
sustainability

Article

Consideration of Uncertainty and Multiple Disciplines in the
Determination of Sustainable Criteria for Rural Roads Using
Neutrosophic Logic

Leonardo Sierra 1,* , Felipe Araya 2 and Víctor Yepes 3

����������
�������

Citation: Sierra, L.; Araya, F.; Yepes,

V. Consideration of Uncertainty and

Multiple Disciplines in the

Determination of Sustainable Criteria

for Rural Roads Using Neutrosophic

Logic. Sustainability 2021, 13, 9854.

https://doi.org/10.3390/su13179854

Academic Editors: Maria

Socorro Garcia Cascales and

Francisco Ortega-Fernandez

Received: 2 August 2021

Accepted: 31 August 2021

Published: 2 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Departamento de Obras Civiles, Universidad de La Frontera, Temuco 4811230, Chile
2 Departamento de Obras Civiles, Universidad Técnica Federico Santa María, Valparaíso 2390123, Chile;

felipe.araya@usm.cl
3 Institute of Concrete Science and Technology (ICITECH), Universitat Politècnica de València,

46022 Valencia, Spain; vyepesp@cst.upv.es
* Correspondence: leonardo.sierra@ufrontera.cl

Abstract: In Latin America, there is a wide gap between kilometers of paved ways and those with
no type of protection. This situation is worse in rural areas, limiting development opportunities
and inhabitants’ quality of life. In Chile, there are state programs that seek to reduce the territorial
gap through basic low-cost paving solutions; however, the prioritization criteria for rural roads
are unclear. Multiple actors affect the rural territories, and the non-existence of reference patterns
increases subjectivity in infrastructure decision making. This study attempts to determine criteria that
influence the selection of rural roads in southern Chile to promote sustainable territorial development
considering multiple actors and the uncertainty of the selection process. For this, a documentary
review, field visits, and 12 semi-structured interviews were conducted. The criteria are validated
through a multidisciplinary panel of experts and the application of neutrosophic numbers to address
the uncertainty derived from the expert consultations. The results of this study contribute 14
sustainable criteria in order to support the planning of basic rural roads in southern Chile.

Keywords: rural road; uncertainty; Chile; neutrosophic; sustainability; stakeholders

1. Introduction

The improvement of rural roads gives rural areas access to other services and con-
tributes decent mobility. Suitable planning reduces inequality in the provision and quality
of infrastructure services, particularly for reducing poverty and isolation in rural and in-
digenous contexts [1]. This approach is consistent with the aim of sustainable development,
which promotes the improvement of conditions of equality in the access to infrastructure
and services to reduce multidimensional poverty. In this context, planning for territorial
development can be understood as the set of conditions for making a regional or local
unit and promoting the respect and the exercise of the right of components of territorial
diversity [2]. In this sense, territorial planning is an instrument for achieving sustainable
development in a territory guided by the principles of environmental sustainability, equity,
social and territorial cohesion, and democratic governance [2,3].

Indeed, in Latin America, there are still dilapidated rural roads with deep slopes and
unstable soil that prevent adequate motorized transport. This is inconsistent with the
strategic needs of production, connectivity, and territorial development. In this context,
88.7% of exports travel by rural roads and allow the distribution of goods and services to the
entire territory. There are more than 900 million inhabitants in rural areas who do not have
a suitable system of transport, which exacerbates isolation and poverty [1,3]. Against this
background, it is normal for rural connectivity to run through muddy roads when it rains
or through excessive dust when it is dry. Thus, rural infrastructure offers opportunities to
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generate a productive transformation and sustainable territorial development, addressing
the particular conditions of the setting. The lack or inequality of infrastructure quality
places an obstacle to rural development in deprived areas.

In 2015, the road infrastructure in Latin America and the Caribbean reached 3 km of
paved road for every 100 km2 of territorial area [1]. Given the limited availability of public
resources, the most critical mobility needs must be identified for a gradual development
of the region. In this sense, investment in rural connectivity can be seen as a sequential,
long-term process [4,5]. This approach avoids the risk of investing prematurely in more
expensive, bloated, or inappropriate long-term works.

In Chile, the road network in 2019 covered 85,926 km, of which 56% were gravel and
earth, and more than 52% were rural [6]. In 2003, the Basic Roads Program was created to
find a progressive solution. A basic road consists of a wearing structure with no stabilizing
protection or geometric change. It has the particular feature of mean daily traffic in the
year of less than 300, with no more than 75 heavy vehicles per day [7]. The Basic Roads
Program is meant to improve the quality of life of the inhabitants of rural environments, to
reduce the costs of conservation and modifications of granular materials, and to improve
the users’ transportation comfort. In 2019, the Basic Roads Program offered a solution for
30,000 km of the national network [1,6].

However, the investment allocation for this infrastructure cannot be assessed on
an equal footing under the parameters of national public investment systems based on
socioeconomic benefit and demand. The low occupancy rate of these infrastructures limits
their evaluation and, in fact, the time savings tend to lose meaning in the rural context
without the assessment of the social and economic interactions [8,9]. For these purposes, in
Chile, these programs are funded directly with public works conservation sector budgets.
Thus, even the criteria and methods used to assess the investment and prioritization of the
Basic Roads Program are not clearly defined [10]. This condition is not very different from
what occurs in other Latin American countries, where low-demand infrastructure support
programs become special glossa of the national budget [1,11–13].

The focus of rural basic road investment is not limited to maximizing the benefit,
but the creation of territorial capacities, where there are none or where they are very
precarious [4]. The creation of capacities improves the bond between urban and rural,
which acts as a catalyst for the productive improvements and income in a rural territory.
For this, the evaluation method that best fits in these cases requires consideration of not
only socioeconomic, but also social, environmental and technical aspects related to a
territory [14].

In Chile, most of the time, when conducting a viability study for an infrastructure
project, in practice, it is evaluated and prioritized according to the economic aspect [7,15].
Nowadays, infrastructure is not just a means for a territory’s economic development, but
is also related to direct aspects, such as access to education, health, work, elements of
culture or identity, and pollution of the environment, as well as indirect and cross-sectional
ones, such as equality. Road infrastructure is no exception; nor are, in particular, those
of a low standard that promote development in vulnerable areas. Therefore, an adequate
assessment of rural infrastructure projects must consider the incidence of the many aspects
that affect territorial development. Planned rural connectivity interventions that include
the organization of the context and its needs normally result in new transport services with
predictable itineraries at reasonable prices for population groups that are not considered in
the current mobility system [8,12].

In this vein, they emphasize the implementation of two infrastructure planning model
proposals for rural roads that consider non-economic variables. The United Nations (UN)
has proposed the rural access index (RAI), which represents the percentage of the popula-
tion that lives within 2 km of a road. This indicator is consistent with the aim of equitable
sustainable development in access to infrastructure; however, measuring the population in
this situation is not currently implemented in the census programs of Latin American and
Caribbean countries [16]. On the other hand, in the province of Corrientes, Argentina, the
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social, productive, and educational have been determined, in addition to resilience and
adaptation, as key approaches to prioritizing the rural infrastructure investment in the
road network under a geographic information system [17,18]. However, multidisciplinary
participation and the approaches of different actors in territorial development (farmers,
users, resident ethnic groups, tourist operators, and regional governments, among others)
have scarcely been documented in decision-making models. In addition, participation
processes reveal uncertainties in value judgments regarding the incidence in a specific
territory or a certain period, which has yet to be sufficiently considered.

Indeed, the infrastructure planning of rural transport must be coordinated with other
complementary policies to synchronize the different impacts according to ethnic groups,
genders, ages, and other areas of population characterization [9,19]. In addition, to satisfy
the demand for mobility, it is necessary to design inter-territorial joining; i.e., the means of
connectivity affect the particular organization of the territory [1]. This shows that a road
planning model requires multidisciplinary participation and knowledge of the context in
order to demonstrate the effects on the territory and to adequately represent the influences
of the road network. The heterogeneity of regional development and the impossibility
of standardizing an impact in different contexts are relativized aspects in the decision
models [20].

In a territorial system, multiple actors and disciplinary areas that can recognize the
needs of a geographic space participate, each based on training and a biased approach.
Nevertheless, the integration and interactions of the actors in a territory compel integral
recognition as part of a holistic approach [14]. This situation implies a multidisciplinary
approach and, as a result, it increases the uncertainty of the value judgments of the assess-
ment criteria of an infrastructure that influences a territory [21–23]. The integration of a
specialized disciplinary group can reduce knowledge uncertainty; however, the variability
of the participation method, multidisciplinary integration, and the inexistence of patterns
of reference for non-mastered disciplines can even lead to an indetermination and incon-
sistency, which must be taken into consideration. In this vein, the neutrosophic numbers
are a way of processing cognitive information in decision-making problems with multiple
criteria. This technique derives from the fuzzy set theory and works with incomplete data
to capture a value judgment with degrees of indetermination, truth, and falsehood [24]. The
Neutrosophic Numbers theory has been used to solve decision-making problems related to
the location of waste incineration plants [25], the selection of energy technology [26], and
the assessment of the sustainability of concrete bridges [21].

Accordingly, the improvement of rural roads is a contribution to productivity and
territorial development, yet its prioritization criteria are not adjusted to the national system
of conventional investments. In addition, an evaluation model that represents the influence
of rural roads on the territory must include multiple criteria and consider the multiple
actors and disciplines. This implies the determination of a holistic decision-making model
that must include the uncertainty in value judgements about the territorial system. In fact,
there is no model for prioritizing the basic rural roads in Chile that includes sustainable
territorial development criteria. All of the above leads us to ask the following questions:
What are the representative criteria of the territory for evaluating the improvement of basic
rural roads? How are these criteria determined with a multidisciplinary participation ap-
proach and uncertainty? Therefore, this work proposes a method of generating assessment
criteria for basic rural roads that promote the sustainable planning of a territory through
multidisciplinary participation and the consideration of uncertainty using neutrosophic
logic. This article is based on the case study of the roads concentrated in the region of La
Araucanía, Chile.

The following section presents the main theoretical underpinnings of the techniques
used in the paper, the research method, and the background of the case study. Later, the
partial and final results are exposed. Finally, the conclusions are presented.
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2. Materials and Methods

In this section, we explain the rationale for the methods used to achieve the objectives
of this study—namely, the primary techniques, the research process, and the case study.
In this way, the analytic hierarchy process (AHP) and triangular neutrosophic numbers
(NNTs) were the main techniques. The context of this study is a set of 119 rural road
projects in the region of La Araucania, Chile.

2.1. Main Techniques

The proposed method is based mainly on two techniques that capture, group, and
process the uncertain cognitive information of multidisciplinary specialists: The analytic
hierarchy process (AHP) and processing through neutrosophic sets.

AHP is an evaluation technique in which decision makers compare two elements that
belong on the same hierarchical level. Each comparison is based on the fundamental scale
of Saaty [22], which expresses how important an element i is in terms of j on a scale of 1
(equal importance) to 9 (i is extremely more important than j), and intermediate values
are taken to relativize the comparison. Thus, when n elements are compared among
themselves, the outcome of a square comparison matrix is made up of values {aij} and their
reciprocals {aji = 1/aij}, and when i = j, the value of aji = 1, with i, j ∈ {1,..,n}. For more
information on the foundations and implementation of the AHP technique, see Saaty [22].

As an extension of the AHP method, to consider the vagueness of the judgments issued,
triangular neutrosophic numbers (TNNs) are used. Neutrosophic numbers are derives
from fuzzy logic theory and are expressed as a= 〈[ a1, a2, a3]; ta, ia, f a〉. A TNN is made up
of a triangular distribution [a1,a2,a3] that represents the lowest valuation limit, the most
likely value, and the highest valuation limit, respectively, according to the fundamental
scale of Saaty. In addition, ta, ia, f a are associated with the values that determine the
maximum degree of truth, the minimum of indetermination, and falsehood, respectively,
coming from the characterization of the individuals consulted. The reciprocal of a TNN
is associated with a value 1

a =
〈[

1
a3 , 1

a2 , 1
a1

]
; ta, ia, f a

〉
, and the diagonal comparison

between the same element is represented as aii = 〈[1,1,1]; 0,0,0〉. Other properties and
operativity of the neutrosophic sets can be found in [27] and [28].

Specifically, this study seeks to determine the weights of importance that a set of
specialists assigns to certain assessment criteria for basic rural roads, thus addressing the
individual and collective uncertainty. For this, and in line with the guidelines of [21], the
representative implementation of neutrosophic numbers requires the development of three
phases, which are represented in Figure 1. In the first stage, AHP matrices from each expert
and the matrices with a degree of certainty with respect to each comparison are determined.
The expert profile analysis is characterized on the basis of the credibility, indetermination,
and inconsistency of their responses [22–24]. These processes transform the conventional
AHP matrix into TNNs [29] and determine the weights [30]. In the second phase, the
relevance that each expert presents is determined according to their characterization [31]
in order to group the neutrosophic weights. Finally, in the third phase, the neutrosophic
numbers that were added are fuzzified [32] and defuzzified [33] to be constituted in crisp
weights by each item that is evaluated.

2.2. Research Method

The implementation of this method is meant to identify the selection criteria for the
improvement of basic rural roads in order to promote sustainable territorial development.
Figure 2 represents the work process, which is grouped into two stages. The first stage is an
exploration of the assessment criteria of basic rural roads that influence the sustainability
of a territory. The results of this stage bring about a preliminary conceptualization of the
influence of basic roads on territorial sustainability that is reflected through a preliminary
set of assessment criteria. In the second stage, the criteria are subjected to a validation
process through the opinions of a set of multidisciplinary specialists and the consideration
of the uncertainty in their value judgments. The results of the second stage are weights
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that the set of specialists gives to the assessment criteria, and thus, the selection of those
with the greatest contributions to the sustainability of the territory is agreed upon.
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In the exploration stage, a triangulation of the information is required. In principle,
a review of the scientific literature and technical documents is performed. The literature
review here addressed 45 works that included articles indexed in the WOS between 2010
and 2020 and technical documents from the Inter-American Development Bank (IADB),
Economic Commission for Latin America and the Caribbean (ECLAC), and national in-
stitutions (Table 1). In addition, a stratified sampling of the improved rural basic roads
was performed by regional development area. Road selection was prioritized according to
the greatest regional accessibility [34]. The selected roads were studied by reviewing their
technical history (profile, blueprint, project, environmental impact study) and through field
visits. These data were contrasted with the results of twelve semi-structured interviews
with sector specialists representing the Highway Administration of the Ministry of Public
Works, the Offices of Social Work and Development from eight communes, Regional De-
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velopment and Habitat NGOs, university academics (geography, civil works, economics),
and local leaders from rural areas. The selection of the interviewees was based on their
availability, experience (more than 6 years), and performance in a representative position
of an institution or group of interest for the study. The interviews were conducted between
July and December 2019 and were applied in person or over video conference/telephone
(during the COVID-19 pandemic). Each interview was recorded and transcribed to apply a
content analysis [35].

Table 1. Review of the scientific–technical literature.

Area of Study Authors

Social: Citizen participation, Identity, Mobility, Education, Health, Isolation,
Integration, Risks for the user, Beneficiary population, Public transport, Historical and

cultural sites, Habitat fragmentation, Poverty and income, Security of the
surroundings.

[4,9,10,15,19,22,36–52]

Technical: Road safety, Material acquisition, Geometry of the route, Existing
infrastructure, Deterioration, Risk of disaster (flooding, earthquake), Innovation,

Traffic flow, Soil movements, Hydrology.
[1,5,15,38,42,53–64]

Economic: Economic area activity, Use of public resources, Maintenance costs,
Community economic development, Externality and cost analysis, Employment,

Tourist areas, Investment cost.
[9,11,15,21,39–41,44,55–58,60,61,64–74]

Environmental: Landscape, Protected species, Protected areas, Health risks in the
context, Green infrastructure, Recycled materials, Efficient use of water and energy

resources, Reduction of emissions.
[15,36,39–44,54,56,58,59,73,75–79]

In the validation stage, a set of 24 experts with different disciplines and training
participated in the resolution of a pairwise ranking questionnaire of the preliminary criteria
from stage 1. The selection criteria of the experts followed the directions of [80] and
previous implementations by the research team [22]; the protected profile criteria of the
experts who participated in the study were: having a recognized prestige/trajectory for
their knowledge in relation to basic roads or territorial development, being a resident of the
Region of La Araucanía, Chile, having a higher technical or professional degree, having a
minimum experience of three years, being available and willing to participate in the study,
and belonging to and representing the institutions/actors considered to be of interest for
territorial development. Table 2 identifies the representation, training, and experience of
the group of 24 experts who participated in the study.

Table 2. Profiles of the experts.

Institutional Representation % Education % Years of
Experience %

Regional Government of
Araucanía 13 Civil Engineering 17 5 to 10 22

Ministry of Public
Works—Araucanía 17 Geography 9 11 to 15 26

Agriculture and Livestock
Service 9 Agronomy/Forestry 17 16 to 20 30

Regional universities [4] 26 Public administration 4 more than 20 22
Regional NGOs [2] 9 Sociology 12
Regional oversight

committees (neighbors) 13 Construction 17

Municipal departments 13 Pedagogy 4
Business Administration 4

Social services 4
Environmental Sciences 12
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The consultation instrument was based on a pairwise ranking matrix of the preliminary
criteria in which the experts were asked to provide a value for the importance according
to the Saaty scale from 1 to 9. Figure 3 shows the consultation instrument applied in this
study for four categories of criteria: social, environmental, technical, and economic. In
addition, in a second instance and through a copy of the same instrument, the experts were
asked to identify their degree of certainty about the valuations assigned in each ranking.
For this, they were asked to assess the degree of certainty on a scale from 0 (total ignorance)
to 100% (complete certainty). The consultation instrument and the preliminary criteria
included were verified and feedback was provided by 5 experts prior to its application.
From this point, the AHP method and the TNNs were applied according to the theories
specified in point 2.1 of this section and the procedure shown in Figure 1.
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2.3. Case Study

The proposed method was applied to a set of basic roads in the region of La Araucanía,
Chile. The region of La Araucanía has a surface area of 31,842 km2, 32 communes, and
a rural population of 281,127 people (32.3% regional population). In 2019, the region’s
road network was 14% of the national network, and of that, 77% (9314 km) were roads that
had a gravel or dirt course. This represented the greatest length of unpaved road in the
nation [6]. In a universe of 119 projects for basic regional roads executed between 2003
and 2017, a probability sample of 83 projects (976 km) was determined at a 95% confidence
level [81]. The sample of roads was distributed in eight territorial development areas for
the region. Figure 4 shows the geographic location of the region, the development areas,
and sample of basic roads studied. The study was conducted in the period between July
2019 and December 2020.
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3. Results

As a result of Stage 1, a set of 23 assessment criteria for basic rural roads emerged,
which determined the sustainable contributions to territorial development in the re-
gion of La Araucanía, Chile (Figure 3). The criteria were subjected to the judgement
of the experts in Stage 2 through the procedures, references, and techniques described in
Sections 2.1 and 2.2.

Specifically, from the responses to the consultation instruments, the AHP matrices and
those of the certainty of the 24 experts were completed.

The expert characterization was performed based on their credibility, indetermination,
and inconsistency. Credibility was determined according to each expert’s level of experi-
ence and knowledge [22]. Indetermination was determined on the basis of the average of
the levels of certainty expressed by the expert [21]. According to Saaty [23], inconsistency
is determined through the consistency ratio for a ranking of 23 elements and an established
inconsistency ratio limit. The integration of these elements determines the relevance of
an expert in the consultation process [31]. Table 3 provides the characterization of the
23 experts participating in the study.

According to this, in addition to the triangular variations of the Saaty scale associated
with levels of certainty [29] and the determination of the weights [30], the transformation
into a weight matrix in TNNs was possible. Table 4 shows the triangular neutrosophic
weights obtained for expert 1, in which the first three columns represent the triangular dis-
tribution and the last three represent the degrees of truth, indetermination, and falsehood.

According to the guidelines by Navarro et al. [21], the TNN weights of each expert
could be added by criterion according to the weighted average with respect to the relevance
of each expert (Table 3). Table 5 contains the neutrosophic weights added for each criterion
subjected to the experts’ opinions.

According to phase III of Figure 1, the deneutrosophic representation of the added
weights required fuzzification and defuzzification [32,33], which considered the uncertainty
associated with the treatment of each criterion. Figure 5 shows the membership grades of
the fuzzified social criteria of the greatest influence. In this case, the ordinate η[x] represents
a certainty level that determines the ambiguity of the weight (in the abscissae) of the criteria.
This level of certainty is consistent with findings in other studies in which multiple experts
participated in the decision making [21,25,26].
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Table 3. Characterization of the experts.

Expert Credibility Indetermination Inconsistency Relevance

1 0.5103 0.3705 0.1600 0.04065
2 0.6217 0.2808 0.0890 0.04621
3 0.6359 0.2760 0.1050 0.04401
4 0.6375 0.2092 0.0590 0.04800
5 0.3472 0.5257 0.0820 0.03238
6 0.4113 0.4817 0.0620 0.03434
7 0.7530 0.1747 0.0710 0.05091
8 0.4577 0.4017 0.1020 0.03574
9 0.4413 0.4271 0.0610 0.03715
10 0.8489 0.1399 0.1080 0.05138
11 0.5761 0.2703 0.0290 0.04510
12 0.3500 0.4905 0.0920 0.03354
13 0.3072 0.4195 0.0530 0.03742
14 0.5456 0.3975 0.1010 0.04064
15 0.7621 0.2601 0.0440 0.04880
16 0.6834 0.3220 0.0610 0.04687
17 0.1398 0.3875 0.1340 0.02753
18 0.5825 0.2930 0.1230 0.04366
19 0.5161 0.4611 0.0600 0.03937
20 0.7587 0.3261 0.0860 0.04639
21 0.5946 0.2820 0.0610 0.04137
22 0.6287 0.2661 0.0860 0.04212
23 0.7265 0.2691 0.1630 0.04661
24 0.5814 0.3538 0.0460 0.03983

Table 4. Triangular neutrosophic weights for expert 1.

Criterion 〈[ a1, a2, a3 ]; t
¯
a, i

¯
a, f

¯
a〉 Criterion 〈[ a1, a2, a3 ]; t

¯
a, i

¯
a, f

¯
a〉

1 0.06 0.07 0.07 0.05 0.04 0.04 13 0.01 0.01 0.01 0.05 0.04 0.04
2 0.02 0.02 0.02 0.04 0.04 0.04 14 0.01 0.01 0.01 0.05 0.04 0.04
3 0.06 0.07 0.07 0.05 0.04 0.04 15 0.02 0.02 0.02 0.04 0.04 0.04
4 0.04 0.04 0.05 0.04 0.04 0.04 16 0.06 0.07 0.07 0.05 0.04 0.04
5 0.06 0.07 0.07 0.05 0.04 0.04 17 0.01 0.01 0.01 0.06 0.04 0.04
6 0.03 0.03 0.03 0.03 0.04 0.04 18 0.02 0.02 0.02 0.04 0.04 0.04
7 0.06 0.07 0.07 0.05 0.04 0.04 19 0.06 0.07 0.07 0.05 0.04 0.04
8 0.02 0.02 0.02 0.04 0.04 0.04 20 0.06 0.07 0.07 0.05 0.04 0.04
9 0.06 0.07 0.07 0.05 0.04 0.04 21 0.01 0.01 0.01 0.05 0.04 0.04

10 0.03 0.03 0.03 0.03 0.04 0.04 22 0.01 0.01 0.01 0.05 0.04 0.04
11 0.04 0.04 0.05 0.04 0.04 0.04 23 0.09 0.11 0.11 0.05 0.04 0.04
12 0.06 0.07 0.07 0.05 0.04 0.04 –

Figure 6 represents the weights of the defuzzified and reorganized criteria from largest
to smallest for each social, environmental, technical, and economic dimension. In this way
and assuming the Pareto principle in each dimension, the selected criteria that contributed
80% of importance in the territorial development in each dimension were determined, and
these are shown to the left of the blue arrow. For this case, the criteria with the greatest
weights were social and economic, and they contributed 60% of the overall importance to
territorial development. In particular, of the selected criteria, seven are social, three were
economic, and two were environmental and technical in each case.
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Table 5. Added triangular neutrosophic weights.

Criterion Lowest Middle Highest Truth Indetermination Falsehood

1 0.039 0.067 0.073 0.044 0.043 0.043
2 0.030 0.038 0.065 0.043 0.043 0.043
3 0.036 0.041 0.045 0.042 0.043 0.043
4 0.037 0.046 0.057 0.042 0.043 0.043
5 0.043 0.071 0.077 0.044 0.043 0.043
6 0.028 0.033 0.069 0.044 0.043 0.043
7 0.039 0.067 0.073 0.045 0.043 0.043
8 0.026 0.032 0.058 0.044 0.043 0.043
9 0.050 0.078 0.090 0.047 0.043 0.043

10 0.023 0.034 0.060 0.041 0.043 0.043
11 0.041 0.051 0.060 0.043 0.043 0.043
12 0.034 0.040 0.050 0.043 0.043 0.043
13 0.017 0.020 0.046 0.046 0.043 0.043
14 0.016 0.022 0.058 0.045 0.043 0.043
15 0.018 0.020 0.046 0.044 0.043 0.043
16 0.026 0.037 0.042 0.043 0.043 0.043
17 0.032 0.036 0.041 0.042 0.043 0.043
18 0.009 0.019 0.026 0.044 0.043 0.043
19 0.026 0.030 0.056 0.043 0.043 0.043
20 0.043 0.054 0.061 0.042 0.043 0.043
21 0.018 0.046 0.052 0.043 0.043 0.043
22 0.023 0.051 0.058 0.043 0.043 0.043
23 0.038 0.066 0.072 0.044 0.043 0.043
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Consistently with these results, the contextual considerations determined the impor-
tance of certain criteria. The region of La Araucanía has a strong Mapuche indigenous
influence, and this culture is predominant in the rural sectors. In addition, it is one of the
regions in the country with the most rural roads, the smallest bridges, and with a temperate
humid and rainy climate [6]. The situation is worse in mountainous areas in the winter,
making land access with developed hubs impossible. The greatest provision and diversity
of regional services are located in only three of the 32 regional communes. In the rural
sectors of the country, travel by land is the main access for private communication, public
transport, and freight. These conditions explain the social and economic development
needed (selected in Figure 6), which determined 60% of the importance. The region also
exceeds the average kilometers of road present in each region by 123%, and the allocation
of resources is centralized nationally. Therefore, there is a need for resources for the conser-
vation and paving of regional roads. This constrains the prioritization of roads according
to their geometric characteristics and deterioration as a result of tight budgets. In general
terms, the experts argued that the rural contributions of basic roads for the case study were
derived from the opportunity for better accessibility and for the reduction of inequalities in
opportunities between rural areas and the country’s urban centers.

4. Conclusions

This study determined a set of fourteen assessment criteria for basic rural roads that
affect sustainable territorial development in the region of La Araucanía in Chile. For this,
a method was proposed that included an exploration stage and a validation stage using
24 multidisciplinary experts. The processing of the value judgments of each expert consid-
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ered uncertainty by applying an analytic hierarchy process and the neutrosophic numbers
theory. According to the literature, this process reveals a level of acceptable ambiguity for
a participatory set of multidisciplinary experts.

Through the deneutrosophic representation of the weights and the Pareto principle,
seven social criteria were selected, which included: access to health, mobility in the area,
access to emergency services, beneficiary population, road safety, culture and identity, and
citizens’ opinion. Three economic criteria were selected: community economic develop-
ment, local economic activity, and road maintenance. Two environmental criteria were
selected: local health risks and visual impact. Finally, two technical criteria were selected:
characteristics of the route of the road and the degree of deterioration.

According to the results, the experts considered that 60% of the influence on the rural
development in the territory of La Araucanía was given by social and economic criteria
related to the adequate selection of the improvement of basic roads.

The validity of these results is limited to the geographic context of analysis (La Arau-
cania, Chile) and the national and regional perception of the citizenry between 2019 and
2020. Future studies can address the dynamic perception after the capture of longitudinal
data to determine long-term strategies. Complementary studies based on the selected
criteria, indicators, and databases for prioritizing rural roads can be undertaken as a tool
for sustainable territorial development.

This study proposes a method that systematizes the uncertainty inherent in multidisci-
plinary experts in order to support decision making about investment in road infrastructure.
Likewise, this proposal complements a transparent agreement process between different
sectors with incomplete information. This would support the fluidity of public participa-
tion processes, which are often slow, difficult to objectify, and easily politically manipulated.
In this case, a list of assessment criteria can be used by public agencies for the selection of
improvements of basic roads and territorial planning in the region, which includes rural
sectors that are not always considered.
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