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Resumo
Problemas multi-critério geralmente possuem diversas incertezas envolvidas. Para auxiliar o
tratamento de tais problemas, eles podem ser iniciados por meio de métodos de estruturação de
problemas, e sua solução pode ser auxiliada por métodos de análise de problemas. O presente
trabalho propõe um framework com diretrizes sobre como tomadores de decisão, em conjunto com
um facilitador, podem virtualmente estruturar e solucionar um problema de forma colaborativa. O
método para estruturação de problemas escolhido foi o pensamento focado em valores utilizando
brainstorming (especificamente, VFT e VFB). Para análise do problema e obtenção da solução,
utilizou-se o método do processo hierárquico analítico (especificamente, AHP). O framework
também considera como contempla análise de sensibilidade e a definição da decisão final. Para
avaliar a proposta, um protótipo (no caso, uma aplicação online) foi desenvolvido e uma aplicação
empírica foi executada. A aplicação envolveu tomadores de decisão que participam ativamente nas
indústrias de alimentos e bebidas na região de atuação do Instituto SENAI de Tecnologia de Toledo,
no oeste do Paraná. O problema em questão foi identificar serviços em eficiência energética como
prioridade de atendimento nessas indústrias. Como resultado da avaliação empírica, os tomadores
de decisão relataram as vantagens de utilizar o processo proposto neste trabalho em comparação
com os processos de decisão nos quais já participaram anteriormente.
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Abstract
Multi-criteria problems usually have many uncertainties involved. To help the treatment of
these problems, it can be initiated with problem structuring methods, and its solution can be aided
by methods of decision analysis. This work proposes a framework with guidelines on how decisionmakers, together with a facilitator, can virtually structure and solve a problem collaboratively. The
chosen method for problem structuring was Value Focused Thinking and Brainstorming
(specifically, VFT and VFB). To analyze the problem and obtain the solution it was used the
method of the analytical hierarchical process (specifically, AHP). The framework also considers
sensitivity analysis and the discussion of the final decision. To evaluate the proposal, a prototype (in
this case an online application) was developed and an empirical application was executed. The
application involved decision makers participating actively in the food and beverage industries, in
the region of SENAI Toledo Institute of Technology in western Paraná. The problem at hand was to
identify services in energy efficiency as a priority in these industries. As a result of empirical
evaluation, decision makers have reported the benefits of framework proposed in this work
compared to the decision-making processes in which they have been involved previously.
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1

Introduction

Decision-making processes are complex by their nature. They usually involve uncertainty,
multiple criteria, conflict of interests and distinct stakeholders. It may be difficult to evaluate or
quantify some criteria or alternatives because they can be subjective [1].
A decision-making process starts with a problem that stakeholders need to solve. By
stakeholders, we mean people involved and affected by the problem, such as community,
employees, company owners, clients, suppliers, governmental groups, and even society. It is needed
to structure the problem in order to know the main objective and the ways to accomplish such
objective [2]. The first phase of a decision-making process is the Problem Structuring. The second
phase refers to the Multi-Criteria Decision Analysis (MCDA). MCDA aims to evaluate options
taking into account distinct decision-makers with in general conflicting perceptions and goals [3].
Problem Structuring Methods (PSMs) are usually applied in fuzzy situations where it is hard
to identify reasons and goals intended to be achieved. PSMs help decision makers to think in a
systemic way, not only on alternative focused thinking. PSMs are mostly categorized as soft
operational research methods, involving dialog and scenario identification. Some examples are
Value Focused Thinking (VFT) and Value Focused Brainstorming (VFB) [4, 5], Soft System
Methodology (SSM) [6], Strategic Choice Approach (SCA) and Strategic Options Development
and Analysis (SODA) [7]. These methods are based on qualitative and diagrammatic modeling, in a
way that they allow the exploration of distinctive views and the incentive of active participation by
stakeholders. The goal of these methods is not only optimization, instead the goal is to explore the
problem scope, to identify the uncertainties and to get commitment of the stakeholders. In this
work, we choose Value Focused Thinking (VFT) and Value Focused Brainstorming (VFB) as the
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PSMs. The reason is that such methods emphasize the stakeholders’ values. Such values are related
to the way of acting and thinking, socially and ethically.
Regarding the Multi-Criteria Decision Analysis (MCDA), there are several techniques to
support it. These techniques do not always give the optimum solution, but they help to evaluate
alternatives to reach the given objective. Some examples are SMART [8], AHP [9], MAUT,
MACBETH, PROMETHEE, ELECTRE family, TOPSIS, DEA and Goal Programming [10]. In this
work, we choose AHP as the MCDA technique. Analytic Hierarchy Process (AHP), developed by
Saaty [9], is one of the most used MCDA techniques [11]. AHP has been used in different purposes,
including the planning improvements in industrial plants, the selection of best alternative among
several with different characteristics, and optimization [12]. AHP is widely used because it is
practical and well accepted by various industrial sectors. As result, AHP provides an ordered list of
alternatives based on the used criteria. In order to provide better accuracy in possible different
scenarios, it is also made a sensitivity analysis [13], to visualize other possibilities of criteria
weighting. The final decision of the decision process is usually made considering the MCDA
output, but decision makers must make the last decision.

1.1 Motivation

In a group decision-making process, it is needed the collaboration of distinct stakeholders.
Most of the time, a neutral facilitator moderates the actions of decision makers to organize the
ideas. The facilitator has the knowledge about how to apply methods (including those related to
PSM and MCDA), and to reach the decision result [14, 15, 16]. Sometimes decision makers are
people geographically dispersed or with restricted agenda, which makes difficult to gather them
collocated. So, it is needed to conduct the decision process in a remote way.
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The activity of collecting information during the decision process is made by the facilitator,
who needs to aggregate information and give continuous feedback to decision makers. Even using
an online tool, the facilitator usually interacts with each decision maker in an isolated way. The
facilitator then needs to compile the received data and return the results to decision makers. The
current approach takes time to be conducted, and sometimes it unintentionally loses or hides
information that can be valuable to the decision group. Moreover, the current approach limit
collaboration in the group. Other problem is that the available approaches do not deal with Problem
Structuring phase, so that there is no available way to discuss criteria and alternatives, which in turn
restricts collaboration among decision makers [20]. In this way, it is of interest a way to aid online
collaboration among decision makers and facilitators when performing decision processes [21, 22].

1.2 Objective

In this work, we propose a framework to support online groups in executing decision
processes, considering the Problem Structuring (specifically VTF and VFB), Multi-criteria Decision
Analysis (specifically AHP), sensitivity analysis, consistency check and final decision phases. We
present a flux with the main activities of a decision process, and then identify which activities are
prone to collaboration and explain how online collaboration can be performed. The framework
allows decision makers to identify and solve a problem without the necessity of being united in the
same place or time.
The proposed framework considers a collaborative PSM to make all the criteria and
alternatives clear and available for discussion. Decision makers must cooperate to identify criteria
and alternatives through a problem structuring method (VFT and VFB). After structuring the
problem collaboration occur by evaluation of the VFT hierarchy after interpretation of VFB made
by facilitator. It is provided to decision makers a mediated way to collaborate in the evaluation and
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aggregation of criteria and alternatives. Decision makers complete pairwise comparisons mediated
by the facilitator and the frameworks provides the results through MCDA method (AHP). If any
inconsistency occurs, it is provided a way that facilitator with selected decision makers reevaluate
the pairwise comparisons. After the result, the framework gives the sensitivity analysis of the
problem and the facilitator interprets the information for decision makers. Therefore, decision
makers may discuss the result encouraged by online collaboration, making the final choice of a
problem.
The framework is useful to identify involved criteria and alternatives in decision-making
process; it aids to solve multi-criteria problems of ranking several alternatives when multiple
criteria cause uncertainty; it helps to visualize different scenarios when the problem is sensitive to
criteria weight changes; and allows discussion among decision makers to make the final decision.
Problems that have such characteristics are related to ranking of alternatives, selection of suppliers,
identification of best delivery route, selection of industrial machinery and many operational
research problems.
We develop a prototype following the guidelines established in our proposal. In order to
evaluate our framework, we make an empirical application, where a group uses the prototype to
identify the main activities to increase energy efficiency in the food and beverage industries.

1.3 Outline

In Chapter 2, we provide background regarding problem structuring methods, AHP and online
collaboration methods. Besides, we discuss related work. In Chapter 3, we propose a framework to
support online collaboration in multi-criteria decision problems. In Chapter 4, we describe the
prototype through the functionalities related to each activity of the proposed framework. In Chapter
5, we conduct an empirical study to evaluate the framework, by using the developed prototype. In
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Chapter 6, we discuss key findings, limitations and implications of our proposal. In Chapter 7, we
conclude our work and indicate future work.
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2

Background

In this chapter, we present problem structuring methods, especially VFT and VFB. We also
explain the foundation of AHP method, including how it works and how it is applied in distinct
decision-making scenarios. We explain the concept of online collaboration and show how it is used
to support decision-making. It is presented a comparison between distinct tools that implements
MCDA. Finally, the use of sensitivity analysis is discussed cases that makes use of MCDA methods
and tools to solve problems.

2.1 Problem Structuring: Value Focused Thinking (VFT) and Value
Focused Brainstorming (VFB)

Value Focused Thinking is a solid approach used in a wide range of contexts over the last
twenty years. What a decision maker want is to achieve something of value, and usually these
values are well established in ethical, traits, priorities, tradeoffs and attitudes of the organizations
and stakeholders [23]. Keeney [4] proposed a method to identify mean and main objectives based
on the values of the problem studied. It is important to achieve values before alternatives, this helps
to accomplish goals of every kind of organization.
VFT is a proactive method where decision opportunities emerge and the alternatives are
related to the values. VFB uses these characteristics but works on an individual brainstorming made
by the stakeholders (or decision makers) before sharing inside the group [5]. It also increases the
number of created alternatives and should be applied before organizing VFT hierarchy table. This
table presents the main and mean objectives. The main objective is the one that will be achieved
through the mean objectives.
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Table 1 is an example of hierarchy between fundamental objective (the grayed cell), mean
objectives (sections) and alternatives (sub-sections). The Figure 1 represents the objectives tree of
VFT, a simplified view of the hierarchy chart. The solid blue box represents the fundamental (main)
objective, the white box with blue outline represents mean objectives, and the small boxes are the
alternatives [24].
TABLE 1– VFT hierarchy table

Increase SENAI Automation network efficiency

Increase service efficiency of the SENAI automation network
1. Improve network report system
1.1 Maximize the number of units related to area which know the network
1.2 Maximize connections between network endpoints
1.3 Maximize information flow on ongoing projects
2. Make experienced network
2.1 Maximize integration with other networks
2.2 Minimize influences generated by distance between participants
3. Add physical, financial and technical resources
3.1 Maximize number of projects registered in funding programs
3.2 Maximize participation of development agencies
3.3 Maximize knowledge about network skills and resources
4. Succeed in network goals
4.1 Maximize the number of successful projects
4.2 Maximize susteinability index
5. Working horizontally
5.1 Maximize the number of processes prepared for network performance
5.2 Generate information exchange at the end of each project run

Improve
network report
system
Make
experienced
Network
Add physical,
financial and
technical
resources
Succeed in
network goals
Working
horizontally

Act faster

Improve
success rate

Increase financial
income

Cut costs

Acquire
resources

FIGURE 1 – VFT Hierarchy tree
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Every PSM method is used in soft operation research in order to collect information, develop
a model, verify and define the problem. Only after its structure is established, decision makers
should evaluate the alternatives.

2.2 Multi-criteria Decision Analysis: Analytic Hierarchy Process
(AHP)

The Analytic Hierarchy Process (AHP) is a Multi-Criteria Decision Analysis (MCDA) method
that helps decision makers face a complex problem with the possibility of conflicting and subjective
criteria. It is based in modelling the problem, evaluating and aggregating weights, providing an
ordinated list of the alternatives based on criteria [25].
After the problem modelling step using any PSM available, it is possible to identify criteria,
sub criteria and alternatives that aims to the overall objective [26]. It consists of a set of questions,
that compares each element to another and allows decision makers to organize a list of priorities.
Different from other methods, it provides a numerical scale for the measurement of qualitative and
quantitative performances, from 1 to 9 [1].
AHP has helped to solve problems in education [27], selection of mechanical machinery [28],
demand forecasting [29], organize hospital logistics [30], as an alternative to quality function
deployment (QFD) [31], evaluating workers performance [32], priorization of projects [21] and
many others.
Saaty developed AHP using a scale from 1 to 9 to make pairwise comparisons. It goes from
equal (when two criteria have the same importance) to extremely more important. It made possible
quantification of qualitative analysis between criteria. This evaluation is put on a matrix of pairwise
comparisons, where the criteria on the right is compared to the one on the top of the matrix. The
reciprocity of a comparison already made is the opposite number expressed as ratio of 1 and the
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evaluation. It is needed because there is a necessary condition for consistency that this matrix is
reciprocal. The weighting of criteria is done through linguistic pairwise comparisons and convert to
numerical values in order to be computed through mathematical equations. The method provides to
decision makers a consistency analysis and an ordering of evaluated alternatives [13].
The principal eigenvector W of the matrix A is called the priorities vector. It gives the relative
priority of the criteria measured on a ratio scale. This must be done to each criteria enlighted by the
main objective and between each alternative by the criteria exposed. The principal eigenvector is
necessary for represent the priorities associated with the matrix, and provides that the inconsistency
is less than or equal to a desired value. It also helps to improve the consistency of judgments and
transform an inconsistent matrix to a near consistent one [33]. The calculation to obtain the priority
vector is described by [1]:

, where a i,j represents the weight of a criterion or alternative i over

criterion or alternative j.
W = [w 1 w 2 … w i ]
Where:

(1)

The next step is to establish the global priorities of the alternatives. The local priorities of the
alternatives are laid out with each criterion in a matrix and multiply each column by the priority
vector of its corresponding criterion. The results are evaluated for consistency. If they are not
consistent, the pairwise evaluation must be corrected. After this aggregation, the alternatives are
exposed in order from the highest priority to the lowest one, where the highest represents the best
solution [34].
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In group decision processes aided by AHP it is needed to aggregate the evaluation of multiple
decision maker. There are mainly two ways of doing that: Aggregation of Individual Judgements
(AIJ) and Aggregation of Individual Priorities (AIP). When decision makers intend to grade the
criteria thinking on the same way, becoming a new individual, it is used AIJ. When each decision
maker has its own preferences and priorities it is used AIP. Neither AIJ nor AIP violates the Pareto
principle, but AIJ aggregates the judgments before calculating the priority vector, and AIP
calculates the priority vector and then aggregates in a final priority vector. AIJ and AIP do not cause
any type of inconsistency when calculated using geometric mean [15]. As our framework intends to
work with collaboration principles, it is desired to reach the greater good, by using AIJ. The
equation to calculate the consolidated matrix using geometric means follows.
,

(2)

for each a i,j , where a i,j , is an individual pairwise comparison evaluation, and n is the quantity
of decision makers.
The consistency check is an important activity of AHP to aid decision makers to detect
possible contradictions in the entries, because after successive pairwise comparisons are presented,
they may contradict each other. This inconsistency often occurs when the problem is not well
defined, it lacks of information or very different interests are involved. If inconsistency is too high,
the matrix must be reconsidered [10]. To check inconsistency the following equations are used.
To calculate the Consistency Index:
(3)

Where λ is the eigenvalue of the weighted matrix, and n is the order of the matrix. After
calculating the Consistency Index, the Consistency Ratio is calculated:
(4)

Where RI is the Random Index proposed by Saaty represented in the Table 2, where n is the
number of criteria or alternatives.
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TABLE 2 – RI values for n-order matrixes [1]

n

1

2

RI

0

0

3

4

5

6

7

8

0.52 0.89 1.11 1.25 1.35

1.4

9

10

11

12

13

14

15

1.45 1.49 1.52 1.54 1.56 1.58 1.59

Finally, to check if the inconsistency is acceptable, Saaty proposed another set of values to
compare with the CR. Such values are presented in Table 3, and are related to the order of the
judgment matrix.
TABLE 3 – CR values for n-order matrixes [1]

n

2

3

4

>4

CR must be

0

<0.05

<0.09

<0.1

In addition, AHP can be used to order priorities, not only select one final alternative. It can be
used for choice, rank, prioritize, allocate resource, benchmarking and quality management [35]. As
weakness of the method, some information could be lost during aggregation of priorities, the
necessity of multiple evaluation among all alternatives considering each criteria and the limitation
of the importance scale, where a criterion or alternative is at most 9 times more important, even if
decision makers think that the importance could be higher.

2.3 Sensitivity Analysis

At the end of every decision process, input data must be slightly modified to view impact on
the results, it is called Sensitivity Analysis. Decision makers can observe different scenarios, often
causing change in rankings of alternatives. Further discussions may be needed to reach a consensus
before making the final decision. A robust result is the one in which changing scenarios do not
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affect rankings, otherwise it is called sensitive. It is made varying the weight of criteria and
observing the output of the method [10].
Sensitivity Analysis provides insight into critical assumptions, allows decision makers to gain
information about which assumption can affect choices. It identifies which variables determine
successful choices and help to evaluate impact of variations or fluctuations on these variables [36].
In order to make an effective analysis, only one variable can be analyzed at a time. The other
variables or parameter should remain constant. In decision-making processes, the weight of a
criterion is changed, to visualize alternatives ordering changes. AHP method allows sensitivity
analysis by changing the values of priorities vector from criteria comparison [10].

2.4 Online Collaboration

Online collaboration can be useful to mitigate group interaction problems such as those related
to time, cost, distance and space and behavior. Gathering people together is complicated because
they have different agenda (time problem) and may be expensive due logistics activities. The
geographical distance between people and the space needed to allocate people together are also
limiting problems to interaction. However, avoid allocation of people help to prevent discussion
domination, intercultural difficulties, group pressure and poor expression and miscomprehension of
information [20]. One important characteristic of collaborative systems is the usability, since it can
be a limiting factor if a tool is not user friendly [37].
Online collaboration is also known as Computer-Supported Cooperative Work (CSCW) or
groupware, being essentially defined as “intentional group processes plus software to support
them” [38]. A model with three pillars can explain collaboration: communication, coordination and
cooperation. The group must communicate in order to accomplish its tasks. It also must be

20
coordinated to guarantee that the efforts made by members are effective. The third pillar, the
cooperation, provides knowledge sharing between individuals [39].
According to Siskos and Spyridakos [40], systems that support decision-making processes
consist basically of three components: a database, a core model and a communication system. The
first one manages data provided by decision makers, storing and processing information. The
second includes the structure of the method (and algorithm) used to aid multi-criteria decision. The
last one is designed for supporting communication between the decision maker(s) and the system as
an interface. Collaboration occurs in communication between users through the system, usually
organized by a coordinator. The users must then cooperate to insert information in database, so the
software can calculate the final result.
Other aspect related to collaboration in decision-making processes is the existence of
facilitation. Facilitation creates a positive atmosphere, sets the focus in problems, defines group
responsibility, selects appropriate tasks to be performed by the group, and supports multiple
perspectives of the analysis. The facilitator can also test assumptions about the model, share
relevant information and promote the commitment needed during decision process [41].
Santanen et al. [42] explain that the facilitator, during a decision process, can help in cases of
divergence (when group disagree on ideas), convergence (by identifying opportunities to improve
ideas), organization (by understanding the relationships among concepts), evaluation (by
understanding priorities toward goal achievement), and consensus building (by identifying
opportunities to have less disagreement on courses of action). These are good examples of
collaboration driven by the existence of facilitation in decision-making processes.
Communication is a process that involves transmission and reception of information inside a
group. Team members may debate points of view to collaborate and generate ideas. Various tools
can be added to support communication among users such as chat, forum, video conference, audio
calls, electronic mail, etc. The communication must be clear for everyone involved, it does not
matter grammatical clearance when a received message is equivalent of transmitted. Other
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important concept is awareness; it can be described as the role of each user in the system, the
involvement of each one, what it can request and its responsibilities of collaborating [43].
The coordination is the activity of organizing and structuring tasks in a collaborative model, it
organizes the order of activities and how they must be completed. It also involves adaptation of
previous planning in a dynamic system. It must provide and verify accomplishment of discussed
information in the communication process. It also describes and checks assignment of the user,
when and what he/she can get involved in the process [44].
Cooperation can describe how users act together to achieve the same goal. Users share the
same workspace, providing information, producing documents, filling data, organizing and
manipulating. Users can cooperate through feedback of results and feedthrough of action of coworkers. The cooperation can happen synchronously (at the same time) or asynchronously
(independent of time). A great example of cooperation is the ability provided by Google
Documents, once the file is shared among a group, the users can act, add, remove and edit
information. In addition, eventually some information is private, belonging to only a group of users,
set by coordination part of the model [44].
Online collaboration is found in distinct knowledge areas, for instance, AulaNET is an
example of a CSCW used in education [45]. The AulaNET system is a collaborative system for
teaching and learning online using the 3C model. Message boards, conferences, debates, messaging,
tasks, reports, and exams are available online supported by communication under control of
coordination. The cooperation helps to organize documents, co-authorship, webliography and
sharing information through communication [45]. Collaboration is also the pillar of wiki
communities (such as Wikipedia, Wikileaks, and Code-Wikia). In this case, isolated unknown
individuals communicate, cooperate, and coordinate themselves to increase the information quality
for all. These individuals are motivated, by self and common interests among the group [46].
Regarding online collaboration in decision-making processes, Fiedler et al. [47] developed a
tool called SeSAM e-democracy. It is an online platform for modern parliamentary work to solve
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problems. It allows online public and private meetings, supporting discussions and documents’
development.

2.5 Related Work

There are available examples of multi-criteria problems solved that used group decision
support systems, and tools that aid decision processes. To identify the desired characteristics for the
framework, the next sections discusses group decision previous works and available tools.

2.5.1

Review on group decision for multi-criteria problems

Multi-criteria decision making in groups is very important topic discussed in operation
research areas. It involves areas like transportation, scheduling, routing, supplier selection,
alternatives ranking among much others. If the problem involves a finding the best solution or
optimizing the actual process it is needed to identify the problem itself, generate correct criteria, and
formulate a model to achieve the desired results [63].
A classical method to interview the responsible of a logging truck facility was used by
Roonquist [63] to identify the problem and multiple criteria involved. The model was developed
and multiple events associated to his clients business generated opportunity of optimization.
Through operational research, the author could optimize the problem through messages provided by
a database linked to a decision support system (CADIS – Computer Aided Dispatch). The author
also implements other empirical studies for routing home care operations, having online process
control at paper mills and planning logistics in the forest industry. He finally concludes that it is
needed to make an impact on operational research decision support systems to aid scientific
publications, contribute wit research and improve industry production.
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A Group Decision Support System was developed with collaboration principles presented in
Karacapilidis’ work [62]. The system worked as an assistant and advisor, in order to facilitate
communication and recommend solutions to decision makers. Four components were implemented:
Argumentation-based Group Decision Support Module; Information Retrieval Module; Argument
Builder Module; and Natural Language Processing Module. This way the system could connect to
its database, other databases, receive instructions and identify users’ discussion patterns. In other
words, the system could respond automatically to communication between users and moderator,
learn new arguments and provide decision options regarding discussed topics.
Another application of AHP method was presented by Opasanon and Lartsanti to reallocate
logistics facility [61]. The criteria were identified through interviews with stakeholders involved
with the Bank of Thailand. The main objective was to evaluate logistics issues arising from
relocating the main distribution center. They evaluated four criteria: Cost, Responsiveness,
Reliability and Utilization. The identified alternatives were network design, vehicle routing,
inventory management, internal process and development of a set of KPI (Key Performance
Indices). After the aggregation of judgment of three decision makers, the result of AHP showed the
authors that the main urgency to reallocate the logistic facility was the construction of KPI,
followed by internal process updates.
In the present work, we propose a framework where stakeholders (decision makers) can
identify criteria and alternatives through PSM, besides of solving the problem using a MCDA. The
main benefit of our proposal is the possibility of online collaboration during the entire decision
process without the need of collocation of decision makers and facilitator. Other advantage is the
real time visualization of information provided by decision makers, which allows them to engage
and reach the identification of criteria and alternatives with better quality. There is also the
possibility of sensitivity analysis interpretation by facilitator. It allows decision makers to view
other scenarios and not only the result of the MCDA method, in order to achieve the final decision.
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2.5.2

Comparison between available MCDA tools

In this section, we present an investigation about tools that implement MCDA. We conduct
our analysis based on criteria to compare what is offered by such tools in terms of: usage of PSM,
aggregation of individual’s judgments, sensitivity analysis, and quantity of criteria or alternative
limitation. For each tool, we try the answer the following questions:
1) Is it possible to use any PSM? Is it collaborative or cooperative? This criterion verifies if the
evaluated tool allows structuring a problem and if the members of the decision group can
exchange information.
2) Does the platform allows individual judgement aggregation? Is it collaborative or
cooperative? As decision-making processes in groups needs to calculate AIJ, it is important
that the system calculate using the correct method of aggregation. The desired collaborative
part is that maybe one decision maker could question or exchange information about a
pairwise comparison, but moderated by the facilitator.
3) Does it provides Sensitivity Analysis? Is it Collaborative or Cooperative? Usually Sensitivity
Analysis is made by any system that calculates priorities in order to provide other points of
view. It is desirable that the facilitator could moderate and offer these points of view in a
more tactile way for better understanding by decision makers.
4) Is the quantity of criteria/alternative limited? Some software limits the quantity of criteria
allowed to use. It is desired that the decision makers decide the quantity of alternatives.
The software and online platforms information were all obtained in developers’ websites.
Super Decisions [48] is a software for desktop computers developed by Creative Decisions
Foundation. It allows decision makers to solve problems using ANP (Analytic Network Process)
and AHP methods. It provides sensitivity analysis at the end of the calculations, however does not
allow making a group aggregation and structuring the problem. It also is none limited on criteria an
alternative quantity.
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The WBMCDM (Web Based Multi-Criteria Decision Making) system was developed by AlAzab et. al. [35] is an open source solution for solving AHP. It is a simple web interface that allows
only one decision maker to insert criteria and alternative limited by 5 and 3 respectively. It also is
very similar to 123AHP [49] which is freeware but limited. They do not allow group interactions or
problem structuring.
EasyMind [50] is a web base system that can work offline on any web browser if the PHP
source code is installed. The system does not allow group aggregation neither problem structuring.
It has a non-collaborative or mediated sensitivity analysis.
Criterium DecisionPlus [51] is a desktop software to solve AHP and SMART. Does not allow
group evaluation and a full license must be bought for professional use. The free student version is
criteria limited.
Expert Choice [52], MakeItRational [53], Decision Lens [54], RightChoice DSS [55],
Questfox [56] and ChoiceResults [57] are desktop or web based plataforms to aid multi-criteria
decision-making using AHP. They are all non-limited by criteria and alternative, providing group
aggregation and collaboration. However, they do not allow problem structuring in their interface.
Their sensitivity analysis are not collaboration supported, they provide a result without
interpretation of the data.
DECERNS is a software developed by DEE & SOFT [58] that uses multiple methods to solve
multi-criteria problems. It is non-limited in alternatives and aggregate individual judgements of
decision makers. This software provides a platform for problem structure as a module that must be
bought, however in a non-collaborative way. Its publisher does not describe the PSM.
Hipre 3+ [59] is a desktop of web-based platform that aids to solve multi-criteria problems
using AHP and SMART methods. It allows individual aggregation and sensitivity analysis, but not
in a collaborative way. It is a non-limited criteria or alternatives software. The group can evaluate
criteria on each computer.
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TransparentChoice is an online platform based on AHP MCDA. Provides group evaluation
and sensitivity analysis. The sensitivity analysis provides a forum for user discussion before the
group makes the final decision [60].
Excel spreadsheets to solve AHP are found all over the web. If they are well programmed,
they can also provide sensitivity analysis. Limited only by user development they can run on any
spreadsheet program such as OpenOffice, Microsoft Office and even Google Docs. Rodrigues [21]
used an Excel Spreadsheet to apply the AHP method, however had to aggregate the group judgment
by himself before final analysis and feedback.
The Table 4 displays the comparison between such tools.
TABLE 4 – Decision support tools comparison table

Our framework intends to provide a way to solve multi-criteria problems. The proposal is
based on a collaborative problem-structuring phase, with aggregation of individual judgment and
with non-limited quantity of criteria and alternatives. The framework supports collaboration in the
activities that demand the engagement of decision makers and provide the possibility of sensitivity
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analysis interpretation. Moreover, the full-developed code will be available for further
implementations as open source.

2.6 Chapter Summary

This chapter provided specific background information on decision-making process. First, we
discussed the selection of a problem structuring method, Value Focused Thinking and
Brainstorming in order to identify criteria and alternatives for a generic problem. We also discussed
multi-criteria decision analysis methodology and selection of the Analytic Hierarchy Process since
it is a well-accepted and mature method, allows aggregation of evaluation of multiple decision
makers, it is possible to check for evaluation consistency, and can be calculated by a mathematical
algorithm. We discussed cases of MCDA application to increase our knowledge in the field of
research and identify the need of improving problem structuring with MCDA methods. A
comparison between existing tools was presented to structure the characteristics are desired in such
tools and are not attended by available tools. Next chapter presents our proposal: a framework to
support online collaboration in decision-making processes.
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3

A Framework for Decision Processes based on

Online Collaboration

In this chapter, we propose a framework to help the collaborative execution of a decision
process in an online environment. The framework is composed by activities. We explain each
activity and detail where collaboration occurs. One advantage is to be able to provide an
environment where decision makers and facilitator can work together and respect their restriction of
time and geographical distribution.
Decision makers are a specific part of the stakeholders group. They are the ones actually
involved in decision-making process, responsible to decide and take actions on behalf of all the
involved in the studied situation. The facilitator is the specialist in the methods used while the
decision process occurs. It is desired that the facilitator also has some background information
about the problem in the decision, so he can mediate discussions and help to organize ideas in the
group.
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FIGURE 2 – Framework to support collaboration flow
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The proposed framework is presented as a workflow in Figure 2. The framework has two
main phases. The first phase is Problem Structuring, when decision makers, aided by the facilitator,
use VFT and VFB methods to identify the main decision goal, the main objective, the distinct
criteria to be considered in decision, and the possible decision alternatives. The second phase is the
multi-criteria decision analysis, where APH is used as the MCDA technique. After the two main
phases, the decision-making process continues with sensitivity analysis. Finally, decision makers
discuss the final decision considering the output of AHP calculation. In the framework, the white
boxes with solid contour are activities that need someone (decision makers or facilitator) to be
performed. The white boxes with dashed lines are activities that can be made automatically without
intervention of facilitator and decision makers. The grayed shapes represent the activities where
collaboration occurs. All activities are described in the sections below.

3.1 “Understand the Problem” Activity

The first step to solve multi-criteria problem is to understand the problem itself. The idea here
is to have a brainstorming among decision makers, but moderated by the facilitator. To start the
activity, the facilitator creates the users and respective passwords to access the framework. The
facilitator also defines how long the activity will be active and verifies is continuously.
In our framework, we use Value Focused Brainstorming (VFB) as a method to understand the
problem. The values may vary from one decision case to another. For example, in a problem
involving energy efficiency, the conscious use of electricity can be a value. Considering an
employee management problem, the ethical actions of a person can be values. Each organization
has its values associated with its mission (the purpose of the organization) and vision (how the
organization wants to be seen in the future). The values are the main principles that guides
individual actions. It is important that the decision makers and the facilitator focus on the real
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problem, guided by the main objective, with the values of the organization and society, ethical
alternatives and valuable criteria to achieve the identified main goal.

FIGURE 3 – Collaboration in “Understand the Problem” activity

The collaboration occurs in a way that each decision maker can give his opinion on an
identified value added by others. Giving grades, increasing information or simply explaining
another point of view for the given information. Each information provided by a decision maker is
available for other decision makers, who can evaluate (for instance, with grades) and make further
comments. According to the facilitator experience, in the subject considered in the decision process,
it is also recommended to allow the facilitator to collaborate as a decision maker. When the defined
time is over, the facilitator closes the activity to structure the hierarchy on the next activity. The
Figure 3 details the activity.

3.2

“Structure the Problem” Activity

After VFB application, the facilitator must organize the submitted ideas using the VFT
hierarchy. Usually it can be made by clustering information in order to obtain multiple criteria. The
criteria are the mean objectives that must be accomplished to achieve the main goal. The main goal
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is the fundamental objective in a VFT approach. The alternatives are the possibilities to attend
criteria to achieve main goal.

FIGURE 4 – Collaboration in “Structure the Problem” activity

The structured problem can be viewed as hierarchies of objective, criteria and alternatives.
The organized structure information, displayed in a hierarchy chart, makes the decision makers to
understand the criteria and alternatives involved in the decision process. The decision makers can
then collaboratively validate this structure, giving their points of view on different organization of
decision tree. This activity is also explained by Figure 4.

3.3

“Define Criteria and Alternatives” Activity

Once the VFT hierarchy is completed, the facilitator can insert in the framework the criteria
and alternative to provide a way to decision makers evaluate them. It is a layout transformation of
information, the mean objectives are now seen as criteria, and the possible alternatives to achieve
each mean objective are the ratable multi-criteria alternatives.
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3.4 “Evaluate Criteria and Alternatives” Activity

Since criteria and alternatives are identified, they are submitted to decision makers’
evaluation. Each decision maker individually evaluates criteria and later alternatives in a pairwise
way, which means that he/she compares two items at time. It is important that the decision makers
think about the best solution for all involved stakeholders, sometimes making tradeoffs of their own
opinion.

FIGURE 5 – Collaboration in “Evaluate Criteria and Alternatives” activity

The collaboration between facilitator and decision makers tends to avoid a future
inconsistency after consolidation of information, this is done by the verification of completed
evaluations, requested by the facilitator to decision makers. The idea is to mitigate incoherencies by
sharing ideas, opinions and tradeoffs. The facilitator also verifies if the evaluation is completed. The
workflow of this activity is described in Figure 5.

3.5

“Consolidate Evaluations” Activity

Once all decision makers provide their information comparing criteria and alternatives, the
evaluations must be consolidated in order to create an aggregated pairwise comparison matrix. This
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matrix uses the AIJ method, as all decision makers desire to solve the structured problem thinking
on the best solution for all instead of choosing its priorities. Judgments are unified by calculating
geometric mean (Equation 2 ) of decision makers’ evaluation of criteria and alternatives, considered
by each criterion.

3.6

“Calculate Result Decision” and “Consistency Verification”

Activities

The AHP method can calculate the consolidated matrix through (Equation 1) in order to
provide the priorities vectors of criteria, alternatives and global priorities. Other important
information, provided by AHP, is the consistency of the matrix. The consistency is a rated value to
check if the information makes sense through given evaluation (Equations 3, 4 ).
The facilitator compares the output of consistency calculation. If the consistency verification
fails, compared to Table 3, the criteria and alternatives must pass through another pairwise
comparison by those decision makers that evaluations caused inconsistency. It is described on the
“Solve Inconsistency” activity. If the succeeds, the decision result and global priorities are
presented to decision makers.

3.7 “Solve Inconsistency” Activity

If the consistency check gives a negative result, the inconsistency must be solved. The
facilitator requests decision makers to review their evaluations pointing out the problem, opening
the inconsistent evaluation made by decision makers stored in database.
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FIGURE 6 – Collaboration in “Solve Inconsistency” activity

Sometimes the problem occurs after aggregation of judgements, representing conflicting ideas
between decision makers. The facilitator must identify where it happened in order to avoid another
problem after the evaluation of criteria. It may be done through his experience with the specific
methodology, in order to bring the information to the consistent values and not to change the
evaluation drastically. Figure 6 describes the activity.

3.8

“Present Decision Result” and “Sensitivity Analysis” Activity

Hands on the final ordered (ranked) result of AHP, it is done the sensitivity analysis. A
graphic with intersection points of turnover of an alternative priority to another or just present these
points. It can be seen different scenarios for other situations of weighting criteria and possibly a
completely different selection of alternatives.
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The main idea is that the facilitator can provide a textual interpretation of the data, and open
for discussion, since the result of AHP only points the best solution for evaluated criteria and
alternatives. It may be hard sometimes for those not familiar with graphic analysis to extract
important data, so providing information such as “alternative 1 turnovers 2 above 40% of criteria
‘x’ weight” may be very helpful.

3.9 “Make Final Decision” Activity

With the sensitivity analysis and ordered alternatives by AHP, it must be able for the decision
makers to choose through a collaborative way. Sometimes the decision group can be controlled by
other factors such political force, investment policies, etc. Therefore, decision makers must be able
to choose or even select a reduced group of alternatives to solve the problem.

FIGURE 7 – Collaboration in “Make Final Decision” activity

In addition, the method only helps to organize and rank alternative based on previous
evaluations. It should aid the analysis of multi-criteria problems, but the decision group makes the
final decision, as shown in Figure 7. They may also freely discuss positive and negative point of
ranked alternatives.
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3.10 Chapter Summary

In this chapter, a framework to support collaboration in decision-making process was
presented. We presented each activity of the process, including problem structuring, AHP
application, and final decision. We also detail how collaboration can occur during the entire
process. A prototype that implements the proposed framework is described in the next chapter.
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4

Prototype Development

This chapter explains the online application developed as the prototype of the proposed
framework. We present the prototype architecture and show the prototype screens (and even codes
in some cases) that implement the framework activities, using an illustrative example running in a
local server.

4.1 Prototype Architecture

In order to support group multi-criteria decision analysis the prototype of the system was
developed to run in a Microsoft IIS (Internet Information Services) server, that is a flexible server
for hosting various types of applications or websites. A database storage system called SQL
(Structured Query Language) server, developed by Microsoft, connects with the prototype for
storing user data and information provided for problem structuring and pairwise comparison. This
kind of storage systems are used for Big Data information services. The connection and persistency
uses entity framework (EF), which maps relational data using domain-specific objects. The
algorithm for calculations is written in C#, an object oriented language, being a part of Microsoft
.NET framework.
The whole system itself runs as a web application on ASP.NET MVC 4. The ASP.NET is a
framework developed for creating web pages; it helps web designers to create connections between
database storage systems and the visualization part of a web page. The MVC family is a framework
for building web-based applications. The MVC (Model, View, and Controller), represented in
Figure 8, relates the visualization, changes the state of the programmed model, and connects to the
controller (that receives user inputs). The visualization of the platform applied by MVC uses
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JavaScript, which is an interpreted programming language so that users can run web applications
skipping the access on the web server. CSS stands for Cascading Style Sheet, it structures the layout
of dynamic web pages, it also creates the text styles, selection bars, and user input forms together
with HTML and Razor.

FIGURE 8 – The MVC structure

The ASP.NET Razor is a Microsoft engine that allows the programmer to create structured
codes directly into the visualization part of a web page, based in C#, this way the browser can
interpret the programmed code without accessing the controller of a system. The CSS uses the
bootstrap technology. This bootstrap works like a library of objects, such as buttons, tables, icons
and much more. As the CSS cares of the layout of a web application, the bootstrap gives the objects
for creating them. It creates the code for HTML web designing. The prototype uses a Twitter
(twitter.com) based bootstrap, since it is open-sourced and very good looking.
To present the prototype-working framework, the next sections present a classic choice
problem. Three fictional users (controlled by the facilitator) structured the problem and chose a car
among three: AlfaCar, BetaCar and GamaCar. They must evaluate the alternatives and the criteria:
miles per gallon, price and comfort.
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4.2 Problem Structuring Phase

To start the usage of the framework, the facilitator may create users and give login and
password to decision makers. In order to use the prototype and evaluate the framework, the
prototype was developed in Portuguese language to make it easy for decision makers understand in
the empirical application on the next chapter. The example uses the following accounts:
“Facilitador”, “User1”, User2” and “User3”. Figure 9 shows the home page of the web application,
the user may manage his account or register a new user using the “Registrar” and “Log in” buttons.

FIGURE 9 – Home page of the prototype

Once the users can log in the framework, the facilitator may create a project for structure the
problem using VFB. Figure 10 shows the project creation page displayed by selecting the “Projeto”
tab. On the creation page, the facilitator must inform the name, the deadline for creating criteria and
the main objective that such criteria must be related to. Figure 11 shows the created criteria using
the brainstorming technique.
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FIGURE 10 – Project creation interface

On the project page, users can evaluate each created criteria by other users, and detail them
using comments, accessing the tab “Projeto”. The system automatically calculates the mean of
evaluations (“Pontuação” field) shown in Figure 11. The comments are represented in Figure 12.

FIGURE 11 – Criteria generated using VFB
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FIGURE 12 – Comments of “Comfort” criterion

The facilitator must check if the time for creating criteria and comments is completed. Then
he may generate the hierarchy and submit for other users evaluation using comments. If they are not
satisfied, the facilitator must correct and submit again.

FIGURE 13– Hierarchy evaluation interface
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Figure 13 shows evaluation interface of final hierarchy presented through “Hierarquia” tab.
With this hierarchy, criteria and alternatives are created to generate the matrixes for AHP
calculation. At this time, the system recognizes the number of criteria and alternatives to
dynamically create void arrays of information inside the database.

4.3 Multi-Criteria Decision Analysis Phase

This section is related to activities described in sections 3.3, 3.4, 3.5, 3.6 and 3.7. For example
purposes, let us assume that after structuring the problem using VFB and VFT techniques the group
must choose one of three fictional cars using three criteria for evaluation. The first activity is made
by the facilitator, he must “Define Criteria and Alternatives” (section 3.3). Figures 14 and 15 show
the available interface for this activity.

FIGURE 14 – Criteria definition interface
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FIGURE 15 – Alternative definition interface

After creating all criteria and alternatives, the AHP hierarchy can be visualized as shown by
Figure 16 on “Resultados” tab. When the facilitator submits the information for users’ evaluation,
all data will be stored inside the database associated with the generated matrixes for pairwise
comparisons. As the matrixes are created dynamically, the system is not limited by quantity of
criteria or alternatives; however, Saaty [1] explains that any individual capacity of judgment must
not exceed nine criteria or alternatives to avoid inconsistency or misjudgment.

45

FIGURE 16 – AHP hierarchy just before users’ evaluation

The users may now evaluate the criteria among each other and alternatives by each criteria on
“Avaliações” tab. For the example, Figures 17 and 18 show the evaluation of criteria made by
User1. This evaluation creates the pairwise comparison matrix inside the database for future AHP
calculations.
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FIGURE 17 – Pairwise comparison between two criteria

FIGURE 18 – Completed criteria pairwise comparison

After compare each criteria, users must now make the pairwise comparison of each alternative
in relation of each criterion. For example, they must evaluate AlfaCar, BetaCar and GamaCar in
relation of miles/gallon. Then all the cars again in relation of comfort, and so on.
When all users complete all the evaluations, the facilitator checks the data calculations. The
system first aggregates each individual judgment into a new consolidated matrix. For each a i,j of
each matrix M, the system calculates the geometrical mean of the users judgments.
The following code on Figure 19 shows how the system consolidates the matrixes. First, it
creates a new matrix, then multiply each value and finally extract the n-root of each value (Equation
2) based on decision makers quantity.
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// creates a new matrix called mConsolidada
foreach (var item in lMatriz)
{
for (int i = 0; i < list.Count; i++)
{
for (int j = 0; j < list.Count; j++)
{
mConsolidada[i, j] = 1;
}
}
}
// Multiply each Ai,j of each matrix by the others
foreach (var item in lMatriz)
{
for (int k = 0; k < list.Count; k++)
{
for (int l = 0; l < list.Count; l++)
{
mConsolidada[k, l] *= item.Matriz[k, l];
}
}
}
// extract the n-root
float exp = 1F / (float)l_Usuarios.Count;
double potencia = 1 / l_Usuarios.Count;
for (int n = 0; n < list.Count; n++)
{
for (int o = 0; o < list.Count; o++)
{
mConsolidada[n,o] =(float)Math.Round(Math.Pow(mConsolidada[n,o], exp),2);
}
}

FIGURE 19 – Matrix consolidation C# code

The next step is to calculate the eigenvector of the consolidated matrix, which is called
priority vector of AHP pairwise comparison (Equation 1 ). The code is presented on Figure 20.
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// sums each column of the consolidated matrix
float[] vColunas = new float[list.Count];
for (int i = 0; i < list.Count; i++)
{
for (int j = 0; j < list.Count; j++)
{
vColunas[i] += mConsolidada[j, i];
}
}
// creates an normalized matrix
float[,] mNormalizada = new float[list.Count, list.Count];
for (int i = 0; i < list.Count; i++)
{
for (int j = 0; j < list.Count; j++)
{
mNormalizada[i, j] = (float)Math.Round(mConsolidada[i, j] / vColunas[j], 2);
}
}
//Calculates the piority vector (eigenvector)
float[] vPrioridade = new float[list.Count];
for (int i = 0; i < list.Count; i++)
{
for (int j = 0; j < list.Count; j++)
{
vPrioridade[i] += mNormalizada[i, j];
}
vPrioridade[i] = (float)Math.Round(vPrioridade[i] / list.Count, 2);
}
//generates the inconsistency matrix for eigenvalue
float[,] mIncon = new float[list.Count, list.Count];
for (int i = 0; i < list.Count; i++)
{
for (int j = 0; j < list.Count; j++)
{
float a = (float)vPrioridade[j];
float b = (float)mConsolidada[i, j];
mIncon[i, j] = a * b;
}
}
//calculates the eigenvalue
float[] vAutoValor = new float[list.Count];
float autoValor = 0;
for (int i = 0; i < list.Count; i++)
{
for (int j = 0; j < list.Count; j++)
{
vAutoValor[i] += (float)mIncon[i, j];
}
vAutoValor[i] = (float)Math.Round(vAutoValor[i] / mIncon[i, i], 2);
}
for (int i = 0; i < list.Count; i++)
{
autoValor += vAutoValor[i];
}
autoValor = (float)Math.Round(autoValor / list.Count, 2);

FIGURE 20 – Consistency, eigenvalues and priority vectors calculation C# code
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FIGURE 21 – AHP results for “miles per gallon” criterion

Figures 21 and 22 show the consolidated matrixes as well the priority vectors for this
example.
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FIGURE 22 – AHP results for example

4.4 Final Decision and Sensitivity Analysis

The prototype has now calculated which is the best choice using the AHP method. In this
example the global priority vector is composed by 24.73% for AlfaCar, 29.32% for BetaCar and the
best choice 45.66% for GamaCar as presented in Figure 30.
With the priority vector of each criterion and global priority vector, the framework may now
calculate the sensitivity analysis. It is done by changing the weight of a criterion and analyzing what
happen to each of the alternatives. The Figure 23 demonstrates the sensitivity analysis for the
example.
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FIGURE 23 – Sensitivity analysis for example

The facilitator now know that the smart choice is the GamaCar as presented by the red
ellipsoid in Figure 23. He must now interpret the sensitivity analysis and provide such information
to decision makers discuss as presented in Figure 24.
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FIGURE 24 – Final decision and sensitivity analysis discussion interface

An example of text analyzing the turnover points represented by the blue ellipsoids in Figure
23 is “Analyzing the comfort criterion only, the turnover points are around 35% of importance for
BetaCar in relation of AlfaCar and 55% of importance in relation of GamaCar to Beta Car. In other
words, the best choice is GamaCar for 28% of importance on Comfort, however when this criterion
turns to 55%, the best choice would be the AlfaCar.”

4.5 Chapter Summary

This chapter presented the prototype of the proposed framework. We explained the complete
architecture of the web application. In section 4.2, an example of problem structuring was presented
through VFB and VFT. In section 4.3, the core calculation was presented by an example of choice,
where decision makers were interested in choosing a car considering three different criteria. It was
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also presented how the prototype calculates the sensitivity analysis and result of AHP method. The
next chapter presents an empirical application using the proposed framework and developed
prototype.
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5

Empirical Application in Energy Efficiency

In this chapter, an empirical application is provided to evaluate the proposed framework by
using the developed prototype. We choose energy efficiency problem in our study, since it is a great
issue for the industry in all fields of production, for instance supply chain, manufacture and agro
industrial sectors. Nowadays, research has been conducted to find alternative sources of energy to
power the scattered grids all around the globe, in a way to increase energy efficiency.

5.1 Scenario

Known for its expertise in technical education, SENAI (Serviço National de Aprendizagem
Industrial – National Service for Industrial Apprenticeship) structured technological institutes all
around Brazil. Such institutes have the mission to aid industries through technological and
innovation services. Therefore, thematic networks were created to link the institutes and its
consultants. One of these is the Renewable and Energy Network.
The SENAI institute in Toledo, Paraná, Brazil is skilled in food and beverage industries.
Energy efficiency solution is one of the many services disposed in its portfolio. It is desired to use
the developed prototype to identify common characteristics in local industries and order priorities
services to be offered, with fast impact on energy efficiency issues. This way SENAI can rise its list
of industries served, services done, in order to be a local reference in the sector.
To structure the problem and identify such characteristics it was selected four managers of
two different food industries. Two production managers and two maintenance managers. Also one
consultant from outside SENAI Toledo but participant of the energy network, and one from inside,
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who will act as facilitator. The decision makers do not know themselves and have different personal
characteristics. They worked along in the collaborative interface to solve the problem.

5.2 Design of the Empirical Application

This empirical application had two main objectives. The first one was to evaluate
effectiveness of the framework through developed prototype. The second was to generate ranked
possible alternatives to aid industries in Toledo SENAI region in energy efficiency.
The effectiveness of the prototype was evaluated through a set of questions before and after
applying the usage of framework. The involved decision makers answered such questions to
measure: the easiness to understand a problem; time taken in a decision-making process; easiness of
engaging people; easiness of expressing themselves; and quality or usability of the prototype. The
main questions measures the decision makers experience before and after the framework
application. Two Google Forms sheets were used to scale their opinion from complete disagreement
to complete agreement with the corresponding affirmation. Other questions evaluated the decision
makers experiences aside the empirical application, such questions helped to point out interface
benefits, issues with the framework and points of improvement. Appendixes A and B contain both
surveys used for measuring the knowledge and experience of the decision makers.
To evaluate ranked alternatives to provide industry a portfolio of energy efficiency services,
the output of applied method was compared to the SENAI Renewable Energy portfolio of services.
The objective is to obtain, among those already provided, a list of activities to offer industries in
order to achieve a fast result.
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5.3 Decision Process Results

On the problem structuring activity, decision makers provided information and evaluated it in
order to generate criteria and alternatives. The values that guided decision makers on information
were proposed by the facilitator: Productivity; Process efficiency increase; Competitiveness;
Environment preservation; Workers security; and Compliance with regulation. The brainstorming
provided the results presented on Table 5.
TABLE 5 – Brainstorming results

Criterion
Lack of information
Process losses
Energy quality
Energy invoice
reduction
Regeneration
systems
Lightning efficiency
Security procedures
Management
problems
Wrong equipment
sizing
Process
improvement
Outdated equipment
Demand Control
Maintenance
knowledge
Electric grid noise
Automation
problems

Comments
Energy management education
Events, workshops and lectures
Identify compressed air leaking
Production layout changes
Measure energy quality
Provide technical reports on energy quality
Identify misuse of electric energy
Help contract negotiation with energy providers
Identify energy reuse possibilities
Work with thermal accumulation processes
Make conform regulations
Help on changing to more efficient lamps
Make conform regulations
Energy management systems
Integrate to products and process costs
Diagnostics on inadequate equipment sizing
Propose best practices on system dimensions
Process optimizing
Production layout changes
Improve industrial refrigeration systems
Help on industry updates and retrofitting
Identify main electric loads
Optimize bigger load uses
Eliminate wrong maintenance practices
Improve technicians knowledge
Identify equipment that cause energy losses
Improve noise reduction on energy systems
Identify wrong automation algorithms
Integrate management systems to automation systems

Through the VFB and the VFT hierarchy, it was possible to identify five criteria that cause
problems in energy efficiency in food and beverage industries. The hierarchy also provided six
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alternatives of services to be evaluated by decision makers. Figure 25 shows the VFT hierarchy that
was evaluated. A classic AHP representation, generated from VFT hierarchy, on Figure 26 is
provided for reader’s better understanding.

FIGURE 25 – VFT hierarchy on the prototype

Energy efficiency services

Energy
Management

Optimization
and layouts

Knowledge

Diagnostics

Energy
Quality

Automation
and
refrigeration

Equipment

Maintenance
and retrofit

FIGURE 26 - AHP hierarchy
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Processes

Education
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The evaluated and consolidated matrixes inconsistency were all inside the limits proposed by
Saaty in his work. All values of Consistency Ratio are below 0.9, since the smaller matrix (criteria
evaluation matrix) is a five by five order referred on Table 3.
“Energy management” is related to how the industry uses the energy to manufacture consumer
goods, not only the use of electrical energy, but also thermal, pneumatic and hydraulic sources.
“Knowledge” is a criterion related to the expertise on energy efficiency that industry works are
aware. “Energy quality” is related to the quality of electrical energy provided by the electrical
energy company. “Equipment” is the criterion related to how efficient equipment are in a
production line. “Processes” is the criterion that relates how efficient a process when consuming
energy is.
Regarding the alternatives, each one represent types of services that can be offered by SENAI
to the industries. Optimization and layout services analyzes the factory and suggest changes to
increase efficiency. Diagnostic services identify the quality of processes and measures quality of
energy. Automation and refrigeration services are transversal services that are demanded by food
and beverage industries. Maintenance and retrofit services are helpful to provide information on
equipment and processes that could be improved. Regulation attendance services are related to
Brazilian specific laws for food industries and workers safety. Education services are technical
courses, regulation attendance courses, under Graduation College, specific themed lectures and
qualification of workforce.
The priorities vector for each criterion and alternatives are presented on Tables 6, 7, 8, 9, 10,
and 11. Table 12 shows the global priority vector, representing the AHP output . The result values
of AHP are presented as percentages of priority for better understanding. The information of such
tables was extracted from the prototype (in screens similar to Figures 21 and 22).
Table 6 shows the result of criteria pairwise comparison, resulting in a highest priority on the
knowledge criterion. Table 7 represents the evaluation of the alternatives considering the energy
management criterion, shows that education services are priority for attending this criterion.
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TABLE 6 – AHP results: criteria

Criterion
Energy Management
Knowledge
Energy Quality
Equipment
Processes

Priority
22%
25%
18%
21%
14%

TABLE 7 – AHP results considering energy management criterion

Alternative
Optimization and layouts
Diagnostics
Automation and Refrigeration
Maintenance and retrofit
Regulation attendance
Education

Priority
13%
14%
16%
16%
19%
21%

Table 8 shows that education services are the most requested when considering the knowledge
criterion. Considering the energy quality, the most related priorities are diagnostic and optimization
services, as shown in Table 9.
TABLE 8 – AHP results considering knowledge criterion

Alternative
Optimization and layouts
Diagnostics
Automation and Refrigeration
Maintenance and retrofit
Regulation attendance
Education

Priority
4%
5%
9%
15%
24%
43%

TABLE 9 – AHP results considering energy quality criterion

Alternative
Optimization and layouts
Diagnostics
Automation and Refrigeration
Maintenance and retrofit
Regulation attendance

Priority
39%
26%
17%
10%
5%
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Education

3%

Table 10 and 11 represent the priorities of services considering the equipment and processes
criteria, resulting in optimization services with highest priority for equipment criterion and
Education for processes criterion.
TABLE 10 – AHP results considering equipment criterion

Alternative
Optimization and layouts
Diagnostics
Automation and Refrigeration
Maintenance and retrofit
Regulation attendance
Education

Priority
41%
25%
16%
9%
6%
4%

TABLE 11 – AHP results considering processes criterion

Alternative
Optimization and layouts
Diagnostics
Automation and Refrigeration
Maintenance and retrofit
Regulation attendance
Education

Priority
4%
5%
10%
16%
23%
42%

TABLE 12 – AHP final results considering

Alternative
Optimization and layouts
Diagnostics
Automation and Refrigeration
Maintenance and retrofit
Regulation attendance
Education

Priority
20%
15%
14%
13%
16%
22%

Table 12 shows us that decision makers selected education services with the biggest priority,
followed by optimization and layout changes, regulation attendance, diagnostics services,
automation and refrigeration and finally maintenance and retrofit services. Since the percentage

61
priorities among alternatives were close, a sensitivity analysis was made to visualize possible
different scenarios.
The AHP results showed a very robust solution. When changing the weight of Energy
Management criterion, the best alternative still is Education services. At a turnover point of under
20% on the Knowledge criterion, the best solution for the problem could be Optimization and
Layout changes alternative. A similar result occurred on energy quality and equipment criteria.
Above 26% percent of turnover, the best solution is Optimization services alternative. Another
interesting turnover occurs around 40% where diagnostics services are the second best choice of
provided services. This could be related because these kind of services cause a very strong impact
on energy quality and equipment analysis services.
For last analysis, the processes criterion sensitivity showed that at 30% of criteria weight
change, the second best solution could be Regulation Attendance Services, which are strongly
related to processes in food and beverage manufacturing facilities.
The sensitivity analysis was provided as well the final result of AHP. For this application
decision makers agreed that education services are the most needed by their industries, followed by
optimization and layout changes services. After completed, another questionnaire was submitted,
discussed in the next section.
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5.4 Proposal Evaluation Results

The result of the interviews are shown in Table 13 , expressing the answers of the decision
makers involved in the process before the application of the empirical study and after the use of the
prototype. The measurement scale was from 1 (completely disagreement with the affirmation) to 5
(completely agreement with the affirmation).
TABLE 13 – Prototype evaluation

Topic
Easiness of criteria identification

First evaluation
1.6

Second evaluation
4.4

Short time taken in decision-making

2.6

3.8

Easiness of expressing inside group
Easiness of alternative identification
Easiness of engaging team in decisionmaking
Use of online framework on daily decisionmaking

3.2
3.4

4.4
4.2

1.8

4.8

NA

4.8

*NA means not applicable

After the comparison of evaluations of decision makers involved in the process, we discuss
these results to validate the use of the online framework. Regarding the easiness of criteria
identification, the evaluation shows an increase of grades. This shows us that using the framework
decision makers could identify the multiple criteria involved through a discussion oriented by
value-focused brainstorming. They also could compare each criterion with others. Comparing the
evaluation of time taken in a decision-making process, the framework allowed decision makers to
act resulting in a shorter time through collaboration. The easiness of expressing themselves inside
the decision group was also increased; decision makers could give their opinion and make their own
evaluation. Together with the easiness of criteria identification, the easiness of alternative
identification is also increased using the online framework. The most impact on decision-making
process is related to the easiness of engaging decision makers in the process, they were able to
evaluate without worrying with time problems or location difficulties.
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Before the application, other sets of questions were asked to identify the knowledge of
decision makers in problem structuring and multi-criteria decision analysis, only one of them cited
SODA and SSM in PSM. The same decision maker cited Tree Decision Analysis, Electre Family
and AHP for Decision analysis methods. Decision makers also identified what kind of information
they wanted to identify in the empirical application: “I want to identify possible services that could
be made in my field of work”; “Identify problems related to energy efficiency”; “Get to know other
specialists opinion regarding my field of work in energy efficiency”; “Increase SENAI’s services
portfolio”.
TABLE 14 – Framework advantages

Advantages
Possibility to remain anonymous.
Fast information input.
Allows to evaluate each point of decision.
Possibility of innumerous alternatives generation.
Free of charge.
Works on multiple devices such smartphones and tablets.
Individual evaluation of criteria and alternatives.
Structured decision process visualization.
Allowed to engage the team remotely and efficiently.
Reduction of time taken for the decision-making process.

After the empirical study decision makers evaluated the use of the framework answering that
would probably use this kind of online resource to solve decision-making problems. They also cited
advantages about the online framework, which are presented in Table 14 in a consolidated way.
Decision makers also pointed out some disadvantages related to mobility of the framework, the
necessity of internet connection and the layout of the web application.
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5.5 Chapter Summary

This chapter presented an empirical application of the online framework. Decision makers
engaged to select priority services that shall be provided by SENAI to the Food and Beverage
industries. It was provided the results of VFB and VFT application, AHP solutions, and sensitivity
analysis for each criterion. The framework was evaluated using questionnaires. Such information is
helpful for pointing out the key findings and limitations of our work. .
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6

Discussions

In this chapter, we discuss the key findings and limitations of our work, considering three
aspects: the proposed framework, the implemented prototype, and the empirical application.
The proposed online framework allows decision makers to structure the problem in order to
identify multiple criteria and alternatives related to a complex problem to be solved, when
uncertainties are involved. The VFT and VFB methods helps decision makers to identify criteria
involved to achieve the main objective of a problem and collaboratively discuss alternatives to solve
the problem. According to the framework, collaboration also occurs on the second phase (multicriteria decision analysis). Decision makers can make pairwise comparisons and aggregate
individual judgments in one consolidated matrix through the AIJ method. The framework then
calculates the result through AHP method.
The sensitivity analysis inside the framework interpreted by the facilitator allows decision
makers to visualize different scenarios when the weight of criteria changes. This is helpful to create
other ranked list as result of MCDA method. The collaboration facilitates the engagement of
decision makers and facilitator to discuss the final decision of a problem, since MCDA methods
only gives a ranked list for selection of alternatives. It is important to cite that the proposed
frameworks works for problems when decision makers want to engage thinking the same way to
achieve the best result for all, ignoring the possibility of aggregating individuals’ priorities.
The developed prototype implements the proposed frameworks. It allows decision makers
along with the facilitator to create a list of criteria and alternatives thinking on the values proposed
by the facilitator. The developed prototype allows the discussion of the hierarchy proposed by the
facilitator and generates the criteria and alternatives for the AHP method. The prototype also allows
decision makers to evaluate criteria and alternatives making pairwise comparisons. It then
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calculates the aggregated decision matrix automatically, giving the consistency ratio of a matrix to
indicate the facilitator possible problems with decision makers evaluation.
The prototype calculates the sensitivity analysis of criteria and gives as output a table of
percentages of alternative priorities by changing the weight of criteria evaluated. The interface of
final decision allows decision makers and facilitator to discuss the result with the interpretation of
sensitivity analysis provided by the facilitator. Collaboration allows users to work remotely without
the need of being collocated or involved at the same time. The prototype allows to verify the
usability of the proposed framework in identifying and solving a problem. The usability of the
prototype can be complicated due to necessity of internet connection and interface characteristics
reported by users.
The empirical application allowed facilitator to propose a problem of services identification to
be provided by SENAI to food and beverages industries. Decision makers could create criteria that
causes low energy efficiency and alternatives to solve the problem using VFB and VFT. Decision
makers then make pairwise comparisons of the criteria and the alternatives considering each of
criteria. The obtained AHP result of the application gave as output a ranked list of services
requested by stakeholders. As the priorities of alternatives was close of each other, the sensitivity
analysis provided an insight on changing the weight of criteria, showing decision makers and
facilitator that the result of the MCDA method was robust.
Considering both the interpretation of sensitivity analysis and AHP result, decision makers
discussed and found out that educations services are the most important to be provided to industries,
followed by optimization and layout changes services. The decision made with the empirical
application shows the line of action that the SENAI’s Institute of Technology of Toledo should act.
These services may cause a fast impact on processes in industries that relates to an improvement in
energy efficiency.
The decision group that was involved in the empirical application was a small group, the
framework could be better evaluated with a larger decision group. The application related only the
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energy efficiency problem in food and beverage industries, it could not evaluate the priority of
services on other industry sectors. Therefore, other applications can be conducted considering teams
with more decision makers of other sectors too.
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7

Conclusions

Working with multi-criteria problems is complex because many uncertainties are involved. It
is necessary to understand the problem within the involved group. The proposed framework allows
decision makers act as a group, collaborating with each other to structure the problem thinking
about values related to the main objective. Collaboration is also present on the multi-criteria
decision analysis supported by the framework through AHP method. The sensitivity analysis gives
the framework the feature of analyzing criteria weight changes and visualize different scenarios on
alternative ranking. The framework also provides collaboration in discussion of final decision
guided by the result of previous phases.
The developed prototype assures the viability of the framework. It provides a collaborative
interface where decision makers, together with facilitator, may structure a problem, analyze the
multi-criteria, interpret the sensitivity analysis and make final decision. All the phases are
implemented through the guidelines available on the online framework.
To evaluate the prototype and therefore the framework, an empirical application in energy
efficiency was conducted. Decision makers evaluated their experience in decision-making processes
that involve multiple criteria and demonstrated improvement on these processes by citing
advantages, such as: easiness of team engagement, individual criteria and alternatives evaluation,
availability of a problem structuring method and possibility to work remotely.
As future work, we propose a change on the framework to enable the possibility of
aggregation using decision makers’ individual priorities. It could allow the decision group to
evaluate criteria and alternative thinking on individual matters. Another possible change is to
implement the possibility of weight evaluations by hierarchy on using other ways of evaluation in
AHP, such as ratings and BOCR approaches [10, 22].
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We also propose a change of how information is collected, for instance a file that could be
evaluated offline. This could allow de usage of the framework as a desktop or smartphone
application. Another possibility is implement the prototype into a social network application. It
could be adapted to companies’ networks such Yammer or Facebook groups to make decisions
involving any kind complex problems groups intend to solve. The last proposition is to apply the
framework and prototype in SENAI’s Institutes of Technology to rank among services those with
greater impact on institutes’ specialty.
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