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Abstract: The main aims of this article are: (1) to evaluate the quality of cycling infrastructures in the city of Jodo
Pessoa (PB) using the Analytic Hierarchy Process (AHP) and (2) to extend the proposed assessment (using quality
indicators) to the entire cycling network of the municipality applying geostatistical spatial interpolators. Therefore, a
two-step approach was proposed. Initially, the physical and operational factors that affect the quality of cycling
infrastructures were identified to formulate the hierarchy. Afterwards, five specialists in cycling infrastructures and
cycle path users were asked to fill in a form, aiming to weight the criteria. Next, we used a database collected in the
field from 27 sections of cycle paths. After obtaining the scores for each section, they were classified, and maps were
created to locate the critical sections. Having verified if there was spatial dependence, related to the cycling quality
indicator, geostatistical modeling was carried out and the quality indicator was estimated for 32 cycle path sections,
not previously collected in the field. Therefore, the complete cycle network map, which was properly evaluated, can
be used as a low-cost tool to support decision-making and implementation of transport policies.

Keywords: Urban mobility. Multi Criteria Analysis. Active travel modes. Ordinary Kriging. Urban and Cycling
infrastructure.

Resumo: O presente artigo tem dois objetivos associados:; (1) avaliar a qualidade da infraestrutura cicloviaria no
municipio de Jodo Pessoa (PB) através de Processo de Andlise Hierarquica e (2) realizar uma extensdo da avaliagdo
proposta, através de indicadores de qualidade, para toda a rede cicloviaria do municipio, por meio de interpoladores
espaciais geoestatisticos. Assim, é proposta uma abordagem de duas etapas. Incialmente, foram identificados fatores
fisicos e operacionais que afetam a qualidade da infraestrutura cicloviaria para a elaboragcdo da hierarquia.
Posteriormente, foi aplicado um formulario a cinco especialistas em infraestrutura cicloviéria e usuarios de
ciclovias/ciclofaixas, com o objetivo de ponderar os critérios. Ap6s a ponderacdo dos critérios, que compdem a
estrutura hierarquica proposta, foram utilizados dados de 27 trechos cicloviarios, coletados em campo. Ap6s a
pontuacao associada a cada trecho, estes foram classificados e mapas tematicos foram construidos para a localizacéo
dos trechos criticos. Observando-se a existéncia de dependéncia espacial, em relacdo ao indicador de qualidade
cicloviaria, foi possivel realizar uma modelagem geoestatistica e estimar o indicador de qualidade para 32 trechos nao
inspecionados previamente em campo. Dessa forma, o mapa da rede cicloviaria completa, devidamente avaliada, pode
ser utilizado como ferramenta de baixo custo de apoio a tomada de decisdo e implementacbes de politicas de
transporte.

Palavras-chave: Mobilidade urbana. Andlise Multicritério. Modos ativos. Krigagem Ordinaria. Infraestrutura urbana
e cicloviaria.
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1 INTRODUCTION

In recent years, there has been a significant increase in the interest and relevance of topics associated
with using active travel modes, cycling infrastructure and sustainable mobility (DIXON, 1996; MONTEIRO;
CAMPQS, 2011; SILVEIRA; MAIA, 2015; CAMPOS; CARDOSO, 2016). The Urban Mobility Law, Law
12587 of 2012 (BRASIL, 2012), established the guidelines of the National Urban Mobility Policy aiming to
integrate the different travel modes and improve the accessibility and mobility of people and freight in the
municipality. Furthermore, article 5 of this Law establishes equity in the use of public circulation space, roads
and public places; and efficiency, efficacy and effectiveness in urban mobility. Thus, more recently, more
investments have been made in non-motorized travel modes in Brazilian cities, resulting in an increase in the
number of cycle paths.

Recently, an extremely important factor has affected the way people travel: the COVID-19 pandemic,
which was the most serious health crisis in recent decades (COSTA; PITOMBO; SOUZA, 2022; RODRIGUES
DA SILVA et al., 2022). In a survey carried out with 2,200 respondents in all regions of Brazil by NZN
Intelligence, in partnership with Estaddao Summit Mobilidade Urbana, 45.3% of people changed their way of
commuting. It was found that 10.6% of those interviewed started to ride bikes. The data also show that 83.5%
of people say they did not feel safe on public transport during the pandemic. The change in habits is reflected
in the production of bicycles, as the Brazilian Association of Manufacturers of Motorcycles, Mopeds, Scooters,
Bicycles and Similar (Abraciclo) predicted a 12.8% increase in production in 2021. Moreover, the sector also
had a reduction in import tax (ANTP, 2021).

There has been a bicycle boom in Brazilian cities related to a growing cycling infrastructure. The use
of active travel modes has been increasing in the country, leading to an increase in the demand in the cycle
sector and to reflections on urban planning (ANTP, 2021). In 2020, according to the National Association of
Public Transport, bicycle sales increased by 50% in sales from May to June (ANTP, 2020). Thus, the bicycles
are seen as an alternative travel mode, especially in large urban centers where motor vehicle traffic is greater,
saving time and encouraging healthier lifestyles.

All these factors have contributed to the increase in demand for cycling infrastructures in Brazil.
However, it is important to identify the different aspects that can influence the quality of cycling infrastructure
to plan its use effectively and improve global mobility (BATISTA; LIMA, 2020). Therefore, considering the
increase of the cycling demand, it is important to use tools that can evaluate the implemented infrastructures
regarding their physical and operational quality, so that public authorities could improve infrastructures.

Implementing existing cycle paths, or even expanding the cycling network, requires data collection for
several purposes, such as: (1) analyzing the potential user demand, considering a series of factors, which
includes infrastructure (PROVIDELO; SANCHES, 2010; MALDONADO-HINAREJOS; SIVAKUMAR,;
POLAK, 2014; DE SOUSA; KAWAMOTO, 2015); (2) identifying indicators related to the urban cycling
system that characterize the quality of urban cycle paths (MEDEIROS et al, 2019; FONSECA et al., 2018);
and (3) measuring these indicators in the field, aiming to detect critical sections and locations that can be
potentially improved.

However, measuring certain indicators in the field to assess the quality of the cycling infrastructure,
and detecting critical sections according to different criteria, can be an onerous task, depending on the extent
of the evaluated cycling network. Thus, spatial interpolation techniques can be helpful in the cycle path
assessment process as the evaluation can be expanded for the entire network, considering a significant set of
sampled segments and the existing spatial dependence.

Geostatistics consists of a set of spatial interpolators that use information collected at sampled points
in space to estimate variables of interest at unsampled points. Inspired by the pioneering work of Krige (1951),
the statistical formalism of this tool was introduced by Matheron’s (1963, 1971) Theory of Regionalized
Variables (RVs). The RVs refer to data that can be obtained in any geographic coordinate of the spatial field
in which they ocurr and that present spatial dependence, that is, points close to each other are more related
than distant points (TOBLER, 1970).

Unlike classical interpolators, such as inverse distance and nearest neighbor weighting (which are
characterized as deterministic), Geostatistics assumes that the variable of interest is the result of a random
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process. Thus, geostatistical interpolators are able to generate uncertainty measures for estimates calculated at
an unsampled point (e.g., variance and confidence intervals). In addition, they ensure that the estimates
obtained are unbiased and have minimal variance. Another important difference between Geostatistics and
classical interpolators refers to the adoption, by Geostatistics, of well-defined spatial models to represent the
spatial correlation between database points. Among other advantages, these models can identify the maximum
distance within which there is spatial correlation and only points situated within this region are used for the
spatial estimation at an unsampled point (WEBSTER; OLIVER, 2007). In this context, the quality indicator
calculation in non-sampled cycling segments will be strongly influenced by the values of neighboring sections,
normally belonging to the same cycle path, while distant segments will have little or no influence.

Geostatistics was initially created to model spatially continuous variables. However, the lack of data
referring to spatially dependent variables that cannot assume a value at any point in space has led to an
increasing number of geostatistical applications to spatially discrete variables. Examples of these applications
can be found in various areas of study with spatially discrete variables: epidemiology, aquaculture, agriculture,
forestry sciences (CARVALHO et al., 2015; GOOVAERTS, 2009; KERRY et al., 2016; STELZENMULLER;
EHRICH; ZAUKE, 2005) and, consistently, in transport engineering. In this context, studies have been
developed both in road safety (GOMES et al., 2018; MAJUMDAR; NOLAND; OCHIENG, 2004) and in
travel demand variable modeling (CHICA-OLMO; RODRIGUEZ-LOPEZ; CHILLON, 2018; LINDNER et
al., 2016; LINDER; PITOMBO, 2019; MARQUES; PITOMBO, 2021a, 2021b; PITOMBO et al., 2015;
SELBY; KOCKELMAN, 2013; YANG et al., 2018; ZHANG; WANG, 2014). In these studies, the authors
found evidence, using a semivariogram function graph, of a consistent spatial structure in the variables under
analysis, corroborated by the results obtained by them.

Thus, the present article has two objectives and contributions. The first objective of this study is to
evaluate the quality of the cycling infrastructure in Jodo Pessoa (Brazil) using the Multicriteria Analysis
technique. From the evaluation obtained in a set of sampled sections, the proposal is to expand the quality
indicator of the cycling infrastructure for the entire cycling network of the municipality using geostatistical
modeling. Thus, this study presents a two-step method, based on the Analytic Hierarchy Process (AHP) and
Geostatistics.

The main contributions are as follows: (1) Hierarchy proposal and weights to evaluate the cycling
infrastructure in any other city of interest; (2) Using Geostatistics to expand urban assessments, such as the
quality of sidewalks, road sections, etc. for the entire network considered.

The quality of the cycling infrastructure (variable of interest in the present study) is not a continuous
phenomenon, but it still poses a major problem of data collection that motivated the development of
Geostatistics. A significant difference, in this case, is that the authors do not attempt to find a continuous
surface of estimated values, which refers to the final objective of the traditional approach with spatially
continuous variables. In the context of spatially discrete variables, the interpolator algorithms are used to
calculate estimates only in the objects where the variable is likely to occur, which, in the case of the present
study, is the cycling network in Jodo Pessoa-PB (Brazil).

This article consists of 3 sections, in addition to this introduction. Section 2 describes the materials
used (data, tools such as AHP and Geostatistics, and computer packages), as well as the methodological
sequence followed. Section 3 presents the Multicriteria Analysis and spatial interpolation results. Finally,
Section 4 draws the main conclusions and makes suggestions for future research.

2 MATERIALS AND METHOD

2.1 Data and applications used

The research was carried out in Jodo Pessoa from August to December 2019. Jodo Pessoa is a
municipality in the northeast of Brazil located in the state of Paraiba. Its metropolitan area comprises 12
municipalities. Occupying a territorial area of approximately 2,800 km2, the estimated population of the
metropolitan area in 2020 was 1,290,223 inhabitants, according to the Brazilian Institute of Geography and
Statistics (IBGE). According to the 2020 Master Plan for Urban Mobility of the Jodo Pessoa Microregion, the
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cycling system in Jodo Pessoa is currently approximately 71.5 km long, approximately 75% more than the 40.7
km it had in 2017. Figure 1a presents a map with the location and ranking of the existing cycling infrastructure
in Jodo Pessoa.

In the data collection, 27 cycling infrastructure segments (cycle paths) were selected, encompassing
all regions, thus enabling us to evaluate geometric, maintenance, accessibility, traffic safety and environmental
aspects (Figure 1b). The length of each of the segments was 420.00 m, totaling 11.34 km evaluated from an
existing cycling network 71.5 km long. The segments were divided into 14 segments of 30.00 meters, in which
5 (five) segments were randomly selected so that 3 (three) researchers, who were previously trained, could
provide scores for the criteria detailed below: slope, traffic safety, pavement width, signalization, drainage,
comfort, public safety, accessibility, sinuosity, lighting, street trees (shading) and cleanliness.

In addition to the Microsoft Excel software spreadsheets to calculate the values associated with each
sampled segments, the authors also used Google Earth Pro for geolocation of the sampled segments.

ArcGIS10.1 and QGIS 3.16.12 (open source) software were used for geostatistical modeling and thematic map
composition, respectively.

Figure 1 - Location and grouping map of the cycling infrastructure of Jodo Pessoa (a). Location of the start and end
points of the analyzed segments in Jodo Pessoa (b
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(a) Source: Batista and Lima (2020). (b) Source: Google Earth Pro.

2.2 Method

The overall method of the present research follows a two-step approach, based on the Analytic
Hierarchy Process and geostatistical modeling. Figure 2 illustrates the methodological procedure, described in
detail in the following sections.

989



Rev. Bras. Cartogr, vol. 74, n. 4, 2022 DOI: http://dx.doi.org/10.14393/rbcv74n4-65916

Figure 2 — Methodological procedure
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rucﬁng thematic mapping to locate problematic segments. ty index of complete cycling infrastructure in Jodo Pessoa - PB
(Brazil).

Elaboration: The authors (2022).

221 THE ANALYTIC HIERARCHY PROCESS (AHP)

To construct the hierarchy, 13 criteria were used, grouped into four groups: geometric factors (slope,
effective width and sinuosity), conservation factors (pavement, drainage, signalization and cleanliness),
utilization factors (accessibility, traffic safety and comfort) and environmental factors (lighting, public
safety and street trees (shading)). The definition of the hierarchy was based on related literature (ANTUNES,
2015; AYACHI; DOREY; GUASTAVINO, 2015; BATISTA, LIMA, 2020; CALVEY et al., 2015; SFDPH,
2009; PROVIDELO; SANCHES, 2011).

The criterion weight was defined using the Multicriteria Decision Making (MDM) method proposed
by the American mathematician Thomas Saaty in the early 1970s - the Analytic Hierarchy Process (AHP). The
AHP method is based on three analytical thinking principles: hierarchy construction, priority definition, and
logical consistency (COSTA, 2002; SAATY, 1991; SAATY; VARGAS, 2001; VARGAS, 1990).

Relative priorities were defined based on interviews with specialists in the field of Transport, who
made pairwise comparisons between the hierarchy level criteria in light of the higher level, using the Saaty
Scale, with nine different categories (SAATY, 1991). The sample of evaluators consisted of 4 men and 1
woman and the average age was 43 years, characterized as: (Evaluator 1) specialist researcher in the area of
Transport and constant user of cycling infrastructure; (Evaluator 2) specialist researcher in the area of
Transport, also a constant user of cycling infrastructure; (Evaluator 3) specialist researcher in the area of
Sanitation and constant user of cycling infrastructure; (Evaluator 4) urban planner. This evaluator is a constant
user of the cycling infrastructure; (Evaluator 5) civil engineer and doctoral student in the area of Transport.

Finally, the logical consistency of the judgments was evaluated by the Consistency Ratio (CR)
proposed by Saaty to determine the inconsistency as a function of the order of the judgment matrix.

Considering the evaluators' judgments and their respective global criterion weights, a representative
average weighting of such criteria can be obtained, which denote the priorities of each one compared to the
main objective: the evaluation of the quality of the cycling infrastructure.

After defining the relative priorities of the criteria presented in the hierarchy, a cycle infrastructure
quality indicator was calculated from the product of the weights assigned to each criterion by the measured
value of the criterion, considering the 27 segments sampled for Jodo Pessoa. Thus, a final score was obtained
for each section. The final score of the segment is the sum of all analyzed portions. Then, these values were
normalized.
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Afterward, the descriptive measures of the set of values were calculated and four levels were adopted
to classify the segments, considering the 1st quartile, 2nd quartile (median) and 3rd quartile values. Finally,
according to the levels, the sections were classified as “very poor”, “poor”, “good” and “very good”. Finally,
thematic maps of the sampled segments were prepared to detect the location of critical segments.

The map was prepared using a Geographic Information System (GIS) free software (QGIS 3.16.12)
from the IBGE's 2019 Block Face Database for Public Areas. This database is a digital representation of the
urban street design of the country's municipalities, with details of blocks, streets and squares. Based on the
streets in Jodo Pessoa and knowing the geolocation of the analyzed segments, obtained from the GIS Google

Earth Pro, we proceeded by inserting the segments in the QGIS software.

2.2.2 GEOSTATISTICAL MODELING

The geostatistical modeling, used in this study, to extend the evaluation of the cycling quality for
unsampled segments based on the sampled sections (11.34 km), comprises the following steps: (1)
experimental variogram calculation and adjustment (2) Ordinary Kriging and (3) Cross-validation. These steps
are briefly described below.

The semivariogram y(%) is the main tool used for geostatistical modeling. In addition to visualizing the
spatial structure of the variable of interest, it plays a fundamental role in estimating in unsampled locations.
The empirical semivariogram function is given by Equation 1 (CRESSIE, 1993)

N(R)

Y = 1/2N() ) [26e) = ZCxi+ ) ®

where Z(xi) is the value of the variable of interest at point x;, h expresses the distance between points in the
database, and N is the number of pairs of points identified at a distance h, known as lag.

The empirical semivariogram calculation process involves the search for pairs of points according to
the parameters shown in Figure 3. The points inside the hatched area are those used to apply Equation 1
together with the reference point located at the origin. For the present case study, for the sake of simplicity,
the omnidirectional semivariogram was used, which selects all pairs of points located at a distance h, regardless
of the azimuth between these points. Thus, the angular tolerance is equal to 90°. Afterward, Equation 1 is
applied to the pairs identified at distances 2h, 3h and so on, until the graph begins to show a certain constancy
in the value of the mean semivariance.

Figure 3 — Pair search for the empirical semivariogram calculation
N

Azimuth Maximum width

Lag tolerance
Lag

Source: Yamamoto and Landim (2015).

As Geostatistics works with data in the form of points, the cycling quality index in the 27 segments of
420 meters (variable of interest) was represented by the midpoint of each segments. The unsampled segments
were also divided into segments of approximately 420 meters and the geostatistical interpolation was
conducted considering the geographic coordinates of their respective midpoint.

After calculating the empirical semivariogram, a theoretical curve is calibrated to the points obtained
by Equation 1. This curve is known as the theoretical semivariogram, whose equation is effectively used to
calculate the optimal weights for spatial interpolation. The theoretical semivariogram (Figure 4) is
characterized by three main parameters: the nugget effect (Co), which corresponds to the value of the
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semivariance at distances that tend to zero, that is, it reflects the spatial randomness of the regionalized
phenomenon and may also be caused by the sampling error; partial sill, or contribution (C), the portion of
semivariance explained by the spatial structure of the variable of interest; and range (a), distance from which
it is assumed that there is no more spatial dependence between the pairs of points. The range corresponds to
the abscissa of the maximum semivariance (nugget effect plus partial sill), known as the sill.

Figure 4 —Theoretical semivariogram parameters
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0.04 °® A: Range
8 )
g ® a
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£
Ji]
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([
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Source: Adapted from Matheron (1963).

The literature cites several theoretical semivariogram models. For the present article, the adjustment
of the three most commonly used models was tested: exponential (Equation 2), Gaussian (Equation 3) and
spherical (Equation 4) (CRESSIE, 1993).

y(h) = Co + C[1 — exp(—h/a)] (2)
_(Co+C[1.5(h/a) — 0.5(—(h/a)?)] seh<a

v(h) = {CZ +C seh > a )

y(h) = Co + C[1 — exp ((=h/a)?)] 4

where Cyis the nugget effect, C is the partial sill (contribution) and a is the range parameter. Ordinary Kriging
basically consists of calculating the variable of interest at unsampled points from sampled data neighboring
these points. Thus, Ordinary Kriging is a linear combination of sampled values and optimal weights (Equation
5) (CRESSIE, 1993).

Ziy= ) MZ(x) ©)

where Zy  is the estimated value of the Regionalized Variable Z at geographic position xo; 4i is the optimal
kriging weight assigned to neighbor xi; and n is the number of neighbors. If the variable of interest shows
spatial dependence, neighbors close to an unsampled point will receive greater weight than distant neighbors,
because, according to the semivariogram function, the semivariance (difference) between the value of the
variable at close points is smaller than at distant points. Thus, the optimal Ordinary Kriging weights are
calculated from a nonlinear equation system that explicitly depend on the theoretical semivariance between
the pairs of sampled points (matrix K) and between the sampled points and the point where the variable will
be estimated (matrix M). The matrix operation shown in Equation 6 and Equation 7 (CRESSIE, 1993)
simplifies the aforementioned equation system.
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Y —x) v —x) . y(p—xp) 1 Y(xo — x1)
1462 - x1) y(x - X2) 146 - Xn) 1 (xo —X3) ©)
YO —%1) Y —%) - Y —%) 1 (xo —x,)
1 1 1 0
(7

Therefore, the optimal weight vector is obtained from Equation 8, which is applied to each unsampled
point where the variable of interest is to be estimated.

[A] = [K]7* - [M] (8)

In order to compare the fit of theoretical semivariogram models to the studied phenomenon, a cross-
validation procedure is carried out, which, with regard to geostatistical estimates, is based on the fictitious
point test (CRESSIE, 1993). The method consists of removing the sampled points, one at a time, from the
database and estimating their value based on the remaining sampled points and Equation 8. Thus, for these
points, we have both the real value and the one estimated by the kriging, which are used to the calculation of
goodness-of-fit measures. In the present study, the theoretical model chosen was the one that presented the
lowest mean of the absolute percentage error, according to Equation 9. It is worth mentioning that, based on
the cross-validation, we can obtain estimates for the points of known values, thus leading to a methodological
validation.

n

Error = %* Z[(

i=1

Zy; — inl/in) * 100] ©)

3 RESULTS

3.1 Results from Analytic Hierarchy Process

The average weighting criteria, obtained from the interviews conducted with the experts, is shown in
Figure 5.
Figure 5 - Average weighting criteria, grouped into four main groups.
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Elaboration: The authors (2022).
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Having the set of final standardized scores for the segments in hand, the descriptive measures of the

cycling quality indicator were determined (Table 1). Finally, the indicator was discretized considering a four-

level ranking, based on quartiles. Thus, the values that limit each of the rankings are presented in Table 2.

Table 1 - Descriptive measures of the normalized final scores of the segments.

Descriptive measures Standardized final scores
Minimum 0.2392
Maximum 0.9154

Average 0.5811
Standard deviation 0.1692
1st Quartile 0.4361
Median 0.5844

3rd Quartile 0.7305

Elaboration: The Authors (2022).

Table 2 - Intervals of the final scores.

Lower bound Upper bound Interval Ranking

Minimum 1st Quartile 0.2392 — 0.4361 Very poor
1st Quartile Median 0.4361 — 0.5844 Poor
Median 3rd Quartile 0.5844 —0.7305 Good

3rd Quartile Maximum 0.7305 - 0.9154 Very good

Elaboration: The authors (2022).

Finally, Table 3 presents the global ranking of each segment in terms of the criteria discussed above.
Thus, 6 sections were ranked as “very poor”, 7 sections were classified as “poor”, 7 sections were classified
as “good” and 7 sections were ranked as “very good”.

Table 3 - Final score and ranking of segments.

Section Final score Ranking | Section Final score Ranking Section  Final score Ranking
1 0.5008 Poor 10 0.7266 Good 19 0.7305  Very good
2 0.4361 Poor 11 0.5593 Poor 20 0.3495 Very poor
3 0.3729 Very poor 12 0.6756 Good 21 0.8086  Very good
4 0.4130 Very poor 13 0.4510 Poor 22 0.4905 Poor
5 0.3928 Very poor 14 0.2392  Very poor 23 0.6048 Good
6 0.4686 Poor 15 0.6892 Good 24 0.7375  Very good
7 0.3841 Very poor 16 0.7563  Very good 25 0.9154  Very good
8 0.5486 Poor 17 0.7679  Very good 26 0.6764 Good
9 0.5844 Good 18 0.7453  Very good 27 0.6652 Good

Elaboration: The authors (2022).

Considering the ranking of each segment, we proceeded by constructing a spatial identification map
of the quality of these segments in Jodo Pessoa. The results are shown in Figure 6.

The ranking of the segments and the thematic map are tools to support government decision-making
regarding maintaining the quality of cycling infrastructure in Jodo Pessoa. Thus, it can be observed that the
critical sections were 14, 20, 3, 7, 5 and 4, concentrated in the southern region of the city. Predominantly, these
cycle paths are not isolated from the motorized traffic and are the segments that most need quality improvement
measures, to improve user’s comfort and safety when using the infrastructure.

As an example, Figure 7 (a, b) presents critical segments 7 and 5, respectively, whose problems were
visible in the photos. There is a lack of cleanliness in section 7 and, for both segments, there is a lack of
horizontal signalization and the presence of road studs is irregular. In addition, for segments 5, there are cars
parked in the cycle path, due to the presence of stores. If such a fact is routine, then it can directly affect the
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safety and feeling of cyclist comfort. It is worth mentioning that the analyses carried out for these segments
are based on the figures and are only initial. They are not a substitute for a thorough field assessment to support
public authorities' decision-making regarding the actions to be taken in each of the cycling infrastructure
segments.

Figure 6 - Assessment of the quality of the cycling infrastructure sections in Jodo Pessoa (Brazil).
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3.2 Results from geostatistical modeling

In addition to the 27 sampled sections, the remaining cycling infrastructure resulted in 32 new sections
of similar length. Figure 8 shows all recovered sections, highlighting the unsampled ones in orange.

There is a higher density of sampled segments in the southeast region of the city, and most of the
unsampled sections are in the northeast corner. Therefore, the semivariogram aims to reproduce the same
spatial structure of the points sampled in the remaining points.

Figure 8 - Sections of cycling infrastructure in Jodo Pessoa (Brazil)

Legend

e BiCYCle paths /
bike lanes

= Sampled segments

Perimeter
of Joao Pessoa

jua Frie 1Mmcna
. ¥ urieisiana , :
35 o

]

Elaboration: The Authors (2022).

Figure 9 shows the empirical semivariogram and exponential model, which, among the three
theoretical models tested, was the one that resulted in the lowest mean absolute percentage error. Although the
results were similar, the error obtained when using the exponential model was slightly smaller than the others
(20.99% against 21.10% for the Gaussian model and 21.40% for the spherical model). Consequently, spatial
interpolation was performed based on this model.

Figure 9 - Exponential semivariogram adjusted to the sampled data of cycling infrastructure in Jodo Pessoa
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Elaboration: The Authors (2022).
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The semivariogram reveals that there is, in fact, a spatial dependence for the quality indicator of the
cycling infrastructure in Jodo Pessoa, as the difference between the value of the proposed indicator is smaller
at small distances and increases as a function of the distance between pairs of points, until the semivariance
reaches a plateau. Based on the exponential model, cycle paths whose midpoint is located up to approximately
5.6 km are spatially dependent. Therefore, only sampled data contained within a radius of 5.6 km centered on
an unsampled cycle path will participate in the estimation of the quality indicator for this cycle path segment.

The kriging equation generates a continuous surface of values interpolated from the values available
in the database. In the case of the quality of cycling infrastructure in Jodo Pessoa, the variable of interest is
likely to occur only where there is a cycle path. Figure 10 exemplifies the application of kriging in the spatial
estimation of the cycling infrastructure quality indicator in cycle paths that do not have this data. The real
values for the sampled segments and estimated values for the other segments are shown.

Figure 10 — (a) 27 midpoints of sampled cycle path segments; and (b) Final score assigned to all recovered cycle paths.
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4  CONCLUSIONS AND SUGGESTIONS FOR FUTURE STUDIES

Considering the increasing use of active modes, especially cycling, this study presented a two-step
method to evaluate the quality of a cycling network, considering a relatively low cost, in terms of data
collection. The method was based on the following approaches: (1) Analytic Hierarchy Process and (2)
Geostatistical Modeling.

An important contribution is related to the proposed hierarchy, comprising 13 criteria, grouped under
the themes of geometric factors, conservation factors, utilization factors and environmental factors. The
weights found through a sample of five specialists or users of cycle paths can be used to evaluate the cycling
network of other municipalities. The sampled sections (27 in this study) are the alternatives considered in the
proposed hierarchy. Thus, the hierarchy application used here for other similar cities and later comparisons
with the results obtained in this study are suggested.

Applying the weights to the sections sampled for Jodo Pessoa, it can be observed that 86% of the cases
classified as “very poor” are cycle paths without a clear separation from the motorized traffic. In addition,
there is an apparent spatial dependence as most of the critical sections are concentrated in the south of the
municipality, while the best evaluated sections are located in the north (northeast) region, which covers areas
with a higher average income and a concentration of tourist attraction hubs.

Problems related to poor maintenance and conservation, as well as the expansion and integration
between the cycling system and public transport, found in some segments of the cycling infrastructure, were
mentioned in a diagnostic report on the reformulation of the Master Plan for Jodo Pessoa (JOAO PESSOA,
2021). Therefore, the study proposed here can serve as input for sectoral plans and programs to improve the
cycling system and its integration with other travel modes, aiming at improving urban mobility in Jodo Pessoa.

The existence of spatial dependence allows the use of Geostatistics in the approach aiming to extend
the evaluation to unsampled sections of the cycling network of Jodo Pessoa. Thus, geostatistical modeling
constitutes the second contribution of this study, as inspections and field research require trained human
resources, time and financial resources. The use of Geostatistics for spatial interpolation of indicators can be
extended to other assessments of urban infrastructure, such as quality of sidewalks, diverse facilities, quality
of urban roads, etc., thus, a possible spatial dependence of such variables. The authors recommend using the
procedure for evaluating the quality of sidewalks, especially for those with reduced mobility, for example. It
is also recommended to estimate the indicators without using all points with known values to calculate error
metrics in the remaining points. Thus, a comparison can be made between the cross-validation and this new
proposed validation, providing further methodological insights. A methodological improvement is also
suggested based on using distances along the road network in the geostatistical modeling stages, as opposed
to the Euclidean distances adopted in the present study. In this context, contiguous neighbors will have much
more influence on the estimation of the indicator in an unsampled section than segments from other cycle
paths, allowing a more realistic representation of the spatial variation of cycle path quality.
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