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ABSTRACT

The aim of this paper is to provide support to the issue of defining Functional Urban Regions (FURs). We carried out an exploratory study in which both commuting
trips and population data were used in a combined setting. To do this, Bivariate Exploratory Spatial Data Analysis was used, enabling permuted analyses of the
variables considered. The municipalities of Sao Paulo state, Brazil, were used in the case study investigated in this research. We observed that this combined analysis
has more satisfactory results when compared to the analyses of variables in an isolated way. There is also a greater correlation of the results obtained from bivariate
analysis with the official delimitations. Considering the possible permuted analyses, which are travel data versus population or population versus travel data, the first
showed more reliable results in terms of identifying municipalities with strong correlations between the two variables. This can be observed both in areas within
official FURs and throughout the territory, highlighting the areas of regional influence.

1. Introduction

Over the past half century, the world became more urban. Data from
the United Nations (UN, 2019) show that urban areas house 55% of the
world's population, but this figure may reach 68% within the next
30 years. This shift from rural to urban has remarkably been seen in
developing countries (Cohen, 2006). For example, the United States
took nearly 90 years compared to what Korea and Brazil took, respec-
tively, 20 and 30years (Henderson, 2002). Tokyo, New Delhi,
Shanghai, Mexico City and Sao Paulo are the world's largest cities, all
with more than 22 million inhabitants within their respective me-
tropolitan areas. In addition, Cairo, Mumbai, Beijing and Dhaka also
rank among the most populous cities, all comprising almost 20 million
inhabitants (UN, 2019). Except from Tokyo, these cities share the same
fact: they all belong to developing countries.

For those countries, increasing urbanization brings challenges in
managing the demands for housing, jobs, basic infrastructures and
services. Such challenges are tied up with integrated policies for the
sustainable development of urban areas, which in most cases are not
formed by a single city. This fact introduces an additional task to be
faced by urban planners and managers, regarding the analysis of the
various processes emerging from metropolization. In turn, this task is
also associated with the issue of achieving greater success in terms of
solving urban problems at this scale. The so-called Functional Urban
Regions (FURs) are usually established in these cases, comprising the
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figure of a metropolitan government to manage the interests of some of
the actors involved (population, local governments, stakeholders, etc.).
The issue, however, relies on how to define (or delimit) such FURs.

In the United States of America, for example, a Metropolitan
Statistical Area (MSA, which corresponds to the term FUR used here) is
defined by two factors, which are: an urban area with more than 50,000
inhabitants, as well as adjacent counties in which at least 25% of the
residents go on commuting trips to that urban area (Office of
Management and Budget, 2010). Similarly, FURs in Europe (also known
as Functional Urban Areas) comprise at least one main urbanized area
containing 20,000 (or more) jobs and any other adjacent region that is
classified as NUTS3 from where more commuting to this main urban
area is observed than to any other area (Cheshire and Hay, 1989). NUTS
stands for the Nomenclature of Territorial Units for Statistics, which is a
geographical nomenclature subdividing the economic territory of the
European Union into regions according to Eurostat, the statistical office
of the European Union. NUTS3 corresponds to the third subdivision
level, which is less aggregated than NUTS1 and NUTS2. The Organi-
zation for Economic Co-operation and Development (OECD) also
worked on a common definition of metropolitan areas in order to assess
national urban policies in OECD countries, so as to make international
comparisons of economic, social and environmental performances.
Together with the European Union, the OECD developed a “harmonized
definition of urban areas” called “Functional Economic Units”, which
avoid restrictions related to an administrative-based definition (OECD,
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Table 1

Main indicators employed for the definition of FURs and their respective authors.
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Main indicator Authors

Political-administrative relations
Remote sensing features

Land price

Distribution of jobs

Urban form and morphology
Population density

Transport infrastructures and services

Bode (2008)

(2017)
Combination of demographic and transport infrastructure supply
indicators.
Transport flows

Arellano Rios (2014a, 2014b, 2015)
Weber (2001); Huang et al. (2014); Niemeyer et al. (2014); Sahoo and Pekkat (2014)

Coombes and Overman (2004)

Bereitschaft and Debbage (2014)

Ramos and Rodrigues da Silva (2003, 2007); Ramos et al. (2004); Manzato et al. (2007)

Boarnet and Haughwout (2000); Manley (2014); Manzato et al. (2015); Guzik et al. (2017); Moisés et al.

Manzato and Rodrigues da Silva (2010); Pereira and Rodrigues da Silva (2010); Ajauskas et al. (2012);
Rodrigues da Silva et al. (2014); Oliveira Junior et al. (2017)
Konjar et al. (2010); Kauffmann (2012); Williams et al. (2012); Hornak and Kraft (2015); Aguiar et al. (2017);

Kraft and Marada (2017); Soares et al. (2017)

2012). The method is also based on the distribution of the population
and on commuting data (OECD, 2016).

In fact, flows of people and goods have generally been used as a
measure of functional relationships between municipalities, which
seem reasonable for the definition of FURs (Kauffmann, 2012; Williams
et al., 2012; Klapka and Halas, 2016). However, various approaches can
be found in the literature concerning the definition of FURs, some in-
cluding the intrinsic relationship with transport flows. Table 1 sum-
marizes the indicators used and the respective authors involved.

The methods for defining FURs established over the last decades
have analyzed different variables and sought to represent the complex
relationships in these areas. This complexity and the variety of ap-
proaches are supported by Breitung (2011), arguing that the analysis of
the delimitation of FURs should be done according to five different,
though interrelated aspects: political and administrative matters; phy-
sical or morphological characteristics; socio-spatial and cultural issues;
psychological and behavioral perspectives; and functional relations and
cooperation networks. However, according to Kourtit et al. (2015),
these aspects might be difficult to measure due to data availability, lack
of skilled labor force to perform the analyses, etc. or may provide
ambiguous or inaccurate definitions. These issues are particularly evi-
dent in developing countries (Cohen, 2006).

In Brazil, although the installation of FURs is foreseen in the Federal
Constitution of 1988, there are no minimum criteria, mainly quantita-
tive, established by the Federal government for its definition. The
Brazilian states are responsible and, consequently, have the autonomy
to install their own FURs, whose definition criteria are established at
the state level. Obviously, if we compare the definitions among states,
wide disparities can be observed. As states aim to meet their needs by
seeking federal resources by institutionalizing new FURSs, this also re-
sults in a considerable number of FURs that actually have a low-profile
metropolitan dynamic (Moura and Carvalho, 2012). Thus, it is assumed
that the definitions adopted in the country are predominantly based on
political-administrative relations. However, in reality, this method may
not be able to express the necessary loyalty to the planning and urban
management processes of the whole area resulting from the union of
municipalities that comprise a FUR.

Previous studies carried out in Brazil (Manzato et al., 2007; Manzato
and Rodrigues da Silva, 2010; Pereira and Rodrigues da Silva, 2010;
Ajauskas et al., 2012; Rodrigues da Silva et al., 2014; Manzato et al.,
2015; Oliveira Junior et al., 2017) attempted to contribute to a more
quantitative method for defining FURs, using data about population
distribution and highway infrastructure supply. Population distribution
is a well-established indicator to measure urbanization (Office of
Management and Budget, 1998; UN, 2019) as well as it is available in
virtually every country. Transportation supply indicators have been
employed (see Table 1) to analyze the definition of FURs, in some cases
as a proxy variable to transport flows. A remarkable feature observed in
those studies carried out in Brazil was the application of spatial analysis
techniques, such as spatial statistics and spatial modeling as part of the

methods. That is, the studies brought new insights to the issue of FURs
definition, which in fact were initiated by Ramos and Rodrigues da
Silva (2003, 2007) and Ramos et al. (2004), employing techniques to
take into account the spatial dependency within the data.

The aforementioned Brazilian studies were developed considering
the fact that data about transport flows were not easily available (as it is
the case of most developing countries). However, an effort of the
Brazilian Institute for Applied Economic Research (IPEA) made avail-
able data about commuting flows. Based on these data, Castello Branco
et al. (2013) provided a discussion about the delimitation of the Bra-
zilian Metropolitan Regions, highlighting the existing heterogeneity in
approaches across the country, and arguing about the difficulties in
evaluating their pros and cons. In that sense, the authors worked on a
unified methodology for the entire country, based on the distribution of
the population and commuting flows. More recently, Aguiar et al.
(2017) also investigated the data on commuting flows provided by
IPEA, setting up various scenarios with a combination of population
levels of a given municipality, and the percentage levels of residents in
other municipalities traveling to work in that municipality. This study
was an attempt to analyze the definitions of FURs in the Sao Paulo state,
Brazil, based on the method used in the United States of America.

Despite what has been increasingly developed to provide ap-
proaches for the definition of FURs, there is still room for new insights
in this field. Developing countries still lack for studies regarding the
effects of urbanization, especially metropolization. In line with what
Aguiar et al. (2017) proposed, we also explored a combination of the
distribution of the population and commuting flows, but we tried to
analyze such variables with the application of spatial statistics techni-
ques. More specifically, we propose an approach to define FURs based
on the Bivariate Exploratory Spatial Data Analysis (ESDA) technique
applied to those variables. To our knowledge, the use of this technique
to the issue of analyzing FURs has not been approached yet, except for
the univariate version as described before (which, in fact, led to pro-
mising results according to the respective authors). Another contribu-
tion of this study relies on the fact that the commuting flows are con-
sidered in terms of incoming and outgoing trips. On one hand, the cross-
border flows are not taken into account, which in fact could represent a
limitation in our study. On the other hand, the cross-border flows may
be unavailable in some developing countries, where only the statistics
about the totals of incoming and outgoing trips might be obtained.
Therefore, the proposed study here tries to cover this gap as well.

The case study was carried for So Paulo state. Regarding the de-
scription of the study developed, this article is organized into sections.
Section 2 contains the theoretical reference and details of the variables
and procedures used. Afterwards, the results of the approach are pre-
sented and analyzed in Section 3. Finally, conclusions regarding the
contribution of this indicator are discussed in Section 4.
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2. Methodology

The methodology described in this paper is divided into two parts:
the first provides an overview of the theoretical framework of spatial
analysis tools; and the second part describes the case study.

2.1. Theoretical framework

The methodology developed in this study investigated population
data and commuting travel data using ESDA (Anselin, 1995, 1998). The
ESDA technique is based on the characterization of spatial dependence,
designating how the variables are spatially correlated. Depending on
the number of variables to be analyzed, it can be classified as univariate
or multivariate analysis.

The univariate ESDA technique classifies each observation using
two parameters. The first, Z, corresponds to a vector that represents the
calculation of the difference between the value of a given variable in
each observation and the overall average of that variable considering
all the observations. The second, W, corresponds to the difference
between the average value of such a variable computed for the neigh-
boring observations of a given observation and the overall average of
that variable considering all observations. The Moran's index (I) is ob-
tained from these parameters, as given by Eq. (1), in which the ex-
ponent t defines the transposed vector.

- Zt Wy
VARV (@)

The results of this classification can also be observed in the Moran
scatterplot, in which four quadrants are identified as described here-
after. Quadrant HH (for High-High) depicts the observations whose
value of the variable is higher than the overall average and the average
value of the neighboring observations is also higher than the overall
average. In sequence, quadrant LL (for Low-Low) depicts the observa-
tions whose value of the variable is lower than the overall average and
the average value of the neighboring observations is also lower than the
overall average. Next, quadrant LH (for Low-High) depicts the ob-
servations whose value of the variable is lower than the overall average,
but the average value of the neighboring observations is higher than the
overall average. Finally, quadrant HL (for High-Low) depicts observa-
tions whose value of the variable is higher than the overall average, but
the average value of the neighboring observations is lower than the
overall average. In addition to the Moran scatterplot, the observations
classified in one of the quadrants described can be also seen in the
thematic maps, the so-called “Box Maps”.

A method developed by Anselin et al. (2002) tests multivariate
spatial autocorrelation in lattice data. This concept of autocorrelation
represents the degree of association between the values of a variable
(zr) observed at a given location and the values assumed by a second
variable (z;) visualized in neighboring locations. More specifically, it is
a linear and systematic association (more than under spatial random-
ness) between the variable 2 of a location i () and the spatial lag for
the other variable, that is, WZ,i. To relate these variables, a multivariate
coefficient of spatial autocorrelation is defined, according to Eq. (2).

my = 2. WS, g 2)
where:
Xk — Ry X1 — X
2k = Do = %l and g = Lk
Ok a1

The variables 2z and z; are standardized, so that the mean is zero and
the standard deviation is one. The vector Z, provides the deviations
between the values of the variable 2, in the observed locations and the
overall average. The other vector, Z;, incorporates the deviations be-
tween the average values for the z; variable in the neighboring areas of
the observed locations and the overall average. As for WF, this is a
spatial weights matrix that identifies the set of neighbors of each
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location, assigning non-zero values to the neighbors and zero to the
others. Moreover, zero is assigned to the main diagonal as locations are
not considered adjacent to themselves.

The Moran's index characteristic of the multivariate analysis, in
turn, can be obtained from Eq. (3), which makes use of the basic ele-
ments already mentioned, where Z; is the vector of deviations for the
evaluated variable in the observed locations, Z; is the vector of devia-
tions for the variable analyzed in adjacent locations, W is the spatial
matrix of weights with normalized lines and the exponent t defines
transposed vector.

i W. g

In =
24 2k 3)

Considering n as the number of observations, once the z-variables
are standardized, we can consider that the sum of squares, contained in
the denominator of Eq. (3), is equal to n, regardless of the variable
values. By doing this, Eq. (4) is obtained.

Iy = % Wz
@

The multivariate ESDA technique also evaluates the results using
the Moran scatterplot and Box Maps, following the same reasoning
explained before. In quadrant HH, the value of variable 2 is higher than
the overall average and its neighbors' average for variable z; is also
higher than the overall average. In quadrant LL, the value of variable 2
is lower than the overall average and its neighbors' average for variable
z; is also below the overall average. Thus, a positive spatial auto-
correlation is visualized for the observations classified in these two
quadrants. In quadrant LH, the value of variable 2 is lower than the
overall average and the average of variable z; in adjacent observations
is higher than the overall average. Finally, in quadrant HL, the value of
variable z; is higher than the overall average and its neighbors' average
for variable z; is lower than the overall average. It is understood,
therefore, that the spatial autocorrelation between the observations
classified in these two quadrants is negative.

2.2. Case study

In this study, data with information about population and com-
muting travel regarding the year 2010 were explored. These data were
obtained from two main sources, i.e., the Brazilian Institute of
Geography and Statistics (IBGE, 2010) and the Observatory of the
Metropolis (2013). They were organized, manipulated and presented at
the level of municipalities, considering Sao Paulo state as our case
study. More specifically, three variables comprised the analyses, in-
cluding: 1) total number of people making outgoing trips from the munici-
pality; 2) total number of people making incoming trips to the municipality;
and 3) total population in the municipality.

A first exploratory analysis was carried out with the variables in-
dependently, i.e., performing a univariate ESDA. In sequence, the two
variables related to the commuting trips were analyzed together with
population using the multivariate ESDA technique. Initially, the vari-
able z, was associated with commuting trips data and the variable 2
was associated with population. Afterwards, these variables were per-
muted, so that population became the variable 2, and commuting trips
became the variable z;.

The software packages used were Maptitude, which is a geographic
information system (GIS) for data manipulation generating Box Maps,
and GeoDa, which was used for applying the ESDA technique.

3. Results

Initially, the variables related to commuting travel as well as po-
pulation were explored using the univariate ESDA technique, so that
the analysis of each variable generated a separate Box Map, as dis-
played in Fig. 1. It is worth noting that both total population and
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Total number of
people making
outgoing trips from
the municipality

Population

Population Density
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Total number of
people making
incoming trips to
the municipality

LIST OF OFFICIAL FURs:

1

LEGEND 2
I HH N i
o A 5
B H 6
ML 0 100 200 km ;

[] oFFICIAL FURs —— 9

Regiao Metropolitana de Sao Paulo
Regiao Metropolitana da Baixada Santista
Regiao Metropolitana de Campinas “~-_;-
Regiao Metropolitana do Vale do Paraiba e Litoral Norte -
Regiao Metropolitana de Sorocaba -
Regiao Metropolitana de Ribeirao Preto
Aglomeracao Urbana de Jundiai
Aglomeracao Urbana de Piracicaba
Aglomeracao Urbana de Franca

Fig. 1. Box maps representing the total number of people making outgoing trips from the municipality (top left), the total number of people making incoming trips to
the municipality (top right), population (bottom left) and the population density (bottom right) - Source: Created by the authors.

population density are presented because the first follows part of the
criteria employed in the United States of America and in Europe
whereas the latter is commonly found in studies in which spatial sta-
tistics techniques are applied. Although the application of such tech-
niques is one of the key points of this study, which might lead us to use
population density, we chose the variable total population for the
analyses. We did so to follow the same criteria that are based on the
combination of travel and population data (e.g., Office of Management
and Budget, 2010; OECD, 2016; and the specific study carried out in the
Sao Paulo state by Aguiar et al., 2017).

Concerning the classification of municipalities in each quadrant, an
explanation of the interpretations is presented as follows, taking as an
example the variable “Total number of people making incoming trips to the
municipality”. For the other variables, the same rationale was followed.
Therefore, municipalities classified in quadrant HH have, as well as
their neighbors, a value of the total number of people making incoming
trips to the municipality which was higher than the overall state average.
Thus, municipalities classified in this quadrant expect a strong corre-
lation with official FURs due to the high number of commuting trips. In
contrast, municipalities classified in quadrant LL have, as well as their
neighbors, a value of the total number of people making incoming trips to
the municipality lower than the overall state average. In these cases, we
expected to identify the municipalities with a low number of

commuting trips, usually located away from the official FURs.

Considering the interpretations for the quadrant LH, the munici-
palities classified in this quadrant have a value of the total number of
people making incoming trips to the municipality lower than the overall
average of the state, while their neighbors display a higher value of the
related variable compared to the overall state average. Thus, the mu-
nicipalities located in the vicinity of those classified as HH and, con-
sequently, adjacent to the official FURs are generally identified in
quadrant LH. Finally, the municipalities classified in the quadrant HL
present a value of the total number of people making incoming trips to the
municipality higher than the overall average of the state, while their
neighbors had a lower value of the related variable compared to the
overall state average. These cases occur commonly away from official
FURSs, but they highlight municipalities that generally exert a regional
influence in the state.

Based on the Box Map regarding the variable “Total number of people
making incoming trips to the municipality” (Fig. 1), we observe that the
municipalities in quadrant HH, which demonstrate a high intensity of
commuting trips, are located in the official FURs. It can also be ob-
served that the municipalities belonging to quadrant LL are distributed
across most of the territory, considering that these municipalities (as
well as their neighbors) have a low number of incoming trips, i.e., they
are not attractive areas.
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In addition to identifying the FURs, there is also evidence of the
regional centers represented by the quadrant HL, which comprise mu-
nicipalities with high incoming trip values, since they are very attrac-
tive areas. Around these areas, as well as those surrounding the quad-
rant HH, there are some municipalities located in the quadrant LH.
These municipalities do not show high incoming trips, but their
neighbors have intense inflows. This is, however, a relevant fact, as they
have the potential to be incorporated into the HH or HL quadrants
because of their proximity to areas whose incoming travel values are
high.

The analyses of the variable “Total number of people making outgoing
trips from the municipality” shown in the respective Box Map of Fig. 1
basically follows the same rationale described for the incoming trips.
We highlight, though, that a visual inspection reveals a larger amount
of municipalities classified in the quadrant HH located within the of-
ficial FURs. In addition, we observe that the municipalities classified in
the quadrant HL are less scattered across the territory and there are also
less municipalities classified in the quadrant LH.

Finally, comparing the results obtained with the data on commuting
trips and the variable “population density”, we note that there is a high
correlation among the municipalities classified in the HH quadrant,
although there are less municipalities in this quadrant when using the
population density. The analysis with the official FURs also shows
reasonable results, as we can see that the municipalities in the HH
quadrant are within the official boundaries. There is, however, a larger
amount of municipalities classified in the LL quadrant when using the
population density criterion. This results in less municipalities classified
in the HH quadrant and also in the HL and LH quadrants, revealing a
low correlation on these quadrants when comparing both population
and commuting trip criteria. By this, we can observe that the variable
population density neither highlights regional centers (quadrant HL)
nor stresses FURs (quadrants HH and LH) when compared to the results
obtained by means of the variables related to commuting trips.

On the other hand, the Box Map representing the “total population™
shows a high correlation between this variable and travel data. More
specifically, most municipalities in the HH quadrant regarding the total
population are coincident with the municipalities in this quadrant re-
garding travel data. They are also located within the official FURs. A
visual inspection of total population and travel data maps still reveals
more coincident municipalities in both HL and LH quadrants, although
the total population displays more scattered observations across the
territory in such quadrants, especially HL.

Up to this point, we have demonstrated and discussed the applica-
tion of the univariate ESDA technique for the definition of FURs using
population-based criteria and commuting travel separately. However,
there is evidence for a joint analysis taking into account such variables
(Cheshire and Hay, 1989; Office of Management and Budget, 2010;
OECD, 2016), given that employing a multivariate ESDA setting (or,
more specifically, a bivariate ESDA as the case studied here) has not
been explored yet. Four combinations in total were then investigated, as
follows:

e Combination A: total number of people making outgoing trips (i)
and total population (z));

e Combination B: total population (z;) and total number of people
making outgoing trips (2);

e Combination C: total number of people making incoming trips (2x)
and total population (zp);

e Combination D: total population (z) and total number of people
making incoming trips (2);

For each combined pair listed above, the bivariate ESDA technique
was applied and a Box Map was obtained illustrating the results. To
completely understand the Box Maps, it is important to consider the
convention adopted in the legends of the figures. Note that the title of
each legend consists of one variable versus a second variable.
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Therefore, the first variable to appear in the title corresponds to the
variable related to the given location (z;) and the second variable to
appear in the title corresponds to the variable associated with the
neighboring areas (z) of the given location.

An explanation of the interpretations resulting from the classifica-
tion of municipalities in each of the quadrants is presented below,
taking as an example the variables “Total population”, associated with
the given location (zi), and “Total number of people making outgoing
trips”, associated with the adjacent areas (z;). For the other combination
scenarios, the same rationale can be followed. Therefore, the munici-
palities classified in quadrant HH have a value of the total population
higher than the overall state average. Moreover, their neighbors also
present a value of the total number of people making outgoing trips which
is higher than the overall state average. Thus, for municipalities clas-
sified in this quadrant, a strong correlation with official FURs is ex-
pected due to their large population and the high intensity of outgoing
trips from adjacent areas. In contrast, the municipalities classified in
quadrant LL have a value of the total population which is lower than the
overall state average and their neighbors also present a value of the
total number of people making outgoing trips which is lower than the
overall state average. In these cases, it is expected to identify the var-
ious municipalities distributed with small territorial dimensions and
with a low intensity of commuting, usually located away from official
FURs.

Considering the interpretations for quadrant LH, the municipalities
have a value of the total population which is lower than the global
average, while their neighbors present values of the total number of
people making outgoing trips which is higher than the global average.
Thus, the municipalities located in the vicinity of those classified as HH
and, consequently, adjacent to the official FURs are generally identified
in this quadrant. Municipalities classified as LH in the vicinity of mu-
nicipalities classified as HL may also be observed. Finally, regarding the
interpretations for the municipalities classified in quadrant HL, it is
understood that they present a value of the total population which is
higher than the overall average, whereas its neighbors present a value
of the total number of people making outgoing trips lower than the global
average. These cases occur commonly away from official FURs, but they
highlight municipalities that generally exert a regional influence, de-
spite receiving less intense flows from their neighbors.

With the application of the bivariate ESDA considering both the
total number of people making outgoing trips and the total population,
the Box Maps in Fig. 2 were obtained. Based on these results, it could be
observed that the municipalities in quadrant HH along with quadrant
LH are located in the official FURs. It is important to point out that in
the metropolitan areas that have been consolidated for a longer time,
such as Sao Paulo and Campinas, the municipalities in quadrant HH
cover significant portions of these official limits, with a reduced number
of municipalities in other quadrants.

Regarding the municipalities belonging to quadrant LL, many cases
can be observed across the territory. In general, these municipalities are
characterized by a low number of inhabitants and by the existence of
adjacent areas with minimal influence and not very significant flows.
This is because these municipalities are not attractive areas and, simi-
larly, are far from the attractive areas of employment. However, some
of these municipalities can be found inside the official functional urban
regions consolidated recently, which may indicate their future growth,
due to the closer socioeconomic relations with the influential cities that
are developing in these regions.

Another relevant aspect is the evidence of municipalities with re-
gional influence. In the Box Map that represents combination B, a large
number of municipalities in the countryside are classified in quadrant
HL, which indicates that these municipalities have large population
values and their adjacent municipalities have a low number of people
making outgoing trips. On the other hand, combination A has fewer
(compared to B) municipalities classified as HL (high number of people
making outgoing trips and low total population at the neighboring
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Fig. 2. Box maps representing the total number of people making outgoing trips
number of people making outgoing trips (combination B) - Source: Created by
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the authors.
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Fig. 3. Box maps representing the total number of people making incoming trips versus the total population (combination C) and the total population versus the total
number of people making incoming trips (combination D) - Source: Created by the authors.

municipalities). However, they are less scattered and are mostly found
in groups with municipalities classified in quadrant LH. Thus, these
results may show some evidence that the use of the travel data as the
variable associated with a given location (z) and the total population
as the variable associated with adjacent areas (z) produces more reli-
able results.

The results presented in Fig. 3, which show the combinations be-
tween the variables total number of people making incoming trips and total
population verify similar patterns to what was described previously.
That is, municipalities in quadrant HH along with municipalities in

quadrant LH are mostly within the official FURs; municipalities in
quadrant HL point to areas of regional influence; and, most im-
portantly, the combination of the total number of people making incoming
trips as the variable at the given location (2;) and the total population as
the variable of the adjacent areas (z,) also shows more satisfactory re-
sults than the opposite combination.

4. Conclusions

Based on a bivariate ESDA technique combining commuting travel
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and population data, in a case study conducted in the state of Sao Paulo,
we investigated whether such an approach demonstrated promising
outcomes to the issue of delimitating FURs.

Analyzing the distribution of the municipalities in the various Box
Maps generated, we concluded that the combinations in which the
commuting trips were associated with the given location (zx) and po-
pulation in related adjacent areas (z;) presented more satisfactory re-
sults. For these cases, the attractive HH and HL areas are mostly sur-
rounded by LH areas. Thus, these combinations reproduced the
movement of people from peripheral regions to central areas in a better
way, which generally correspond to populated municipalities.

Considering the comparison of the FURs outlined in the approach
developed here with the official boundaries, we noticed that the me-
tropolitan areas of Sao Paulo, Campinas and Baixada Santista were well
characterized, demonstrating a high degree of coincidence. In the FURs
consolidated recently (i.e., all others except Sdo Paulo, Campinas and
Baixada Santista), although there are municipalities classified in the
four quadrants, we can observe some predominance of municipalities in
quadrants HL and LH, which indicates the emergence of important re-
lationships in a regional scenario.

Finally, in addition to the characterization of FURs, the approach
also represented relatively well the influence of the municipalities in
the interior of the state, highlighted by the observations classified in the
HL quadrant. Although not characterized as functional urban regions,
these areas display large populations and have local influence. Thus, it
is also important to consider them as emerging municipalities, since
they may comprise centers of urban agglomerations in the future.
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