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Abstract: The sustainable development of countries is associated with a set of actions that must be
implemented in the long term. In this process, society must be a valid partner in the decisions that
are made. Studies show the interrelationship between the Sustainable Development Goals (SDGs),
which increases uncertainty and makes decision-making more difficult. On the other hand, the
Quintuple Helix of Innovation Model (QHIM) provides an analytical framework to explain the sys-
tems’ interactions. The motivation of the study lies in knowing the relationships between the varia-
bles that affect SDGs. The manuscript aims to broaden the discussion on sustainable development
and propose two models to support decision making. The first one suggests 20 indicators linked to
the QHIM with the SDGs in Latin American countries. The second identifies the forgotten effects
through the application of a Fuzzy Logic algorithm. The main contribution is to know these effects
and to support decision-making. The research carried out can be classified as applied, with the ex-
planatory objective and the combined approach (quantitative-qualitative), modeling and simula-
tion, and case study methods. The QHIM results indicate that Chile leads the ranking, followed by
Brazil, Mexico, Peru, and Colombia. Also, it reveals the importance of correctly identifying cause-
effects by seeking harmony between systems. A limitation would be the number of variables used.
The study indicates promising lines of research.

Keywords: SDGs; The Quintuple Helix of Innovation Model; sustainability; Latin America;
knowledge systems; Forgotten Effects Theory; Fuzzy Logic

1. Introduction

Scientific studies point out the need to act in a strategic and socially responsible way
towards sustainable development [1,2]. In this sense, innovation plays a crucial role in
achieving this goal [3,4]. On the other hand, the search for lasting solutions for the planet
requires balancing objectives from several interest groups and strengthening relation-
ships between institutions [5]. Therefore, countries must have a critical mass of research-
ers in various knowledge areas [6].

In 1987 the Brundtland Report defined sustainable development as one in which
“present needs must be met without compromising the future of future generations” [7]
and recognized the importance of the commitment of all to achieve this goal.

In 2015 this theme gained greater relevance with the 17 Sustainable Development
Goals (SDGs) [8]. Most importantly, it invites us to create a more sustainable, secure, and
prosperous planet for humanity. To achieve the SDGs, individuals, businesses, govern-
ments, and non-governmental organizations must commit to sustainable development
[5]. Therefore, working together with diverse organizations allows us to remember stake-
holders’ importance in generating long-term value for both business and society [9].
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In this sense, the Quintuple Helix of Innovation Model (QHIM) provides an analyti-
cal framework to explain the interactions among the actors of a society that seeks, in the-
ory, to progress [10]. The proposed model is composed of political, educational, economic,
environmental, and social systems. Each helix represents a knowledge subsystem that
functions as a spiral connecting with the other systems, which, in turn, have a national,
regional, and global reach.

Therefore, humanity must find solutions to address significant challenges, such as
harmony and cooperation among the five systems towards sustainable development. The
uncertainty caused by constant and intense change, which increases decision-making,
must also be considered. For these reasons, the primary motivation lies in knowing the
relationships between the systems and the variables that affect sustainable development.

As a methodological alternative, the algorithms based on “Fuzzy Logic” [11] contrib-
ute to solving problems of the real world when they are dedicated to solving complex
systems reducing the uncertainty in decision making [12-14].

In this context, the manuscript aims to broaden the discussion on sustainable devel-
opment and propose two models to support decision making. The first one suggests 20
indicators linked to the QHIM with the SDGs in Latin American countries. The second
identifies the forgotten effects through the application of a Fuzzy Logic algorithm. The
main contribution of the study is in knowing these effects and supporting decision mak-
ing. The main contribution of the study is in knowing these effects and supporting deci-
sion making. The results reveal the importance of correctly identifying cause-effects by
seeking harmony between systems. A limitation of this research is the number of variables
used.

This research can be classified as applied, with the explanatory objective and the
combined approach (qualitative-quantitative), modeling and simulation, and case study
methods [15]. The combination of the two methods generates an added value to the re-
search since, on the one hand, simulation allows to inform and understand a real-world
problem and propose solutions adjusted to the identified needs [16]. On the other hand,
the case study method is empirical research that finds a contemporary phenomenon
within its real-life context [17]. As a result, the combined research method supports the
model’s validation and generates interesting theoretical and practical implications.

The document is structured as follows. Section 2 presents the materials and methods.
Section 3 shows the results of the simulation applying the Forgotten Effects Theory. Sec-
tion 4 presents the discussions of the results. Finally, Section 5 details the conclusions fol-
lowed by the references.

2. Materials and Methods

This section is organized into four parts to explain the methodology of the study.
First, it explains the QHIM and SDGs’ theoretical framework. Following, it discusses Latin
American countries’ case analysis concerning sustainable development applying the
QHIM. Third, it explains the algorithm used in the simulation. Finally, it details the sim-
ulation process carried out to identify sustainable development’s forgotten effects.

2.1. QHIM and SDGs: Theoretical Framework

The QHIM results from the continuous development of approaches that seek to ex-
plain the dynamic interactions of social actors at different scales, the country level being
one of them. Scientific studies confirm the importance of the QHIM in integrating the five
systems to achieve sustainable development [10,18]. Table A1l presents the evolution of
the models related to the study, definitions, and scope.

The previous theoretical basis on which the QHIM was founded comes from several
approaches, the most relevant being the Triple Helix for Development, first published by
Etzkowitz and Leydesdorff in 1998 [19].

These approaches have contributed to designing the theoretical base model used for
this study, such as the Triple Helix and its evolution towards the Fourth and Fifth Helix
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of Innovation. This last model was finally selected to explain its relationship with the
SDGs. It adds social capital and environmental capital to the Triple Helix model and was
therefore considered the most appropriate for this study.

By examining the longitudinal evolution of the models related to the one used in this
study, we could indicate that the Triple Helix approach operates under the construction
of a socio-institutional fabric that leverages the network of interactive business-university-
government agent relationships. This approach describes and analyzes these agents’ rela-
tionships, and they were examined, considering the dynamic processes generated among
the participants and materialized through initiatives that seek innovative solutions [19-
23]. This model has been evolving steadily and today is related to the promotion of new
modes of an action directed towards the market and also to propose solutions to problems
that are fundamental of a social nature [24-26].

The Quadruple Helix model of innovation is an evolution made by a team of special-
ists integrating central elements of other approaches such as the Triple Helix, Mode 1 and
Mode 2, and the National Innovation Systems. This process includes the attributes related
to the new actor that the authors incorporate and call Social Capital.

These characteristics are related to the media and the vision of a change process to-
wards a knowledge economy. Including this new actor as a fourth interconnected subsys-
tem, taking into account the media to support disseminating knowledge in a given society,
also integrates other aspects such as culture with its values, experience, and traditions
[27]. These attributes are relevant since they can favor or condition a given country’s po-
tential development, and society has a relevant weight in decisions [28].

The QHIM has as its central purpose to include the natural environment as a new
subsystem of knowledge. This approach’s logic is based on generating innovation ecosys-
tems that include nature as a central component, giving it the same weight as the other
four helices [10]. The natural environment serves to preserve, survive, and vitalize hu-
manity and create new green technologies.

The search for sustainable development of the planet as a central idea is a reality in
this proposal. It speaks of social ecology, and the center of gravity of the discussion is
global climate change. This aspect allows us to determine that this approach is a proposal
before creating the SDGs [29]. The abuse of renewable and non-renewable natural re-
sources is no longer conceived without global society’s participation in the substantive
decisions on the impact this generates on the planet. Figure 1 presents the model used in
this study, and Table Al provides the definition.

- )
media-based and education system Y
ulture-based publi v T
= :kno ledge creation: . ‘
human capital R |
4

economic system

:knowledge creation:

atural environment>
natural capital

P4 .
know-how _.* Cd
knowledge f'— ‘0

.-.-------Q------’

Figure 1. The Quintuple Helix Innovation Model (QHIM). Source: [10].
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A literature review was performed on SDGs and highlights that the increasingly con-
stant and intense changes brought about by climate change and social inequality were a
warning to humanity’s future in recent decades. Sustainable development became the
main route to meet these challenges. In this sense, the United Nations intensified the ori-
entations and policies towards sustainable development with various guidelines over
time, such as the Brundtland Report [30], Global Compact [31], Millennium Development
Goals (MDGs) [32], Paris Agreement [33], and the SDGs [34]. Consequently, sustainable
development must be considered a priority and strategic in the countries” policies [2].

Currently, the focus is on Agenda 2030 through the SDGs, which in general terms, is
a set of objectives, goals, and actions that aim to guide governments, academics, entrepre-
neurs, and society as a whole towards a fairer and better world [5,35]. Through scientific
studies, the academic sector also contributes to the SDGs, seeking to explore this theme,
which is complex and depends on the harmony and integration of systems to achieve ef-
fective results [3,36].

The research identified three gaps related to the SDGs that could increase uncertainty
[37] and hinder the implementation of measures and problem-solving.

The first gap is in indicator assessment because countries have autonomy in the im-
plementation of the SDGs, which will require the collection of quality, accessible, and
timely data. SDG assessment results can be ambiguous and confusing due to the lack of a
well-designed conceptual framework of indicators [37]. Other authors warn that applying
indicators in an inconsistent or uncoordinated manner can cause serious problems [38,39].
Therefore, consensus on the indicator framework and its use are needed.

The second gap is the lack of understanding between the MDGs and the SDGs [40].
The MDGs focused on countries, whereas the SDGs should be global. For this reason, new
methods can help their implementation and systems thinking. The same study states that
the danger is prioritizing individual goals without understanding the possible positive
interactions between them [40].

The third gap is to understand the correlation between the SDGs in decision making
[36,40]. For example, the decision-maker must understand that responding to the threat
of climate change (SDG13) influences natural resource management (SDGs 14 and 15) and
food production (SDG2). Conversely, climate stability (SDG13) and preventing ocean
acidification (SDG14) will support sustainable food production and fisheries (SDG2) [41].
Other examples would be gender equality (SDG10) or improving health (SDG3), which
help eradicate poverty (SDG1), and fostering peace and inclusive societies (SDG16), which
will reduce inequalities (SDG10) and help economies thrive (SDGS8) [8]. However, deci-
sion-makers cannot correctly identify interacting variables, which can harm the environ-
ment and compromise the SDGs’ scope [42]. It is essential to understand sustainable de-
velopment from a broad and systemic approach, which considers each stakeholder’s im-
portance to achieving a more socially just, inclusive, economically viable, and environ-
mentally friendly development.

Along these lines, other studies sought to understand this complexity, reduce uncer-
tainty and facilitate SDG-related decision making through modeling and simulation. For
example, in a case study on sustainable tourism in Brazil [14], photovoltaic energy invest-
ments in Tanzania [42], and different models, including both scenario analysis and quan-
titative modeling [43]. However, there is no scientific research on the application of QHIM
with the 20 indicators proposed in this study. Also, there are no studies on the Forgotten
Effects Theory considering the QHIM and SDGs. In this sense, the study seeks to reduce
the identified gaps and contribute to sustainable development with the proposed models.
Consequently, the manuscript is novel and useful to various stakeholders, such as gov-
ernments, society, and academia.

In this context, the present research intends to advance the frontier of knowledge on
sustainable development, relating the QHIM with the SDGs through a case study in Latin
America and contributing an algorithm in decision making. The next subsection is dedi-
cated to case analysis.
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2.2. QHIM: The Latin-American Countries” Case

This subsection is dedicated to five Latin American countries’ case analysis concern-
ing sustainable development applying the QHIM. The countries analyzed were Brazil,
Chile, Colombia, Peru, and Mexico. The QHIM was the model chosen to carry out the case
study because it is scientifically based on the importance of integrating the five systems
to achieve sustainable development [10,18].

However, the model has some drawbacks associated with the choice of indicators
and data homogenization. Useful tips to overcome the drawbacks are: (i) use official da-
tabases, (ii) the indicators must present transversal characteristics. In this way, it will be
possible to compare each helix, and according country’s real situation, (iii) use the same
period, (iv) create a single value scale, and (v) validate the indicators with experts.

The study focused on this region of the world, but the model presented is generic,
which means that it can compare any country. Brazil and Mexico were selected for this
case study because they are the two countries with the largest Latin American popula-
tions. Colombia and Peru have an intermediate population concerning the first two and
Chile, the latter being the least densely populated of the five.

Also, this region of the world presents, in general terms, short-term policies, low in-
vestment in Research and Development (R&D), and a low number of scientists per million
inhabitants. These countries also have low scientific and technological production, econ-
omies with high percentages of informality and unemployment, and inefficient use of re-
newable and non-renewable resources. Finally, society’s low participation as an “auditor”
of the activities carried out in the political, educational, business, and environmental
spheres is evident [6,44]. This selection shows that the indicators applied are useful, re-
gardless of the size of the country analyzed.

The data from official sources correspond to the period between 2000 and 2017. It
should be noted that only some indicators had data until 2019, so a period was chosen in
which all the information was available. The study uses 20 indicators that represent the
QHIM as criteria for analysis. Each helix was assigned four indicators that are associated
with the SDGs. Ten experts in the field of sustainability validated the indicators. The 20
indicators present transversal characteristics that allow a generic comparison of each helix
and close the relationship with each country’s real functioning. For this purpose, the prox-
imity and remoteness method and ten initial indicators were used for each helix until a
consensus was reached. Subsequently, the SDGs were assigned to each helix.

Official sources use different measurement scales when presenting data, which could
make analysis difficult. For this reason, the study will use the same scale to homogenize
the data. In this case, the endecadary scale with 11 values of [0, 1] will be used. Thus, the
value closest to 1 expresses an approach to sustainable development, and the value closest
to 0 shows a move away from development. Table A2 shows the five helixes’ analysis
criteria, the 20 indicators, the concepts, and the SDGs’ links. The results of the case study
are presented below. Also, Table A3 details the results of QHIM indicators.

Firstly, Figure 2 presents the four indicators of political capital (PC). The results in-
dicated that Chile leads in all indicators of helix 1. On the other hand, there was an alter-
nation in second place between Peru (PC1), Brazil (PC2 and PC3), and Mexico (PC4). In
general terms, Brazil, Colombia, Peru, and Mexico presented results below 0.50, which
shows these countries’ fragility in political capital. Consequently, low government regu-
latory capacity, corruption, political instability, and inadequate public services can be bar-
riers to achieving the SDGs (3, 10, 11, 16, and 17).
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H1 Political Capital

1.00
0.90
0.80
0.70
0.60

0.50
0.40
0.30
0.20
0.10
0.00
PC1 PQ PG PC4

mBrazil mChile = Colombia mPeru mMexico
Figure 2. Political Capital (PC). Source: Own elaboration based on [45].

Secondly, Figure 3 shows the human capital (HC) indicators. The results revealed
that Brazil led in three indicators (HC1, HC2, and HC3) and Mexico in one indicator
(HC4). Overall, all five countries had the best result in HC1, which refers to total R&D
expenditure. However, the total score for helix 2 would be below 0.30 (except for Brazil
with 0.32), which shows a weakness in the education helix. At the same time, a concern,
since low investment in education will compromise the reach of SDGs 4 and 9.

H2 Human Capital

1.00
0.9
0.80
0.70
0.60

0.50
0.40
0.30
P I I
0.10
0.00 . — l I | P - . = —
HCQ HQ HG

HC4

mBrazii mChile = Colombia mPeru mMexico
Figure 3. Human Capital (HC). Source: Own elaboration based on [45-48].

Thirdly, Figure 4 shows the indicators of helix 3, economic capital (EC). The results
indicated that Colombia led in EC4, Mexico in EC2, Brazil in EC1, and Chile in EC3. In
general, economic capital presented the worst result among all the helices. In general
terms, the region has low foreign direct investment, high unemployment, a weak current
account balance, and low purchasing power. As a consequence, it will negatively affect
the fight against poverty (SDG1), hunger (SDG2), decent work (SDGS8), industry, innova-
tion and infrastructure (SDG9), and partnerships (SDG17).
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H3 Economic Capital
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Figure 4. Economic Capital (EC). Source: Own elaboration based on [45].
Fourthly, Figure 5 presents the indicators of ecological capital (EN). Peru led in EN1,
EN2, and EN4, and Brazil in EN3. Except for Mexico, the other four countries achieved a
score above 0.60. In Mexico’s case, the lowest ratings were in renewable energy (EN3) and
population density (EN4), which impacted the final result. In helix 4, the countries ana-
lyzed show a small advance towards achieving the objectives (SDG 1, 2, 6, 7, 13, 14, and
15).
H4 Ecological Capital
1.00
0.90
0.80

0.70

0.60
0.50
0.40
0.30
0.20
0.10
0.00 -
EN1 EN2 EN3 EN4

® Brazil mChile = Colombia ®Peru mMexico
Figure 5. Ecological Capital (EN). Source: Own elaboration based on [45,49,50].

Fifthly, Figure 6 shows the social capital indicators (S5C). Chile led in SC1, SC2, and
SC4, and Mexico in SC3. All five countries presented total scores above 0.50, indicating
some progress in gender development, human development, and poverty reduction, con-
tributing to the SDGs (SDG 1, 2, 5, 10, 11, 12, and 15). However, the results point to the
existence of gaps in the social sphere.
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H5 Social Capital
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Figure 6. Social Capital (SC). Source: Own elaboration based on [45,51,52].

Figure 7 reveals the overall result of the five helices. Also, Table A4 shows the results
of QHIM per each helix and country. The result of each helix is the average value of the
four indicators per block. Social capital led the ranking (0.63), followed by ecological cap-
ital (0.55). Political capital would be in third position (0.51), followed by human capital
(0.22) and economic capital (0.20). Chile led in H1, Brazil in H2, Colombia in H3, Peru in
H4, and Mexico in H5.

The Five Helix from QHIM: Latin-American countries” case

1.00
0.90
0.80
0.70
0.60

0.50
0.40
0.30
0.20
ial il
0.00
H1 H2 H3 H4 HS

M Brazil mChile Colombia ®Peru M Mexico

Figure 7. The Five Helix (H1-5) from QHIM: Latin-American countries’ case. Source: Own elaboration based on [8,45—
53].

Finally, Figure 8 shows the result of applying the QHIM through the case study in
Latin America. The total value represents the average of the five helices for each country.
Chile led the ranking with an overall score of 0.46. The second position would be Brazil
(0.45), followed by Mexico (0.43), Peru (0.39), and Colombia (0.38).
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QHIM: Latin-American countries’case
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W 043

W 039
{“/ 0.38

Figure 8. QHIM: Latin-American countries” case. Source: Own elaboration based on [8,45-53].

It should be remembered that the rating scale used was 11 values [0, 1]. Thus, the
value closest to 1 expresses an approach to sustainable development, and the value closest
to 0 shows a distance to sustainable development. Therefore, results show that there is
still a long way to go for the countries analyzed towards sustainable development accord-
ing to the indicators proposed by the QHIM. The main reason for this would be the low
performance in the human and economic capital indicators.

Therefore, the study recommends that countries increase investment in education,
incentives for research and development, fiscal balance, economic stimuli, foreign invest-
ment, and quality employment. The next subsection explains the use of the Forgotten Ef-
fects Theory.

2.3. Forgotten Effects Theory

This subsection explains the simulation algorithm and presents the process carried
out to identify sustainable development’s forgotten effects.

The “Forgotten Effects Theory” [54] is the mathematical model chosen to simulate
this research. This algorithm was applied in several knowledge areas based on previous
studies and presented reliable decision-making results [14,55]. However, the model has
drawbacks associated with the selection of variables and the choice of experts. Useful tips
for solving these problems are: first, it is necessary to know the research topic well and
support the use of the variables scientifically. Secondly, it is essential to invite experts on
the subject under investigation with time available to collaborate.

The process begins with the presence of a direct incidence relationship, defined by a
cause-and-effect matrix defined by two sets of elements: C = {¢;/i = 1,2, ...,n} which act
as causes; E ={e/j = 1,2,...,m} which act as effects and a causality relationship G de-
fined by the n X m dimension matrix: [G] = {,uciej e[01])/i=12,..,n;j =12, ...,m} be-
ing u(c; €;) of the values the characteristic function of belonging of each one of the ele-
ments of the matrix G (formed by the rows corresponding to the set’s elements-causes-
and the columns corresponding to the elements of the set-effects). The matrix G, also
named first-generation, is the result of cause-effect estimates. The assigned value belongs
to the interval [0, 1], where zero means the lowest value, and the closer to 1, the higher the
incidence rate.

The second step is to calculate the relationships between the causes, and the relation-
ships between the effects, through two square auxiliary matrices. These two matrices in-
clude the possible effects derived from relating causes and effects to each other: [C] =

{ucicj €[0,1]/i,j =12, n} and [E] = {ueie,- €[0,1]/i,j =12, m}
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The Matrix[C] shows the incidence relationships that can occur between causes, and
the matrix [E] presents the incidence relationships that can occur between effects. Both
matrices are reflexive: Hee; = 1Viz1,.n and Heieb; = 1Vj_1,.m- Therefore, an element,
either cause or effect, affects itself with the greatest presumption. Neither [C] nor [E] are
symmetrical matrices, there is at least some pair of subscripts i,j so: pc,; #
Hejc; and flgie; # Ue e, -

The third step is to establish the direct and indirect incidences, through the maxi-
mum-minimum composition of the three matrices (1): [C] o [G] o [E] = [G*]. The result is
the matrix [G*] that collects the incidences between causes and effects of second genera-
tion.

r €1 =) em
* * *
G K 1€ H c1€z H C1ém
% _ * * *
[G ] = 6 H cpeq H crey H C2em (1)
* * *
tn H Ctnéy K Cnéz 1 ném

The fourth step is to calculate the degree to which some causal relationships were
forgotten or overlooked (2): [F] = [G*] — [G].

¢ e em
* *
G K cler Ueieg, - H ciem Ueiem
-l — * _ * _
[Fl= ¢ W@ —Heiey, =~ MK ~Heen ()
C' * —_ * _
n H cneq Uepe, - M Cném Uenem

With the result, it is possible to know the element that has been interposed between
cause and effect. Figure 9 indicates the steps to follow.

C1 €
C; f f \
CZ eZ
A e
2o >e /
I /
| |
| |
Cn em

Figure 9. The max-min composition of the matrices.

Finally, the forgotten effects matrix shows that values closer to number 1 have a more
significant forgotten effect. Therefore, some effects were not considered initially, and that
can generate negative impacts.

The algorithm identifies an interposed element that enhances and accumulates the
causal relationship’s effects from its application. Therefore, the results allow predicting
and acting more effectively on the causes, thus minimizing the effects.

2.4. Simulation Process

To proceed with the calculations, the software FuzzyLog®© was used, which allows
the elaboration and work with models based on the mathematics of uncertainty to recover
the so-called forgotten effects in the causality relations. This program facilitates the values’
insertion and automatically solves the incidence matrices” calculation, showing all the re-
sults directly in their different versions and variants in graphic and numerical form for
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their corresponding analysis. Researchers have validated this tool’s effectiveness as ro-
bust, reliable, and easy to operate [13,56].

The research used the simulation process proposed by the authors [16], which con-
sisted of four stages: (1) Analysis of a real-world problem, (2) Development and validation
of the conceptual model, (3) Codification and verification of the model, and (4) Experi-
mental development and simulation results.

The first stage of the simulation process corresponds to the five Latin American coun-
tries” case analysis presented in subSection 2.2.

The second stage consisted of developing and validate the conceptual model, begin-
ning with identifying the study variables. Two sets of interrelated elements have been
proposed from the literature review that act as causes and effects. Three academic special-
ists on the subjects validate the 22 variables that are the study object in the simulation.
They are professors and researchers in Brazil, Colombia, and Spain.

In this case, the set of causes represents the five innovation helixes and is presented
as: C = {cy, ¢y, ¢3,¢4,c5). Table 1 presents a set of causes.

Table 1. The five helices of innovation.

C The Five Helices of Innovation
o) Political Capital

2 Human Capital

3 Economic Capital

Cy Ecological Capital

Cs Social Capital

Source: Own elaboration based on [10]. C/c: Cause.

The set of effects constitutes the SDGs and is presented as: E =
{e1, e5,e3,64, €5, €6, €7, €5, €9, €10, €11, €12, €13, €14, €15, €16, €17}. Table 2 presents a set of effects.

Table 2. The 17 Sustainable Development Goals.

E SDGs
e 1 No Poverty
e, 2 Zero Hunger
e; 3 Good Health and Well-being
ey 4 Quality Education
es 5 Gender Equality
€ 6 Clean Water and Sanitation
e, 7 Affordable and Clean Energy
eg 8 Decent Work and Economic Growth
€9 9 Industry, Innovation and Infrastructure
e 10 Reducing Inequality
e11 11 Sustainable Cities and Communities
e12 12 Responsible Consumption and Production
e3 13 Climate Action
€14 14 Life Below Water
e1s 15 Life on Land
é16 16 Peace, Justice, and Strong Institutions
e17 17 Partnerships for the Goals

Source: Own elaboration based on [8]. E/e: effect.

The third stage was to code and verify the model proposed. All variables were in-
serted into the FuzzyLog®© software provided by Anna Maria Gil-Lafuente, and a review
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of the data performed. Lastly, with the appropriate programming, the simulation was car-
ried out.

Finally, in the experimental development stage, the specialists estimated the direct
incidence between the two sets of causes and effects shown in the matrix [M]. The as-
signed value belongs to the interval [0, 1], where zero means the lowest value, and the
closer to 1, the higher the incidence rate. After collecting the assessments of each specialist,
an average is calculated to obtain the consolidated outcome. Figure Al shows the results.

Next, the same specialists evaluated the incidences between the causes and between
the effects. The specialists sent the answers by e-mail in spreadsheet format. An average
was then calculated to aggregate the values. As a result, the matrix between causes and
the matrix between effects is generated, represented in Figure A2 and Figure A3, respec-
tively.

With the three matrices [M], [4], and [B], the accumulated effects matrix was calcu-
lated [M*]. Figure A4 presents the results of the matrix calculation [A] o [M] o [B] = [M"].

Finally, the Forgotten Effects Matrix was calculated: [F] = [M*] — [M]. Figure A5
shows the results.

The results of the Forgotten Effects Matrix indicated the effects not observed or for-
gotten during the assessment stage. The higher the value, the greater the degree of forgot-
ten effect. Therefore, values closer to the number 1 deserve special attention from the de-
cision-maker. The most relevant results of the simulation are presented below.

3. Results of Simulation Applying the Forgotten Effects Theory

This section presents the main results applying the Forgotten Effects Theory. The se-
lection criterion used was to detail one result for each helix due to this publication’s page
limit. These five results presented are sufficient to validate the model. The incidences cho-
sen should be between 0.8 (almost full incidence) and 0.9 (practically full incidence) [57].
Future studies may explore other application results.

Table 3 shows these cause-effect relationships that presented high incidences of 0.8
and 0.9 and recovered with the model’s application.

Table 3. Cause-effect relationships.

Causes (Helices of Innovation) Effects (SDGs)
H1 Political Capital 5 Gender Equality
H2 Human Capital 13 Climate Action
H3 Economic Capital 13 Climate Action
H4 Ecological Capital 2 Zero Hunger
HS5 Social Capital 16 Peace, Justice, and Strong Institutions

Source: Own elaboration based on [54]. SDGs: sustainable development goals.

Firstly, Figure 10 shows the non-existence of a relationship between political capital
(H1) and Gender Equality (SDG 5). However, it can be seen that the interposed element
(SDG16) Peace, Justice, and Strong Institutions potentiated this relationship to 0.8. The
figure also shows the path traveled with all incidents. Therefore, the result indicates that
to achieve SDG5 political capital and strong institutions are needed to promote gender
equality.



Mathematics 2021, 9, 416 13 of 24

Political Capital } Gender Equality

Peace, Justice and
Political Capital # Strong Institutions

0.9

Figure 10. Relation between Political Capital (H1) and Gender Equality (SDG5).

Secondly, Figure 11 presents the relationship between the Human Capital (H2) and
Climate Action (SDG13) variables. The result shows no direct relationship between the
variables, but the interposed element (SDGY9) Industry, Innovation, and Infrastructure po-
tentiated this relationship to 0.9. Also, the figure presents all existing incidences. There-
fore, the result shows the importance of H2 to reach the SDG13. In this case, investment
in R&D strengthens the industry with sustainable production, reducing global warming.

o
Human Capital > Climate Action

1 0.9

Industry Innovation
Human Capital — 01 Tnfrastructure

0.9

Figure 11. Relation between Human Capital (H2) and Climate Action (SDG 13).
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Thirdly, Figure 12 shows the relationship between the Economic Capital (H3) and
Climate Action (SDG 13) variables. The result shows no direct relationship between the
variables, but the interposed element (SDGY) Industry, Innovation, and Infrastructure po-
tentiated this relationship to 0.9. The figure also presents all existing incidences. Soon the
result shows the importance of the H3 to reach the SDG13. In this case, the economic stim-
uli will increase the opportunities for SDG9 with sustainable solutions and thus allow to
face climate change.

Economic Capital Climate Action

v

) Industry Innovation
L and Infra: ul

Capital

Figure 12. Relation between Economic Capital (H3) and Climate Action (SDG13).

Fourthly, Figure 13 shows the relationship between the Ecological Capital (H4) and
Zero Hunger (SDG2) variables. At first, this relationship did not exist, but the interposed
elements (H3) Economic capital and (SDG1), No poverty, potentiated this relationship to
0.9. The figure also shows the path traveled with all incidents. Then, the result indicates
that to reach SDG1, and it is necessary to involve the H4; for example, the use of clean
energy will expand employment opportunities and, as a consequence, contribute to the
reduction of poverty and hunger.
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Ecological Capital P Zero Hunger

[X] 0.9

ic Capital P norpoverty
0.9

Figure 13. Relation between Ecological Capital (H4) and Zero Hunger (SDG2).

Fifthly, Figure 14 presents the relationship between the Social Capital (H5) and Peace,
Justice, and Strong Institutions (SDG16) variables. The result showed no direct relation-
ship between the variables, but the interposed element (SDG10) Reducing Inequality po-
tentiated this relationship to 0.9. Also, the figure presents all existing incidences. There-
fore, the result shows the importance of H5 to reach the SDG16. Therefore, social protec-
tion policies” adoption contributes to achieving greater equality, peace, and social justice
progressively.

- = Peace, Justice and Strong
Social Capital Institutions

4

Social Capital ’
0.9

Figure 14. Relation between Social Capital (H5) and Peace, Justice, and Strong Institutions (SDG16).
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In summary, the results reinforce the existing links between the helices and the SDGs
(Table A5). The algorithm’s application allowed the identification of forgotten effects that
can impact the scope of sustainable development. It is up to the decision-maker to use the
simulation results or adjust the model and apply it in their country or company.

4. Discussion of the Results

Applying the proposed QHIM model indicated that Chile was the country with the
highest score, followed by Brazil, Mexico, Colombia, and Peru. In the ranking of the five
helixes, social capital (H5) would rank first, followed by ecological (H4), political (H1),
human (H2), and economic (H3) capital, respectively. Despite the progress made by these
countries in recent years, the study identified opportunities for improvement in all he-
lixes, which can support decision-making on strategy and prioritization of actions. In this
sense, the study recommends that countries increase investment in education, incentives
for research and development, fiscal balance, economic stimulus, foreign investment, and
quality employment.

In response to other studies [37-39], the application of the QHIM provides a set of
indicators with quality, accessible and timely data from official sources, which reduces
uncertainty in decision making. In this way, the research contributes to a conceptual
framework of indicators reducing the identified gap [37]. In line with another study [44],
the QHIM can help implement sustainable development systems. With this model, it is
possible to know each helix’s result and its links with the SDGs and the country’s overall
performance. Also, the model makes it possible to identify the interrelationships between
the systems.

However, it would be interesting in the future to compare the results with other
methods, such as generations of Ordered Weighted Averaging (OWA) Operators [58] or
Pythagorean Fuzzy Uncertain Environments [59]. As advantages, these methods allow to
add weights to the variables, to deal with large amounts of data, and to prioritize the
results. In this way, they are methods that facilitate management and decision making.

On the other hand, the case study confirmed that the SDGs’ scope depends on several
systems [10], so it is necessary to evaluate the five helices (social, ecological, political, hu-
man, and economic) analyze them in an integrated manner. Table A3 shows the main
study results. These results reinforce the findings of other studies [3,36]. Countries should
have a systemic vision since one helix will affect the others’ performance and, conse-
quently, sustainable development [8].

Nevertheless, they reinforce research [36,40] on understanding the correlation be-
tween the SDGs in decision making. Also, the application of the QHIM and the simulation
conducted seek to reduce the gaps identified by other authors [8,41,42].

The research also reveals the importance of correctly identifying cause-effects by
seeking harmony between systems. The application of a Fuzzy Logic algorithm identified
the forgotten effects of sustainable development. It confirmed other authors’ findings [37]
on the uncertainty caused by the SDGs’ interactions. The simulation also confirmed the
results of the QHIM application from official sources.

Finally, the simulation corroborated the indications of other studies’ results [14,42]
by understanding this complexity, reducing uncertainty [16], and facilitating SDG-related
decision making.

5. Conclusions

The research deepened the debate on sustainable development by relating the Quin-
tuple Helix Innovation Model (QHIM) to the Sustainable Development Goals (SDGs). The
literature review identified knowledge gaps in the implementation of the SDGs. For this
reason, the study proposed 20 indicators related to the QHIM through a case analysis in
Latin American countries to respond to the identified gaps. The study also applied a
Fuzzy Logic algorithm to identify forgotten effects that may affect the SDGs’” achievement,
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Appendix A

confirming the case study’s findings. The results revealed the importance of correctly
identifying cause-effects by seeking harmony between systems.

As theoretical contributions, the research advanced the frontier of knowledge by re-
ducing the identified gaps, and at the same time, contributes to sustainable development
with the proposed models. As practical contributions, the applied study offers govern-
ments, society, academia, and companies solutions adjusted to the problems identified,
such as the lack of integration and systemic vision to achieve SDGs. Also, the research
involved the participation of stakeholders in decision making.

Therefore, the present study is novel and useful for various stakeholders. A limita-
tion of the research may be the number of variables used. Finally, the study results indi-
cate promising research lines on sustainable development and decision making in uncer-
tain environments applied to other countries. The study also opens up new research op-
portunities in prioritization models that facilitate decision-making.
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Table A1l. Evolution of theoretical models

Typologies

First Definition Scope and Approaches of the Proposals

Triple
Helix
[20]

This model is a tool that applies to developed
countries because it assumes that some
activities are automatically related to
economic growth. While this is true, the
model focuses on universities but recognizes
the other actors’” dynamic interactions. It even
proposes the creation of new intermediary
organizations that are relevant for promoting

knowledge generation processes.

This model seeks to establish a paradigm based on the
growing interest in knowledge production among
government, university, and business. In particular, it
gives a central role to universities. It defines them as
the actor that creates knowledge and plays a
fundamental role in the relationship between
companies and government policies. The aim is to
identify the dynamic interactions in which innovative

initiatives are generated.
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Quadruple
Helix
Innovation
Model

[27]

Quintuple
Helix
Innovation
Model

[10]

Smart
Quintuple
Helix
Innovation
System [18]

This model describes the university-industry-
government-public environment interactions
within a knowledge economy. In this theory,
each sector is represented by a knowledge
subsystem (helix), which shows the four
actors’ overlapping interactions and seeks to
boost innovation initiatives, giving a relevant
social capital role.

This

subsystems (helices) and incorporates the

model describes five knowledge
environment as a key actor in the decision-
making process. Here, know-how plays a
predominant role since it allows the creation
and transformation through innovation
initiatives that activate the circulation of
knowledge among the subsystems.

This theoretical model based on innovation is
based on the interaction of five subsystems
that exchange knowledge to generate and
The

subsystems are political capital, educational

promote sustainable development.

capital, economic capital, environmental

capital, and social capital.

The evolution of the model from Triple Helix to
Quadruple Helix was due to incorporating an actor
who changes the analysis perspective. The public
environment (or social capital) allows us to examine
society’s behavior, understood as the public that
interacts with other actors, from the concept of media-

based democracy.

This model’s model focuses on promoting innovation
initiatives that seek to generate socio-ecological
interactions from the circulation of knowledge from the
subsystems (helices). This model’s central value
focuses on environmental impact and seeks to generate
awareness of the responsibility of societies concerning

this issue.

These theoretical models are evolutions of the triple
helix incorporating relevant actors conceptualized as
knowledge subsystems. It starts from the conception of
a search for developing countries from the articulation
of innovative initiatives. Each capital plays a relevant
role and in which the environment is critical. Likewise,
social capital and social networks, and media outlets
have vital roles in generating opinion matrices and in

which society can ‘audit’ the decisions of other actors.

Source: Source: Own elaboration based on [10,18,20,27].

Table A2. Analysis criteria

Helix Indicators Concepts 1SDGs
HI1. Politics PC1. Regulatory PC1. Reflects perceptions of the government’s ability to formulate 3,10, 11,
(Political Quality and implement sound policies and regulations that permit and 16, and
Capital) PC2. Control of promote private sector development. PC2. Reflects perceptions of the  17.

Corruption extent to which public power is exercised for private gain, including
PC3. Political both petty and grand forms of corruption and capture of the state by
Stability and elites and private interests. PC3. Measures perceptions of the

Absence of violence
PC4. Government

Effectiveness

likelihood of political instability and politically motivated violence,
including terrorism. PC4. Reflects perceptions of the quality of public

services, the quality of the civil service and the degree of its

independence from political pressures, the quality of policy

formulation and implementation, and the credibility of the

government’s commitment to such policies.
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H2. HC1. GERD (GDP %) HC1. Defined as the total expenditure (current and capital) on R&D 4 and 9.
Education HC2. GERD carried out by all resident companies, research institutes, university,
(Human (US$PPP) and government laboratories, etc, in a country. HC2. Total
Capital) HC3. Scientific intramural expenditure on Ré&D performed during a specific
articles published reference period expressed in Purchasing Power Parity dollars. HC3.
HC4. Granted Scientific articles published in the Web of Science. HC4. Measures the
patents number of granted patents.
H3. Economy ECI. Foreign Direct EC1. Refers to direct investment equity flows in the reporting 1,2,8,9,
(Economic Investment economy. EC2. Refers to the share of the labor force that is without and 17.
Capital) EC2. Unemployment work but available for and seeking employment. EC3. The current
EC3. Current account balance is the sum of net exports of goods and services, net
Account Balance primary income, and net secondary income. Data are in current
EC4. Purchasing US$ dollars. EC4. PPP conversion factor is the number of units of a
power parity (PPP) country’s currency required to buy the same amount of goods and
services in the domestic market as a U.S. dollar would buy in the
United States.
H3. Economy ECI. Foreign Direct EC1. Refers to direct investment equity flows in the reporting 1,2,8,9,
(Economic Investment economy. EC2. Refers to the share of the labor force that is without and 17.
Capital) EC2. Unemployment work but available for and seeking employment. EC3. The current
EC3. Current account balance is the sum of net exports of goods and services, net
Account Balance primary income, and net secondary income. Data are in current
EC4. Purchasing US$ dollars. EC4. PPP conversion factor is the number of units of a
power parity (PPP) country’s currency required to buy the same amount of goods and
services in the domestic market as a U.S. dollar would buy in the
United States.
H4. EN1. CO: Emissions ~ EN1. Carbon dioxide emissions are those stemming from the 1,2,6,7,
Environment EN2. Renewable burning of fossil fuels and the manufacture of cement. They include 13, 14,
(Ecological water resources carbon dioxide produced during consumption of solid, liquid, and and 15.
Capital) EN3. Renewable gas fuels and gas flaring. EN2. Total real renewable water resources
energy consumption  in m? per inhabitant per year. EN3. Renewable energy consumption
EN4. Population is the share of renewable energy in total final energy consumption.
density EN4. Population density is midyear population divided by land area
in square kilometers.
Hb5. Society SC1. Gender SC1. It measures the human development costs of gender inequality. 1,2, 5,
(Social Development SC2. The Human Development Index is a summary measure of 11, 10,
Capital) SC2. Human human development. It measures the average achievements in a 12,13
Development Index  country in three primary human development dimensions: a long and 15.

SC3. International

migrant stock

and healthy life, access to knowledge, and a decent living standard.

SC3. International migrant stock is the number of people born in a
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SC4. Poverty country other than those they live in. It also includes refugees. SC4.
headcount The poverty headcount ratio at $1.90 a day is the percentage of the

population living on less than $1.90 a day at 2011 international prices.

Source: [8,45-53]. 1SDGs: 1 No Poverty, 2 Zero Hunger, 3 Good Health and Well-being, 4 Quality Education, 5 Gender
Equality, 6 Clean Water and Sanitation, 7 Affordable and Clean Energy, 8 Decent Work and Economic Growth, 9 Industry,
Innovation and Infrastructure, 10 Reducing Inequality, 11 Sustainable Cities and Communities, 12 Responsible Consump-
tion and Production, 13 Climate Action, 14 Life Below Water, 15 Life on Land, 16 Peace, Justice, and Strong Institutions,
and 17 Partnerships for the Goals.

Table A3. Results of QHIM indicators

s Indicators Brazil Chile Colombia Peru Mexico
PC1. Regulatory Quality 0.50 0.75 0.55 0.58 0.56
H1. Political PC2. Control of Corruption 0.47 0.75 0.45 0.43 0.41
Capital PC3. Political Stability and Absence of violence 0.48 0.61 0.19 0.35 0.38
PC4. Government Effectiveness 0.49 0.72 0.47 0.42 0.55
HC1. GERD (GDP %) 0.71 0.54 0.53 0.51 0.56
H2. Human HC2. GERD (US$PPP) 0.27 0.12 0.09 0.03 0.18
Capital HCS3. Scientific articles published 0.20 0.04 0.02 0.01 0.09
HC4. Granted patents 0.15 0.03 0.03 0.02 0.30
H3. ECI. Foreign Direct Investment 0.51 0.13 0.09 0.05 0.27
Feonomic EC2. Unemployment 0.12 0.15 0.00 0.59 0.60
Capital EC3. Current Account Balance 0.01 0.09 0.05 0.07 0.03
EC4. Purchasing power parity (PPP) 0.01 0.30 0.90 0.02 0.07
. EN1. CO2 Emissions 0.81 0.62 0.84 0.85 0.61
Ecological EN2. Renewable water resources 0.44 0.54 0.52 0.64 0.39
Capital EN3. Renewable energy consumption 0.45 0.30 0.27 0.30 0.09
EN4. Population density 0.77 0.78 0.61 0.78 0.43
SC1. Gender Development 0.57 0.66 0.60 0.61 0.64
H5. Social SC2. Human development Index 0.72 0.80 0.70 0.71 0.74
Capital SC3. International migrant stock 0.65 0.36 0.12 0.10 0.81
SC4. Poverty headcount 0.58 0.98 0.65 0.77 0.83

Note: Official sources use different measurement scales when presenting the data, which could make analysis difficult.
For this reason, the study used the same scale to homogenize the data. In this case, the endecadary scale with 11 values of
[0, 1] was used. Thus, the value closest to 1 expresses an approach to sustainable development, and the value closest to 0
shows a move away from sustainable development. Source: Own elaboration based on [8,45-53].

Table A4. Results of QHIM per each helix and country.

Brazil Chile Colombia Peru Mexico
H1. Political Capital 0.49 0.71 0.42 0.45 0.48
H2. Human Capital 0.33 0.18 0.17 0.14 0.28
H3. Economic Capital 0.16 0.17 0.26 0.18 0.24
H4. Ecological Capital 0.62 0.56 0.56 0.64 0.38
H5. Social Capital 0.63 0.70 0.52 0.55 0.76
TOTAL 0.45 0.46 0.38 0.39 0.43

Note: The result of each helix is the average value of the four indicators per block. The total value represents the average
of the five helices for each country. Source: Own elaboration based on [8,45-53].
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Table A5. Main study results.
. . . . . SDGs
Case Analysis Applying the SDGs Simulation Applying the
(Forgotten
QHIM (Effects) Forgotten Effects Theory
Effects)
Low government regulatory
-~ capacity, corruption, political ~ 3,10,11, 16  Political Capital (H1) and Gender 16
instability, and inadequate and 17 Equality (SDG5).
public services.
) . . Human Capital (H2) and Climate
H2 Low investment in education. 4 and 9. i 9
Action (SDG 13)
Low foreign direct investment,
3 high unemployment, weak 1,289 Economic Capital (H3) and 9
current account balance, and low  and 17. Climate Action (SDG13).
purchasing power.
Little progress in environmental
indicators. Better performancein  1,2,6,7, ) .
o Ecological Capital (H4) y Zero
H4 CO:2 emissions. Lower 13, 14 1
) Hunger (SDG2).
performance in renewable and 15.
energy consumption.
Some progress in gender . .
1,2,5,10, Social Capital (H5) and Peace,
development, human ) o
H5 11, 12 and Justice, and Strong Institutions 10
development, and poverty
. 15. (SDG16).
reduction.
Source: Own elaboration.
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¢ (09|09 07|07 09|08| 0| 0| o |os|osfos| o o]|os|fo]o

Figure A1l. Matrix with a valuation of direct incidences between causes (C) and effects (E).
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Figure A2. Matrix with a valuation of incidences among causes.
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Figure A3. Matrix with a valuation of incidents between effects.
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Figure A4. Cumulative effects matrix.
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Figure A5. Forgotten Effects matrix.
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