each index value of the optimal solution reaches the optimal
value of each evaluation index, each index value of the worst solution reaches the worst
value of each evaluation index.
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4 Results Analysis Based on the Integrated Model DEA-TOPSIS
for MLVs

4.1 Results of DEA for MLVs

In this paper, 10 indices have been determined, including 2 output indices and 8 input
indices. Selecting 15 vehicles as DMUswhich come fromRussia, India, China, America
and so on, as shown in Table 1.

Table 1. DMU and index of DEA for MLVs.

DMU Origin Output Input

Success rate Pollution Cost Launches Weight

Zenit-3 Ukraine 0.91 0.58 90.0 46 462200

Soyuz-2 Russia 0.95 0.89 48.5 112 312000

Soyuz-2-1v 0.83 0.88 38.5 6 158000

PSLV India 0.94 0.69 23.0 53 281000

Long March
7

China 1.00 0.56 87.5 2 573000

Long March
3E

0.95 0.56 50.0 74 442385

Long March
3A

1.00 0.99 70.0 27 241000

Long March
2F

1.00 0.49 68.1 14 464000

Long March
2D

0.98 0.98 23.2 51 232250

H-IIA Japan 0.98 1.00 90.0 43 365000

GSLV Mk.
III

India 1.00 0.66 51.0 4 640000

GSLV Mk.
II

0.86 0.77 47.0 7 414750

Falcon 9
Block 5

America 1.00 0.60 110.0 57 549054

Atlas V 0.99 0.45 110.0 85 590000

Antares 230 0.93 0.80 83.0 14 298000

DMU Origin Input

Height Diameter Max
thrust

LEO GTO

Zenit-3 Ukraine 0.91 0.58 90.0 46 462200
(continued)
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Table 1. (continued)

DMU Origin Input

Height Diameter Max
thrust

LEO GTO

Soyuz-2 Russia 0.95 0.89 48.5 112 312000

Soyuz-2-1v 0.83 0.88 38.5 6 158000

PSLV India 0.94 0.69 23.0 53 281000

1Long
March 7

China 1.00 0.56 87.5 2 573000

Long March
3E

0.95 0.56 50.0 74 442385

Long March
3A

1.00 0.99 70.0 27 241000

Long March
2F

1.00 0.49 68.1 14 464000

Long March
2D

0.98 0.98 23.2 51 232250

H-IIA Japan 0.98 1.00 90.0 43 365000

GSLV Mk.
III

India 1.00 0.66 51.0 4 640000

GSLV Mk.
II

0.86 0.77 47.0 7 414750

Falcon 9
Block 5

America 1.00 0.60 110.0 57 549054

Atlas V 0.99 0.45 110.0 85 590000

Antares 230 0.93 0.80 83.0 14 298000

DEAP2.1 software is used to analyze the efficiency of 15 MLVs. The calculation
results shown on Table 2 and Fig. 1 highlight that the comprehensive efficiency of Soyuz-
2, Soyuz-2-1v, PSLV, LongMarch 7, LongMarch 3A, LongMarch 2F, LongMarch 2D,
GSLV Mk. III, GSLV Mk. II and Antares 230 reached an optimal level, where they are
relatively effective. At the same time, the scale reward of these MLVs is unchanged. The
comprehensive efficiency value of Zenit-3, Long March 3E, H-IIA, Falcon 9 Block 5
and Atlas V are less than 1, meaning that these vehicles are relatively ineffective and
have diminishing returns for scale reward. Through DEA, each index of these DEA
ineffective vehicles is analyzed and revised to the optimal values (Table 2), which can
improve the comprehensive efficiency of these vehicles.

As shown in Table 3, in order to improve the comprehensive efficiency of Zenit-3,
its pollution should be decreased by 0.353 tons with the condition that the input indices
remain unchanged. When the output indices remain unchanged, the cost of per launch



44 Z. Wan et al.

Table 2. Efficiency of Each MLV.

DMU CRSTE VRSTE SCALE SCALE REWARD

Zenit-3 0.745 0.910 0.818 drs

Soyuz-2 1.000 1.000 1.000 –

Soyuz-2-1v 1.000 1.000 1.000 –

PSLV 1.000 1.000 1.000 –

Long March 7 1.000 1.000 1.000 –

Long March 3E 0.887 0.958 0.925 drs

Long March 3A 1.000 1.000 1.000 –

Long March 2F 1.000 1.000 1.000 –

Long March 2D 1.000 1.000 1.000 –

H-IIA 0.983 1.000 0.983 drs

GSLV Mk. III 1.000 1.000 1.000 –

GSLV Mk. II 1.000 1.000 1.000 –

Falcon 9 Block 5 0.828 1.000 0.828 drs

Atlas V 0.813 0.990 0.821 drs

Antares 230 1.000 1.000 1.000 –
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Fig. 1. Efficiency of MLVs.
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Table 3. The projected value of DEA effective for MLVs.

DMU Index Original
value

Radial
movement

Slack
movement

Projected
value

Zenit-3 Output Success
rate

0.910 0.090 0.000 1.000

Pollution 0.580 0.057 0.353 0.990

Input Cost 90.000 0.000 −20.000 70.000

Launches 46.000 0.000 −19.000 27.000

Weight 462200.000 0.000 −221200.000 241000.000

Height 59.600 0.000 −7.080 52.520

Diameter 3.900 0.000 −0.550 3.350

Max thrust 8180.000 0.000 −5218.400 2961.600

LEO 7000.000 0.000 −1000.000 6000.000

GTO 6160.000 0.000 −3560.000 2600.000

Long
March
3E

Output Success
rate

0.950 0.041 0.000 0.991

Pollution 0.560 0.024 0.401 0.986

Input Cost 50.000 0.000 0.000 50.000

Launches 74.000 0.000 −36.744 37.256

Weight 442385.000 0.000 −205124.316 237260.684

Height 55.500 0.000 −7.877 47.623

Diameter 3.350 0.000 0.000 3.350

Max thrust 2961.600 0.000 0.000 2961.600

LEO 11500.000 0.000 −6568.376 4931.624

GTO 5300.000 0.000 −3255.556 2044.444

Falcon9
Block 5

Output Success
rate

1.000 0.000 0.000 1.000

Pollution 0.600 0.000 0.390 0.990

Input Cost 110.000 0.000 −40.000 70.000

Launches 57.000 0.000 −30.000 27.000

Weight 549054.000 0.000 −308054.000 241000.000

Height 70.000 0.000 −17.480 52.520

Diameter 3.660 0.000 −0.310 3.350

Max thrust 7607.000 0.000 −4645.400 2961.600

LEO 22800.000 0.000 −16800.000 6000.000

(continued)
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Table 3. (continued)

DMU Index Original
value

Radial
movement

Slack
movement

Projected
value

GTO 8300.000 0.000 −5700.000 2600.000

Atlas V Output Success
rate

0.990 0.010 0.000 1.000

Pollution 0.450 0.005 0.535 0.990

Input Cost 110.000 0.000 −40.000 70.000

Launches 85.000 0.000 −58.000 27.000

Weight 590000.000 0.000 −349000.000 241000.000

Height 58.300 0.000 −5.780 52.520

Diameter 3.810 0.000 −0.460 3.350

Max thrust 3827.000 0.000 −865.400 2961.600

LEO 18810.000 0.000 −12810.000 6000.000

GTO 6800.000 0.000 −4200.000 2600.000

should be decreased by 20 million dollars, the launch times should be decreased by 19
times and so on.

4.2 Use AHP to Estimate the Weights of the Indices

The AHP method can estimate the weights of 10 indices which will be processed in
TOPSIS. The structure of AHP includes 3 levels: objectives, criteria, and alternatives
(Fig. 2). The objective in this paper is to evaluate the optimal vehicle, and the criteria
are cost, launches, weight, height, diameter, max thrust, LEO, GEO, success rate and
pollution. Alternatives are 15 vehicles.

Fig. 2. Hierarchy structure for evaluating the criteria of MLVs.

Establishing priorities among the vehicles of the hierarchy is performed by making
a series of judgments based on pairwise comparisons. To get the weight of each index,
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comparisons are paired using a scale of 1 to 9 and filled into a pair-wise comparison
matrix, where each vehicle is compared with the other 14 vehicles. For example, accord-
ing to 15 vehicles’ success rate given in Table 1, the success rate of Soyuz-1 and Long
March 3E are both 0.95. So the scale of pair-wise comparison of this two vehicles is 1,
which represents Soyuz-1 and Long March 3E are equally important for success rate.
Similarly, the success rate of LongMarch 7 is the highest while the success rate of GSLV
MK. II is the lowest. Therefore, 9 represents Long March 7 is extremely important than
GSLV MK. II for success rate. The implication of 1–9 scale is shown in Table 4. The
weighted normalization matrix is shown in Table 5.

Table 4. The implication of 1–9 scale.

Scale Implication

1 Two vehicles are equally important

3 The first vehicle is moderately important than the second vehicle

5 The first vehicle is quite important than the second vehicle

7 The first vehicle is demonstrably important than the second vehicle

9 The first vehicle is extremely important than the second vehicle

Table 5. Weighted normalization matrix for MLVs.

Launches Weight Height Diameter Cost Maxthrust LEO GTO Success
rate

Pollution

Launches 1.00 4.00 3.00 3.00 0.50 0.50 0.25 0.25 0.11 0.25

Weight 0.25 1.00 1.00 1.00 0.50 0.25 0.17 0.17 0.11 0.25

Height 0.33 1.00 1.00 1.00 0.33 0.25 0.17 0.17 0.11 0.25

Diameter 0.33 1.00 1.00 1.00 0.33 0.25 0.17 0.17 0.11 0.25

Cost 2.00 2.00 3.00 3.00 1.00 2.00 3.00 3.00 0.17 3.00

Maxthrust 2.00 4.00 4.00 4.00 0.50 1.00 2.00 2.00 0.17 4.00

LEO 4.00 6.00 6.00 6.00 0.33 0.50 1.00 1.00 0.17 3.00

GTO 4.00 6.00 6.00 6.00 0.33 0.50 1.00 1.00 0.17 3.00

Success
rate

9.00 9.00 9.00 9.00 6.00 6.00 6.00 6.00 1.00 9.00

Pollution 4.00 4.00 4.00 4.00 0.33 0.25 0.33 0.33 0.11 1.00

Ci: 0.0980; weight to “optimal vehicle”: 1.0000; λmax: 11.3136
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The weight of these criteria is calculated in the AHP process, shown in Table 6.

Table 6. Weight of criteria for MLVs.

Index Weight Index Weight

Cost 0.1183 Max thrust 0.1052

Launches 0.0489 LEO 0.1041

Weight 0.0243 GTO 0.1041

Height 0.0230 Success rate 0.3834

Diameter 0.0230 Pollution 0.0658

4.3 Results of TOPSIS

Let xij be the inputs for matrix of priorities where there are i = 1, 2, · · · ,m alternatives
and j = 1, 2, · · · , n criteria. There are five steps to implement TOPSIS method as
follows:

X = (
xij

)
10×15 =

⎛

⎜⎜
⎜⎜⎜⎜⎜⎜
⎜⎜⎜⎜⎜
⎜⎜⎜⎜⎜⎜
⎜⎜⎜⎜⎜⎜
⎜
⎝

90.0 46 462200 59.60 3.90 8180.0 7000 6160 0.91 0.58
48.5 112 312000 46.30 2.95 792.4 8200 3250 0.95 0.89
38.5 6 158000 44.00 3.00 1019.9 2800 1400 0.83 0.88
23.0 53 281000 44.00 2.80 4846.9 3800 1200 0.94 0.69
87.5 2 573000 60.13 3.35 2400.0 13500 7000 1.00 0.56
50.0 74 442385 55.50 3.35 2961.6 11500 5300 0.95 0.56
70.0 27 241000 52.52 3.35 2961.6 6000 2600 1.00 0.99
68.1 14 464000 62.00 3.35 3256.0 8400 3500 1.00 0.49
23.2 51 232250 41.06 3.35 2961.6 3500 1300 0.98 0.98
90.0 43 365000 53.00 4.00 1098.0 12500 5100 0.98 1.00
51.0 4 640000 43.43 4.00 5150.0 10000 4000 1.00 0.66
47.0 7 414750 49.13 2.80 4846.9 5000 2700 0.86 0.77
110.0 57 549054 70.00 3.66 7607.0 22800 8300 1.00 0.60
110.0 85 590000 58.30 3.81 3827.0 18810 6800 0.99 0.45
83.0 14 298000 41.90 3.90 3265.0 8000 3000 0.93 0.80

⎞

⎟⎟
⎟⎟⎟⎟⎟⎟
⎟⎟⎟⎟⎟
⎟⎟⎟⎟⎟⎟
⎟⎟⎟⎟⎟⎟
⎟
⎠

Step 1-Normalizing the original data

yij = xij√∑m
i=1

∑n
j=1 x

2
ij

(1)
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Y = (
yij

)
10×15 =

⎛

⎜
⎜⎜⎜⎜⎜⎜
⎜⎜⎜⎜⎜⎜
⎜⎜⎜⎜⎜
⎜⎜⎜⎜⎜⎜
⎜⎜
⎝

0.325 0.233 0.280 0.292 0.291 0.499 0.165 0.343 0.247 0.200
0.175 0.566 0.189 0.227 0.220 0.048 0.194 0.181 0.256 0.306
0.139 0.030 0.096 0.215 0.224 0.062 0.066 0.078 0.225 0.304
0.083 0.268 0.170 0.215 0.209 0.295 0.090 0.067 0.255 0.238
0.316 0.010 0.347 0.294 0.250 0.146 0.319 0.389 0.270 0.192
0.181 0.374 0.268 0.272 0.250 0.181 0.272 0.295 0.256 0.192
0.253 0.137 0.146 0.257 0.250 0.181 0.142 0.145 0.270 0.340
0.246 0.071 0.281 0.304 0.250 0.198 0.199 0.195 0.270 0.167
0.084 0.258 0.141 0.201 0.250 0.181 0.083 0.072 0.265 0.339
0.325 0.217 0.221 0.259 0.298 0.067 0.295 0.284 0.264 0.344
0.184 0.020 0.388 0.213 0.298 0.314 0.236 0.223 0.270 0.228
0.170 0.035 0.252 0.241 0.209 0.295 0.118 0.150 0.232 0.266
0.397 0.288 0.333 0.343 0.273 0.464 0.539 0.462 0.270 0.207
0.397 0.430 0.358 0.285 0.284 0.233 0.445 0.378 0.267 0.154
0.300 0.071 0.181 0.205 0.291 0.199 0.189 0.167 0.251 0.276

⎞

⎟
⎟⎟⎟⎟⎟⎟
⎟⎟⎟⎟⎟⎟
⎟⎟⎟⎟⎟
⎟⎟⎟⎟⎟⎟
⎟⎟
⎠

Step 2-Making the weight normalized matrix

vij = wiyij, i = 1, 2, · · · ,m; j = 1, 2, · · · , n (2)

wi = (0.1183, 0.0489, 0.0243, 0.023, 0.023, 0.1052, 0.1041, 0.1041, 0.3834, 0.0658)

V = (
vij

)
10×15 =

⎛

⎜⎜⎜⎜
⎜⎜⎜⎜⎜
⎜⎜⎜⎜⎜⎜
⎜⎜⎜⎜⎜⎜
⎜⎜⎜⎜⎜
⎜
⎝

0.038 0.011 0.007 0.007 0.007 0.052 0.017 0.036 0.095 0.013
0.021 0.028 0.005 0.005 0.005 0.005 0.020 0.019 0.098 0.020
0.016 0.001 0.002 0.005 0.005 0.007 0.007 0.008 0.086 0.020

0.010 0.013 0.004 0.005 0.005 0.031 0.009 0.007 0.098 0.016
0.037 0.000 0.008 0.007 0.006 0.015 0.033 0.041 0.104 0.013
0.021 0.018 0.007 0.006 0.006 0.019 0.028 0.031 0.098 0.013
0.030 0.007 0.004 0.006 0.006 0.019 0.015 0.015 0.104 0.022
0.029 0.003 0.007 0.007 0.006 0.021 0.021 0.020 0.104 0.011
0.010 0.013 0.003 0.005 0.006 0.019 0.009 0.008 0.102 0.022
0.038 0.011 0.005 0.006 0.007 0.007 0.031 0.030 0.101 0.023
0.022 0.001 0.009 0.005 0.007 0.033 0.025 0.023 0.104 0.015
0.020 0.002 0.006 0.006 0.005 0.031 0.012 0.016 0.089 0.017
0.047 0.014 0.008 0.008 0.006 0.049 0.056 0.048 0.104 0.014
0.047 0.021 0.009 0.007 0.007 0.025 0.046 0.039 0.102 0.010
0.035 0.003 0.004 0.005 0.007 0.021 0.020 0.017 0.096 0.018

⎞

⎟⎟⎟⎟
⎟⎟⎟⎟⎟
⎟⎟⎟⎟⎟⎟
⎟⎟⎟⎟⎟⎟
⎟⎟⎟⎟⎟
⎟
⎠
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Step 3-Determining the ideal solution and the negative-ideal solution

S+ = {v+
1 , v

+
2 , · · · v+

n } = {(maxj vij|i ∈ I ′), (minj vij)|i ∈ I ′′} (3)

S− = {v−
1 , v

−
2 , · · · v−

n } = {(minj vij|i ∈ I ′), (maxj vij)|i ∈ I ′′} (4)

I
′
is associated with benefit criteria, and I

′′
is associated with cost criteria (Table 7).

Table 7. Determine the ideal solution and the negative-ideal solution for MLVs.

Criteria S+ S−

Launches 0.010 0.047

Weight 0.028 0.000

Height 0.002 0.009

Diameter 0.008 0.005

Cost 0.005 0.007

Maxthrust 0.052 0.005

Leo 0.056 0.007

Gto 0.048 0.007

Success rate 0.104 0.086

Pollution 0.023 0.010

Step 4-Calculating the relative closeness to the ideal solution

D+
i =

√√√√
n∑

j=1

(
v+
j − vij

)2
, i = 1, 2, · · · ,m (5)

D−
i =

√√
√√

n∑

j=1

(
v−
j − vij

)2
, i = 1, 2, · · · ,m (6)

Ci = D−
i

D+
i + D−

i

, i = 1, 2, · · · ,m (7)

Falcon 9 Block 5 with a value of 0.6623 is the optimal vehicle and Atlas V with a
value of 0.5437 is the second optimal vehicle on the competitiveness evaluation. Antares
230 and Soyuz-2-1v are the worst vehicles based on the TOPSIS analysis (Table 8).
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Table 8. Calculate the relative closeness for MLVs.

DMU D+
i D−

i Ci Rank

Zenit-3 0.0543 0.0588 0.5200 3

Soyuz-2 0.0675 0.0449 0.3992 8

Soyuz-2-1v 0.0847 0.0330 0.2804 15

PSLV 0.0681 0.0491 0.4191 7

Long March 7 0.0599 0.0483 0.4462 6

Long March 3E 0.0507 0.0484 0.4886 4

Long March 3A 0.0691 0.0337 0.3280 13

Long March 2F 0.0644 0.0355 0.3554 12

Long March 2D 0.0725 0.0462 0.3891 9

H-IIA 0.0647 0.0407 0.3862 10

GSLV Mk. III 0.0545 0.0481 0.4690 5

GSLV Mk. II 0.0669 0.0398 0.3730 11

Falcon 9 Block 5 0.0412 0.0808 0.6623 1

Atlas V 0.0508 0.0605 0.5437 2

Antares 230 0.0678 0.0292 0.3010 14

5 Conclusion

Based on the research outcome by extensive analysis of DEA and TOPSIS methodolo-
gies, it can be inferred that Falcon 9 is currently optimal launch vehicle by efficiency
and competitiveness as it stands out to be closest to ideal solution with rounded coef-
ficient of 0.66. Falcon 9 is a reusable, two-stage rocket designed and manufactured by
SpaceX for the reliable and safe transport of people and payloads into Earth orbit and
beyond. Falcon 9 is also the world’s first orbital class reusable rocket. Reusability allows
SpaceX, the manufacturer of Falcon family launch vehicles to re-fly the most expensive
parts of the rocket, which in turn drives down the cost of space access. Falcon 9 is closely
followed by Atlas V which is regarded to be the second-best alternative based on the
research results, with the rounded value of 0.54 to conceptual optimal MLV. Atlas V
operates with expendable launch system and it is the fifth major mid-size version in the
Atlas rocket family. This MLV is currently operated by United Launch Alliance, a joint
venture between Lockheed Martin and Boeing. Atlas V is also one of the major NASA
launch vehicles and currently available for commercial use.
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Abstract. As the volume of containerized cargo handled around the world con-
tinues to in-crease, ports and harbors are playing an increasingly important role in
both economic and logistical terms. Japan is no exception to this trend. Its ports
of Tokyo, Yokohama, and Osaka serve in important roles in Japan’s logistics and
international trade. Nevertheless, Japanese ports are currently unable to keep up
with global container demand growth efficiently. Therefore, as described herein,
based on cooperative game theory, the current situation of Japanese ports is stud-
ied, especially in terms of the international container strategic port policy begun in
2010 and alliances among ports. A study case was developed based on direct inter-
views, which, complemented by reviewed literature, reveals several facts related
to the possibility for alliances among Japanese ports. Cooperative game theory
was applied to elucidate the cores for three players in Tokyo Bay: Port of Tokyo,
Port of Yokohama, and Port of Kawasaki. Finally, the study case results and the
formulation of analysis as a cooperative game are discussed.

Keywords: Cooperative game · Japanese port · Port alliance

1 Introduction

As the volume of containerized cargo handled around the world continues to increase,
ports and harbors are playing increasingly important roles in both economic and logistical
terms. Japan, no exception to this trend, has the ports of Tokyo, Yokohama, and Osaka
all playing salient roles in Japan’s logistics network.

As described herein, the current situation of Japanese ports is examined based on
game theory, especially the international container strategic port policy begun in 2010
and alliances among ports. Inoue [2] reported for Japanese ports that Osaka Bay is
not actually operating as an integrated system. The study objectives are to conduct
interviews with port personnel, mainly at Tokyo Bay, and to summarize the responses to
interviews and literature references to analyze the current situations of ports. Next, the
paper presents an examination of why alliances are not taking place and how alliances
can be achieved, especially from a cooperative game theory approach.
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2 Context of Japanese Ports

2.1 Current Japanese Port Situation

Japanese ports play an important role in the international trade of a country. However,
currently, Japanese ports are unable to keep pace with the global container demand
growth. On the one hand, Japan has been losing hub port functions [3]. On the other
hand, Japan has been unable to handle Panamax-standard container ships from the early
stages, which has caused a decrease in its number of trunk routes. Another effect of this
situation is that the number of containers has not increased to the same degree as the rest
of the world [4].

Another issue is that foreign global terminal operators have not yet entered themarket
or are unable to do so. In the case of Japan, a license must be obtained for each port to
become a terminal operator. When the Super Hub Port, which was a policy of Japanese
Government,was established in 2001, one aimwas the development of domestic terminal
operators. However, as a result, not even one nationwide terminal operatorwas developed
because the integrated terminal operator (called a Mega Terminal operator) is a form of
equal joint investments by participating port operators, whichmade it difficult to conduct
unified management [5]. All of these policies failed to produce adequate results. The
central government eventually admitted that the policy had failed [3].

Additionally, port management by local government, which is neither state-run nor
private, is also an issue [2]. Consequently, no progress has occurred in large scale devel-
opment involving surrounding areas because the administrators of, for example, the ports
and the administrators of the roads and airports in the surrounding areas differ. Ports
can develop independently, but for other areas, they must consult with the respective
administrators.

2.2 International Container Strategic Port Policy

Therefore, in 2011, theMinistry of Land, Infrastructure, Transport, and Tourism of Japan
(MLIT) formulated the International Container Strategic Port Policy. Under Democratic
Party of Japan administration, the policy of “selection and concentration” had been
pushed forward, aimed at maintaining and regaining trunk routes of Japan. Particularly
Busan, South Korea, has been recognized as the strongest competitor of Japanese ports
[6]. Under this policy, Tokyo Bay and Osaka Bay were selected as Strategic Interna-
tional Ports. The privatization of ports was simultaneously promoted. In Tokyo Bay,
the Yokohama–Kawasaki International Port Corporation (YKIP) has been established
and in Osaka Bay, Kobe–Osaka International Port Corporation (KOIP) has been estab-
lished. Additionally, Nagoya and Yokkaichi have been selected as Central International
Ports, which are quasi-strategic ports. Also, Nagoya and Yokkaichi International Port
Corporation (NYP) has been established.

Strategic International Ports are defined as the highest level of ports, receiving a
subsidy of from the government for direct quay wall construction [7]. In addition, the
construction area can be leased to the private sector. In this sense, this paper presents a
discussion of port alliance characteristics.
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Figure 1 presents geographic locations of the main Japanese ports. They are Kobe,
Osaka, Yokkaichi, Nagoya, Yokohama, Kawasaki, and Tokyo. All have been selected as
Strategic International Ports or Central International Ports.

Port of Kawasaki

Port of Nagoya

Port of Kobe

Port of Yokohama

Port of Yokkaichi

Port of Tokyo

Port of Osaka

YKIP(Tokyo Bay)

NYP (Ise Bay)

KOIP (Osaka Bay)

Fig. 1. Map of Japanese ports, with names of port based on the Geospatial Information Authority
of Japan (Adapted by the authors from Geospatial Information Authority of Japan [8]).

Actually, KOIP has the largest share of government investment. Government is the
largest shareholder, with 33.4%, corresponding to 500 million JPY (4.5 million USD)
of capital: more than one-third of the total. The cities of Kobe and Osaka, which are
the port administrators of the respective ports, also have stakes of nearly 1/3, equal to
450 million JPY (4.1 million USD). This capital distribution makes the decision-making
process difficult and operations inefficient [9].

One Tokyo Bay joint-stock company is YKIP. The Tokyo Bay ports are designated
byMLIT as the Keihin Port of Tokyo, the Keihin Port of Yokohama, and The Keihin Port
of Kawasaki. A plan to merge the three ports, Tokyo, Yokohama, and Kawasaki existed
at one time. However, immediately before that merger, the Port of Tokyo chose not to
join the alliance, resulting in the formation of YKIP, an alliance between Yokohama and
Kawasaki only. A main theme of the present study is therefore why the Port of Tokyo
chose not to join the alliance. Those reasons are presented herein.
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Although not selected as a Strategic International Port, the Port of Nagoya and the
Port of Yokkaichi are Central International Ports; NYP, a joint venture between Nagoya
andYokkaichi, has been established. The Port of Nagoya and the Port of Yokkaichi differ
from the ports of Tokyo Bay and Osaka Bay because they are operated by special district
authorities: a system that allows several cities and prefectures to operate together. Port
alliances in Japan managed solely by local governments are not always successful [2].

3 Cooperative Game Theory

3.1 The Examples of Applying Cooperative Game to Port Analysis

As described herein, analyses are based on cooperative game theory, an approach based
on the theory of how benefits of an alliance are distributed and how alliances can be
made in a way that is acceptable to all parties. There are precedents of inter-port com-
petition discussion through non-cooperative game theory [18, 19]. Cui and Notteboom
report described a landlord port competing with a profit-seeking port in terms of service,
revealing that differentiative action produces better results for both ports. Ishii et al.
report presents examinations of the connection between port investment timing and the
Nash equilibrium.

In addition, cooperative game theory has been used to analyze container terminals
at a port [10] and to assess liner shipping operations [11]. Park and Suh analyzed com-
petition among container terminals and inferred equilibrium prices and profits using
non-cooperative game and cooperative game theories. Song and Panayides studied the
application of cooperative game theory to liner shipping strategic alliances and presented
insights into decision making analysis of liner shipping services.

Subsequently, taking Tokyo Bay as an example, if the three ports of Tokyo, Yoko-
hama, and Kawasaki can decide how to share the alliance benefits, the Port of Tokyo
will have sufficient incentives to join the alliance. As a result, consolidation of ports in
Tokyo Bay and more efficient operations can be achieved. Therefore, this study analyzes
the three ports of Tokyo Bay as three players of a cooperative game. As the integra-
tion of Japanese ports progresses in the future, the research can be extended to diverse
applications, including integrated operations of multiple ports.

3.2 Mathematical Formulation

Cooperative game theory is a different system of theory from commonly known non-
cooperative game theory such as Nash equilibrium seeking. Non-cooperative games
reveal what action is the best for a certain situation. In contrast, cooperative game theory
was born from a book by vonNeumann andMorgenstern [12], presenting an examination
ofwhat players can achieve through cooperation. Some applications of cooperative game
theory to the field of logistics have already been described. For instance, Nagarajan et al.
[13] reported that cooperative game theory gives a distribution of profit and sustainability
for the supply chain. Cachon and Netessine [14] provided numerous related examples.
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Subsequently, the basis of the cooperative game theory is presented above according
to Nakayama et al. [15]. In cooperative game theory, a cooperative game includes a set
of players, where ki represents a player.

N = (k1, k2, . . . kn) (1)

A set of characteristic functions v(N , v) is used, where v is a characteristic function
that yields a gain for every subset of players in S(⊆ N ). Also, v is a function that returns
2n possible values. For ∅ (empty set), it returns 0 (v(∅) = 0) Here, in general, the
characteristic function v is given super-additivity. That super-additivity means that, for
any two sets S and T,

v(S) + v(T ) ≤ v(S ∪ T ) (2)

Generally speaking, the objective of cooperative games is to ascertain how to dis-
tribute the benefits from cooperation. From the super-additive property, the overall gain
will be higher if all members cooperate. Therefore, the emphasis is on how to formulate
the imputation to each player when all players are in alliance. Here, the imputation vector
is shown below.

x = (x1, x2, . . . , xn) (3)

The imputation x satisfies the following condition.

∑

i∈N
xi = v(N ) (4)

xi ≥ v({ki}) ∀ki ∈ N (5)

The first equation above implies total rationality. Therefore, the overall gain must be
distributedwithout excess. The second equation represents individual rationality because
there is no incentive to deviate from the alliance and form another alliancewith the player
alone. Next, the concept of the core is explained because it is important in cooperative
game theory. The core is an imputation (i.e., a set of imputations) in a coalition game
such that no imputation belonging to the set is dominated by some other imputation.
Therefore, at its core, for all players, there is no other imputation which dominates the
imputations in the core set. Defining the set of cores as x, we have the following.

{
x|

∑
i∈S xi ≥ v(S) ∀S ⊆ N , S �= N ,∅

}
(6)

4 Research Methodology

During the study, interviews were conducted with the companies involved. The study
gathered perceptions and opinions of people in the field, which are not available in
public documents. This feature made the research more meaningful and enhanced its
contribution to the literature on this subject.
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The information was collected by sending questions to each organization in advance
via e-mail and by soliciting responses in an interview format. Consequently, interviews
were conducted during April and May of 2021. During the period, the TokyoMetropoli-
tan Government and other prefectures of Japan had issued priority measures to prevent
the spread of the COVID-19 disease and had declared a state of emergency.

This study is an explorative one. For this reason, interviewees, as a data collection
instrument, were selected because of the convenience in obtaining information about the
perspectives of the port staff about cooperativeness and also considering the extension of
the COVID-19 restrictions. This time, the study specifically addressed the case of Tokyo
Bay for convenience. Three major ports selected as Strategic International Ports are
there. However, no opportunity existed to visit the locations directly because of public
restrictions, therefore, interviews were conducted online.

Based on the interview data and literature references, the profits gained when ports
mutually cooperate were calculated. Next, game formulation was conducted based on
the profit.

Figure 2 presents the research process by showing the main steps.

Port selection Send 
questionnaire Make interview Game 

formulation

Fig. 2. Research flow.

Interviews proceeded according to the questionnaire sent in advance. The questions
were shown below (Table 1).

Table 1. Question list

Questions

What are current status of the alliance and possible benefits?

What are obstacles to alliances of ports generally?

Why did not Port of Tokyo join the alliance?
What are merits and demerits of it?

What do you think of Port of Busan?
How important are trunk routes?

What is the situation of governances of joint port company based on investment ratio?

The selection of interviewees was based on the importance of the players and the
convenience in contacting them. The first interviewee was the national governmental
institution: the leader of port policy. The interviewee was asked about views on policy in
general and perceptions of each port. Other intervieweeswere frommajor Japanese ports,
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although names are not disclosed here because of information management restrictions.
Interviews of port governance professionals were also conducted.

5 The Result of Interview

In this section, the facts realized based on the conducted interviews and the related
literature review are summarized.

5.1 Current Situation of Alliances of each Joint Venture

The first is the current situation of alliances created in the context of the International
Container Strategic Port Policy. This section specifically examines the collaboration of
the ports in proximity: the main topic of this study. Results show that no specific alliance
exists among the joint venture for logistical optimization. In the first place, the main
purpose of this policy is to accept calls of a large container vessel (i.e., trunk lines) at
Japanese ports to competewith the growth of ports inKorea andChina.Huge investments
were made by the central government within this policy framework. To procure central
government funds, the establishment of joint ventures in the form of alliances among
ports was required by the central government. Some exchange of ideas occurred among
the ports, but nothing beyond that, such as cargo exchange or terminal exchange.

5.2 Obstacles for the Alliance

The alliance has not worked efficiently. The first reason is the terminal operator licensing
system. Currently, terminal operators are allowed to handle cargo only if they have a
license that is specified for each port and terminal. This license makes it difficult for new
operators (e.g., Global Terminal Operator) to enter the market. Also, moving terminals
involves obtaining a new license. Under this situation, it would be difficult to move
terminal operators among ports to specify which ports handle what type of cargo because
it would require the reassembly of companies operating there.

The next issue is the Japanese Port Law. Currently, Japan’s Port Law stipulates that
the local government be the main port administrator. Therefore, other entities, such as
private companies or other local governments, the central government, have difficulty
being involved in operations. For a two-port partnership, it is unavoidable that both
parties be involved in the operation of each port of the other. Therefore, the Port Act
might represent an obstacle.

It turns out that an attempt to solve this difficulty was made before the International
Container Strategic Port Policy. Today, Port of Nagoya and Port of Yokkaichi are each
managed by the city and prefecture. In this sense, a special district authority is a form of
administration in which the city and prefecture administrations are integrated. Applying
this system, a plan existed to create a special district authority inNagoya andYokkaichi to
operate the union through wide-area cooperation. It was not achieved. Even if attempted
again, it would be difficult because of conflict between port transporters and cargo
owners.
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Another issue raised was that of ownership. For Tokyo Bay, ownership can be an
obstacle to the current collaboration. In the case of Port of Tokyo, some facilities are
owned by the TokyoMetropolitan Government’s Port andHarbor Bureau, but most facil-
ities are owned by Tokyo Pier Corporation, a subsidiary of Tokyo Rinkai (HD). In the
case of Port Yokohama, however, most of the property belongs to the central government
or the city of Yokohama. In this situation, if a private joint venture is established, the
question of how to handle the property ownership might become a relevant issue. Par-
ticularly on the Port of Tokyo side, it is thought that there will be considerable hurdles
to the realization of the transfer of assets because of conflict with investors on the HD
side.

5.3 Port of Tokyo

The fact that Port of Tokyo did not join the alliance in the earlier attempt is an additional
inconvenience. The government of Japan regrets that Port of Tokyo, the largest port in
Japan, did not join the alliance. It is still waiting for joining the alliance so that three
Strategic International Ports in Tokyo Bay can conduct joint operations including port
sales. The port operators belonging to YKIP also hope that the addition of Port of Tokyo
will engender efficient sharing of port functions as a hub, for trans-shipment, and so
forth. For instance, according to MLIT [16], Port of Tokyo will continue to serve as a
hub for trunk routes and Asian routes, and as a gateway port of the hinterland including
the Tokyo metropolitan area and northern Kanto area, which is a global consumer area,
whereas Port of Yokohama will accept ultra-large container ships (e.g. 23,000 TEU1)
and serve as a trans-shipment port by building berths with a depth greater than 18 m.
Regarding the Port of Kawasaki, it is expected to share responsibility as a base for
importing cargo from Asia using refrigerated and frozen warehouses in the area behind
the port.

Port of Tokyo has not opposed to International Container Strategic Port Policy, to
acquire trunk routes. Port of Tokyo did not join the alliance for several reasons. The first
is the difference in port policies. Whereas Port of Yokohama and Port of Kawasaki are
subsidized by the central government to invest in port infrastructure and collect both
hinterland and trans-shipment cargo, the main objective of Port of Tokyo is to meet the
demand generated and attracted in their hinterland as a gateway port. It is noteworthy
that the hinterland cargo of Tokyo port is high and continuing to grow. In this sense, it
does not find a need to join the alliance right now.

The second issue is central government involvement. Port of Tokyo itself seems
to follow a general division of labor, as described in reference materials. Immediately
after the International Container Strategic Port Policy was formulated, the three ports
discussed the possibility of forming an alliance. However, around 2014, it emerged that
the central governmentwould be themain investor of a portmanagement company,which
raised concerns that alliance functions which the central government might propose
would be disadvantageous to Port of Tokyo.

As a result, Port of Tokyo withdrew from the alliance. Port of Tokyo itself has not
given up on the alliance, but its entry into the alliance in its current form is difficult.

1 Twenty-foot Equivalent Unit.
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For example, it is preferable for Port of Tokyo that the central government involves
port management only by offering subsidies for each port infrastructure project, but not
for the operation of the port management company. Under such circumstances, Port of
Tokyo would consider joining the alliance.

5.4 Differences of the Attitude to Busan Port

Additionally, regarding Busan Port, the perspectives of the ports were obtained. The
central government recognizes the ports of South Korea and China as competitors. For
that reason, it is making a guided policy. In fact, the central government believes that
each port shares this perception. Therefore, they are able to cooperate with each port.
The same is true for Port of Yokohama, with the only difference that, as a practical
matter, Busan Port is too large compared to the studied ports to regard it as a competitor.

In addition, the Port of Tokyo does not play a trans-shipment role as Busan Port
does. In that sense, it is not regarded as a competitor. However, both ports share a sense
of crisis: if things continue as they are, then their trunk routes will flow to Korean ports.
Japan and its ports will lose their competitiveness.

5.5 Governance of the Alliance

The final insight obtained from the interviews and literature review is related to gov-
ernance of the alliance. The national government is the largest shareholder of the joint
ventures in Tokyo Bay and Osaka Bay, they were designated as Strategic International
Ports by the central government. As described previously, the Port Law stipulates that
local governments are mainly responsible for port management whereas the position
of the central government is limited to providing necessary information, guidance, and
advice, even after the International Container Strategic Port Policy.

In contrast, for YKIP, the main port management policy is set by the central gov-
ernment. Consequently, the role of the ports is to follow the guidelines of the central
government and coordinate with the companies and businesses for the use of the ports.
Particularly, Port of Yokohama has a dock, which was built recently with governmental
investment. It is under the direct control of the central government. Regarding Ise Bay,
the central government has not invested in the port. It has not been involved directly in
port management. However, Ise Bay was also established as a Core International hub
port. The merger took place because the Port of Nagoya needed government support.
Because NYP adopts class shares, every share of stock of NYP is defined as Nagoya’s
right of management, all of which are possessed by the Port of Nagoya, Yokkaichi’s
right of management, almost all of which is possessed by the port of Yokkaichi and
each general meeting of shareholders takes place differently. Therefore, the Nagoya and
Yokkaichi ports operate almost separately. Such discussions are held mainly with the
central government rather than between the ports.

5.6 The Importance of Current Users

Results showed that all ports consider shippers in their own hinterland as themost impor-
tant factor. For example, in terms of management policy, emphasis is not on optimizing
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convenience of the port itself, but on whether or not it will benefit users. Regarding other
benefits and shortcomings of cooperation, the first consideration is whether it will ben-
efit current customers. This consideration is regarded as unavoidable at a certain level
because each company is a customer. However, the stronger this stance is, the more the
port operation itself is at risk of falling into localized optimization when viewed from a
broader perspective.

6 Formulation as a Cooperative Game

In this chapter, the cooperative game theory is used to find the core for the case of three
players in Tokyo Bay: Port of Tokyo, Port of Yokohama, and Port of Kawasaki.

Assuming that player names are k1 for Port of Tokyo, k2 for Port of Yokohama, and
k3 for Port of Kawasaki, the set of players is the following.

N = (k1, k2, k3) (7)

First, the gain that each player can achieve independently should be considered. This
can be done by considering the values of 2015, which is the stage before cooperation.
In this case, the number of containers will be examined specifically for several reasons.
First, this paper is studying the alliance in the international “container” strategic port
policy. Second, there is a positive correlation between container handling volume and
port size [1]. Lastly, the economics of scale works very well in maritime logistics, and as
the volume of containers, the marginal cost per container decreases. For these reasons,
the number of container is best as indicators and profits of ports.

The unit is 10,000 TEU. The cargo volume handled in 2015 [20–22] before the
establishment of YKIP is the gain achieved in a case of no cooperation.

v((k1)) = 415 (8)

v((k2)) = 278 (9)

v((k3)) = 11 (10)

Next, the gains earned if each port cooperates with the other will be examined. The
profit of YKIP, which is the current alliance, is the total cargo volume of the ports of
Yokohama and Kawasaki in 2019 because, at the time of research, only preliminary
figures for cargo volumes in 2020 were available, and also because the situation in 2020
differed from a usual one because of the influences of the COVID19 epidemic, making
comparison difficult.

Full-scale operations of the MC-4 terminal at Minami-Honmoku Pier, which can
accommodate 400 m class container ships, will begin in 2021. This construction work
is included among the benefits of cooperation because it is covered by subsidies.
Nevertheless, the specific effects are not included because it is not in full operation.

Next, the ports of Tokyo and Yokohama, and the ports of Tokyo and Kawasaki are
examined. Presumably, the Port of Tokyo will join the alliance if it receives support
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for the construction of the Y2 and Y3 terminals, which it considers as a gain from
cooperation. According to data from Port of Tokyo, the volumes of cargo handled at the
Y2 and Y3 terminals are estimated as 780,000 TEU [17]. Of this amount, 70%, which
is the subsidized rate, is regarded as the alliance’s gain; 550,000 TEU is added. The Y3
terminal has not been completed.

Then, each profit of the two player alliance is shown by combining cargo volumes
of 2019 [20–22] and added 550,000 TEU only for Port of Tokyo.

v(k1, k2) = 822 (11)

v(k2, k3) = 315 (12)

v(k3, k1) = 573 (13)

In Table 2, each amount of cargos is reported. The gains which are shown above are
the combined figures in this table.

Table 2. Table of each container handling volume (10,000 TEU).

Ports\Year 2015 2019

Port of Tokyo 415 485 (Real), 540 (If Port of Tokyo joins YKIP)

Port of Yokohama 278 282

Port of Kawasaki 11 33

Finally, in the case of a joint operation of the three ports, the interviews revealed that
the Port of Yokohama and the Port of Kawasaki are not currently operating efficiently
or exchanging cargo. In the case of the Port of Tokyo, too, the gain is only attributable
to subsidies. Even if the number of cooperating ports increases, the increase in gain will
not change. Therefore, for joint operation of the three ports, the cargo volumes handled
by each port can be simply added up. Therefore, the results are the following.

v(k1, k2, k3) = 855 (14)

Finding the core from the equation shown in Sect. 3, there is only one imputation
that is the core.

xcore = (540, 282, 33) (15)

The reason there is only one core imputation is that Port of Tokyo itself has calculated
that if it forms more than one alliance, the government will subsidize the Y3 terminal.
Figure 3 presents the area of its core. The intersection point of three segments is its core.
Figure 3 shows that the inner area of this triangle expresses how much profit each player
derives from the total profit. Consequently, the triangle height is the total profit when all
players mutually cooperate. In this case, the height is 855. The height from a side to the
inner point signifies the profit a player at an opposite point from the edge receives. For
example, the height from parallel line to a point shows k1’s profit.
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Core (540,282,33)

k2(0,855,0) k3(0,0,855)

k1(855,0,0)

Fig. 3. Barycentric coordinates of player profits.

7 Discussion

In actuality, the alliance itself is far from running smoothly. Particularly in the case of
Tokyo Bay, the Port of Tokyo itself has not even joined the alliance. The reason is that
the alliance is not attractive to the Port of Tokyo. Even if it did join, it would not be
profitable.

As discussed in Sect. 6, the core for the cooperation between ports in Tokyo Bay was
found. The core is the set of imputations that are not dominated by other imputations in
cooperative game theory, as described in Sect. 3. In other words, no cooperation in the
distribution of benefits will occur when cooperation takes place because any imputation
other than the core will cause dissatisfaction for a player.

In the original plan, the paper would study the reason why the core was empty or
find out which one of the imputations was better by using Shapley value. But in reality,
the analysis above could not be conducted since the core is only one imputation and the
fact may cause such type of instability. In other words, the stability of the core is easily
affected by other factors. The fact that the core is single means that even if the number
of members of the alliances increases from two to three, the gain each player does not
increase and the distribution of the gain is stable in only one way. As a practical matter,
the Port of Tokyo has not joined the alliance of the three ports and there could be several
reasons for it.

First, not only players in Tokyo Bay, but MLIT have decided that the purpose of
alliance is to semi-nationalize ports using the system, rather than to produce benefits
of cooperation. Therefore, considering the merits and benefits of joining the alliance
does not occur to them. The YKIP players and the government have not devised such
incentives to add the Port of Tokyo to the alliance.

Regarding the second point, in Sect. 6, the gain of each characteristic equation was
treated, referring to interview responses and using the same index for each parameter.
Freight, subsidies, and rationalization through mergers are described, but others must
exist. For example, according to interviews, intervention by the government entails
disadvantages. The major shortcoming of government intervention in the Port of Tokyo
is that government will have disadvantages in cargo distribution, and the possibility
also exists that the government will take control of management. Few examples exist
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of good relations between the Tokyo Metropolitan Government and the government in
all industries, not just ports. This is often the case because Tokyo is better funded than
other prefectures. Other costs are also incorporated in coordination between the Port of
Tokyo and Rinkai HD. These parameters must be adjusted through more interviews and
researches in the future.

Thirdly, this core indicates that these three ports would work together if there were
not alliances like YKIP. In fact, interview responses revealed that talks of forming an
alliance were progressing before MLIT joined, meaning (whether with profit sharing or
not) that not everyone was dissatisfied and that some benefit was to be gained byworking
together. The reason why these three ports are not cooperating at this stage is that the
situation now is that YKIP and Port of Tokyo are not sure whether to cooperate. This
calculation resembles that for a two-player game. To cooperate each other, at least, the
Port ofYokohamamust get someprofit by doing so because there are some administrative
costs in a coalition. Hence, YKIP side must get some parts of gains of the Port of
Tokyo; alternatively, YKIP itself must acquire some advantage. However, results of the
interviews showed that YKIP was unable to plan a quantitative benefit. That would be
difficult to accomplish in its current state.

8 Conclusions

This study of the current status of Japanese ports particularly addresses Tokyo Bay.
Japanese ports lag behind the world standard in terms of cargo handling volume, partly
because of delays in responding to the increasing size of container ships and partly
because of the failure of the Super Hub Port Policy to foster a Global Terminal Operator
(GTO). The analysis examined the International Container Strategy started in 2011
and the designation of Strategic International Ports. Including the ports that have been
designated as Strategic International Ports, the research covered ports in three locations:
Tokyo Bay, Osaka Bay, and Ise Bay. For convenience in access to develop interviews,
the study specifically addressed Tokyo Bay and interviewed officials of the Central
Government.

Because the interviews were conducted online, the responses cannot be certified as
reflecting the respondent’s true opinions. However, respondents supplied many details.
Results obtained for the Yokkaichi Port interview a supplementary survey of how the
alliance is working in other areas as well as in Tokyo Bay. Conducting additional
interviews at other ports was not possible because of COVID19 restrictions.

The results of the interviews clarified that the current alliances at the ports have
no cooperative relation for cargo sharing. Regarding YKIP particularly, it turned out
that the main purpose of the alliance was to provide subsidies and loans to the Port
of Yokohama for construction of deeper water areas and improvement of the Minami-
Honmoku Wharf. The Port of Yokohama has abided by the will of the government
and is apparently satisfied. The Port of Tokyo, however, was originally willing to join
an alliance and exchange cargo with other ports, as in Seattle–Tacoma and New York –
New Jersey. For NYP, a common understanding exists because it was a recipient of such
subsidies.
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Based on interview results and the estimation of respective benefits, the alliance in
Tokyo Bay was estimated by analyzing it from a cooperative game theory approach. In
addition to the volume of cargo handled, which is often used to evaluate ports,many other
parameters such as subsidies for Strategic International Ports, interest-free loans, cargo
evaluation were used. Those parameters reflect the area behind the port, management
initiatives, and the benefits of forming an alliance with a large port (for a small port).

It is questionable whether a model can be created that perfectly matches reality.
However, once the relation between the size of the gain and the difference between the
case of forming an alliance and the case of not forming an alliance are clarified, it is
expected to be possible to adjust the model through negotiations in real situations.

In addition, the government was not included as a player in this analysis based on
cooperative game theory. In the first place, however, the International Container Strategic
Port Policy is a policy initiated by the central government. Its purpose is tomaintain trunk
routes and therebymaintain and develop Japanese industries. Because governments have
invested great amounts of funds in the project, one can calculate the project benefits in
terms of the development of Japanese industries in the cooperative game.

For example, for Tokyo Bay, by adding another player, the government, it is expected
to be possible to examine what incentives should be awarded by the government to
achieve cooperation among the three ports. Particularly, incentives must be offered that
would outweigh the negative effects on forces that view entry itself as negative. In any
case, this study has only calculated gains in terms of the volume of containers handled. If
the government is to be included as a player, then the issue will be how to incorporate
factors such as trunk routes, industrial development, and initiatives.

Finally, because of COVID-19, additional planned interviews were restricted or
canceled. For that reason, the interviews and information to support these analyses might
be few. Initially, all field visitswere planned, but as described above, because of pandemic
restrictions, the research was conducted online. For future studies, interviews must be
extended to include other ports and to incorporate the views and experiences of other
factors and players.
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Abstract. With the advance coming from studies in the area of decision mak-
ing, different models have emerged to assist in the interpretation of multicriteria
decision problems. One of the most recent improvements in the MCDM/A math-
ematical models deals with the use of partial information about the preferences
of the decision makers at the elicitation process. The FITradeoff method is a
MAVT (Multi-attribute Value Theory) method that requires only strict prefer-
ences and uses partial information in judgments, reducing the amount of informa-
tion required. Therefore, this study aims to improve the intra-criteria evaluation
step of the FITradeoff method, by proposing a new approach for elicitation of
marginal value functions based on partial information. The proposed approach is
based on the traditional bisection method, but requires preference statements only.
The results obtain show that the approach using the bisection method associated
with the use of partial information appears to have a good performance, enabling
the improvement of the process in terms of reducing the effort and time required.

Keywords: Bisection method · Intra-criteria evaluation · Partial information ·
FITradeoff method

1 Introduction

Decisionmaking is an essential cognitive process of human beings (Zuheros et al. 2020).
With the advance coming from studies in this area, different models have emerged to
assist in the interpretation of multicriteria decision problems. Analyzing the widest
possible range of alternatives and solving them according to multiple criteria of interest,
generally conflicting, with one or more decision-makers.

Thus, there is a variety of elicitation procedures that use different tools to obtain the
expectations and necessities of its users. de Almeida, Geiger and Morais (2018) show
that one of the most recent improvements in the MCDM/A mathematical models deals
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with the use of partial information about the preferences of the decision makers (DM)
at the moment of elicitation.

Regarding the additive multicriteria methods, after the problem has been well struc-
tured, the first step to start eliciting preferences is the intra-criterion evaluation (de
Almeida et al. 2021). They can be performed in different ways, for example, with the
construction of qualitative scales, through indirect evaluations-Bisection Method and
Differences Method, or by direct evaluation (Belton and Stewart 2002).

However, in an attempt to simplify the elicitation procedure, several additiveMCDM
methods reduce this assessment considering only the linear form of the value function for
the criteria, obtained based on a normalization process. This simplification introduces
modeling errors but reduces elicitation errors (de Almeida et al. 2021). Toubia et al.
(2013), highlight that these simplifications can limit the performance of the analyzes
realized.

Several decision support methods have been developed to aid the DM in solving
multicriteria problems, offering them structured approaches. One of these is the Flexible
and Interactive Tradeoff elicitation- FITradeoff (de Almeida et al. 2016; Frej et al. 2019).
The FITradeoff is a MAVT method that requires only strict preferences statements and
uses partial information in judgments, reducing the amount of information required
(Pergher et al. 2020). Consequently, demanding less cognitive effort from the decision
maker, leading to fewer inconsistencies during the elicitation process.

Therefore, the present study aims to improve the intra-criteria evaluation step of the
FITradeoff method, with a flexible elicitation procedure that uses the bisection method
with partial information to construct non-linear value functions.

This article is structured as follows. Section 2 presents the FITradeoff method, com-
menting on some studies with real applications that used it. Section 3 shows the intra-
criterion evaluation in additive models, presenting it in the context of partial information
and with the bisection method. Section 4 describes a new approach for intra-criterion
evaluation with partial information, followed by a numerical application, in Sect. 5.
Finally, Sect. 6 presents the final comments and highlights future research.

2 Flexible and Interactive Tradeoff

The Flexible and Interactive Tradeoff method (de Almeida et al. 2016) is based on
the classic tradeoff procedure (Keeney and Raiffa 1976), being a MAVT method with
considers that decision makers have compensatory rationality, i.e., they admit that low
performance in one criterion can be compensated by high one in another, and presents
an additive aggregation model (Pergher et al. 2020). The FITradeoff solves MCDM/A
problems with partial information from the DMs (de Almeida et al. 2016). Assuming an
MCDM/A problem with m alternatives and n criteria, theMAVT procedure is illustrated
in Eq. (1), where aj is an alternative to the set of m alternatives, ki is the scale constant of
criterion i, and vi(xij) is the value of consequence of alternative j in criterion i, normalized
in an interval 0–1 scale, defined according to a marginal value function. Thus, the best
alternative of the set is the one with the highest global value V(aj) (Roselli and de
Almeida 2021).

V
(
aj

) =
∑n

i=1
kivi

(
xij

)
(1)
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Themain difference in relation to previous studies is related to the elicitation process.
de Almeida et al. (2016) present the concept of flexible elicitation, a constructive context
of multicriteria value models which allows the consequences between alternatives to be
compared, exploring strict preferences statements instead of indifference.

In this way, possibilities are considered such as that of the decision maker not being
familiar with certain methods or cannot provide information and visualize more satisfac-
tory and real results when less cognitively demanded. Frej, Ekel and de Almeida (2021)
argue that the development of an approach to deal with partial information is a con-
structive way to apply traditional MCDAs with elicitation techniques that significantly
reduce the time and efforts required.

The use of partial information is based on preference relations to find a solution,
which in most cases can be achieved by incomplete information declared from the
decision maker. And these are used to solve a linear programming problem (LPP) (de
Almeida et al. 2016). The problems can be classified as of choice (de Almeida et al.
2016), ranking (Frej et al. 2019) or sorting (Kang et al. 2020).

Frej et al. (2019) explain that the LPP referring to the choice problems aims to use
the concept of potential optimality, finding at the ending of the procedure an optimal
solution or set of potentially optimal alternatives. The ranking problematic uses the
concept of pairwise dominance relations to find a complete or partial (pre)order ranking
of alternatives. While for the sorting problems, Kang et al. (2020) present the use of
border values that limit the consecutive classes of problems.

The FITradeoff method has been used to solve several multicriteria problems in
different areas of expertise. For example, an application for supplier selection (Frej
et al. 2017), in the selection of programming rules (Pergher et al. 2020), applications in
the textile sector (Rodrigues et al. 2020), real cases in the energy sector (Fossile et al.
2020), system design studies using neuroscience experiments (Roselli et al. 2019a,b)
and prioritizing Brazilian Federal Police operations (Cunha et al. 2020).

The method is embedded in a Decision Support System (DSS), which is available
at www.cdsid.org.br/fitradeoff. The DSS uses the concept of flexible elicitation. The
flexibility in this consists in systematically assessing the possibility of finding a solution
to the problem during the elicitation process. The procedure can be interrupted as soon
as a solution is found or until the moment when the DMwants to provide information (de
Almeida et al. 2016). During the elicitation process, partial results can be viewed using
tables and graphs. Displaying the information processed in different ways, helping the
decision maker to understand the performance of the alternatives about each evaluated
criterion (Roselli et al. 2019a,b).

Regarding the intra-criterion evaluation stage, the FITradeoff method was originally
conceived to allow the incorporation of non-linear value functions, since the whole
structure of the classical tradeoff procedure is preserved. The current version of the
FITradeoff DSS, however, consider the incorporation of non-linearity in the value func-
tion throughout a direct specification of the form of the function by the DM, which can
be of four different types: linear, exponential, logarithmic, and logistic. When non-linear
functions are declared, the decision maker is asked to assign values of parameters. How-
ever, these values may not be precisely known, or the DMmay not be willing to provide
them. Therefore, there is an opportunity to improve the intra-criteria evaluation process

http://www.cdsid.org.br/fitradeoff
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of FITradeoff, by allowing the DM to elicit marginal value functions, instead of direct
specifying them. However, this elicitation process should be carried out considering
partial information, as well as the intercriteria evaluation does, in order to keep the basic
premises of the method of saving time and effort from DMs.

Based on this motivation, the study proposes a new approach to improve the intra-
criterion evaluation in FITradeoff, based on the well-known bisection method (Belton
and Stewart 2002), but considering partial information from the DMs. Hence, the pro-
posed approach works with preference statements obtained from the DM, instead of
indifferences points required by the classical bisection method. It is intended that, from
the beginning of elicitation, the values and forms of the functions of each criterion
more faithful reflecting the relations between the decision maker preferences and the
final model of his problem. Furthermore, making use of partial information reduces the
amount of direct information required from theDM, consequently reducing the cognitive
effort required during the procedure.

3 Intra-criterion Evaluation in Additive Models

The intra-criterion evaluation of additive model for aggregation of criteria consists of
establishing the value function of each criterion, including cases where this function is
non-linear. The value function methods synthesize the evaluation of the performance
of the alternative against individual criteria, together with inter-criterion information,
providing an overall evaluation of each alternative indicated of the decision makers’
preferences. Once the scale reference points are determined, it should be considered
how the other scores will be assessed. It can be done in three ways: (a) definition of a
partial value function, (b) construction of a qualitative value scale, or (c) direct evaluation
of alternatives (Belton and Stewart 2002).

The first step to defining a value function is identifying a measurable attribute scale
that is closely related to the decision maker values. The partial value function reflects the
preferences of decision makers at different levels of aspiration on the measurable scale.
It can be evaluated directly or through indirect evaluation. Direct assessment usually
uses a visual representation. About indirect evaluation, the bisection method is one of
the widely used methods (Belton and Stewart 2002).

In the bisection method, the decision maker is asked to define a point on the attribute
scale that is halfway in terms of value between the two endpoints, obtaining two linear
partial value functions. This process can be repeated several times until the decision
maker is indifferent between the partitions (Groothuis-Oudshoorn et al. 2017). Belton
and Stewart (2002) also state that usually with five points it is possible to provide enough
information to the analyst to find the value functions.

This is generally used in elicitation procedures that enable linearized and non-linear
functions and permit the search for behaviors that more accurately reflect the preferences
of the decision maker. Thus, using this method to identify the behavior of the partial
value function of criteria, in the intra-criteria evaluation stage of multicriteria problems,
may prove to be especially suitable.

However, its main disadvantage is the requirement of indifference points when com-
paring the performances between alternatives, generating inconsistencies during the elic-
itation process, because it requires major cognitive effort on the decision maker when
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requiring complete information (deAlmeida et al. 2016; Roselli et al. 2019a,b). Thus, the
development of an intra-criteria elicitation procedure that reconciles the application of
the bisection method to the use of partial information can be relevant, as it would allow
the decision maker to declare their aspirations and behaviors from the intra-criterion
evaluation stage.

3.1 Partial Information in the Intra-criterion Evaluation Stage

In the intra-criteria evaluation, some methods consider a simplified approach when
assuming linear value functions, as in the SMARTS and SMARTER methods (Edwards
and Barron 1994). Another group ofmethods builds the value function based on pairwise
comparisons between preference statements, such as the analytical hierarchy process
AHP and MACBETH (Vasconcelos and Mota 2019). Outranking problems or multiob-
jective mathematical programming, seek to identify upper, lower, and/or veto thresholds
that reflect the interests of a decision maker, for these attribute values.

In the literature, it is possible to identify the increasing use of partial information,
due to the use of strict preference statements during an interactive process between the
decision maker and analyst. Making the procedure less stressful and less susceptible to
inconsistencies. The use of partial information in the inter-criterion evaluation stage is
widespread in the literature when determining the ordering of a problem’s criteria and
their respective values. When contextualized in the intra-criterion evaluation stage, it is
noted that studies have been exploring this potential better.

Jaszkiewicz and Slowinski (1997) presented an interactive procedure, the LBS-
Discrete, for the analysis of a multicriteria agricultural problem. The procedure is an
extension of multiobjective linear programming (PLMO) Light Beam Search, being
non-linear for the discrete case. To ensure an easily assessment for the decision maker,
the authors considered preference statements at the steps intra and inter-criterion infor-
mation for the set of points analyzed in the sample, updating the space of solution for
each question asked. In the rounds, the decision maker determined the upper and lower
bounds of the permissible solution space. The procedure could be interrupted if the DM
wished.

Eum et al. (2001) provided an extended outranking model to establish the potential
optimization of alternatives in the analysis of the multicriteria decision. Assuming that
in problems with partial information, not only are the weights of attributes are imprecise
known, but also their marginal values. In this way, the resulting model became a non-
linear programming problem being transformed to an equivalent LPP. To demonstrate
the method, the authors solved problems found in the literature.

Lahdelma et al. (2003) describe the SMAA-Omethod. Designed for problems where
weights are not precisely known and criteria information is partially or integrally ordinal,
making theDM to list alternatives in terms of ratings for some or all criteria. Tomodeling
the value function of these criteria, numerical mappings were created that generated
stochastic cardinal values corresponding to the ordinal values. In the end, a problem of
the selection of a solid waste management system was applied.

Narula et al. (2004) developed an interactive learning-oriented method for solving
MCDA problems with many alternatives and few criteria. Where it is possible for the
DM to successively evaluate small sets of alternatives, systematically, specifying only
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the information that wishes or changes considered acceptable for the values and direction
of the criteria involved. With the aid of software, at each iteration the decision maker
compared neighboring groups of alternatives, ordering them, solving a scalarization of
the problem.

Thus, it is considered relevant that the context of partial information is also explored
in the stage of intra-criteria assessment of MAVT problems, making the elicitation stage
more realistically for the preferences of the decision makers. By demanding them less
cognitively, so exploring gradually the space of action of their problems, becoming a
learning process.

3.2 Bisection Method in Interactive Procedures

In recent decades, research has shown the desire to understand in a more real way how
decision makers behave in the face of not fully understanding aspects of their multicri-
teria problems, making use of partial information and flexible elicitation procedures, in
different decision methods and methodologies.

Approaches based on problems with dynamic systems and Utility Theory have also
been exploring solutions that consider issues that are normally dealt with a deterministic
vision in amore realistic way. Some of the resources explored to structure these problems
include the use of analytical and/or statistical tools, the bisection method - traditional or
improved - and inferences without parametric equations.

Toubia et al. (2013) propose a dynamic methodology to relate time and risk param-
eters in decision making. The use of pre-computed tables of possible preference ques-
tions to a decision maker is implemented, as the latter provides answers. Designing such
choices to optimize the information provided, while taking advantage of the distribution
of parameters, capturing the deviations between responses.

Chapman et al. (2018) present the DOSE-Dynamically Optimized Sequential
Experiment- estimating the preference parameters accurately and quickly when select-
ing a personalized sequence of simple questions for each participant. The method used a
parametric structure and Bayesian computation, to dynamically select a sequence from
a set of statements. The process is interactive, updating the problem’s constraints space
until a predetermined number of questions or when the parameters are found.

Recently, Bertani et al. (2020) identified values and behavior of the weighting func-
tion, parameterizing it through a family of linear splines that can return smooth non-
linear shapes. Thus, the permissible limits were obtained as the solution to problems of
restricted linear optimization. The judgments of decision makers were captured using
the bisection method with partial information, to identify the space of actions of the
problem. Some questions of preference were defined a priori.

Oliveira and Dias (2020) found consumer preferences for alternative fuel vehicles
through a MAUT-based approach. The authors use the bisection method to obtain utility
and tradeoff functions for calculating the scale constants of the attributes. Belton and
Stewart (2002) considered that one of the possible areas of research in the MCDA area
would be the identification of generalweaknesses in decision supportmodels. Groothuis-
Oudshoorn et al. (2017) point out that a structural source of problems, in the performance
evaluation stage, in the form of the value function, as it is normally assumed to be linear.
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4 A New Approach for Intra-criterion Evaluation with Partial
Information

Since the value function should represent the preferences of a decisionmakermeasurably,
in terms of aspiration, the bisection method is applied to determine points on the scale
considered, outlining the partial value functions. And finally, to identify the behavior
described by a criterion when it is elicited.

The proposed approach follows a dynamic similar to that found in the literature for
the traditional bisection method (Belton and Stewart 2002; Groothuis-Oudshoorn et al.
2017; Bertani et al. 2020), however considering partial information from the DM. Two
reference values are compared and the decision maker is asked why there is a greater
predilection. However, instead of a point of indifference, want to find ranges of values
through strict preference statements.

So, initially, the question has the basic structure: “What do you prefer, increase
the value of the consequence in the Ci criterion from A to X or from X to B?”. For
minimization criteria, the term increase is replaced by decrease/minimize. Concerning
the reference value X, it is updated to reduce the interval between the lower and upper
bounds obtained with each answer given. For illustrative purposes, updates based on the
answers given by the decision maker are made using the following logic:

Question 1: “What do you prefer, increase the value of the consequence in the Ci
criterion from A to Xnor from Xnto B? DM: I prefer to increase from A to Xn”.
Range1 → A to Xn.

Question 2: “What do you prefer, increase the value of the consequence in the Ci
criterion from A to Xn/2or from Xn/2to B? DM: I prefer to increase from Xn/2to B”.
Range 2 → Xn/2to Xn.

In this case, there was an update of the lower bound, because when answering, the
decision maker migrated his preference interval to the upper segment of reference X.
Similarly, the upper bound is updated when the chosen interval returns to the lower
segment of the reference. And so, successively, until the stopping criterion is met or the
decision maker does not wish to proceed. This procedure is performed until the last point
is inferred.

About the number of points, the literature usually considers that five points provide
sufficient information for the shape of a value function to be identified (Belton and
Stewart 2002). In this proposal for the bisection method with partial information, the
first and last points of the scale (0–1)will be determined at the local scale. Thus, theworst
and best values of the consequences reported in the problem will be adopted as X = 0
and X = 1, depending on the direction of the criterion (minimization or maximization).
Remaining the elicitation of points X = 0.25, X = 0.5 and X = 0.75.

4.1 Intra-criterion Elicitation Procedure

After declaring the values of the consequence matrix, the DM provides information for
three rounds j, each with two stages, to identifying three points, in addition to the local
extremes of the scale.However, the elicitation not be conducted to determine indifference
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statements, but an admissible range of values for the DM, decreasing his cognitive effort
by request only strict preference statements.

The stopping criterion to change between the rounds can occur in two ways: i)
assuming a percentage margin (P) of 5%, 10%, 15%, or 20% over the range R, between
the maximum and minimum limits of the consequence values for a criterion Ci. The
decision maker should define it before starting the elicitation; or ii) Anytime the decision
maker wants to stop answering the intra-criteria elicitation questions, as the procedure
supports partial information and is flexible. In this way, themargin admitted for variation
is defined as a stopping criterion in Step1 of all rounds of the intra-criterion elicitation
procedure. Initially, the interval analyzed for asking the questions will vary from A to
B.

For each answer given, the lower and upper limits of the interval are checked and
updated, when possible, i.e., each question is generated to decrease the numerical value
between the lower limit and the upper limit of the range generated with the bisection
method using partial information. Until a value equal to or less than the stopping criterion
is reached. If the DM has not interrupted the process and the value is to be true, Step 2
of the procedure begins.

This step consists of presenting a graph with three shapes that describe possible
behaviors of the criterion under analysis so that the decision maker chooses the one that
he/she judges closest to your preferences. The series of round 1, for the point X0.5, are
built with as illustrated in Fig. 1.

Fig. 1. Graph example with series of point X0.5

Where the value 0 is the lower bound of the local scale of consequences. It is the
worst consequence value declared in the matrix; the value 1 is the upper bound of the
local scale of consequences. It is the best consequence value declared in the matrix. And,
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obtained in Step 1 of the round, LMn: Minimum range limit, LMx: Maximum range
limit, and Xmd: Midpoint of the range.

Once the series is selected, the point X0,5 will assume the value of LMn or LMx or
Xmd, depending on the choice made, starting round 2. In this step, the elicitation process
of Step 1 occurs similarly to that described for round 1, however, questions are asked
to identify an intermediate value in the section below the midpoint (X0.5) of the value
function scale. Identifying the reference of X0.25. That, the analyzed interval to ask the
questions will vary from A to X0.5.

For each answer given, the lower and upper limits are checked and updated, when
possible. Until a value equal to or less than the stopping criterion is reached or the
decision maker interrupts the process. Thus, Stage 2 of round 2 is initiated and again a
graph is presented so that the DM chooses the best. The series for round 2 is built with
the following references:

Shape1 (S1): X0, Lmn, X0,5, X1
Shape2 (S2): X0, Xmd, X0,5, X1
Shape3 (S3): X0, Lmx, X0,5, X1

Where X0,5 is the value chosen in round 1, being the midpoint in terms of local scale.
The other parameters remain with the same interpretation. Once the series is selected,
pointX0,25 will assume the value of LMnor LMxorXmd, depending on the choicemade,
starting round 3. Finally, the last point of Step 1 in the process is elicited, but now the
questions are made to identify asn intermediate value in the section above the midpoint
(X0.5) of the value function scale, determining X0.75. That is, the interval analyzed to
ask the questions will vary from X0.5 to B. Thus, the smallest range between the values
is identified, the last graph is displayed. The series for round 3 is built with the following
references:

Shape1 (S1): X0, X0.25, X0,5, Lmn, X1
Shape2 (S2): X0, X0.25, X0,5, Xmd, X1
Shape3 (S3): X0, X0.25, X0,5, Lmx, X1

Thus, obtaining the final behavior of the value function for the Ci criterion (Fig. 2).
Figure 3 shows the flowchart of the intra-criterion elicitation process, highlighting

the procedure’s execution logic. Where the blue squares represent the input of the infor-
mation by the decision maker and the black squares the systematics performed in the
procedure. Stages 1 and 2 are highlighted, allowing the visualization of the steps for
each one.

Where CriCont is the number of criteria, i is the counter to increment the number of
criteria, P is the percentage value chosen by the decisionmaker,DA is the value calculated
to be the stopping criterion, Q is the counter to increase the number of questions, n is
the number of rounds, R is the range between high and low bounds. And J is the counter
to increase the number of rounds, where, X1 equivalent to X0.5; X2 to X0.25, and X3
corresponds to the X0.75.

After the decision maker inputs the matrix of consequences for the problem, Stage
1 of the intra-criterion elicitation procedure is started. Initially, the DM will define the
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Fig. 2. Final graph example with Ci criterion behavior.

STAGE 1

STAGE 2

                Y

    N
  N

Y
          N

      Y

        N

  Y

     CriCont            i

End of procedure

Input the matrix of consequence for 
the problem

for i:= 1 to CriCont
DA[i]= P*R 

Ask Question Q from Step 1

R ≤ DA[i]?

Ask the next question from Step 1

R ≤ DA[i] or 
DM interrupt?

Calculate Xmd Displays the graph from Step 2 Define Xj

J = n ?

i = CriCont?

Plot the final 
graph

Define the function value 
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Refresh R
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Q= Q+1

Define value P
where P=5%, 10%, 15% or 20%

J= J+1

i= i+1

Fig. 3. Flowchart of procedure for intra-criterion evaluation.
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percentage value used for the problem stopping criterion. Afterward, from i to the total
number of criteria considered, the DA value is calculated and the first question is asked to
the decision maker, obtaining the first range R of the space of actions. Thus, the stopping
criterion is verified, if false, a new question is performed so that the interval is updated
again. This step is repeated until the stopping criterion is met or the DM decides to stop
the elicitation of that point.

In possession of the minimum and maximum bounds of the range obtained, for the
first round, the average value of the interval (Xmd) is calculated, starting Stage 2 of the
approach. Where a graph is displayed to the decision maker so that he/she can choose
which of the three curves is preferred (Lmn, Xmd, or Lmx), defining the value of the
first point xj, of the three that should be selected. If the round performed is not the last, it
is incremented, restarting the elicitation, until the last inferred point is reached (X0.75).

When the five points are known, a new graph is displayed to the decision maker,
now with the final shape of the value function elicited for criterion Ci. The process is
repeated until the last elicited criterion is reached, and thus, all functions have value
been identified. Ending the procedure.

5 Numerical Example

In order to illustrate the applicability of the proposed approach, let us consider a mul-
ticriteria problem when deciding on renting an apartment. The process of eliciting the
continuous maximization criterion Valuation/year is illustrated. Three rounds of ques-
tions were realized to identify three intermediate points, in addition to the limits known,
to determine the shape of themarginal value function. The values of the consequences for
the six alternatives (Table 1), as well a detailed description of the procedure is presented.
A local scale is considered.

Table 1. Consequence values for the criteria ‘Valuation /Year’.

Alternative Apto1 Apto2 Apto3 Apto4 Apto5 Apto6

Valuation/year ($) 1000 2000 1500 2500 500 3500

Initially, the possible percentage variations P of 5%, 10%, 15%, and 20%for the range
R of the criterion were presented to the decision maker, asking which one considered
acceptable so that the value of the stop criterion usedwas calculated during the elicitation
for the Valuation/year criterion. When observing the possible values, the DM declared
to vary his elicitation margin by 10%, i.e., that the result would vary at most by $300
(Table 2). Upon reaching it, the DA stop criterion was considered to be true.

In the first round, questions were asked to identify themidpoint of the value function,
represented as X0.5. The minimum bound is $500 and the maximum is $3500. Once the
procedure was initiated, the first question asked in Stage 1 was “What do you prefer,
increase the value from $500 to $2000 or from $2000 to $3500?” The decision maker
declared that he preferred the increase from $500 to $2000. Determining the first range
(I1) from $500 to $2000.
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Table 2. Calculation of the DA value

P Value (%) DA Value ($)

10 (3500–500) * 0,1 = 300

Then was asked, “What do you prefer, increase the value from $500 to $1500 or
from $1500 to $3500?” The decision maker answer that he preferred the increase from
$1500 to $3500. Thus, as the response migrated the interval to the upper section of the
midpoint of the range, the lower bound of I1 was updated. And the new range I2 being
$1500 to $2000.

The third question asked was “What do you prefer, increase the value from $500 to
$1600 or from $1600 to $3500?”. The DM declared that he preferred the increase from
$1600 to $3500. Thus, again the lower limit of the admissible space has been updated
and the new range I3 ranging from $1600 to $2000, respectively, the lower and upper
bounds.

In the fourth question, it was asked “What do you prefer, increase the value from
$500 to $1900 or from $1900 to $3500?” The decision maker replied that he preferred
the increase from $500 to $1900. Thus, the interval returned to the lower section of the
midpoint of the range, updating the upper bound. And the range I4 staying $1600 to
$1900. At the fourth question, it was verified that the DA value for interval I4 was true.
Finishing Step 1 of the elicitation for point X0.5, calculating the Xmd value.

In this way, the stage 2 of round 1 was started, where the graph with the plot of the
three points known in I4 (Lmn, Lmx, Xmd) was displayed to the decision maker (Fig. 4)
so that he could choose the best shape, setting the value to X0.5.

Fig. 4. Graph with series of point X0.5



80 P. P. P. do E. Santo et al.

Observing the graph, the DM opted for the behavior expressed with the value of
$1900 to X0.5. Justifying being the one with the lowest convexity. Then, round 2 of the
procedure was initiated, determining the point X0.25.

For the second round, in Step 1, questions were asked to identify the intermediate
value in the section below the midpoint X0.5. The range considered for asking the ques-
tions ranged from $500 to $1900, respectively, the lower and upper bounds observed.
Where $1900 was taken from the I4 range, round 1.

The first question asked was “What do you prefer, increase the value from $500
to $1200 or from $1200 to $1900?” The decision maker answer that he preferred the
increase from $500 to $1200. Thus, the interval I1 was defined between $500 and $1200,
respectively, with the lower and upper limits of the first interval. Then was asked, “What
do you prefer, increase the value from $500 to $1100 or from $1100 to $1900?” The
DM declared that he preferred the $500 to $1100 increase. In this way, the upper limit
of the R range has been updated and the value obtained for the new range I2 from $500
to $1100.

Finally, the last question was “What do you prefer, increase the value from $500
to $1000 or from $1000 to $1900?” The decision maker stated that he preferred the
increase from $1000 to $1900. Thus, the answer was moved to the upper section of the
reference and the lower bound considered was updated. In the end, the range I3 was
$1000 to $1100.

In this round, with one less question in relation to round 1, it was verified that the
DA value for the interval I3 was reached, being below the stopping criterion definite.
At the end of Step 1 of the elicitation for point x0.25, the value of Xmd was calculated.
Thus, stage 2 of round 2 was initiated, where the graph with the plot of the three points
known in I3 (Lmn, Lmx, Xmd) was displayed to the DM (Fig. 5).

Fig. 5. Graph with series of point X0.25
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As noted, the elicitation of this point reached a very small variation between the
limits of the interval. And when analyzing the graph, the decision maker opted for the
behavior expressed with the value of $1100 to X0.25. Again, choosing the curve with the
smallest convexity. Then, the last round is described, identifying the point x0.75.

Finally, in the third round, questions were asked to identify an intermediate value in
the section above the midpoint of the value function scale. Thus, the interval considered
for performing the questions in Step 1 ranged from $1900 to $3500, the upper and lower
bounds, respectively.

Initially, the decision maker was asked, “What do you prefer, increase the value
from $1900 to $2700 or from $2700 to $3500?” The DM declared that he preferred
the increase from $1900 to $2700, respectively, the lower and upper bounds of the first
range I1. The second and final question was “What do you prefer, increase the value
from $1900 to $2600 or from $2600 to $3500?” The decision maker said preferred the
increase from $2600 to $3500. Thus, with the answer given, the interval changed to the
lower section of the reference, updating the lower limit of the space considered. In the
end, the range I2 for point x0.75 was between $2600 and $2700.

With two questions, the DA value was reached in round 3, presenting a range of only
$100.00, i.e., 2/3 below the value determined by the decision maker. In this way, Step 1
of elicitation for point X0.75 was completed and the Xmd was calculated. Starting stage
2 of round 3, where the graph with the plot of the three points known in I2 (Lmn, Lmx,
Xmd) was displayed to the decision maker (Fig. 6).

Fig. 6. Graph with series of point X0,75.

As in the previous round, the elicitation allowed a small gap between the limits of I2.
This being one of the reasonswhy the decisionmaker chose the behavior of the curvewith
the value of X0.75 = $2.650, the midpoint. After all rounds and stages were completed,
the final graph (Fig. 7) in the form of the value function for the maximization criterion
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‘Valuation/year’ was displayed to the decision maker, presenting that the function can
correspond to a logarithmic behavior. Ending the intra-criterion elicitation.

Fig. 7. Final graph with ‘Valuation/year’ criterion behavior.

5.1 Discussion

To compare performances, the same criterion was evaluated by the same decision maker,
however using the traditional bisection method. That is, each question asked had the
ultimate goal of making the decision maker declare a point of indifference between
the compared values. Table 3 shows a comparison between the number of responses
given with the “proposed approach” versus “bisection method”, for each of the three
intermediate points elicited.

Table 3. Comparison between traditional and adapted approaches

Approaches

Proposed approach Traditional bisection method

Point Number of questions Final value Point Number of questions Final value

X0.25 3 $1100 X0.25 7 $1095

X0.5 4 $1900 X0.5 8 $1825

X0.75 2 $2650 X0.75 5 $2675

Initial impressions reveal that, as expected, realize the intra-criterion elicitation using
the traditional bisection method meant that the decision maker needed to answer a major
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number of questions compared to the approach proposed. Observing at point X0.5, for
example, it is possible to see that twice asmany answerswere necessary to obtain the final
value. And when comparing the final values in both approaches, the bisection method
with partial information differed by only $75 from that found in the traditional method.

For X0.25 and X0.75 references, the increase in the questions asked was greater than
fifty percent. This clearly demanded more time to perform the procedure, as well as
demands more cognitive effort on the part of the DM. Figure 8, presents the graph
with the final behavior obtained with the traditional bisection method, where additional
considerations can be explored.

Fig. 8. Final graph using a traditional approach.

Analyzing Fig. 8, it is possible to verify that the final form identified through the
elicitation process is visually similar to the behavior illustrated in Fig. 7. Including the
final values found for each of the three points elicited. In X0.25, for example, a difference
of only $5 was identified.

Thus, establishing a parallel between the DA value declared by the decision maker in
the elicitation using partial information, the difference between the $1100 found in the
approach proposed and the $1095 obtained with the bisection method can be considered
acceptable and consistent with the information provided by the decision maker.

Consequently, it was possible to verify that the bisection method with the use of
partial information, proposed in the study, had a good performance, in a flexible process
of elicitation. That presents advantages in terms of the effort and the time required and
the structuring of the elicitation procedure.



84 P. P. P. do E. Santo et al.

6 Final Remarks

Initially, in opposition to models found in the literature, this study uses the performance
values of the criteria of a multicriteria problem, to determine the space of admissible
consequences. Defining a local measurement scale. Thus, themodel is applied according
to the circumstances, dynamically and seeking in fewer steps that the decision maker
can express his preferences, using strict preference statements in a flexible procedure.

Once the intra-criteria evaluation in additivemodels consists in establishing the value
function of each criterion, the proposal presented can be implemented in other methods
that belong to this MCDM/A category. However, the axiomatic structure of these must
support linearized and nonlinear functions, ensuring that the elicited behavior reflects
the decision-maker preference.

Another aspect is related to the ability to design a procedure that makes use of
partial information. Since is the great differential of the improved proposal. Thus, the
development of intra-criteria elicitation procedures that reconciles the application of the
bisection method to the use of partial information may be relevant.

For the fact the FITradeoff method has the axiomatic structure of the traditional
tradeoff procedure, the method itself admits non-linear marginal value functions. Thus,
the proposed approach improves the intra-criteria evaluation process, in the sense that
specifying non-linear value functions directly (form and parameters) are no longer nec-
essary. Instead, strict preference questions based on the structure of the bisection method
are made to elicit those functions.

Additionally, as the method is embedded in a Decision Support System- FITradeoff
DSS, the proposed procedure will be implemented computationally. Where the stage of
model programming is being developed, along with validation tests.

Regarding the results obtained, it was possible to observe the efficiency of the app-
roach adopted to the bisectionmethod,which in relation to the traditionalmethod, proved
to be more agile, and less demanding in terms of cognitive effort.

For future research, other applications can be made considering improvements in the
procedure, making the elicitation of discrete criteria also be included in the proposed
approach. And for problems with a large number of evaluation criteria, it is interesting to
investigate ways to reduce the number of criteria in the intra-criterion evaluation stage.
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Abstract. Seeking technologies to embrace Industry 4.0 has been a challenge to
Small and Medium Enterprises (SME). Lack of investments and knowledge on
tools and system integration put SMEs in a difficult position regarding their sup-
ply chain. As the main mission of the Industrial Federation of Paraná State (Fiep),
serving industries to promote competitiveness and production optimization, one
of the operation units, Artificial Intelligence Hub, developed a business model for
a SaaS (System as a Service) solution for process digitalization in real time. There-
fore, this paper focuses on choosing the most suitable online platform to integrate
hardware and consulting services for online data acquisition and manufacturing
execution. Decision making was made considering one internal alternative and
four commercial alternatives being evaluated in a multicriteria model with nine
criteria. In order to reduce cognitive efforts, a flexible and interactive procedure
was implemented with possibility of partial information provided by Decision
Maker. Findings from this work may provide a guideline for industrial operations
and management leaders on choosing the right platform for process digitalization.
It was also possible to guide the studied company (Fiep) on selecting software to
help SMEs enter the Industry 4.0 scenario.

Keywords: Software selection · MAVT · FITradeoff · Partial information

1 Introduction/Purpose

Industry 4.0 implementation is a reality in every supply chain industrial sector. Among
production activities, the main contributors to countries economic indicators are small
and medium enterprises. Since they are generally part of a bigger production system,
they must be connected to management systems (Moeuf et al. 2018). However, complex
computer tools suchMRP and ERP are expensive and rigid on their implementation, and
small industries usually lack the specific knowledge for their implementation (Haseeb
et al. 2019).
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A simpleway to aid SMEs to control their production is production indicators such as
Overall Equipment Effectiveness. (OEE). OEE considers three factors (Wu et al. 2017):

1. Availability Efficiency – The ratio between Equipment up-time and Total time.
2. Performance Efficiency – The ratio between theoretical production time per unit and

equipment up-time.
3. Quality Efficiency – The ratio between theoretical production time per effective unit

and theoretical production time per unit.

Using automated data acquisition, these indicators can be built in real time.
Manufacturing Execution Systems (MES) are commonplace in bigger industries to

control production and connect floor shop systems such as SCADA (Supervisory Con-
trol and Data Acquisition Systems) to ERP platforms (Haseeb et al. 2019). MES usually
provides connectivity from planned production to manufacturing itself, controlling per-
formance, availability and quality of equipment and produced goods, by use of sensors
and hardware classified as IoT in the Industry 4.0 context (Chao and Li 2006; Batumalay
and Santhapparaj 2009). These three indicators multiplied provide OEE.

The implementation of Industry 4.0 technologies in SMEs follows the choice of IoT
systems and integration with analytics software, affecting business performance in a
positive way, being considered as the most crucial introduction (Haseeb et al. 2019). It
was also identified that SMEs ignore the growing number of management tools and tech-
nologies, since those industries lack investments in research and development activities
(Moeuf et al. 2018).

The joint utilization of IoT and management software improves sustainability in
economic, ecologic, and social aspects, considering competitiveness, time reduction,
resource efficiency and human resources transformation. It also provides collection of
large amounts of data that can be analyzed providing insights and tools for process
optimization and implementation of lean manufacturing practices (Kiel et al. 2020).

Inside the industrial context, the Industrial Federation of Paraná State (Fiep) initi-
ated activities on the first Artificial Intelligence Hub for Industries in Brazil, located
in Londrina. The mission of the AI Hub is to provide access to artificial intelligence
technologies for every industry. Considering small industries that lack relevant data
and cannot afford services provided by expensive consultancy, AI Hub is developing a
platform to act as an Industrial Virtual Assistant. In several workshops, SMEs pointed
out the necessity of data acquisition and interpretation. These industries lack specific
management knowledge regarding OEE and MES implementation.

The aim of this paper is to contribute to the field of data acquisition systems for small
industries and OEE real time calculation by using the Flexible and Interactive Tradeoff
(FITradeoff)method proposed byAlmeida et al. (2016). The selection considered several
criteria and alternatives, which were evaluated by the AI Hub to provide a cost efficient
and easy way to implement the platform. The Multiattribute Value Theory (MAVT) was
used to evaluate alternatives considered in the choice model, and the FITradeoff aided
the decision maker to establish criteria scale constants (also called weight of criteria).

This paper is organized as follows: Sect. 2 discusses the application of multicriteria
methods for choice and selection problems, as well as the general procedures of the
FITradeoffmethod. Themulticriteriamodel for platform selection is presented in Sect. 3.
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Section 4 presents the application of the model developed in the previous section and its
implication as results. Finally, conclusions and insights for future research are presented.

2 Background

2.1 Multicriteria Decision Models

In order to identify the best MES software for manufacturers, Chao and Li (Chao and Li
2006) implemented amodel by use of the Analytical Network Process (ANP), developed
by Saaty (Saaty 1996). Such method is conducted by successive pairwise comparisons
among three alternatives and seven criteria. The authors found out that the best choice
had already been considered by specialist decision maker, although pointing out that
conducting the process of evaluationwas a tiresome activity, demanding a lot of cognitive
effort.

Comparing fourmulticriteria decision-makingmethods, Pätäri et al. (2018) discussed
positive efficiency for portfolio selection in best-performing stocks. Different methods
yielded similar investment returns corresponding to cumulative differences higher than
75% in comparison to traditional portfolio selection methods.

By using AHP (Analytical Hierarchy Process) (Saaty 1990), (Lai et al. 1999, 2002)
identified best software technologies regarding multimedia authorizing systems, imple-
menting the model on the AHP Expert Choice DSS (Decision Support System). Such
systems aid decision makers to view the problem in a systemic way, visualizing different
alternatives and criteria in a comparative form.

Multicriteria decision methods are divided in two big groups: non-compensatory
(or outranking) and compensatory (or additive) (Almeida et al. 2015). The MAVT is
usually used as the foundation for additivemethods, such SMART,AHP andMACBETH
(Montibeller et al. 2006). In these methods, a value function is used to aggregate a final
value considering multiple criteria and alternatives.

In outranking methods, preference structures are used to compare criteria and alter-
natives. Unlike methods derived fromMAVT, transitivity property may not be followed,
since the decision maker’s preferences may not agree with the logic demanded by addi-
tive methods. Outranking methods can be cited: ELECTRE and PROMETEE families
(Govidan and Japsen 2015).

Multicriteria decision methods also have been used to aid reaching consensus in
decisionmodels (Lima et al. 2018), to solve facilities location problem under uncertainty
(Niroomand et al. 2019), supplier segmentation together with fuzzy sets (Bai et al. 2017),
for estimating warranty cost and production (Mitra and Patankar 1993), to mitigate
supply risk with AHP and goal programming (Kull and Talluri 2008) and evaluate
transportation projects performance in China (Shang 2004).

The FITradeoff (Almeida et al. 2016) method was developed in 2016, to overcome
inconsistencies that occur with the traditional tradeoff procedure proposed by Keeney
and Raiffa (1976). It is built based on the MAVT, which is an additive theory that is
the foundation for other methods such as AHP, Macbeth, SMART. The main advantage
pointed out in the method is that decision makers do not need to provide full information
for the tradeoff procedure. The flexible elicitation minimizes the effort when making
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pairwise comparisons, then less inconsistency occurs (Palha 2016; Lima et al. 2017;
Gusmao and Medeiros 2016; Frej et al. 2019).

2.2 FITradeoff Procedure

The FITradeoff method is supported by a Decision Support System (DSS), where deci-
sion maker (DM) may evaluate alternatives considering each criterion, without the need
to evaluate criteria weights (Almeida et al. 2016). Then the value function is aggregated
by using (1).

v(x) =
∑n

i=1
kivi(xi) (1)

where:

i. x represents the vector of consequences of an alternative, considering all n criteria.
ii. ki represents the scaling constant for the criterion i (also called weight of criterion).
iii. vi(xi) represents the value function of the consequences xi for the i criterion.

And, assuming (2).

∑n

i=1
ki = 1, ki ≥ 0 (2)

To apply the FITradeoff, it is first necessary to obtain the order of the weights by
preference P relation. The first part yields the n-dimensional weight space:

ϕn =
{
(k1, k2, k3, . . . , kn) ∨ k1 > k2 > k3 > · · · > kn;

∑n

i=1
ki = 1; ki ≥ 0

}

from the most relevant to the least relevant.
The DM does not need to define an exact value between consequences, just needs

to choose between consequences. The DSS automatically calculates the upper and
lower limit that the indifference can assume. For any criterion, relations (3) and (4)
are established.

vi
(
x′
i

)
>

ki+1

ki
(3)

vi
(
x′′
i

)
<

ki+1

ki
(4)

The DSS then classifies alternatives in three groups. The dominated alternatives are
removed from the evaluation. The potentially optimal are chosen such as the elicitation
method may continue. Optimal solutions represent the end of the method execution,
presenting the best choice for the problem. This is represented in (5).

max
k1,k2,...,kn

∑n

i=1
kivi

(
xij

)
, j = 1, 2, . . . ,m (5)
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It is then necessary to consider the LPP constraints to avoid strict inequality through
the relations (3) and (4), and the constraint that yields the maximum value of the alter-
native j that should be greater than (or equal to) any other alternative in the subset
(6).

∑n

i=1
kivi

(
xij

) ≥
∑n

i=1
kivi(xiz), z = 1, 2, . . . ,m, z �= j (6)

The LPP then runs in order to find an optimal alternative. If not, the flexible elicitation
process can start again. If desired. DM can see partial results or even not provide further
information.

3 Proposed Model

As presented in the previous section, the objective of this paper is to select the best
software for data acquisition, to be used as a platform in small industries, to provide
adequate and real time information for production management. It is also desired to
have the possibility of data gathering to develop an industrial virtual assistant, to aid the
manager on their activity.

Since it is expected to be operated in the floor shop, the interface of hardware and soft-
ware must be simple, with minimum setup steps, to avoid resistance usually encountered
by automation systems.

Since such selection of software must be implemented by Fiep and its partners, it is
important to establish criteria considering experience together with external experiences.
The software has similar characteristics as MES software, and Chao (Chao and Li 2006)
presented an architecture to solve this kind of problem.

The model proposed for this application is presented in Fig. 1. Steps 1 to 3 are
considered data input to the system, while steps 4 and 5 are related to FITradeoff method.

In step 1, the facilitator and the decision maker must assess criteria discussed in
literature review, followed by a justification of such criteria considering the real scenario
of this application. It is also needed to identify in the market which commercial software
alternative can be used to achieve the main goal, together with other possibilities such as
internal development. Step 2 uses a MS Excel spreadsheet to evaluate each alternative
considering every criterion. The DSS interprets the spreadsheet, normalizing data to
be calculated in LPP. In Step 3, the decision maker establishes preferential order of
criteria. Step 4 deals with the identification of criteria weight by executing the FITradeoff
method. Step 5 presents results, that can be a set of potentially optimal alternatives or
the maximized alternative as the best.

In the next section, the model presented in Fig. 1 is applied and each step of the
method is discussed.
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Fig. 1. Proposed model for software selection

4 Selection of a Software for Floor Shop Data Acquisition

For implementation, we identified five alternatives that could be used as efficient tools
to provide real time data acquisition and information for SMEs. The first alternative
(A1) is the possibility to allocate internal resources to develop the platform inside Fiep.
Alternatives A2 to A5 are commercial solutions, defined by E1 (Enterprise 1) to E4
(Enterprise 4). Data for software evaluation were collected by industrial tests made by
business consultants inside Fiep.

The authors of this paper acted as facilitator in the process, since the decision maker
does not have knowledge in such methods. The decision maker is a technology and
innovation manager inside the corporation.

Criteria were identified and represented functions that are continuous or discrete, as
well may be maximized or minimized. Criteria characteristics are presented as follows:

C1 – Monthly Cost – Minimization continuous function – Represents monthly
payment per machine per client.

C2 – Lifetime License – Maximization discontinuous binary function – Represents
the possibility of having lifetime access to the platform.

C3 – Hardware Installation – Maximization continuous function – Represents ease
of hardware installation by platform provider.

C4 – Support - Maximization continuous function – Represents quality of support
that can be offered to clients.

C5 – Hardware Integration - Maximization continuous function – Represents
possibility of integration with previously bought hardware.

C6 – SystemMaturity -Maximization continuous function – Represents thematurity
of the platform and quantity of satisfied customers.
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C7 – Database control – Maximization discontinuous function with five steps –
Represents evaluation of data ownership by Fiep instead of supplier.

C8 – User Interface - Maximization continuous function – Represents ease of
platform usage by floor shop workers.

C9 – Virtual Assistant Integration - Maximization continuous function – Represents
easiness on connectivity to cognitive bot to be developed in further steps of AI Hub
activities.

Consequencesmatrix of the problem is represented in Fig. 1, Step 2), and is presented
in Table 1.

Table 1. Consequences matrix

A1 Internal Dev. A2 (E1) A3 (E2) A4 (E3) A5 (E4)

C1 50 250 375 160 150

C2 1 0 0 1 0

C3 3 3 10 6 5

C4 4 10 6 4 3

C5 10 8 10 2 3

C6 2 8 5 8 6

C7 10 6 8 4 4

C8 2 10 10 9 7

C9 10 7 8 4 4

Following the model proposed, the spreadsheet was loaded in the FITradeoff DSS.
The first step is to establish a criteria preference order to start the elicitation process. This
preference establishes primary inequalities inside the LPP, and sets the sum of all weight
equals to 1. This can be made holistically by pairwise comparison. The decision maker
decided to choose his preference holistically, since all criteria are clear, independent,
and well defined. Figure 2 is a screenshot of FITradeoff DSS, representing preference
elicitation made by the decision maker.

Letter P represents “preference over next” and the chosen order for this case study is:
C9 P C3 P C1 P C6 P C7 P C4 P C5 P C8 P C2. This means that the scaling constant of
C9 is greater than the scaling constant of C3, which is greater than the scaling constant
of C1 and so on. It also implies that the scaling constant of C9 is greater than every other
criterion’s scaling constant.

After establishing preference relations, FITradeoff DSS executes LPP for the first
time. In this case, alternatives E1, E3 and E4 are considered dominated, and are elim-
inated from the process. Figure 3 shows partial numeric results. These partial results
show the maximum value that each alternative can achieve inside the constant scale
space. Specifically at this step A1 can achieve the maximum value, while A3 can achieve
0.8571. Both Internal Development and E2 are potentially optimal solutions for the LPP
in at least one vector inside weight space.
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Fig. 2. Holistic preference relationship.

Fig. 3. Partial numeric results.

Still analyzing this first step, Fig. 4 represents each alternative performance over
each criterion.

Fig. 4. Alternative performances over criteria.

Next step is the flexible elicitation process. In this step, the decision maker may
choose between two consequences that compare two criteria. Each answer updates the
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space vector of LPP, by updating inequalities that act as restriction for the problem itself.
In Fig. 5, the facilitator asked the following question to the decision maker, considering
graphical interpretation: “What do you prefer: 0.5 performance on Virtual Assistant
Integration (represented by blue bar) and the worst outcome on Lifetime license, or the
best outcome on Lifetime License (green bar) and theworst outcome onVirtual Assistant
Integration?”. Note that this is a hypothetical situation, that assigns the worst outcome
to every other criterion, to make interpretation easier.

Fig. 5. First FITradeoff Cycle.

It is also important to keep track of answers given for each question made to the
decision maker, to evaluate further results by replication of data. Table 2 presents every
answer given by the decision maker until the end of the elicitation process.

After 17 answers, the decision maker decided to stop the elicitation process. As
numeric partial results after flexible elicitation, A1 (InternalDevelopment) could achieve
a maximum value of 0.67 while A3 (E2) turned over numeric comparison achieving a
maximum of 0.6747. Figure 6 represents minimum and maximum values that each
scaling constant of each criterion could take. It was pointed out that the maximum
difference is equal to 0.2 for criterion Virtual Assistant Integration.

It is also observed that there is no significant difference for criteria 7 to 9. This way,
a sensitivity analysis was conducted by the facilitator and the decision maker, to test
robustness of model implementation and evaluation.

A simulation module inside FITradeoff DSS provides sensitivity analysis. For this
application, 10000 instances were executed, varying 10% around minimum and max-
imum values for criteria C1 to C6 and no variation for criteria C7 to C9, since their
difference is insignificant.

Simulation for sensitivity analysis pointed out that for most cases the alternative E2
(A3) is the best solution, followed by Internal Development. Also, it is important to note
that no entrant solution appeared, showing that these both alternatives are truly the best
ones, as shown in Fig. 7.
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Table 2. FITradeoff answer cycles

Cycle Consequence A Consequence B Answer

1 0.5 * C1 C9 A

2 0.5 * C1 C2 B

3 0.5 * C2 C3 B

4 0.5 * C3 C4 B

5 0.5 * C4 C5 B

6 0.5 * C5 C6 A

7 0.5 * C6 C7 A

8 0.5 * C7 C8 B

9 0.5 * C8 C9 A

10 0.75 * C1 C2 A

11 0.75 * C2 C3 A

12 0.75 * C3 C4 B

13 0.75 * C4 C5 A

14 0.75 * C5 C6 A

15 0.25 * C6 C7 A

16 0.25 * C7 C8 B

17 0.75 * C8 C9 A

Fig. 6. Scaling constant final space vectors.
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Fig. 7. Sensitivity analysis.

With better understanding of possible criteria scaling constant values, the decision
maker asked for a second run, evaluating indifference among preference of criteria C1
to C6.

Letter I represents indifference, and the preference order for the second run is: C9 I
C3 I C1 I C6 I C7 I C4 P C5 I C8 I C2. There is a preference relationship between C4
and C5 to separate the group identified as insignificant.

This time the LPP found A3 as the best solution without any flexible elicitation
procedure.

Because of these results, the decision maker decided: he decided to allocate internal
resources in the development of a solution. Since such development takes a lot of effort
and usually needs to follow a long development cycle, alternative A3 is also considered.

Starting at the end of the implementation of the proposed model, both alternatives
are considered and are being executed as pilots to test functional characteristics. This
way, the software development may take small increments in proof of concept models to
test data acquisition and functionality, while the alternative A3 provided fast industrial
implementation, to validate both usage of MES and an alternative business model in
caso of dead end of software development by any reason that may occur.

Software used for this application is version FU-T1EMO-CT1. There is a new and
updated version of the FITradeoff DSS available at cdsid.org.br/fitradeoff.

5 Conclusion

Understanding its production efficiency is crucial for every SME that desires to increase
competitiveness. Selection of software that supports such activities is important to pro-
vide decision insights in real time since FIEP’s mission is to improve the production
floor shop of its clients, decision making considering both quantitative and qualitative
aspects are fundamental.

In this paper, we presented a model based on the FITradeoff method to aid our
decision maker the possibility of flexible elicitation. Our model is validated by the
selection of a MES system that will be used as a product together with the Industrial
Virtual Assistant.
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For our application, the facilitator along with the decision maker used the FITrade-
off DSS, using partial results and interactive elicitation as tools to encourage a faster
decision-making process. It was also possible to verify in real time changes on criteria
weight for each cycle.

The results are being implemented in a pilot way to understand other possible needs
that the MES software could aid production supervisors and operators. The implications
of this work include aid on decision making regarding the choice of multiple alterna-
tives under uncertainty preference of strategic plan. The DM felt comfortable using the
method, considering the participation of an analyst acting as facilitator, mediating the
knowledge and choice model. Although DM does not know MCDM, found the results
consistent, the reason why DM chose to make a second evaluation described in Sect. 4,
to try out the method performance. It was very important to guide the DM on the use of
software, since he/she had no time to learn the foundations of applied methods.

It is also concluded that FITradeoff empowers decision makers that use additive
models through easiness and data visualization. As future research, we suggest the
update on Chao’s (Chao and Li 2006) unified model using partial information, instead
of ANP, to reduce decision maker cognitive effort in the scope of addressed problem,
since it is an unified model and more industries are investing in MES.

Acknowledgment. The authors would like to acknowledge Capes and Fiep for partial financial
support and theCenter forDecision Systems and InformationDevelopment (CDSID) for providing
the software.
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Abstract. MulticriteriaDecisionMaking/Aiding (MCDM/A) techniques are usu-
ally required to solve practical decision-making problems that consider multiple
criteria structured based on a value tree. Structuring criteria based on a hierarchy
is common specially in problems in which the number of criteria is high, and
therefore MCDM/A techniques should be prompted to deal with such situations.
The well-known FITradeoff method is being widely applied for solving practical
multicriteria problems due to its easiness of use and attractive flexibility features.
However, the current version of thismethod is suitable for dealingwith single-level
criteria decision problems only. Therefore, in this context, this paper proposes a
approach for solving multicriteria decision-making problems with hierarchically
structured criteria in the FITradeoff method. This approach uses partial informa-
tion of preferences provided by the decision maker, based on a structured process
within the scope of the multi-attribute value theory, to find the values of the scale
constants. The model is presented for both choice and ranking problematics and
it is based on the traditional tradeoff procedure, which is axiomatically robust.
The model effectiveness is verified after being applied to three problems adapted
from the literature to both choice and ranking problematics. As a result, it was
observed that in the choice problematic, in all analyzed problems, a single optimal
alternative was found and always with 6 or less questions answered. In turn, in the
ranking problematic in all cases either a complete order or a complete preorder
was found with 17 or less questions answered.

Keywords: Hierarchical criteria · Multiple Criteria Decision-Making Aiding
(MCDMA) · FITradeoff

1 Introduction

Decision situations typically present conflicting objectives, dynamic environments or
poorly structured problems (Louvieris et al. 2010). In this context, the identification and
structuring of objectives presents an enormous potential to support decision making,
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since they facilitate the understanding of the problem under analysis (Keeney 1992).
However, there are still some difficult to understand the elements of decision structuring
such as the differences between ends and means objectives as well as objectives and
goals, restrictions, or even alternatives. Thus, the relations between the elements are
often not properly specified (Keeney 1996).

The identification of these objectives, in each analyzed problem, requires time, cre-
ativity, and knowledge of the decision-makers, who must be assisted by analysts during
the process (Keeney and Raiffa 1993). Given the above, decision-aiding tools require
concepts and methods from mathematical origin or simpler ways of organizing thought,
such as lists, tree structures, or graphs (Boyssou et al. 2002).

Thus, the front end of formal assessment models and the first step in any of its
applications is the elicitation or construction of a formal value structure, usually in the
form of trees of values and objectives. Among these formal value structures, a hierar-
chy of objectives stands out (Keeney and Raiffa 1976), which organizes objectives and
attributes to clarify decision making, also known as the value tree or decision hierarchy
(Von Winterfeldt and Edwards 1986).

The hierarchical structure has several advantages. First, understanding the values
established for the weights of the objectives, which results in a better elicitation pro-
cess. In addition, the hierarchy makes clearer the distinction between means and ends
objectives, identifying gaps, redundancy, or double counts (Keeney 1992). However, the
formulation of the value tree is not an easy task and takes up most of the time in real
applications. Since these structures should include all relevant aspects, but still be as
small as possible. Also, an important aspect is that for additive value models attributes
of the value tree should be preferably independent of each other (Poyhonen et al. 2001).

In this case, defining criteria weights values is not a trivial task since these parameters
should not only represent the level of importance of the criteria but represent the mean-
ing of substitution rates, called scale constants. Thus, decision-makers should evaluate
criteria considering how much they are willing to lose in one criterion to win in another
one (Frej et al. 2021).

It is worth noting that in the last decades, several authors are faced the challenge
of inferring partial information in hierarchical structures. Due to the difficulty in deter-
mining these weights, it was found that biases are generated at the time of elicitation,
but that their origins are not exactly known (Poyhonen 1998). Aiming to determine the
weights in value tree structures and to minimize or eliminate these biases, multicrite-
ria decision support methods that deal with hierarchies were developed, such as the
AHP (Analytical Hierarchy Process) (Saaty 1980), PAIRS (Preference Assessment by
Imprecise Ratio Statements) (Salo and Hamalainen 1992), PRIME (Preference Ratios
in Multiattribute Evaluation) (Salo and Hamalainen 2001) and RICH (Rank Inclusion in
Criteria Hierarchies) (Salo and Pukka 2005). However, these still have some limitations
and inconsistencies, such as the AHP which has several disadvantages, as presented by
Belton and Goodwin (1996).

In this context, it is a challenge to analyze hierarchically structured criteria in the
context of partial information highlighting the need to research newmethods, sincemany
of them are effective in solving problems, but do not accept hierarchically organized cri-
teria as input. An example is the FITradeoff method (Flexible and Interactive Tradeoff),
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which deals directly with the objectives present at the bottom of the hierarchy, not being
capable to infer information about the lower levels criteria through the objectives at the
highest level. Therefore, this work aims to propose a new approach to consider hierar-
chical criteria within the FITradeoff method, increasing the applicability of the method
to solve problems with hierarchically structured objectives and, possibly, in these cases,
reducing the number of questions answered to obtain the solution of the problem.

This work is structured as follows. Section 2 describes the concept of decision tree,
Sect. 3 describes the FITradeoff method both for choice and rank problematics, Sect. 4
presents the new approach to hierarchical problems, Sect. 5 presents the results and
discursion. Finally, Sect. 6 presents the final comments and lines for futures research.

2 Criteria Hierarchy

A fundamental step towards the solution of a problem is the definition of which criteria
will be considered for the evaluation of the alternatives. An objective, generally, indicates
the direction to be followed to obtain better results, and it is measured according to these
attributes. In this way, if the decision-maker neglects one of the main objectives, then the
information that could be used to distinguish the alternatives can be ignored, increasing
the likelihood of an error at the time of the decision (Keeney and Raiffa 1993).

Given this, the structuring of objectives results in a process of deeper andmore precise
understanding of what should be considered in the context of the decision, making it
clear and defining the set of final objectives (Keeney 1996). This is usually done by
obtaining the criteria through a hierarchical construction in the form of a value tree. In
this regard, the ends objectives, relatively broader, are represented at the higher level and
are increasingly divided into more specific criteria (Belton and Stewart 2002). On the
other hand, the lower-level criteria must be mutually exclusive and collectively provide
an exhaustive characterization of the higher-level criteria to include all the fundamental
aspects of the consequences of the decision alternatives and to avoid double counting
(Kajanus et al. 2004).

Analysis on value trees is usually based on additive value models, and, consequently,
weights depend on the range of attributes and should be normalized. In these cases,
elicitation can be carried out hierarchically or non-hierarchically, as shown in Fig. 1
(Poyhonen et al. 2001). In non-hierarchical weighting, the decision-maker considers all
the attributes of the lower level simultaneously and assigns weights only to them. In turn,
in the hierarchical weighting, the weights of each level and each branch of the value tree
are elicited and normalized to sum equals one, separately. In this way, the final weights
of the lowest hierarchical level are obtained by multiplying all the weights in the value
tree (Weber and Borcherding 1993).

Regardless of how the analysis of the structure is made, the final results should not
be modified, if there is a change it may be indicative of the existence of biases at the time
of determining the weights. Another important aspect was stated by Belton and Stwart
(2002) that warned for the necessity of defining the difference between cumulative and
relative weights, in italics and in bold in Fig. 2, respectively. The relative weights are
evaluated inside families of criteria being normalized to sum equals one, that is, criteria
that share the same objective at the above level, as, in Fig. 2, US accessibility and quality



Incorporating Hierarchical Criteria Structure 103

Fig. 1. Representation of the hierarchical and non-hierarchical form of determining weights.
(Source: Adapted from Poyhonen et al. (2001))

of life. In turn, the cumulative weights of a criterion are the product of its relative weight
and the relative weight of the objective at the above level that is associated with this,
and so on up to the top of the tree, for example, in Fig. 2, the multiplication of the
relative weight of the criterion personal problem by the relative weight of the criterion
staff availability results in the cumulative weight of the criterion staff availability.

Fig. 2. Representation of relative and cumulative weights. (Source: Belton and Stewart (2002))

The authors state that higher-level criteria weights are harder to interpret since they
are the sumof their sub-criteria cumulateweights.Other authors highlighted the difficulty
of defining values for the scale constants in value trees and warned of several biases that
may originate from this process (Poyhonen et al. 2001). Thus, the definition of scaling
constants is a field with potential to be explored, especially in multicriteria decision
problems, since the opinion of the decision-maker needs to be taken into consideration
for its determination. In this way, the present work presents a mathematical model
that allows the definition of these values through a hierarchical elicitation, that will be
incorporated in the FITradeoff system.
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3 FITradeoff Method

The FITradeoff method was originally developed by de Almeida et al. (2016), based on
the axiomatic structure of the classical tradeoff procedure (Keeney and Raiffa 1976), but
reducing the cognitive effort made by the decision-maker because is asked for them to
inform preference relations instead of points of indifference. This method considers that
decision-makers have compensatory rationality, that is, they admit that low performance
in one criterion can be compensated by high one in another, and presents an additive
aggregationmodel (Pergher et al. 2020). In thismethod, after structuring the problem and
defining alternatives and criteria, an intra-criterion evaluation should be carried out, that
is, converting the consequences of the defined criteria into a single 0–1 scale. This step
ensures that a global value for each alternative is specified through additive aggregation
at the end of the process (Belton and Stwart 2002). Then, an inter-criterion analysis is
carried out, in which the flexible and iterative Tradeoff presents twomain stages: ranking
the weights of the criteria and eliciting their values (Roselli et al. 2018).

In the case of the choice problematic, after the decision-maker has established his
preference, a linear programming problem (LPP) (Eq. 1 to 7) is executed to verify the
potential optimality of the alternatives (De Almeida et al. 2016).

Maxk1,k2,k3,...,kn

n∑

i=1

kivi(xia)

s.t.

(1)

k1 > k2 > . . . > kn (2)

kivi
(
x′
i

) ≥ ki+1 (3)

kivi
(
x′′
i

) ≤ ki+1 (4)

n∑

i=1

kivi(xia) ≥
n∑

i=1

kivi(xiz), z = 1, 2, . . . ,m; a �= z (5)

n∑

i=1

ki = 1 (6)

ki ≥ 0, i = 1, 2, 3, . . . , n (7)

In this LPP, ki is the scale constant from the i criterion and the decision variables.
Furthermore, the model is applied for each alternative a, in the set of m alternatives,
considering consequences xia for criterion i, in the set of n criteria, and alternative a.
Being vi(xia) the value function of the consequence xia normalized in a 0 to 1 scale.

Equation (1) is the objective function of the LPP which seeks to maximize the value
of alternative a. Then, the constraints of the linear programming are defined as follows:
(2) ranking of the scale constants, obtained in the first stage; (3) and (4) restrictions
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resulting from the strict preferences established by the decision-maker; (5) potential
optimality constraint, which aims to ensure that the global value of the alternative a is
greater than the global value of the alternative z, a �= z for at least one weight vector;
and (6) and (7) normalization and non-negativity of scale constants, respectively (De
Almeida et al. 2016).

In the case of the ranking problematic, the objective function of the LPP and the
restrictions are modified, since it is desired to rank the alternatives. Thus, the restriction
of potential optimality does not belong to the LPP, once it is not desired to exclude
alternatives from the final result (Frej et al. 2019). The LPP for the ranking problematic
is represented by Eq. 8 to Eq. 13.

MaxD(aa, az) =
n∑

i=1

kivi(xia) −
n∑

i=1

kivi(xiz)

s.t.

(8)

k1 > k2 > . . . > kn (9)

kivi
(
x′
i

) ≥ ki+1 (10)

kivi
(
x′′
i

) ≤ ki+1 (11)

n∑

i=1

ki = 1 (12)

ki ≥ 0, i = 1, 2, 3, . . . , n (13)

The LPP referring to the choice problematic aims to use the concept of potential
optimality to find an optimal alternative to the problem under analysis, while the LPP
for the ranking problematic uses the concept of pairwise dominance to find the rank of
alternatives (Frej et al. 2019).

In the FITradeoff decision support system, the process begins with the stage of
creating a ranking of the criteria weights, being this the initial information of preference
provided by the decision-maker (Pergher et al. 2020). Next, there is a comparison of
hypothetical consequences that should be conducted by the decision-maker, establishing
strict preference or indifference for each compared pair. It is also possible to choose to not
respond to the comparison of a certain cycle (De Almeida et al 2016). During this phase,
called elicitation, the partial results can be monitored through radar, bubble, and bar
graphs that allow a better understanding of the alternatives under analysis. In addition,
at each cycle, the decision-maker can choose to continue the process or stop and remain
with the result found up to that moment (Roselli et al. 2018).

If the decision-maker decides to continue the process until it reaches the end, for the
choice problematic one or more alternatives can be obtained as optimal for the problem,
for the ranking problematic a complete or partial rank can be obtained (Frej et al. 2019).
This method is previously applied to solve problems in the most diverse areas, such
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as location problems (Dell’ovo et al. 2020), supplier selection (Rodrigues et al. 2020;
Frej et al. 2017), portfolio selection (Frej et al. 2021), scheduling rules selection in job-
shop production systems (Pergher et al. 2020), renewable energy source selection for
Brazilian ports (Fossile et al. 2020) and selection of an agricultural technology package
(Carrillo et al. 2018).

In addition to the various applications, FITradeoff has recently started to allow the
realization of holistic evaluations linked to evaluations by decomposition, which are the
two basic paradigms of preference modeling in MAVT (de Almeida et al. 2021). How-
ever, in none of these applications the hierarchical structured criteria were considered,
which shows a limitation of the current method that only analyzes criteria present at the
base of the value tree. Therefore, this work aims to propose a new mathematical model
to allow the resolution of problems in which the criteria are hierarchically structured in
FITradeoff.

4 Incorporating Hierarchically Structured Criteria
to the FITradeoff Method

The new approach to hierarchical problems uses the basic concepts of the actual FITrade-
off for choice problematic, potential optimality, and for ranking problematic, dominance
relations. However, the consequences are associated with the criteria located at the base
of the hierarchy originated from a certain criterion located at the top of it, instead of
associated only with the criteria located at the base of the hierarchy. Thus, in the choice
problematic, the LPP is applied to each alternative a, considering the consequences
xija where i represents the higher-level criterion and j the lower-level criterion of the
hierarchy.

On the other hand, in the ranking problematic, the concept of pairwise dominance
is considered, in which an alternative a dominates another alternative z if and only
if the global value of z cannot be greater than the global value of a for any vector
of weights within the weight space �, considering, therefore, consequences xija and
xijz where i represents the higher-level criterion and j the lower-level criterion of the
hierarchy.

Thus, before presenting the mathematical model it is important to highlight some
assumptions and properties to support the development of the proposed approach.
Figure 3 presents a hierarchical representation of the criteria that are considered in
the model proposed in this paper. In Fig. 3, 1, 2 … n are the objectives located in the
higher level that are subdivided into objectives located in the lower level, and mn is the
number of criteria belonging to the family of the higher-level criterion n. Additionally
Fig. 3 serves as a basis for the assumptions and properties presented.

Thus, kij is the weight of the criterion, in which i designates the higher-level criterion,
in this case, i= 1, 2, …, n− 1, n and j designates the lower-level criterion. For example,
k12 is the weight of criterion 2, located in the lower level, who is associated with the
criterion 1 located in the higher level.

In addition to the information about value trees that were introduced in Sect. 2, it is
important to present some properties of the cumulative and relative weights. As defined
above, the relative weights are determined by evaluations within families of criteria,
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Fig. 3. Hierarchical representation.

which need to sum equals one. In turn, the cumulative weight of a criterion is the product
of its relative weight and the relative weight of higher-level criterion associated, and so
on up to the top of the value tree. Assuming a two-level hierarchy, Eq. 14 represents the
cumulative weight calculation.

k ′
ij = ki.kij (14)

These cumulative weights have three characteristics that are important to highlight.
The first characteristic is that the cumulative weights of the criteria in the higher level
are the sum of the cumulative weights of their associated criteria in the lower level.
Equation 15 represents this sum.

mi∑

j=1

k ′
ij = k ′

i ; ∀i, i = 1, . . . , n (15)

The second characteristic is that if the criterion is located at the top of the value
tree, then it presents the cumulative weight equal to the relative weight, as represented
in Eq. 16.

k ′
i = ki (16)

Lastly, the third characteristic is that if the criterion in the higher level is not sub-
divided then the cumulative weight from that criterion is considered in the sum of the
cumulative weights of the criteria in the lower level belonging to the other families, so
that the sum of all cumulative weights in one level is 1.

Assumption 1. A two-level hierarchy is considered and the weights of the criteria
located at the top of the hierarchy are determined by: ROC weights (Rank Ordered
Centroid) (Edwards and Barron 1994) or it can be defined directly.

This assumption was made to allow information about the values of the scale con-
stants of the lower-level criteria to be inferred from the higher-level ones. Thus, if a range
of values was established for the scale constants of the higher-level criteria, more atten-
tion would be needed by the decision-maker to prevent intercepts between the intervals,
increasing the cognitive effort to define the range limits. Furthermore, in future works,
when hierarchies of more than two levels are analyzed, the mathematical programing
model would become non-linear, which increases the complexity of the problem, since
several intervals would need to be considered to infer the information. Therefore, by
means of simplification, this assumption was established.
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Assumption 2. The decision-maker is able to order criteria that belong to the same
family.

Assumption 3. The decision-maker is only able to carry out the elicitation stage by
considering criteria that belong to the same family.

After the properties and assumptions have been exposed, in the next section, the new
mathematical model is presented.

4.1 Mathematical Model

The actual FITradeoff presents an elicitation stage in which all the criteria can be com-
pared with each other using a non-hierarchical elicitation. However, it is important that
the method enables the resolution of problems that present criteria structured in value
trees, through a hierarchical elicitation. In this case, decision-makers are able to answer
questions by comparing the criteria, located at the base of the value tree, which belong
to the same family, but not between criteria from different families.

This issue emphasizes the need to establish relations of pairwise dominance in the
ranking problematic, and of potential optimality in the choice problematic, using these
elicitation characteristics that are different from the applied in the actual FITradeoff.
Therefore, a new LPPmodel should be executed after each answer given by the decision-
maker to find a set of potentially optimal alternatives or the ranking of alternatives,
depending on the chosen problematic. Thus, this newmathematicalmodelwas developed
to solve problems where the criteria are structured in a two-level hierarchy and the
following LPP, represented by Eq. 17 to 27, is performed for a choice problematic.

max
k11,...,k21,...,kn,mn

n∑
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mn∑
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n∑
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k ′
ij.vij

(
xijz

); z = 1, 2, . . . ,w; z �= a (24)

k ′
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i+1 ∴
mi∑

j=1

ki.kij >

mi+1∑

j=1

ki+1.k(i+1)j (25)

k ′
i ≥ 0; i = 1 to n (26)

k ′
ij ≥ 0; i = 1 to n; j = 1 to mi (27)

In this LPP, ki is the relative scale constant from the higher-level i criterion, in the set
of n higher-level criteria, kij is the relative scale constant from the lower-level j criterion,
in the set of mi lower-level criteria, associated with the higher-level i criterion, and kij is
also the decision variables. Consequently, k ′

i is the cumulative scale constant from the
higher-level i criterion, in the set of n higher-level criteria, and k ′

ij is the cumulative scale
constant from the lower-level j criterion, in the set of mi lower-level criteria, associated
with the higher-level i criterion. Furthermore, the model is applied for each alternative
a, in the set of w alternatives, considering consequences xija for the lower-level criterion
j associated with the higher-level criterion i, and alternative a. Being vij

(
xija

)
the value

function of the consequence xija normalized in a 0 to 1 scale.
Analyzing the LPP, the first Eq. (17) is the objective function and seeks to maximize

the global value of the alternative a. The relative weights of the lower-level criterion (kij)
are the decision variables. In turn, the relativeweight of the higher-level criterion (ki) will
in principle be a fixed value that can be defined from three different forms, as described
in assumption 1. Furthermore, it is important to highlight that if the higher-level criterion
is not subdivided then in the objective function would be enough to multiply the value
function of alternative a

(
vij

(
xija

))
by the relative weight of this criterion (ki).

Then, the restrictions of the LPP are observed: (18) and (19) they are the normal-
ization of the relative weights of the higher-level criteria and the normalization of the
relative weights of the lower-level criteria that belong to the same family, respectively;
(20) ranking of the higher-level criteria; (21) ranking of the lower-level criteria that
belonging to the same family; (22) refers to the elicitation of preferences of the relative
weights of the lower-level criteria that belonging to the same family; (23) guarantees
the condition of Eq. 15, however, care must be taken as it does not need to be used in
the case where only two hierarchical levels exist, since it becomes similar to constraint
19. This fact occurs because, in this case the Eq. 16 is applied, allowing a simplifica-
tion of this equation; (24) potential optimality constraint, which aims to ensure that the
global value of the alternative a is greater than the global value of the alternative z, a
�= z for at least one weight vector; (25) is a hierarchical constraint that ensures that if
the cumulative weight of one i higher-level criterion (k ′

i ) is greater than the cumulative
weight of another i + 1 higher-level criterion (k ′

i+1), then the sum of the cumulative
weights of the lower-level criteria associated with the i criterion is greater than the sum
of cumulative weights of the lower-level criteria associated with the i + 1 criterion;
and (26) and (27) are the restrictions of non-negativity of the cumulative weights of the
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higher-level criteria and of non-negativity of the cumulative weights of the lower-level
criteria, respectively.

In the case of the ranking problematic, the LPP presents some modifications when
compared to that of the choice problematic. These modifications can be observed in the
objective function and in the absence of the potential optimality constraint that doesn’t
belong to the set of restrictions since it is desired to rank the alternatives and not to
eliminate them. Therefore, the following LPP, represented by Eq. 28 to 37, is for a
ranking problematic.

max
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k ′
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In this way, after each answer provided by the decision-maker, the LPP can be
evaluated, whether for the choice or for the ranking problematic according to the problem
being treated. Thus, the process occurs in a similar way to the FITradeoff with the
difference of LPP uses. In the next section, the results and discussion of the application
of the proposed new model are presented.
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5 Results and Discussions

In this section, the problems analyzed are presented, Subsect. 5.1, and their results for
verifying the effectiveness of the proposed mathematical model in the case of the choice
problematic, Subsect. 5.2, and the ranking problematic, Subsect. 5.3.

5.1 Description of the Problems

In this subsection, three problems are presented, which were solved using the newmath-
ematical model proposed for both choice and ranking problematic and in the following
Subsects. 5.2 and 5.3 will be presented and analyzed of the results found. Some impor-
tant factors to highlight are that for all problems the decision variables were the relative
weights of the lower-level criteria and that the relative weights of the higher-level criteria
were provided by direct definition as input by the decision-maker.

The first problem studied was adapted from Belton and Stewart (2002) and the
relative weights of the higher-level criteria were k1 = 0,4, k2 = 0,3 and k3 = 0,3.
The second problem was adapted from Xia and Wu (2007) and the relative weights
of the higher-level criteria were k1 = 0,44 and k2 = 0,56. In turn, the third problem
was adapted from Keeney and Raifa (1993) and the relative weights of the higher-level
criteria were k1 = 0,2, k2 = 0,3, k3 = 0,3 and k4 = 0,2. Figure 4, 5 and 6 represent the
hierarchies and Tables 1, 2 and 3 represent the consequence matrices of the first, second
and third problems, respectively.

Fig. 4. Hierarchical structure for the first problem. (Source: Adapted from Belton and Stewart
(2002))

5.2 Results and Discussion of the Mathematical Model – Choice Problematic

This section presents the results and discussion of the three problems presented in Sub-
sect. 5.1 using the mathematical model for the choice problematic. In the first problem
analyzed, adapted from Belton and Stewart (2002), alternative 2 was found as a result
after 6 questionswere answered and all families fed a uniform distribution for the relative
weights of the lower-level criteria.

In the second problem analyzed, adapted from Xia andWu (2007), alternative 4 was
found as a result after 2 questions were answered and the first family presented a modal
distribution while the second presented a uniform distribution for the relative weights of
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Table 1. Consequence matrix of the first problem.

Alternative/criteria C11 C12 C13 C21 C22 C23 C31 C32 C33

Alternative 1 0 0,857 0,333 0,2 0,485 1 0,5 0,5 0

Alternative 2 0,4 0,571 0,667 0,8 0,325 1 0,5 1 1

Alternative 3 0,8 0,286 1 1 0 0 0 0 0

Alternative 4 0 0 0 0 1 0,4 1 0,75 0,4

Alternative 5 1 0,286 0,286 1 0,89 0,3 0,75 0,25 0,2

Alternative 6 0,6 0,714 0,717 0,3 0,177 0,34 0,25 0,4 0,8

Alternative 7 0,2 1 1 0,6 0,257 0,8 0,4 0,75 0,6

Fig. 5. Hierarchical structure for the second problem. (Source:Adapted fromXia andWu (2007)).

Table 2. Consequence matrix of the second problem.

Alternative/criteria C11 C12 C13 C21 C22 C23 C24

Alternative 1 0,5 0,6 0,4 0 0 0,5 1

Alternative 2 0 0 1 0,769 1 0 0

Alternative 3 0 0,2 0,8 1 0,667 0 0

Fig. 6. Hierarchical structure for the third problem. (Source: adapted from Keeney and Raifa
(1993)).
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Table 3. Consequence matrix of the third problem.

Alternative/criteria C11 C12 C13 C21 C22 C23 C31 C32 C41 C41

Alternative 1 0,922 1 0,286 0,5 0 0,493 0 0,667 0 0,556

Alternative 2 1 0 0,714 1 0,667 1 0 0 0,4 0

Alternative 3 0 0,629 0,286 0,5 0 0,32 0 1 0,6 1

Alternative 4 0,7 0,805 0 0 1 0 1 0,533 0,8 0,444

Alternative 5 0,922 0,231 1 1 0 0,432 0,5 1 1 0,778

the lower-level criteria. In turn, in the third problem analyzed, adapted from Keeney and
Raifa (1993), alternative 5 was found as result after 6 questions were answered and the
first family presented a modal distribution while the second and third family a uniform
distribution for the relative weights of the lower-level criteria.

The graphs, in Fig. 7, illustrate the cumulative weight ranges for each lower-level
criterion after the last question was answered and the unique solution of each problem
studied was found. Thus, Fig. 7 represents the results of the first, second and third prob-
lems, respectively, where the lower-level criteria with similar markers color represent
the lower-level criteria that belong to the same family.

Through the observation of Fig. 7, it is possible to notice that the weight range is
narrow, which does not mean that the result is not good, since it is in agreement with
the preferences of the decision-maker. It is important to highlight that in some real
conditions and problems it is possible to find such situations. In addition, it was possible
to observe that even the problems having different numbers of families, alternatives and
lower-level criteria, a single solution was found in all cases showing the effectiveness
of the mathematical model to solve choice problems.

Another prominent factor was the relative weights of the higher-level criteria, differ-
ent in the evaluated cases, whichmay have been determined from the three different ways
described in assumptions 1, and evidenced the fact that, for hierarchies with two levels,
this assumption is sufficient to ensure that the mathematical model is effective in solving
problems. In view of the results obtained and the observations made, it is possible to
conclude that the mathematical model presented for the choice problematic is effective
for solving problems with hierarchically structured criteria and two hierarchical levels.

5.3 Results and Discussion of the Mathematical Model–Ranking Problematic

In this section, the results and discussion for the three problems described in Sect. 5.1
are presented. The results were obtained using the mathematical model for the ranking
problem. In the first problem analyzed, adapted fromBelton and Stewart (2002), a partial
rank of the alternatives was found as a result after 17 questions were answered and all
families showed a uniform distribution for the relative weights of the lower-level criteria.

In the second problem analyzed, adapted fromXia andWu (2007), a complete rank of
the alternatives was found as a result after 6 questions were answered and the first family
presented a modal distribution while the second presented a uniform distribution for the
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Fig. 7. Represent the ranges of each criterion for the unique solution found in the adaptedproblems
from (A) Belton and Stewart (2002), (B) Xia and Wu (2007) and (C) Keeney and Raifa (1993).
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relativeweights of the lower-level criteria. In turn, in the third problem analyzed, adapted
fromKeeney and Raifa (1993), it was also found a complete rank of the alternatives after
11 questionswere answered and the first and fourth family presented amodal distribution
while the second and third family presented a uniformdistribution for the relativeweights
of the lower-level criteria.

Figure 8 illustrates the Hass diagrams for first, second and third problems analyzed,
respectively, after solving each of them. In this diagram, the directed arrows repre-
sent dominance relations and lines without arrows represent indifference between the
alternatives.

Fig. 8. Ranking visualization diagram after the last answer is provided by the decision-maker for
the adapted problems from (A) Belton and Stewart (2002), (B) Xia andWu (2007) and (C) Keeney
and Raifa (1993).

Through the observation of Fig. 8, it is possible to notice that the proposedmathemat-
ical model is able to incorporate decision makers’ preferences and obtain as a result both
ranks with indifferent and non-indifferent alternatives. Thus, at the end of the elicitation
process, it is possible to find both a complete rank or a partial rank. In addition, as in the
case of the choice problematic, the model for the ranking problematic was also able to
solve the problems with different characteristics such as number of families, alternatives
and lower-level criteria.

Another important factor was that, as in the case of the choice problematic, the
weights of the higher-level criteria defined by the decision-maker are different in the three
analyzed cases. Evidencing the fact that, for hierarchies with two levels, this definition
is enough to ensure that the mathematical model for the ranking problematic is also
effective in solving problems. Given the above, it is possible to note that the model is
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capable of solving different problems that occur in the real world. Thus, being effective
for solving problems in which the criteria are structured hierarchically and have two
hierarchical levels.

6 Final Considerations

This article presented a new approach for dealing with hierarchical structured criteria for
both choice and ranking problematics in FITradeoff. In order to verify the effectiveness
of the model, three problems adapted from the literature on the value tree were presented
and analyzed both for the choice and ranking problematics.

As a result, it was possible to observe that for both problematics the model was
able to incorporate the preferences of the decision-maker and find a solution for the
problems. In addition, it is important to highlight that for the choice problematic in
the three cases, a single optimal alternative was found and in the case of the ranking
problematic, complete and partial rankings were found. It was concluded, therefore, that
the model is effective for solving problems that present hierarchically structured criteria
and two levels of hierarchy.

It is worth mentioning, however, that the current approach considered some sim-
plifications and assumptions on its modeling, which should be further investigated and
explored by future researches. An important issue to be further investigated is the use of
ROC to obtain these criteria weights at the top of the hierarchy. This method, when used
to obtain weights for few criteria, presents a very uneven distribution of values (Edwards
and Barron 1994). Thus, criteria ordered in the first positions have very high weight val-
ues while criteria ordered in lower positions receive very low values. Therefore, there is
a need to carry out a more detailed study on the impact of this distribution of the values
of the higher-level criteria weights on the values of the lower-level criteria weights.

This article also presents some perspectives for future research. Initially, it is nec-
essary to develop a study about the impact of using ROC in the model. In addition,
the development of a heuristic must be performed to reduce the number of questions
answered by the decision-maker, aiming to reduce its cognitive effort. Lastly, another
field of research would be the implementation of this model for problems with more
than two hierarchical levels, since at first this still an existing limitation.

Acknowledgments. This work had support from the Brazilian Research Council (CNPq) and
Coordination for the Improvement of Higher Education Personnel (CAPES).

References

Belton, V., Stewart, T.: Multiple Criteria Decision Analysis: An Integrated Approach. Springer,
Boston (2002). https://doi.org/10.1007/978-1-4615-1495-4

Belton,V.,Goodwin, P.: Remarks on the application of the analytic hierarchy process to judgmental
forecasting. Int. J. Forecast. 12, 155–161 (1996). https://doi.org/10.1016/0169-2070(95)006
43-5

https://doi.org/10.1007/978-1-4615-1495-4
https://doi.org/10.1016/0169-2070(95)00643-5


Incorporating Hierarchical Criteria Structure 117

Bouyssou, D., Jacquet-Lagrèze, E., Perny, P., Slowiński, R., Vanderpooten, D., Vincke, P.: Aiding
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Abstract. Decision Makers generally reason on several criteria, aiming to obtain
a total consistency or partial order of several alternatives. MultiCriteria analysis is
based on the assumption that such ordering exists. Decision Makers are supported
by several kinds of approaches or tools. One approach consists in comparing the
criteria two by two, i.e. pairwise comparison, to find the relative importance of
each criterion. This relative importance, calledweight of criteria, is used to find the
final order of alternatives. One methodology, developed by Saaty, called Analyti-
cal Hierarchical Process (AHP), is based on this principle of pairwise comparison.
Having the weights of criteria, the decision makers have then to compare the alter-
natives two by two for each criterion. Pairwise comparisons are simple to use;
however, as the number of items to compare increases, so do the effort of conduct-
ing all comparisons and the probability of introducing inconsistencies. In this arti-
cle we present an innovative approach to conduct pairwise comparisons based on
a UI widget that resembles an interactive data plot. It uses the transitivity property
of a consistent comparison matrix to infer comparisons. Our hypothesis is that this
new approach is more efficient (as it reduces the number of actions the user must
conduct to compare all items), more effective (as it limits the sources of inconsis-
tencies), and yields better user satisfaction.We conducted a controlled experiment
involving 50 participants.We observed that the proposed widget reduces the effort
of making pairwise comparisons, improves the consistency of the comparisons,
and leads to a better user experience.
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1 Introduction

The AHP method is an analytical approach for supporting decision making following
a multi-criteria approach [1]. It has been used in several areas, such as transport plan-
ning, rationing of energy, risk management projects, benchmarking of logistics opera-
tions, management of quality of services in hospitals, operationsmanagement, allocation
resources for product portfolio management. It was developed by Thomas Saaty in 1970
and allows the decomposition of a complex problem in a hierarchical system. Alterna-
tives defined by the decision maker provide their relative priorities thanks to a pairwise
comparison. Then a synthesis allows decision makers to easily understand what would
be the best choice. Classification is performed at several levels which are associated
with different criteria. Thus, it is possible to determine the most appropriate alternative,
depending on the priority given to each used criteria. Pairwise comparisons (PCs) are a
central feature of AHP.

In this article we present an approach to conduct PCs that is easy to use, intuitive,
reduces the number of required comparisons, and yields consistent and complete com-
parison matrices. A visual 2D representation of the comparable items is used to express
relative preferences among items. The transitivity property of the AHP matrix is used
to infer preferences thus reducing the number of required comparisons. As a result,
the method yields more consistent matrices regardless of the number of alternatives
considered.

Next, we motivate our work by presenting an overview of key concepts regarding
consistency and transitivity in AHP comparisons, and by discussing the role of visual-
izations. Then, we present our approach based on an innovative pairwise comparison
widget. Following, we present the methodology used to evaluate the approach and the
results we obtained. To conclude, we offer conclusions and discuss future work.

2 Background: Pairwise Comparisons in AHP

Following the construstruction of the hierarchical model with various levels of criteria
and one one level of alternatives, PCs are carried out at each level. Different scales can be
used to compare items [2]. In this work we focus on the original scale proposed by Saaty,
using integer values in [1, 9], and their reciprocals. The decision makers’ judgments are
kept in a matrix model called the Judgments Matrix. The main objective is to compare
the relative importance of all elements belonging to the same level.

Transitivity in multiple criteria decision making is also called ordinal consistency
[3]. If a decision maker prefers alternative x1 to alternative x2 and x2 to x3, then transi-
tivity requires that he/she also prefers x1 to x3, as otherwise, cycles would exist in the
preferences. Tversky [4] considered transitivity to be the cornerstone of normative deci-
sion theory. Preference transitivity is a basic principle in most major rational, descriptive
decision models [5].

Benitez et al. [6] propose a method to achieve consistency in AHP through optimisa-
tion. This method has the major advantage of depending on just the decision variables –
the number of compared elements – and so is less computationally expensive than other
optimisation methods, and can be easily implemented in virtually any existing computer
environment.
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Decision support software packages such as Super Decisions [7] and Expert Choice
[8] offer alternative modes to elicit user preferences as PCs. A frequent strategy to elicit
comparisons is to present them in a matrix. Each value in the cell compares the item
represented by the row, to the item represented by the column. Entering a value in a
cell, automatically updates the value if its inverse. This method requires users to get
accustomed to the direction of the comparisons, and the interpretation of the values
(which are both integers and fractions). Super Decisions improves the matrix view by
removing the values in the diagonal, keeping only one value for each pair (i.e., removing
the inverse comparison), and introducing an arrow that indicates the direction of the
comparison (see Fig. 1).

Fig. 1. Matrix view in Super Decisions V3.2

The questionnaire view is another common presentation to elicit PCs. Each row
represents one pairwise comparison, with the items to compare on each side. The user
must place a mark closest to the item that is considered more important (or preferred).
Super Decisions uses radio buttons as markers in its questionnaire view (see Fig. 2),
while PriEst [9] uses sliders (in PriEst, this view is called equalizer). Placing the marker
in themiddle indicates that items are equally important. The number of positions between
items normally reflect values from 2 to 9 in each direction, plus 1 in the middle position.

Both, thematrix presentation and the questionnaire presentation, offer a holistic view
of all comparisons. In addition to these holistic presentations, some tools offer visual
means to manipulate individual comparisons, for example in the form of an interactive
bar or pie chart.

All the aforementioned strategies consider that each pairwise comparison is inde-
pendent from the rest of them. Independence among comparisons directly correlates
to consistency; the more liberty (and the less scaffolding) users have to independently
compare items the more likely they are to introduce inconsistency. Super Decisions
and PriEsT offer help to identify inconsistency. In addition, PriEsT offers visual aids to
observe transitivity.

How to present and to elicit PCs is one of the challenges faced by decision support
tools designers; modelling preferences is almost as important as the modelling of the
logical structure of the problem [10]. Abel et al. [11] compared the usability of two
contrasting approaches to elicit decision priorities namely, PCs and constrained opti-
mizations. Their work focuses on performance and usability as perceived by the user.
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Fig. 2. Questionnaire view in Super Decisions V3.2

The authors observed that PCs outperformed constraint optimizations for both efficiency
and efficacy. There was little, if any, difference in terms of perceived usability. Millet
[12] compared five preference elicitationmodels in terms of efficacy and ease of use. The
results of Millet’s research supports the motivation of this work to explore alternative
graphical modes to elicit preferences.

Perfectly stating pairwise preferences is seldomly possible for a decision maker.
Many factors (such as the number of possible transitive steps) can cause the introduction
of inconsistencies in a decision matrix that results from pairwise comparison. Com-
puting the consistency of a decision matrix is a means to assess the decision maker’s
understanding and experience in a field (which can help value decisions). There are
many methods to compute the consistency of a decision matrix [13]. In this work we
assess the quality of a given comparison matrix by means of the Consistency Ratio (CR)
as proposed by Saaty [14]. It was introduced by Saaty [14] in order to check decision-
makers preferences consistency in the AHP methodology. This CR was then analysed
by several authors and is one of the main ways to check this consistency. It is the reason
why we decided to use it in our study.

Computing the CR is a two step process. First, the Consistency Index (CI) of a matrix
A of size n is computed according to Eq. 1, where λmax is the maximum eigenvalue
of the matrix. Then, the CR is the ratio between the CI and a real number called the
Random Index (Eq. 2). The random index for a matrix of size n (RIn) is an estimation of
the average CI obtained from a large set of randomly generated matrices of size n [15].

CI(A) = λmax − n

n− 1
(1)

CR(A) = CI(A)

RIn
(2)



A User Interface for Consistent AHP Pairwise Comparisons 123

3 Transitive Spacial Comparisons

Our approach to support PCswhilemaintaining consistency builds on two pillars. Firstly,
it proposes a new visual tool (a User Interface widget) to express relative preferences.
Secondly, all PCs are updated on every preference update using the transitivity property
of an (assumed) consistent AHPmatrix. The design of the widget conveys the transitivity
of comparisons.

The proposed widget is depicted in Fig. 3. It resembles a 2D, continuous data plot.
The vertical axis is labeled with the expressions that are normally given to the values
in Saaty’s scale. All items to compare are placed on the horizontal axis. The plot line
includes a handle (a small circle) for the value corresponding to each item. The first
handle (in this case, Price) is “anchored” to the middle value (representing 1, or equally
important). All other handles can be moved upwards or downwards.

At first, all handles are anchored at the middle position indicating that they are
equally important. The user moves handles to indicate how a given item compares to
the anchored one. For example, Fig. 3 shows that the handle for RAM has been moved
upwards to indicate that RAM is very strongly better than Price (the anchored item).
Moreover, moving a handle to express how the item compares to the anchored one,
also indicates how it compares to all other items. That is, moving the handle for RAM
expresses how it compares to the anchored item (Price), but also to all other items.

Fig. 3. UI widget to present and elicit PCs

The widget offers a complete picture of how items compare to one another; however,
labels in the vertical axis are expressed only in relation to the anchored item. Double
clicking on a handle (the small circle on the plot), anchors the criterion for that handle
to the left, updating the position of all other handles to reflect the change. This feature
lets users explore the comparison space from the perspective of each item.
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The visual representation of the comparisons helps maintain transitivity. By plotting
all preferences in a 2D space, they inherit the transitivity properties of the comparison
function in real numbers. Moving one handle simultaneously expresses how the item
compares to the anchored one, and to all other items. This feature of the widget reduces
the number of actions (e.g., clicks) that the user must make to compare all items.

PCs are stored in a matrix using Saaty’s scale; rows and columns represent the
handles (i.e., the items that handles stand for). The widget is divided in the middle by a
line labeled “equally important”. In addition, each half is divided by eight lighter lines
(that correspond to the labels in the vertical axis).

When the user moves a handle h, the widget computes which line it is closest to.
Then it computes the vertical distance di (rounded to the next integer) from that line, to
the horizontal axis. The distance di is used to update the value in the cell that corresponds
to the comparison between h and the anchored item. If h is above the horizontal axis,
the cell takes the value 1/(di+ 1); otherwise, it takes (di + 1).

As described previously, weights in an AHP matrix are consistent if they are transi-
tive. That is, aik = aijajk for all i, j, and k. The widget forces the transitivity property,
using it to compute all cell values for rows different from that of the anchored item.
Listing 1 outlines the algorithm used to transitively update cells. It iterates only over
the cells that are above the diagonal and not in the row that corresponds to the anchored
item. For each cell, it sets the expected value (according to the transitivity formula), and
it sets the value of its inverse. To deal with rounding errors and extreme values (smaller
than 1/9 or higher than 9), the algorithm adjusts values to the closest in Saaty’s scale.

1:     for i = 1 to n-1 
2:       for j = i+1 to n
3:           if (i != anchored) 
4:              trasitively_update(i,j);
5:              set(j, i, 1 / get(i,j));

Listing 1: Using the transitive property to update cells not corresponding to the anchored item

In combination, the widget design and the update function limit the sources of incon-
sistencies to only those cases that reflect extreme comparisons (i.e. the transitive distance
between two items is larger than what Saaty’s scale can express).

4 Evaluation

Weargue that the proposed approach represents an improvement in terms of usability and
consistency of the resulting comparison matrix. To formally demonstrate such a claim,
we conducted a controlled experiment. The general design of the experiment involves
comparing the proposed widget presented in Sect. 3 to the widespread questionnaire
widget depicted in Sect. 2, Fig. 2. The experiment aims to answer the following questions:

• Efficiency: Does the new widget reduce the effort of conducting pairwise compar-
isons?
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• Efficacy: Does the new widget improve the consistency ratio of the resulting
comparison matrix?

• Ease of use: Is the new widget easier to use than the questionnaire widget?
• Is there a correlation between the use of one widget or the other and the perceived
validity of the resulting ranking?

The experiment was designed as a sequence of tasks to be completed, and surveys
to complete. Following we describe the experiment protocol in more detail.

4.1 Participants

The experiment involved 45 students from a computer and information system Master
in Toulouse as the experimental subjects. All 45 students have received at least one
year of computer training, and master basic decision-making knowledge and clear logic.
In addition, 5 researchers, holding PhDs in computer science from the Toulouse-IRIT
laboratory took part. The researchers are not related to the project. All participants in
the experiment have a basic understanding and basic knowledge in the field of decision
support.

4.2 Evaluation Protocol

The experimentwas carried out individually, one participant at a time. AWithin-Subjects
design was used for this study, meaning that each subject used both pairwise comparison
widgets.

Figure 4 provides an overview of the experiment protocol. First, participants receive
instructions related to the tasks they will be asked to perform. Instructions include a
brief introduction to AHP and the widget that will be used. Special care was taken to
avoid guiding the participants to any expected outcome. Then, each participant conducts
comparisons in two different scenarios. Each scenario includes two pairwise compar-
isons, one of them on a tangible criteria and the other one on an intangible criteria. In
one scenario participants compare travel destinations in terms of price (tangible) and
attractions (intangible). In the other scenario, participants compare apartments in terms
of price (tangible) and characteristics (intangible). Both pairwise comparisons in each
scenario must be conducted with one of the two widgets. Both widgets must be used
(one for each scenario).

To simplify the experiment, participants are not asked to compare criteria, only
alternatives. Criteria are defined to be equally important. After participants finish both
pairwise comparisons in one scenario, the resulting ranking of alternatives is presented,
and discussed. If the resulting ranking does notmatch the one expected by the participant,
the participant is asked to write down an alternative one.

After completing each scenario, participants answer a satisfaction survey. Finally,
after completing both scenarios, participants answer a comparative survey. This exper-
iment design results in four different combinations of scenarios and widgets (see
Table 1).
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Fig. 4. Overview of the experiment session

Table 1. Four possible combinations of scenarios and widgets to avoid learning effect and task
bias

Scenario X Widget A
(Tangible
criteria)

Widget A
(Intangible
criteria)

Scenario Y Widget B
(Tangible
criteria)

Widget B
(Intangible
criteria)

Choosing a
travel
destination

Questionnaire
widget (on
price)

Questionnaire
widget (on
attractions)

Choosing
an
apartment

2D Plot
widget (on
price)

2D Plot widget
(on
characteristics)

Choosing a
travel
destination

2D Plot
widget (on
price)

2D Plot widget
(on attractions)

Choosing
an
apartment

Questionnaire
widget (on
price)

Questionnaire
widget (on
characteristics)

Choosing
an
apartment

Questionnaire
widget (on
price)

Questionnaire
widget (on
characteristics)

Choosing a
travel
destination

2D Plot
widget (on
price)

2D Plot widget
(on attractions)

Choosing
an
apartment

2D Plot
widget (on
price)

2D Plot widget
(on
characteristics)

Choosing a
travel
destination

Questionnaire
widget (on
price)

Questionnaire
widget (on
attractions)

4.3 Tools and Data Collection

Both comparison widgets were deployed as part of an ad-hoc web application. The
Plot 2D widget was implemented as depicted in Fig. 3 (in the previous Section). The
questionnaire widget was implemented as depicted in Fig. 4 below.

It collects the start time and end time for each scenario, and for each pairwise compar-
ison. It also records the number of mouse clicks to complete each pairwise comparison.
This information is used to compute efficiency. In this experiment, efficacy is defined
in terms of the CR of each comparison matrix. The application transparently generates
the comparison matrix that corresponds to each pairwise comparison. Then, it computes
the CR using the procedures presented in Sect. 2.1. After each subject completed the
experiment, the following data was exported from the application and collected in a
spreadsheet for later analysis:
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Fig. 5. Questionnaire widget as implemented in the web application used for the experiment

• Title of scenario X

– Name of 1st criteria (tangible)

• Name of the widget A
• Time (ms) to complete this PC
• Clicks to complete this PC
• CR of this PC

– Name of 2nd criteria (intangible)

• Name of the widget A
• Time (ms) to complete this PC
• Clicks to complete this PC
• CR of this PC

– Resulting ranking
– Expected ranking

• Title of scenario Y

– Name of 1st criteria (tangible)

• Name of the widget B
• Time (ms) to complete this PC
• Clicks to complete this PC
• CR of this PC

– Name of 2nd criteria (intangible)

• Name of the widget B
• Time (ms) to complete this PC
• Clicks to complete this PC
• CR of this PC
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– Resulting ranking
– Expected ranking

The satisfaction survey that participants complete after each scenario was created on
the basis of the Systems Usability Scale survey [16]. It assesses perceived ease of use.
It consists of the following 10 questions that can be answered with a value in the range
1 (strongly disagree) to 5 (strongly agree).

1. I think I’ll use “this comparison widget” frequently.
2. I find “this comparison widget” unnecessarily complex.
3. I think “this comparison widget” is easy to use.
4. I think Iwill need the help of a technician to be able to use “this comparisonwidget”.
5. I found that the various functions of “this comparison widget” were integrated well.
6. I think there is too much inconsistency in “this comparison widget”.
7. I imagine most people would be able to learn to use “this comparison widget” very

quickly.
8. I found “this comparison widget” very cumbersome to use.
9. I felt very confident using “this comparison widget.”
10. I need to learn a lot of things before I can use “this comparison widget”.

The final comparative survey includes only the following two questions:

1. Which tool allowed you to model more precisely the relative importance of each
alternative?

2. Which Tool is easiest to use?

4.4 Results

After 35 days of experiment, a total of 50 persons participated in the experiment. After
data screening and cleaning, there were 13 sets of data with missing data and incomplete
information. Therefore, we conducted data analysis and mining for the remaining 37
sets of data. Following, we present results one research question at a time.

• Efficiency: Does the new widget reduce the effort of conducting pairwise compar-
isons?

To compare both tools in terms of efficiency, we considered the time it took to
complete each PC, and the number of clicks it required. Table 2 presents the results.
Some samples were discarded as they presented invalid data, such as a very short time
in the order of a few seconds, which suggested that the participant did not complete the
task. Comparing the means for the numbers of clicks of both samples, yields a difference
of 5.98 clicks less for the 2D Plot. Given the sample size and the standard deviation of the
sample, this indicates that the 2D Plot requires significantly less effort with significance
value (P-value) of 0.0001. In terms of time, the Plot 2D did not show a statistically
significant improvement over the questionnaire widget.
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Table 2. Comparison of time and number clicks to complete PC

Clicks (Mean) Clicks (Std) Time (Mean) Time (Std) Data points

Questionnaire
widget

16.76 4.82 352.135 185.756 37

2D Plot Widget 10.78 3.61 269.324 173.828 37

• Efficacy: Does the new widget improve the consistency ratio of the resulting
comparison matrix?

To answer this question, we computed the CR of the resulting comparison matrix
after each pairwise comparison. In each case we computed the pass rate (i.e., whether
the CR was lower than 0.1).

Using tool A and tool B to make decisions in the same scenario, the ratio of CR in
the consistency test results is less than 0.1. For the AHP model, consistency is a very
important issue, and it is also one of the limitations of the AHP model. Generally, the
AHP model cannot arrange the order of more than ten criteria or more than ten alterna-
tives, because once the ten factors are exceeded, it is difficult to avoid inconsistencies.
Especially for untrained decision makers, it is difficult to maintain logic and consistency
when comparing multiple factors. A major advantage of the new approach is that it can
avoid the problem of inconsistency in the user’s ranking.

According to the rules of the AHP model, the CR needs to be less than 0.1. If the
CR is less than 0.1, then we consider the consistency test to be passed, if it is greater
than or equal to 0.1, then it is deemed that the consistency test fails. Each Scenario
has two Criteria, one of them of tangible nature, and the other one of intangible nature.
Table 3 presents the results regardless of the type of criteria, and Table 5 and 6 discrim-
inate between tangible and intangible criteria. In all cases, the 2D Plot widget leads to
better consistency.

Table 3. CR regardless of the type of criteria

CR (Mean) CR (Std) Pass rate Data points

Questionnaire widget 0.21494 0.18189 28.38% 74

2D Plot Widget 0.03669 0.06868 90.54% 74

• Is there a correlation between the use of one widget or the other and the perceived
validity of the resulting ranking?

At the end of each scenario (i.e., after completing the two required PCs) the appli-
cation presented a final ranking of alternatives. The participant had to indicate if the
presented ranking was the expected one or not. If not, the participant indicated what
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Table 4. CR for tangible criteria

CR (Mean) CR (Std) Pass rate Data points

Questionnaire widget 0.18681 0.1621 32.43% 37

2D Plot Widget 0.02408 0.0495 91.89% 37

Table 5. CR for intangible criteria

CR (Mean) CR (Std) Pass rate Data points

Questionnaire widget 0.24307 0.19537 24.32% 37

2D Plot Widget 0.04931 0.08163 89.19% 37

was the expected ranking. Figure 7 reports the count of matches and misses by widget.
It was not a surprise to discover that misses largely outcount matches for both widgets.
Whether or not the final ranking matches the user’s expectations depends on multiple
factors. Firstly, forcing both criteria to be equally important possibly contradicts the
model the participants would have constructed. Second, if two alternatives obtain the
same rank the tool randomly decides which one to rank first.

The focus of this experiment is on the effect of different widgets used in the decision
making process (in PC in particular), not the whole AHP model and process. The key
question is whether both widgets integrated similarly into the whole model. To gain
further insight into the relation between thewidget and thefinal ranking,we computed the
Levenshtein distance between the observed and the expected ranking. Figure 7 reports the
results for all misses. It can be observed that both widgets obtained a similar distribution.
This result indicates that there is no significant correlation between the widget, and
between the expected and observed ranking.

Fig. 6. Correspondence of expected rank vs.
observed rank, by widget

Fig. 7. Levenshtein distance between
expected and observed rank, by widget

• Ease of use: Is the new widget easier to use than the questionnaire widget?

The satisfaction (perceived ease of use) survey was completed for both widgets by
30 participants. Responses were used to produce a score in the range 0–100 as suggested
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by the SUS method. Results were interpreted as relative to the observations made by
Sauro [17]. According to the author, who conducted a large number of usability studies
and compared the results, any score value under 68 is considered to be below average.
Scores above 68 can be grouped in three buckets, each representing the top 30% (grade
C, for scores between 68 and 74), top 20% (grade B, for scores between 74 and 83.1),
and top 10% (grade A). Figure 8 presents the scores obtained by both widgets, grouping
them in the above average buckets. The Plot 2D widget was perceived above average for
more participants, and with higher grades in general.

Fig. 8. SUS Scores for both widgets, for 30 responses.

The comparative survey that users completed after finishing the experiment confirms
that the users perception favored the 2D Plot widget. As depicted in Fig. 9, the 2D Plot
widget allowed users tomodel more precisely the relative importance of each alternative,
and was easier to use.

Fig. 9. Results of the comparative survey

4.5 Discussion

Our aim was to show that the proposed approach represents an improvement in terms
of usability and consistency of the resulting comparison matrix. The experiment was
designed to answer the following questions:
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• Efficiency: Does the new widget reduce the effort of conducting pairwise compar-
isons?

The experiment has shown that the number of clicks and the time are clearly reduced
using the 2D Plot Widget (see Table 2).

• Efficacy: Does the new widget improve the consistency ratio of the resulting
comparison matrix?

Tables 3, 4, 5 have shown that the CR (that is a representation of consistency) is
better, regardless of the type criteria or for each type of criteria, using the 2D Plot
Widget. Although the 2D Plot aims to remove the sources of inconsistencies, extreme
transitive comparison can still cause the CR to be non-zero. The widget still allows the
user to express extreme comparisons such as criterion A being “extremely better” than
criterion B (the anchored item), and criterion C being “extremely worse” than criterion
B. It can correctly express these comparisons in the underlying matrix as 1/9 and 9
respectively. However, when computing (via the algorithm in Listing 1) the value for the
pairwise comparison for A and C, it obtains values that are smaller than 1/9 or higher 9.
The algorithm rounds these values to the closest one in Saaty’s scale, which causes the
CR to be non-zero.

• Ease of use: Is the new widget easier to use than the questionnaire widget?

The Plot 2D widget was perceived above average for more participants, and with
higher grades in general.

• Is there a correlation between the use of one widget or the other and the perceived
validity of the resulting ranking?

Figures 6, 7 indicate that there is no significant correlation between the widget, and
between the expected and observed ranking. Nevertheless, as shown in Fig. 9 the 2D
Plot widget allowed users to model more precisely the preferences of each alternative,
and was easier to use.

This experiment has shown that the 2D Plot Widget is easier to use and allows a
better consistency for end-users. Nevertheless, we have to mention that the number of
operable data is not consistent for all questions, as an example the satisfaction (perceived
ease of use) conclusions are based on only 30 answers as the other conclusions are based
on 37 answers.

To consolidate these results, the studymust be conductedwithmore subjects.Another
issue is that the subjects were students using computers easily. It could be interesting
to compare two kinds of subjects: students not accustomed to using these Widgets and
Information technologies students.
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5 Conclusions

PCs are a central feature of AHP. They are simple to use; however, as the number of
items to compare increases, so does the effort of conducting all comparisons and the
probability of introducing inconsistencies increase as well. We presented an innovative
approach to conduct PCs based on a UI widget that resembles an interactive data plot.
It uses the transitivity property of a consistent comparison matrix to infer comparisons.
Our hypothesis is that this new approach is more efficient (as it reduces the number
of actions the user must conduct to compare all items), more effective (as it limits the
sources of inconsistencies), and yields better user satisfaction.

Pairwise comparison tools frequently present each comparison independently. In
contrast our widget presents multiple pairwise comparisons at once, visually suggesting
how they relate to one another (especially via transitivity). Presenting comparisons this
waymay hinder (psychological) independence of comparisons. Moreover, the curve that
connects handles may misguide users to believe that there is something between items
(taking intermediate values). Studying the impact of these potential drawbacks is the
focus of future work.

In the AHPmethodology proposed by Saaty, inconsistencies are addressed thanks to
the systematic pairwise comparisons. This way of capturing users’ preferences ensures
consistency of preferences as these preferences are processed at the deepest level of
details. Nevertheless, this approach is very time consuming andwe cannot guarantee that
at the end of the process the end-user remembers his own choices done at the beginning
of the process. Another approach to capture users’ preferences is to ask them to directly
evaluate the criteria and the alternatives on an ordinal scale. This approach has also shown
its limits as it is very difficult for a decision-maker to proceed without any comparison.
Thanks to the developed widget, our approach is a proposal to guarantee decision-
makers’ consistency by proposing global comparisons among criteria and alternatives
and at the time the end-user saves time.
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Abstract. The Federal University of Rio de Janeiro’s extension course in Implant
Dentistry is a pioneering successful initiative of the university’s Dental School,
that provides free access to implant services through an innovative modality of
educational training. In recent years, however, the lack of public investments in
universities has negatively affected these kinds of initiatives, forcing the institu-
tions to adapt to maintain the supply of vacancies and the quality of education
offeredQuery. It is essential, therefore, to evaluate the structures and management
processes to enable both the continuity of teaching and training and the implant
services to low-income people. In order to overcome these problems, we applied
a multimethodology for structuring and proposing interventions called Complex
Holographic Assessment of Paradoxical Problems (CHAP2). This methodology,
in contrast to those that isolate the parts of a problem and move quickly to its solu-
tions, encompasses two levels: first, the perception of it as a complex problem and
then the intervention on the problem to integrate the perspectives of the analysts
and the agents involved. Concern the problem structuring, decision making and
interventions. We identified and addressed the problems named “Disorganization
and loss of medical records and administrative information”, “Lack of data collec-
tion and consolidation of the cases treated in the course” and “Lack of performance
indicators and goal setting”. Concrete measures included the implementation of
the database and respective indicators, the construction of the workflow in pro-
cess maps and determining a new sliding-scale fee based on income for the dental
implant service. The contribution of the application of CHAP2 to the Extension
Course in Implantology not only impacted the results on the management of the
course, but also influenced its legacy, as it has engaged the agents involved and
expanded their perspectives about the system.
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1 Introduction/Purpose

In Brazil, the vocation of the Universities is not restricted to Teaching and Scientific
Research but encompasses University Extension as stated in the Federal Constitution,
which prescribes the inseparability of these three pillars. University Extensions aims
to provide a relationship between educational institutions and the society to which it
belongs.

Public funding is the largest source of financial resources for any Brazilian Public
University. National and international political, social, economic, and environmental
crises, however, have imposed severe cuts in the budget of these universities. As a result,
and extension activity has been seriously affected. TheExtensionCourse in Implantology
(ECI) at Faculty of Dentistry (FD) of the Federal University of Rio de Janeiro (UFRJ)
is an example, as it is going through a crisis due to the lack of infrastructure, logistics,
financial and human resources.

Studies aiming at enhancing the sustainability of the University Extension are then
extremely relevant, as continuing education, like university extensions, allows for an
improvement in the knowledge and competence of professional who ventures in it, such
as, in this case the Dental Surgeon (Van Hoof and Meehan 2011).

Implantology is an area of Dentistry that provides rehabilitation for lost teeth through
dental implants. It’s an extremely important area, regarding the current oral condition
in Brazil, where the average of missing teeth in the population aged between 65 and
74 is 25.4 teeth, amongst the 32 teeth in the permanent dentition (SB Brasil, 2010).
However, procedures related to dental implants are not accessible tomost of theBrazilian
population due to the high costs involved.

Brazil is a country that presents important social and economic contrasts. Income
inequality indicators are causally related to health indicators, disclosing income dis-
parities as an important cause of poor health conditions (Szwarcwald et al. 1999). The
integration between professional qualification and dental service to the poorest com-
munity has far-reaching social, cultural and economic benefits, regarding citizenship,
quality of life and economic welfare, far beyond the private market profitability (Yoder
2006). Moreover, it promotes a process of reflection for the student, facilitating per-
sonal and professional development, and developing empathy, communication skills,
and self-confidence (Modifi et al. 2003).

The Extension Course in Implantology (ECI) at the Faculty of Dentistry (FD) of the
Federal University of Rio de Janeiro (UFRJ) was created in 2015 by the faculty of the
Department of Prosthesis and Dental Materials (DPDM). It aims to integrate research,
teaching and services, by training professionals in innovative technologies in clinical-
surgical and prosthetic-laboratory implantology, made available through quality services
at affordable prices. These dental treatments are targeted at the poorest population since
the cost per implant for each patient is equivalent to about 21% of the median of the
values currently charged in private clinics in the city of Rio de Janeiro.

TheECI is free of charge; however, the studentsmust bear the costs of instruments and
materials for individual patients. In consequence, after an initial consultation, the patient
who fits and agrees to the available treatment must contribute with a complementary fee
of R$ 300.00 (±US$ 77.00 in March of 2019) per dental procedure. The fee is used to
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face maintenance costs of undergraduate and specialization clinics, following the Rules
of the FD of UFRJ.

However, nowadays the course faces some problems that hinders a good per-
formance: the fee has become insufficient to meet the need for maintenance; the
infrastructure does not favor the flow of information and the organization of work is
poor.

To support the structuring of problems of the ECI and the search for solutions, a
project was started to help to characterize its main issues, including the course structure,
social service, financial resource, infrastructure, and management of the information.

Problem structuring methods apply to a productive system in its complexity, aim-
ing to identify and model the problems and to intervene through formal methods to aid
decision and management. In particular, the mapping of activities and their interrela-
tionships provides a systemic approach for process management, which will allow the
articulation of specific interventions. The literature presents some cases of application of
management methodologies to dental services. Ahmed and Amagoh (2014) identifies all
stages of services in a dental clinic and develops a plan to address bottlenecks, seeking to
optimize and improve their services. Chapko et al. (1984) demonstrated positive effects
when dental surgeons and assistants attended a workshop with management content,
decision making, development of goals, programming, and communication in the dental
office. Silva et al. (2019) stated that the mapping of processes allows an understanding of
each process and collaborates in the identification of the hierarchy of processes, allowing
the recognition of key processes. With this, there is the provision of a basis for decision
making, which can be applied to dental clinics, assisting managers in understanding the
routine of the clinic.

A metacognitive attitude contributes to the decision-making process of complex
social problems. Through metacognition it is possible to provide mental detachment and
develop a reinterpretation of the environment and relationships on your part, leading to a
deepening of awareness and facilitating the decision-making process (Lins et al. 2021).

To support the continuity of the ECI as a free teaching channel for students and cheap,
but qualified treatment for the society, the problem structuring methodology Complex
Holographic Assessment of Paradoxical Problems (CHAP2) was applied to provide an
expanded view for the agents involved in the processes and to guide their necessary
interventions on the identified problems (Lins e Antoun Netto 2018; Lins et al. 2021).

2 Methodology

Wepropose the use of amultimethodology for structuring the system’s problems,where a
problem structuring method named CHAP2 plays a central role in integrating qualitative
and quantitative methods.

Problem structuring is one of the stages of the decision-making process that aims
to structure issues, problems, to later select methods and formulate models to deal with
decision-making situations (Rosenhead and Mingers 2001). Problem structuring meth-
ods emerged in the late 1970s/early 1980s to support the formal mathematical approach
(Ackoff 1978). They provide a broader, fundamental environment in the implementa-
tion and validation phases of modeling, particularly in situations where there is no clear



138 S. M. M. Spyrides et al.

agreement as to what the exact problem or its solution (Ackerman and Eden 2011).
According to Pidd (2010), we consider the systems composed of four characteristics:
limits that define the whole, components contained within the limits, processes that
describe internal organization and behavior that emerges from the whole and not only
from the components. Rosenhead andMingers (2011) report a large number of methods,
which present contrasting and convergent characteristics about products, processes, and
complexity.

Multimethodology consists of using a combination of methods, and according to
Mingers (2006) “refers in general to utilizing a plurality of methods or techniques, both
qualitative and quantitative, within a real-world intervention”. Howick and Ackerman
(2011) report that “where the case reports the combination of two quantitative methods
there is a tendency for the case to have an operational objective whereas combining
two qualitative methods tend to concentrate on problems of a more strategic nature”.
Munro and Mingers (2002) noticed that the combination of qualitative and quantitative
occurs in those interventions with more than two methods. Lins et al. (2019) used a
multimethodological approach, combining concept maps with data mining and data
envelopment analysis to assess the performance of municipal health in Brazil. A large
number of authors approached applied health problems from qualitative (Rosenhead and
Mingers 2001; Midgley 2000) or quantitative (Ozcan 2008; Sherman 1984) methods, to
cite a few, however not using a formal multimethodology for an endogenous modeling
of both approaches.

The present study uses the CHAP2, which comprehends an interface that integrates
a qualitative thematic mapping and several formal models that allow quantitative mod-
eling. Awareness of social metacognitive processes is facilitated by cognitive maps and
provides a context to help manage complex unstructured problems involving interac-
tions between human, technological, organizational, and environmental components.
This context supports the identification of specific problems to be faced using formal
quantitative models to assist in decision-making in the later phases of CHAP2 (Brinol
and DeMaree 2012).

Complex social systems have paradoxes that need identification for proper manage-
ment. The herein proposed dialogical and comprehensive view supports the disclosure
of the differences between the perspectives of the agents involved and the potential
conflicts, this being an important factor for choosing this methodology. The CHAP2

proposes to facilitate the perception of organizational processes by the agents involved,
favoring self-management and self-regulation of activities in the system; this includes
the identification of paradoxes, which leads to a broadening of the organizational aware-
ness (Laricchia 2015). Another important prerogative is that it is a multimethodology,
which includes an interface between the qualitative context and the formal model with
quantitative indicators and goals.

The application of CHAP2 to the ECI was carried out in six phases (Fig. 1). In Phase
I the objectives are a prior characterization of the system and the identification of a
group of agents who develop activities in the system’s processes. In the ECI, this stage
developed through preliminary meetings with the head of the DPMD and the Course
Coordinator, and an analysis of available documentation about the course, such as its
notices and information published on the website of the FD of the UFRJ (Extension
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Course in Implant Dentistry of the Dental School of the University of Rio de Janeiro
2019). The group consisted of the head of the DPMD, the course coordinator, two
permanent teachers, and a substitute teacher.

Fig. 1. Sequence of phases of CHAP2

Phase II aims at training/guiding the group of agents: it is carried out through semi-
nars, group dynamics, or individual orientations, where the participants apply the man-
agement holographic metaphor. This consists in improving their skills to perceive the
integration of its activities in the context of organizational processes, which promotes
access to a broader perspective regarding the organization’s main issues. In this work,
guidance was carried out individually, due to the unavailability of common schedules
amongst agents.

Phase III aimed at structuring the system through knowledge networked diagrams
called concept or cognitive maps. The purpose of the cognitive map is the compilation
and structuring the relevant factors to solve the problem (Pessoa et al. 2015). We inter-
viewed the five agents and elaborated individual maps from their perspectives of the
system, addressing problems, relevant issues, and rewarding results. Subsequently, we
used a script previously designed, based on the following points: Definition of the context
of the course; Course structure and operation; Main procedures; Positive points of the
course; Improvement points; and future perspectives for the Course; leaving the inter-
viewed agents free to add any information they considered important to the process. The
individual maps were validated individually with each agent. Individual maps are ana-
lyzed comparatively, seeking to identify predominant themes and aggregate a thematic
map. These will be used in the next phase for meta-cognitive analysis and identifica-
tion of intervention opportunities. The consolidated Thematic Metacognitive Map was
composed by five clusters: course structure, social service, financial resources, infras-
tructure, and informationmanagement. Thesemaps intend to facilitate themetacognitive
dialogue in the following workshop.

Phase IV consisted in a workshop to identify and prioritize problems and methods
for interventions in the several clusters of the thematic map. Participants discussed and
characterized the main problems. Afterwards, they proposed methods to direct inter-
ventions, composing the so-called conceptual model, which displays the convergences
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amongst the agents’ perspectives. They also composed the paradoxical model, which
displays the barriers to achieve the proposed solutions.

In Phase five, the interface between qualitative modeling and formal quantitative
models is crossed. Formal models aim to provide process indicators and processes to
support system’s agents in decision making. In this study formal methods were applied
through: workflow process Mapping; organization model; data and indicator treatment;
and market research.

Phase VI consisted of identifying and implementing actions that are feasible for the
interventions and changes desired by the agents involved.

3 Results

Systemic thinking is what underlies CHAP2. Through the application of the method in
the case study of the ECI, it was possible to identify the main points raised by the agents
and outline improvements.

3.1 Problem Structuring

In Phase I, the characterization of the “real” system was obtained, which resulted in the
Conceptual Map (Fig. 2), concerning the problems raised by the agents. The Conceptual
Map exhibits the characteristics of the ECI, such as the functioning, the objective, the
agents involved, profile of the patients attended, phases and characteristics of the treat-
ment, and the interrelation of the course with other clinics in the DPDMs, with other
departments, with community, and students.

The data from the individual maps were gathered into clusters that compose the
Thematic Metacognitive Map (Fig. 3). The map is called metacognitive, not because of
a structural property, but of a functional one, as it facilitates and promotes the use of
intra and interpersonal intelligence.

3.2 Decision Making

From a systemic view and the analysis of themain aspects mentioned in Phase III, shown
by theThematicMetacognitiveMap, someproblemswere identified and developed in the
workshop. The discussions of problems within the five themes allowed the proposition
of solutions and the identification of possible conflicting perspectives that may hinder
well succeeded interventions. Table 1 shows the problems, propositions, and barriers to
solutions for the five themes.

We prioritized some of the main problems identified, regarding expertise of the
agents, as an object of modeling in Phase V. During the workshop, the participants
chose the disorganization of information as the most critical point, including all issues
directly or indirectly related to it. The gap between the fee charged to the patients and
the current market value was also a relevant critical point.

The problems identified as critical also correlate to non-prioritized problems. Actu-
ally, structuring the problem and characterizing the real system brings a wide range of
views that lead to solutions that consider the whole system. This emphasizes the need
for a robust structuring of problems before solution proposals.
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Fig. 2. Concept map - phase

Fig. 3. Thematic metacognitive map. shows 5 clusters: course structure (A), Social service (B),
Financial resources (C), Infrastructure, (D) Information management (E)
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Table 1. Problems, propositions, and barriers to solutions for the five themes

Thematic Problems identified Conceptual model
(Proposition of
solutions)

Paradoxical model
(Barriers to solutions)

Course structure Lack of prosthetic
rehabilitation after the
implant installation

Leveling the capacity
of Implant Surgery
and the Prosthetic
Rehabilitation

Prosthetic
Rehabilitation is not
under the
responsibility of the
Extension Course

Little time dedicated
to discussing clinical
cases

Guaranteed minimum
hours for discussion

Class hours normally
focused on surgery

Distant relationship
with other
departments/clinics

Establishing a closer
relationship with
other
departments/clinics

Possible resistance of
the teams to cooperate
with each other

Social Service Inefficient patient
screening

Improve the
screening

Part of solution
depends of other
departments/clinics

Failure to monitor
treatment from start to
finish

Rehabilitation clinics
should hold
accountable explain
treatment complete

Part of solution
depends on the
involvement of other
departments/clinics

Financial The fee doesn’t
conform to market
costs and values

Establishment of new
values for patient
charging considering
the patient’s
socioeconomic status

Difficulty in
establishing standards
of socioeconomic
analysis

Lack of Budgetary
Plan

Establishment of the
Annual Budget Plan

Budgetary Plan would
not be just for the ECI
but for the entire
DPDM

Infrastructure
(equipment, materials,
and facilities)

Lack of predictive and
preventive
maintenances of clinic
equipments

Establishment of
preventive and
predictive
maintenance plans
for equipments

Equipment
maintenance plans are
the responsibility of
FD and are for
corrective
maintenance

Breakage of clinic
equipment due to air
and water supplies

Greater quality
control of air and
water supplies
arriving at DPDM

Air and water supplies
are the responsibility
of the FD

(continued)
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Table 1. (continued)

Thematic Problems identified Conceptual model
(Proposition of
solutions)

Paradoxical model
(Barriers to solutions)

Consigned strategic
equipments due to
partnership
termination

Analysis of strategic
equipments options
for acquisition

Possible lack of
financial resources for
immediate acquisition

Lack of Information
Technology
equipment

Analysis and
acquisition of
Information
Technology
equipment

Possible lack of
financial resources for
immediate acquisition

The layout of clinics,
classrooms and other
rooms of the DPDM
hinders routine course
activities

Development of a
new layout to easy
access from the clinic
to other areas of the
Department

Possible lack of
financial resources for
immediate rebuilding
facilities

Information
management

Disorganization and
loss of important
medical records and
administrative
information

Appointment of a
qualified clerk to the
secretary services,
such as scheduling
appointments and file
organization

Hiring a clerk
depends on public
tender by University
administration

Wasting time of
teaching staff for
administration
purposes

Designation of a
qualified clerk for
secretary services,
such as scheduling
appointments and file
organization

Hiring a clerk
depends on public
tender by University
administration

Lack of data
collection and
consolidation of the
cases treated in the
course

Establishment of
processes and
controls for data
collection and
consolidation

Establishment of a
culture of processes
and controls

Lack of performance
indicators and goal
setting

Data organization
and establishment of
key indicators for
process analysis

Establishment of a
culture of processes
and controls
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3.3 Intevention

It is important to emphasize that CHAP2 stands out for making explicit the interface
between the broad qualitative model in Phase IV and the formal models to support
decision making in Phase V. The construction of conceptual and paradoxical models
helped to characterize and prioritize issues and also to identify the variables that make up
the indicators. Fourmain formalmethods were applied: processmapping; organizational
model; database and indicators treatment; and market research.

The process mapping and the organizational model allowed a comprehensive under-
standing of the personnel, the material requirements and of how the implemented
activities related to each other in order to formulate and prioritize interventions. The
database and indicators, contrastingly, delivered a quantitative model. The last tool,
market research, focused on the prioritized financial problem and used both qualitative
and quantitative methods.

Process Mapping. Defined as a set of activities carried out in a logical sequence to
produce a product or service that has value for a group of customers (Hammer and
Champy 1994). The mapping of processes collaborates in the strategic organization and
forms a basis for decision making (Silva et al. 2019).

From the analysis of the process, we observed how students and teachers were
involved in auxiliary activities, such as scheduling appointments and separating medical
records. This doesn’t add value to the objective of the course, which is to enable students
to plan and execute surgical procedures concerning implant installation.

Thus, a process proposal was elaborated (Fig. 4) where these auxiliary activities
would be concentrated and carried out by a qualified clerk. It was difficult to hire a
qualified clerk by the University, however, we could hire a trainee, who became respon-
sible for collecting resources generated by the ECI. The centralization of the activities
of control of the archives avoided the loss of information and medical records and also
keep them organized.

Fig. 4. Proposed process map for patient care
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Organization Model. Based on the need for greater reliability of the data available
for the ECI, we proposed a documental organization in a sequence of activities, which
addressed physical and virtual data. The physical file was alphabetically organized,
to separate ongoing from completed cases. For the virtual archive, we developed an
electronic spreadsheet with all the information concerning patients, as an integrated
database.

Treatment of Data and Indicators. The documentation process allowed to organize
data into bases for the establishment of indicators.We intended to formulate performance
indicators to carry out periodic measurements and the evaluation of the results obtained
by organizations and propose short, medium, and long-term goals.

We developed an electronic spreadsheet where all patient information was added,
such as: name, gender, age, address, contacts, marital status, profession, level of edu-
cation, and monthly income was integrated to automatically generate social indicators.
This informationwill support decisions about alternative proposals for fixing the charged
fee.

Regarding implant services, this spreadsheet records information about treatment,
such as: clinic of origin, appointment dates, surgery dates, number of implants installed,
types of implants, and amount paid, in addition to important observations. Therefore,
besides patient social information, the database generates indicators regarding course
performance (number of surgeries and implants installed per student and per year) and
financial performance. This intends to respond to the following concerns reported in the
workshop:

• Follow-Up of the treatment from start to finish.
• Coping with the delay and lack of prosthetic rehabilitation that happens in some cases
after installing the implants. In this sense, the number of patients originating from each
clinic can bemonitored, tracing back deviations, and ensuring complete rehabilitation:
implant and prosthetic.

• Lack of a budget plan.With the monitoring of historical data on installed implants and
financial revenue, it is possible to make budget plans, thus allocating the resources
for maintenance and investments.

Market Research. The target clientele of an educational institution is the low-income
population. However, there is also demand from some higher-income patients, given the
institution’s high-quality treatments and the much lower prices. The priority problem in
the financial theme was the fee charged on patients, which was out of date. Regardless
of the patient’s purchasing power, the fee charged was US$ 77.00 per implant made.

After analyzing the researched data, it was decided to continue charging the patient
of the course a fee per implant made, but then the patient’s socioeconomic situation
would be taken into consideration when defining the amount to be charged. One of the
reasons for those criteria was to cover the basic maintenance costs, as that would ensure
the continuity of the provision of high-level treatments to low-income patients and the
quality education to students. Actually, the surplus from the higher fees on wealthier
patients can be converted into more investments in the clinics of DPDM and, in the
future, can finance treatments free of charge to very low-income patients.
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To establish a price ceiling for the fee, we first carried out two surveys, one at
educational institutions and another at private clinics, both inquiring into the offered price
for the same implant installations. The maximum fee was established as the minimum
average for implant procedure values amongst the surveyed clinics, which was US$
289.00. Then we assumed that fees should vary inside the range US$ 77.00 to US$
289.00.

To define the fees to be charged within that range, we used information on household
consumption expenses from the Family Budget Survey 2008–2009 of the Brazilian
Institute of Geography and Statistics (IBGE 2010). Considering the seven classes of
monthly income, we used the percentage of health expenses in 2009 and the upper limit
of the monthly income class in 2019 for the estimates of fees to be charged, shown in
Table 2.

Table 2. Expenses on health per income class and a proposed fee per implant

Monthly income
(US$) (A)

Minimum wages
(B)

% of health
expenses (C)

Health expenses
maximum value
in (A) × (C)

Fee amount in
US$

Up to 512,30 Up to 2 6,8 34,83 77,00

512,30–768,46 2–3 6,5 50,02 77,00

768,46–1.536,92 3–6 6,6 101,43 101,38

1.536,92–2.561,53 6–10 6,1 156,25 156,56

2.561,53–3.842,30 10–15 6,0 230,53 231,00

3.842,30–6.403,83 15–25 6,6 422,65 289,00

More of 6.403,83 More of 25 6,3 403,44 289,00

Thereafter, itwas proposed that the patient’s feewill be establishedbasedonaproofed
patient’s monthly income submitted at an interview with the unit’s social worker.

Phase VI of the CHAP2 method is characterized by the implementation of feasi-
ble actions for the changes and transformations desired by the agents involved. The
methodology proposes both external and self-regulation when implementing viable
actions.

4 Conclusions

The contribution of the application of CHAP2 to the ECI wasn’t limited to the results on
the management of the course, but must be seen as an actual engagement of the agents
involved in the entire process and then in the consequent expansion of their perspectives
about the system.

This approach motivates agents to address problems besides those prioritized so
far, taking advantage of their new perspective displayed in the metacognitive maps. The
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greatest contribution of CHAP2 is this expansion of consciousness and perspective, since
it facilitates changes.

In this work, the following interventions were done, in attendance to the changes
requested by the agents involved in the selected problems:

• the designation of a clerk for the course, whose work resulted in the organization of
the manual files.

• the implementation of the virtual files and respective indicators, in addition to the
others bureaucratic functions.

In this way, we addressed the problems identified as “Disorganization and loss of
medical records and administrative information”, “Lack of data collection and consoli-
dation of the cases treated in the course” and “Lack of performance indicators and goal
setting”.

With regard to the other selected problem “Out-of-date charge for patients”, the
administrative team accepted the implementation of proposed fees per implant to be
charged by income classes as a solution, being up to the unit’s social worker to define
the income class to which the patient belongs and the fee to be charged.

Someof the problems that arouse inPhase IV, although theywere not prioritized,were
resolved through individual initiatives even while applying the methodology. Among
them, we can mention the purchase of peripheral dental equipment and the change of
the clinic layout to facilitate the routine activities of the course.

Application of theCHAP2 methodology to otherExtensionCourses in PublicUniver-
sities, or to dental public services, in general, can contribute to improving performance
and sustainability, given their relevance for society and scarce financial resources. As
a matter of fact, the methodology is already under application for supporting diagnosis
and problem structuring in a municipality dental service in Rio de Janeiro, for prosthetic
services.
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