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Abstract

This study analyzes the macro-accessibility of the
Sdo Paulo Metropolitan Region in 2017 through
descriptive analysis and a Generalized Linear
Model (GLM) applied to data from the Metro’s
Origin and Destination Survey. The results indicate
that road infrastructure has broad territorial
coverage, whereas the rail-based transportation
network exhibits limited metropolitan capillarity.
The modeling showed that travel distance,
number of modes used, and the first mode chosen
are significant predictors, and that the macro-
-accessibility of individual transportation yielded
better estimates of travel duration compared
to public transportation. The findings highlight
advantages of individual transportation as well as
territorial inequalities in micro-accessibility, which
affect both travel demand and the efficiency of the
metropolitan transportation system.
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Resumo

Este estudo analisa a macroacessibilidade da Regitio
Metropolitana de Sdo Paulo, em 2017, por meio de
andlise descritiva e um Modelo Linear Generalizado,
aplicado aos dados da Pesquisa Origem e Destino
do Metré6 de 2017. Os resultados apontam que a in-
fraestrutura rodovidria apresenta ampla cobertura
territorial, enquanto a infraestrutura de transporte
sobre trilhos possui capilaridade metropolitana li-
mitada. A modelagem revelou que a distdncia per-
corrida, o numero de modos utilizados e o primeiro
modo escolhido sdo preditores significativos e que a
macroacessibilidade do transporte individual apre-
sentou melhores estimativas de duragdo de viagens
em relagdo ao transporte coletivo. Os resultados
apontam vantagens do transporte individual, além
de desigualdades territoriais na microacessibilidade,
o0 que afeta a demanda e a eficiéncia do transporte
metropolitano.
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Introduction

Access to different locations within the city is
shaped by three essential elements: geographic
location, the physical configuration of space,
and individuals’ mobility patterns. Physical
accessibility plays a crucial role in quality of life
and is directly influenced by the performance
of the transport system, as well as by the basic
infrastructure available along the route (Lira et
al., 2020).

There are two main types of regular
activities in terms of daily travel behavior
(Zahnow and Abewickrema, 2023; Zhong and
Bian, 2023). The first type is highly regular, such
as commuting to school or work. This form of
travel is characterized by repetitive and less
flexible patterns, typically concentrated during
morning and afternoon peak periods, especially
toward central business districts. The second
type is less regular and includes activities such
as medical appointments, grocery shopping, and
recreational trips (Zahnow and Abewickrema,
2023). These trips tend to occur more frequently
within local neighborhoods or secondary urban
centers (Zhong and Bian, 2023).

Ewing and Cervero (2010) explain that the
built environment influences travel choices and,
consequently, the demand for and generation of
daily trips. Commonly used variables to explain
travel demand include: density (population and
employment levels); diversity (the mix of land
uses within a given area); design (characteristics
of the road network and the extent of sidewalk
coverage); destination accessibility (distance to
the central business district and the number of
jobs or other opportunities reachable within a
given travel time); and transit accessibility (the
average shortest path to the nearest rail station
or bus stop, as well as the number of stations
per unit area).
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The need to travel is intrinsically linked to
social reproduction — that is, to the performance
of cultural, social, political, and economic
activities (Vasconcellos, 2001). Lower-income
populations tend to exhibit limited variation in
mobility patterns across weekdays, weekends,
vacation periods, and working seasons, and
they face greater constraints in their choice of
destination (Toger et al., 2023). Difficulties in
urban mobility significantly affect quality of life,
contributing to sleep deprivation, weight gain,
elevated stress levels, and reduced time available
for social interaction and personal development
(Saldiva, 2018). The spatial distribution of
opportunities near places of residences also
plays a crucial role in shaping mobility patterns.
Improving access to nearby opportunities may
promote greater use of public transport or non-
-motorized modes (Su and Goulias, 2023).

Between 1950 and 2010, the Sdo Paulo
Metropolitan Region (RMSP) experienced an
absolute population increase of 17.3 million
inhabitants. Compared with other Brazilian
metropolitan regions, the RMSP recorded
the highest population and territorial growth
(ANTP, 2017). In 2017, the municipality of Sdo
Paulo accounted for 64.1% of all jobs in the
RMSP (Metro, 2019). Approximately 45% of the
population did not reside in the capital (Lopes,
2016), generating substantial commuting flows
characterized by long daily travel distances to
access employments and services. These trips
are strongly concentrated toward the central
area of Sdo Paulo (Daroncho et al., 2023;
Vasconcellos, 2013).

In 2010, approximately 13% of the
population of the RMSP lived within one
kilometer of medium- and high-capacity transit
stations. Of this group, 9.4% earned up to half
the minimum wage, while 31% earned more
than three times the minimum wage, revealing
a less favorable situation for lower-income
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populations. These findings indicate that
lower- -income groups — despite being more
dependent on public transport — tend to reside
farther from high-capacity transit infrastructure
(ITDP, 2022).

In large urban centers, transport
infrastructure tends to favor individual
motorized modes, which consume substantial
road space and exert pressure on public
investment toward the expansion of costly
infrastructure (ANTP, 2017). In most Brazilian
cities, motor vehicles are the primary source of
air pollutants (Saldiva, 2018). Within the state
of S3o Paulo, the RMSP stands out as a critical
area in terms of air pollution, influenced by
both industrial activity and, above all, vehicular
emissions (Cetesb, 2020).

Globally, air pollution is the leading
environmental risk to human health,
contributing to morbidity and mortality from
a wide range of diseases (World Bank, 2021).
In 2016, approximately seven million deaths
worldwide were attributed to the combined
effects of air pollution. Air pollution also imposes
substantial economic costs, including increased
healthcare expenditures and losses in labor
productivity (WHO, 2021).

Despite technological advances aimed at
reducing harmful emissions, overall population
exposure to air pollutants has not declined at the
same pace. This is largely due to the significant
growth in the vehicle fleet, which has reduced
average travel speeds and increased time spent
in congestion (Saldiva, 2018).

In areas with high pollutant
concentrations, even short periods of exposure
can result in considerable health risks.
Conversely, even when concentrations are
relatively low, cumulative exposure may become
significant due to prolonged time spent in
polluted environments (WHO, 2021). Notably,
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inside vehicles during congestion, pollution
levels can be two to three times higher than the
citywide average (Saldiva, 2018).

Bus users who travel long daily distances
are generally more exposed to air pollution
than car drivers or metro passengers. Pollution
levels vary considerably across hotspots — such
as bus lanes, bus stops, and major arterial roads
—as well as across different areas of the city. In
peripheral neighborhoods, older vehicle fleets,
particularly buses, tend to contribute to higher
emission levels. Therefore, assessments of the
health impacts of air pollution should consider
not only average concentration levels but also
population mobility patterns and daily activity
routines (Andrade, 2018).

Reducing air pollution should not rely
solely on technological improvements aimed
at lowering vehicular emissions but must also
involve integrated, cross-sectoral strategies.
In the RMSP, complementary measures are
needed, including reducing the number of
motorized trips, alleviating congestion levels,
shortening travel distances, and improving both
the supply and operational efficiency of public
transport (Cetesb, 2020).

In addition to air pollution, inefficient
public transport has been identified as a relevant
factor contributing to negative externalities,
including increased exposure to infectious
diseases. In the RMSP, higher levels of passenger-
kilometers traveled by public transport were
associated with increased Covid-19 mortality
rates (Perez-Martinez et al., 2022).

Accessibility can be understood through
two complementary dimensions: accessibility
to the transport system — the ease with which
users can reach public transport services
from their place of residence or work — and
accessibility to destinations — the ease of
reaching desired locations after using transport
system (Cardoso, 2008).
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Macroaccessibility, as conceptualized
by Vasconcellos (2001), refers to the spatial
coverage of transport systems and is
represented by the sum of four components:
(1) access time to the vehicle at the trip origin;
(2) waiting time (in the case of public transport);
(3) in-vehicle travel time or walking time (for
trips made entirely on foot), reflecting prevailing
travel conditions; and (4) access time for the
alighting point to the final destination. For public
transport trips involving transfers, transfer time
must also be must also be included in the total
travel time calculation.

Microaccessibility refers to the
relative ease of directly accessing vehicles
or destinations, considering factors such as
parking availability and proximity to bus stops
or rail stations. The initial and final access times
represent the full microaccessibility component
of a trip and, at the same time, constitute
integral elements of overall macroaccessibility.

The overall objective of this study is
to analyze macroaccessibility in the RMSP in
2017. Specifically, the study aims to: analyze
transport supply and demand within the
metropolitan territory; assess levels of transport
microaccessibility; examine microaccessibility
according to transport modes and metropolitan
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subregions; and investigate the impact of
different transport modes and transfers on total
daily travel durations.

Methodology

Study area

The Sdo Paulo Metropolitan Region (RMSP)
comprises 39 municipalities and covers an area
of 7,946.96 km?. It is home to approximately 21
million inhabitants, representing 47.5% of the
total population of the state of Sdo Paulo. The
population density is 2,714 inhabitants per km?
(Sdo Paulo, 2019).

Figure 1 illustrates the location of the RMSP
within Brazil and identifies the municipalities that
constitute the metropolitan region.

The RMSP is recognized as Brazil’s largest
industrial complex and principal financial center.
It also serves as a major hub for political and
economic decision-making within the state of
Sdo Paulo. Moreover, the RMSP ranks among
the largest continuous urban area worldwide
and is the largest urban agglomeration in South
America (ibid.).
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Figure 1 — Municipalities in the Sdo Paulo Metropolitan Region, 2017
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Sources and variables

This study draws on data from the 2017 Origin—
-Destination Survey conducted by the Sdo Paulo
Metro (Metrd). The survey is divided into two
components: the Household Survey, which
investigates trips occurring within the RMSP,
and the Cordon Line Survey, which covers trips
originating or ending outside the RMSP or
merely crossing its boundaries.
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The spatial distribution of household
interviews is determined through statistical
sampling methods designed to ensure adequate
representation of the resident population
of the RMSP. In 2017, a sample of 183,100
records was collected from approximately
32,000 interviewed households. These records
include information on travel behavior and the
socioeconomic profile of individuals who made
trips and those who did not, referring to the day
prior to the interview.
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Figure 2 — Households interviewed in the 2017 Origin-Destination Survey
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Source: prepared by the authors, in 2025, based on Metré (2017).

In this study, all trips originating at the
place of residence and destined to any location
were considered, regardless of trip purpose or
transport mode. Of the 183,092 total records,
157,992 corresponded to completed trips.
From these, only trips with residential origins
were selected, excluding those trips with non-
-residential origins. After applying this criterion,
the final sample comprised 71,395 records
(45.2% of total trip records).

Trips may be undertaken using various
transport modes, including bus, train,
subway, car, motorcycle, bicycle, or walking.
For analytical purposes, these modes were
grouped into broader categories: Rail (metro
and train), Individual motorized (car and
motorcycle), and Non-motorized modes
(walking and bicycle).

Two distinct approaches were adopted
for the “mode” variable: first mode and second
mode, reflecting the actual sequence of modal
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use within each trip. Trips using a single mode
were classified exclusively under the “first
mode” category. Trips involving two modes
were classified under both the “first mode” and
“second mode” categories.

The highest level of territorial
disaggregation adopted in this study was the
Homogeneous Transportation Zones (HTZs),
defined according to criteria of urban and
socioeconomic homogeneity in the Origin—
-Destination Survey conducted by Metr6 of Sdo
Paulo. In 2017, 517 HTZs were established.

The lowest level of territorial
disaggregation corresponded to a broader
regional division. These regions were defined to
capture the effect of centrality on metropolitan
mobility and, approximately, the characteristics
of urban and peri-urban areas of the RMSP,
corresponding to the two “spatial rings”
described by Tiznado-Aitken et al. (2023).
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Figure 3 — Composition of HTZs by region in 2017

71 Municipality of S3o Paulo

0 5 1Wkm

¢ 1RG (N = 113)
Municipalities of the MRSP  # 2RG (N = 298)
Expanded Center Boundary o 3RG (N = 106)

—— Mario Covas Beltiine

«++=+ North Stretch

s HTZ Centroid (S¢)
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Three regions were defined: 1st Region
(1RG), 2nd Region (2RG), and 3rd Region (3RG).
The 1st Region comprises HTZs whose centroids
fall within the perimeter of the expanded center
of Sdo Paulo. The 2nd Region comprises HTZs
whose centroids are located between the Mario
Covas Ring Road and the expanded center of
Sdo Paulo (considering the planned northern
section). The 3rd Region comprises HTZs whose
centroids are located beyond the Mario Covas
Ring Road.

Figure 3 presents the classification of
HTZs according to their spatial location and
corresponding regional classification.

Of the 517 HTZs, 113 are in the 1st Region
(1RG), 298 in the 2nd Region (2RG), and 106 in
the 3rd Region (3RG). For distance calculations,
the reference central point adopted was the HTZ
corresponding to Sé, which includes Praga da Sé.
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Descriptive and statistical analysis

The study comprises both descriptive and
statistical analyses. The descriptive component
included the calculation of totals, proportional
shares, means, distribution plots, Pearson
(linear) and Spearman (non-linear) correlation
coefficients, as well as the development of
thematic maps.

To determine the appropriate model
specification, a graphical approach was adopted,
based on examination of the empirical density
distribution and Q—Q plots. Density plots allow
visual identification of the distributional pattern
of the dependent variable, while Q—Q plots
enable comparison between the empirical
distribution of the dependent variable and
the theoretical normal distribution, thereby
supporting assessment of goodness-of-fit.
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Asymmetric density distributions and a lack of
alignment between residuals and the normal
reference line indicate violation of the normality
assumption required by classical linear
regression models.

Under these conditions, rather than
adopting a traditional linear model, a
Generalized Linear Model (GLM) was specified.
The GLM framework allows the dependent
variable to follow a distribution belonging to the
exponential family and enables the specification
of an appropriate link function. An identity link
function was adopted; therefore, the estimated
coefficients can be interpreted on the same
scale as the dependent variable. The Akaike
Information Criterion (AIC) was used to select
the most appropriate distribution, with lower
AIC values indicating a better model fit.

Trip duration was defined as the
dependent variable. The independent variables
included the distance between trip origin and
destination; the distance from the trip origin
to the centroid of the HTZ corresponding to
Sé (which includes Praga da Sé); the traveler’s
average household income; and the number of
transport modes used to reach the destination.
The first transport mode used in the trip was
incorporated as a categorical independent
variable.

The GLM specification is presented as
follows:

Duration=8o+6+.(Dist, )+ 62.(RendMed)+
Bs.(Dist)+684.(QtMod0s)+8s.D1+ B6.D2+ B7.D3+
Bs.Date

Where:

Bo: model intercept;

B1,B2,Bs3,Ba: coefficients that estimate the
change in the dependent variable for each unit
increase in the independent variable;
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Bs,Be,B7,Bs: coefficients that estimate the
mean value of the dependent variable according
to the Dummy variable considered;

Dist: Euclidean distance between origin and
destination, in kilometers;

Dist.,: Euclidean distance between the
centroids of the HTZs and the centroid of the
HTZ (Sé), in kilometers;

RendMed: average family income of the
person making the trip;

QtModos: number of modes used in the trip;

D,: Dummy variable 1 (Subway - Individual);

D,: Dummy variable 2 (Train — Individual);

D,: Dummy variable 3 (Bus — Individual);

D,: Dummy variable 4 (Non-motorized -
Individual);

€: error associated with the model.

Dummy variables are binary indicators
used to encode a categorical variable with two
or more categories. The number of dummy
variables included in the model equals the
number of categories minus one (n - 1). These
variables estimate the average difference in
the expected value of the dependent variable
relative to a reference category, as represented
by the corresponding B coefficient. Accordingly,
no dummy variable was created for the
“Individual” mode, since its mean effect is
captured by the model intercept (Bo). The
coefficients of the remaining dummy variables
therefore represent the mean difference
relative to the “Individual” mode, which was
defined as the reference category. Comparisons
among the other modes are reported in the
post-hoc pairwise comparison table. The
symbol “***” (or the reported p-value) indicates
statistical significance. Lower p-values provide
stronger evidence against the null hypothesis of
no effect.
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Results and discussions
Transportation infrastructure

Figure 4 illustrates the density (km/km?) of
road infrastructure, including state and federal
highways, as well as major and intermediate
urban roads selected based on traffic capacity
and volume criteria in 2020. The total length of
the analyzed road network amounts to 4,685
kilometers.

It shows a higher concentration of main
roads in the 1st and 2nd Regions of the RMSP.
Nevertheless, major roads are distributed
throughout the metropolitan territory. Based on
data from CEM (2022) and Metr6 of Sao Paulo
(2017), average road densities of 17.5 km/km? in
the 1st region (1RG), 16.0 km/km? in 2nd Region
(2RG), and 5.6 km/km? in 3rd Region (3RG) were
calculated.

A moderate negative linear correlation
(-0.65***) was identified between the distance
from HTZ centroids to the centroid of HTZ
corresponding to Sé and the density of main
roads within HTZs. This finding indicates that
greater distances from the central HTZ are
associated with lower densities of main roads.

The metropolitan rail passenger
transport system in the RMSP is operated by
four companies: Companhia Paulista de Trens
Metropolitanos (CPTM), Metrd, ViaQuatro,
and ViaMobilidade. Metr6 and CPTM
are state- -owned enterprises. ViaQuatro
operates under a concession agreement
and ViaMobilidade operates under a public-
private partnership (PPP).

Figure 5 presents the rail passenger
transport infrastructure in the RMSP. According
to CEM (2022), the region includes 198 subway/
train stations and 378 kilometers of rail lines.

Figure 4 — Density of main roads (km/km?) by HTZ (2020)
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Source: prepared by the authors, in 2025, based on Metr6 (2017) and CEM (2022).
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Figure 5 — Passenger rail infrastructure in the RMSP (2020)
7 A

Source: prepared by the authors, in 2025, based on Metrd (2017) and CEM (2022).

Figure 6 — Shortest Euclidean distance between HTZs and subway/train stations
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Source: prepared by the authors, in 2025, based on Metrd (2017) and CEM (2022).
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Train lines extend throughout the 1RG,
cover a substantial portion of 2RG, and reach
parts of the 3RG of the RMSP. In contrast,
subway lines are predominantly concentrated in
the central area of the metropolis.

Figure 6 presents the Euclidean distance
from each HTZ centroid to the nearest subway/
train station.

Based on data provided by CEM (2022) and
Metré (2017), the average Euclidean distance
from HTZ centroids to the nearest subway/train
station was estimated at approximately 800
meters in the 1RG. In contrast, HTZs located in

the 2RG and 3RG are, on average, 2.5 km and
8.54 km away from the nearest rail station,
respectively.

Figure 7 illustrates the relationship
between the average Euclidean distance from
HTZ centroids to the nearest rail station and
the distance from the metropolitan central
reference point (HTZ Sé) in the Sdo Paulo
Metropolitan Region.

Overall, HTZs located in the 1RG exhibit
shorter distances between their centroids and
the nearest subway/train stations compared
with those in the 2RG and 3RG of the Sdo Paulo

Figure 7 — Average distance between HTZs
and metro stations in relation to HTZ Sé, 2017
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Source: prepared by the authors, in 2025, based on Metr6 (2017) and CEM (2022).
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Metropolitan Region. Considering all HTZs, a
strong positive linear correlation was observed
(r = +0.7***), indicating that greater distances
from the metropolitan center are associated
with longer distances between HTZ centroids
and the nearest rail stations. Although all
regions include HTZs situated relatively close
to rail infrastructure, the 2RG and 3RG display
observations distributed across substantially
wider distance ranges.

These findings indicate that central HTZs
within the RMSP benefit from more developed
road and rail infrastructure compared with
peripheral HTZs. The spatial configuration
of these transport networks tends to favor
trips directed toward central areas, whereas
cross-peripheral or radial trips often require
additional, and frequently less efficient,

transport modes. Consequently, the defined
study regions represent distinct spatial contexts
of transport accessibility.

Daily travel production

Through the analysis of trip production, it is
possible to identify spatial patterns of transport
demand within the metropolitan territory.
According to data from Metr6 (2017), the RMSP
recorded a total of approximately 42 million
daily trips in 2017.

Table 1 presents the total number and
proportional share of daily trips originating
at the place of residence in 2017, classified
according to the first transport mode used.

Table 1 — Production and share of daily trips, first mode, regions, 2017

Non-

Region Subway Train Bus Car Motocycle -motorized Total
1RG 207,927 7,095 343,770 675,951 31,451 527,985 1,794,178
2RG 127,776 196,967 4,915,007 3,828,833 345,164 4,362,186 13,775,934
3RG 0 79,829 1,292,085 996,845 130,677 1,278,766 3,778,202
RMSP 335,703 283,891 6,550,862 5,501,629 507,292 6,168,937 19,348,314

Region Subwa Train Bus Car Motocycle Ay Total

& Y Y -motorized
1RG 11.6% 0.4% 19.2% 37.7% 1.8% 29.4% 100%
2RG 0.9% 1.4% 35.7% 27.8% 2.5% 31.7% 100%
3RG 0.0% 2.1% 34.2% 26.4% 3.5% 33.8% 100%
RMSP 1.7% 1.5% 33.9% 28.4% 2.6% 31.9% 100%

Source: prepared by the authors, in 2025, based on Metré (2017).
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In 2017, considering residence as the
trip origin, total daily trip production in the Sao
Paulo Metropolitan Region reached 19.3 million
trips. The main modes used were Car (28.4%),
Non-motorized modes (31.9%), and Bus (33.9%).

The 1RG stands out for its higher
proportion of trips made by metro, reflecting
the greater availability of rail stations and,
consequently, shorter access distances. Car
use is also higher in 1RG, driven by higher
average household income levels. Taking the
3RG as the reference (index = 1), the ratio of
average household income across regions in
2017 was: 1RG (2.11), 2RG (1.16), and 3RG
(1). Thus, 1RG exhibited, on average, twice the
income level observed in 3RG. Regarding the
motorization index (cars per 1,000 inhabitants),
values were 314 in 1RG, 208 in 2RG, and 190
in 3RG. A strong positive linear correlation was
identified between average household income
and the motorization index across HTZs (r =
+0.85%**) indicating that higher income levels
are associated with higher car ownership rates
and, consequently, greater participation of cars
in daily trip production.

The pattern of transport mode use
in urban environments is closely related to
socioeconomic conditions. As household
income increases, travel cost becomes less
decisive in modal choice, while attributes such
as travel time, safety, and comfort gain greater
importance. Private car use tends to better
satisfy these attributes; therefore, higher income
levels are associated with a stronger preference
for cars over other modes (Vasconcellos, 2013).

In the 2RG, the share of metro and car use
declines relative to 1RG, while other transport
modes gain greater relevance. This shift reflects
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both lower average household income and more
limited metro infrastructure. The presence of
commuter rail lines and stations within 2RG
contributes to increased use of this mode.

A similar pattern is observed in 3RG. Car
participation declines in line with lower average
household income, and metro use is virtually
absent due to the lack of stations near residential
areas, making it unfeasible as a first mode. The
shares of train and motorcycle trips increase.
Motorcycles are more financially accessible and
therefore tend to account for a larger share of
trips in areas farther from the metropolitan
center, where household income levels are
lower. For low-income populations in Brazil,
motorcycles have become an important strategy
to overcome mobility constraints (Rodrigues,
2016). Notably, the city of Sdo Paulo recorded
one of the largest increases in motorcycle use
among Brazilian cities, altering traffic circulation
conditions on the main road network and
affecting accident patterns (Vasconcellos, 2013).

Figure 8 illustrates the daily number of
trips produced by the first transport mode-
metro, train, bus, individual motorized transport
(car and motorcycle), and non-motorized modes-
in each HTZ in 2017. Each point represents 200
daily trips and is randomly distributed within the
boundaries of the respective HTZ of origin.

Daily trip production by metro is
concentrated primarily in the 1RG and, to a
lesser extent, in the 2RG of RMSP. The train mode
extends into areas farther from the metropolitan
center, although it remains concentrated in HTZs
located along rail corridors. In contrast, bus,
individual motorized, and non-motorized modes
are widely distributed across the metropolitan
territory.
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Figure 8 — Daily trip production, first mode, HTZ, 2017
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Source: prepared by the authors, in 2025, based on Metr6 (2017).

These findings indicate that transport
infrastructure plays a decisive role in shaping
user behavior and modal choice. Where rail
infrastructure is available, higher utilization of
this mode is observed. In the absence of rail
services, users who depend on public transport
tend to rely primarily on buses. Furthermore,
when financial conditions permit-particularly as
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average household income increases-there is a
tendency to shift toward individual motorized
transport.

Table 2 presents the total number and
proportional share of daily trips originating
at the place of residence in 2017, classified
according to the second transport mode used.
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Table 2 — Share of daily trips by mode of transport (1977-2017)

Non-

Region Subway Train Bus Car Motocycle -motorized Total
1RG 56,488 23,792 64,747 3,537 0 239 148,803
2RG 804,424 479,557 892,748 5,131 0 0 2,181,859
3RG 75,090 223,782 190,039 379 0 0 489,290
RMSP 936,001 727,132 1,147,533 9,046 0 239 2,819,952

Region Subwa Train Bus Car Motocycle Non- Total

8! y Y -motorized
1RG 38.0% 16.0% 43.5% 2.4% 0.0% 0.2% 100%
2RG 36.9% 22.0% 40.9% 0.2% 0.0% 0.0% 100%
3RG 15.3% 45.7% 38.8% 0.1% 0.0% 0.0% 100%
RMSP 33.2% 25.8% 40.7% 0.3% 0.0% 0.0% 100%

Source: prepared by the authors, in 2025, based on Metr6 (2017).

Significant differences emerge when
comparing trips classified by first and second
transport modes in the RMSP. Individual
motorized and Non-motorized modes display
substantially lower shares as second modes.
These values are concentrated primarily in the
1RG, where such trips are often recorded as taxi
passenger trips (both conventional and app-
-based services) and therefore do not appear as
self-driven car or motorcycle trips. In contrast,
collective modes account for markedly higher
shares. The Subway mode generally maintains
the highest participation levels in 1RG and 2RG.

A particularly notable increase is observed
for the train mode as a second mode, reaching
45.7% in the 3RG, compared to only 2.1% as a
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first mode. This indicates that nearly half of the
trips in 3RG requiring a transfer involve the train
as the second mode, although relatively few
trips originate with it. These findings underscore
the structural importance of the train within
multi-stage trips, while also revealing its reliance
on feeder modes for initial access.

Figure 9 presents daily trip production
classified by second mode-metro, train, bus,
and individual motorized transport (car and
motorcycle) — across HTZs in 2017. Each point
represents 200 daily trips and is randomly
distributed within the boundaries of the
respective HTZ of origin.
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Figure 9 — Travel production by mode, HTZ, 2017
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Source: prepared by the authors, in 2025, based on Metré (2017).

The results indicate that, when classified
as second modes, train and subway trips
extend into more distant areas of the RMSP.
Even when residences are located far from rail
stations, travelers may access rail infrastructure
through feeder modes. For example, a resident
of an HTZ in the 3RG traveling to the 1RG and
requiring a transfer will be recorded as using
a second mode in the HTZ of residence. This
explains the presence of second-mode records
even in peripheral HTZs that lack direct rail
infrastructure.

16 de 26

On the one hand, the bus mode continues
to exert a strong influence across the entire
metropolitan territory. On the other hand,
individual motorized transport accounts for a
very small share as a second mode, since-unlike
collective modes-it typically does not involve
modal transfers, except in rare cases. Overall,
these findings demonstrate that patterns
of transport use vary substantially across
regions and are shaped by both infrastructure
availability and the operational characteristics of
each transport mode.

Cad. Metrop., Sdo Paulo, v. 28, n. 66, e6665781, maio/ago 2026



Demand and accessibility of transportation...

Walking time

Microaccessibility is defined as the time
required to access the chosen mode of transport
after leaving the place of residence, as well as
the time spent reaching the destination after
alighting.

Chart 1 presents the average time
associated with these microaccessibility
components in 2017.

On average, the time required to reach a
bus stop is approximately half that required to
access a train or metro station in the S3o Paulo
Metropolitan Region. These differences become
even more pronounced when compared with
individual motorized modes. Car and motorcycle
trips typically originate at or near the residence,
resulting in substantially shorter access times.

Regarding regional variation, only minor
differences are observed in walking access time
for metro and train modes: the 1RG records the
shortest times, whereas the 3RG presents the
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longest. No value is reported for 3RG for the
subway mode, as no trips use the metro as the
first mode in that region (see Table 1). Individual
motorized modes exhibit the lowest average
walking times, as they generally rely on parking
facilities located at or near trip origins and
destinations. The greater spatial availability of
bus stops enables boarding and alighting points
to be closer to both origins and destinations,
resulting in shorter walking times compared
with metro and train services.

Travel distance is associated with the
demographic characteristics of public transport
users, the spatial attributes surrounding transit
stops, and service characteristics (Tao, Wang,
and Cao, 2020). Metr6 (2019) reports that, in
2017, walking in the RMSP was primarily chosen
due to short travel distances, accounting for
93% of reported reasons. Florindo et al. (2019)
indicate that individuals are more likely to walk
to train and metro stations when the distance is
less than one kilometer.
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Overall, access and egress times are longer
when using rail transport, followed by buses.
Individual motorized transport presents the
shortest access and egress times. Comparatively,
microaccessibility is higher for individual
motorized modes and lower for train services.

Average duration and number of modes

Chart 2 presents the average daily trip duration
and Euclidean distance between origin and
destination, classified by first transport mode
and region, in 2017.

Collective modes exhibit longer average
trip durations than individual motorized modes
in daily travel within the RMSP. However,
average travel distances follow the same
pattern, indicating that distance exerts a
substantial influence on trip duration. Strong
positive correlations were observed between
trip duration and Euclidean distance (+0.79***
for the linear correlation and +0.85*** for the
non-linear correlation).

Both average distance and trip duration
increase progressively from the 1st Region (1RG),
which presents the lowest values, to the 3RG,
which presents the highest values-except for
non-motorized modes, for which no significant
regional differences are observed. This pattern
is likely associated with the reduced availability
of employment and service opportunities in
more peripheral areas of the RMSP, requiring
residents to travel longer distances to access
such activities.

Analysis of data from Metrdé (2017)
indicates a strong negative correlation between
job density (jobs per km?) and distance from the
HTZ corresponding to Sé (r = -0.82***), meaning
that employment concentration declines as
distance from the metropolitan center increases.
Marked regional disparities are observed in jobs
per resident: 1RG records 1.44 jobs per resident,
2RG records 0.37, and 3RG records 0.33.

Chart 3 presents the average number
of modes used in daily trips, classified by first
transport mode and region, in 2017.

Chart 2 — Duration (minutes) and distance (km), first mode, region, 2017

q N Non-

Region Subway Train Bus Car Motocycle -motorized
1RG 44.6 64.2 40.3 24.0 17.8 133
Duration 2RG 57.8 78.3 58.8 26.6 24.8 12.9
(minutes) 3RG - 93.4 59.4 27.1 25.0 13.8
Total 49.7 82.2 57.9 26.3 24.4 13.1
Region Subwa Train Bus Car Motocycle Non

8 Y 4 -motorized
1RG 6.8 11.9 4.4 4.5 43 0.8
Distance 2RG 10.7 18.8 8.4 5.7 7.6 0.7
(km) 3RG - 22.7 10.2 7.7 9.6 0.8
Total 8.3 19.7 8.5 5.9 7.9 0.7

Source: prepared by the authors, in 2025, based on Metrd (2017).
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Chart 3 — Average number of modes, region, first mode, 2017

q . Non-

Region Subway Train Bus Car Motorcycle -motorized
1RG 13 1.7 13 1.0 1.0 1.0
2RG 1.3 1.8 1.5 1.0 1.0 1.0
3RG - 1.6 14 1.0 1.0 1.0
Total 1.3 1.7 1.5 1.0 1.0 1.0

Source: prepared by the authors, in 2025, based on Metr6 (2017).

The individual motorized mode records an
average value of 1 across all regions of the RMSP,
reflecting the fact that trips made by this mode
generally do not involve transfers. In contrast,
collective modes exhibit higher average values,
as trips more frequently require transfers
between vehicles or transport modes to reach
their destinations.

Analysis of the linear correlation
between the number of modes used and
the Euclidean distance between origin and
destination yielded the following coefficients:
Bus (+0.65***), Rail (+0.53***), and Individual
motorized (+0.22***). These results indicate

moderate positive correlations for collective
modes, meaning that as travel distance
increases, the number of modes used also
tends to increase. In contrast, the correlation
is weak for individual motorized modes,
since trips made by these modes typically
do not depend on transfers and are generally
completed within a single stage.

Statistical modeling

Figure 10 presents the density distribution
and Q-Q plot of the dependent variable (trip
duration) for 2017.

Figure 10 — Density and Q-Q charts. duration of daily trips, RMSP, 2017

Density

Standardized residuals
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Duration (minutes)

8 - -
-
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4
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0

.
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Source: prepared by the authors, in 2025, based on Metr6 (2017).
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The distribution of daily trip duration in the
RMSP is positively skewed and concentrated at
lower duration values (skewness = 1.8; kurtosis =
3.9). Moreover, the distribution assumes strictly
positive values. The Q-Q plot shows limited
alignment between residuals and the normal
reference line. These findings indicate a violation
of the normality assumption underlying classical
linear regression models, thereby supporting
the use of a Generalized Linear Model to analyze
the effects of independent variables on the
dependent variable, trip duration

Among the candidate distributions
evaluated, the Gamma distribution yielded
the lowest Akaike Information Criterion (AIC),
indicating the best fit to the data. Accordingly,
it was selected as the most appropriate
distribution for model estimation.

Chart 4 presents the estimated GLM
results for the 2017 data.

Chart 5 shows the post-hoc estimates for
2017.

Chart 4 — Generalized Linear Model Estimates, 2017

Name Effect Estimate SE p
B_O Intercept 35,897 0,234 <0,001
Dist_Sé Distance from HTZ Sé (km) -0,020 0,002 <0,001
RendMed Average family income (thousand RS) -0,037 0,005 <0,001
Dist Distance (km) 4,348 0,020 <0,001
QtModos Number of modes 8,194 0,340 <0,001
D1 Subway - Individual 11,092 0,379 <0,001
D2 Train - Individual 7,375 1,105 <0,001
D3 Bus - Individual 14,209 0,140 <0,001
D4 Non-motorized - Individual 3,601 0,061 <0,001

Source: prepared by the authors, in 2025, based on Metré (2017).

Chart 5 — Post-hoc estimates of the GLM, 2017

Comparison Estimate SE p
Individual - Subway -11,092 0,379 <0,001
Individual - Non-Motorized -3,601 0,061 <0,001
Individual - Bus -14,209 0,140 <0,001
Individual - Train -7,375 1,105 <0,001
Subway - Non-Motorized 7,491 0,381 <0,001
Subway - Bus -3,117 0,395 <0,001
Subway - Train 3,717 1,160 <0,001
Bus - Non-Motorized 10,608 0,142 <0,001
Train - Non-Motorized 3,774 1,107 <0,001
Train - Bus -6,834 1,107 <0,001

Source: prepared by the authors, in 2025, based on Metrd (2017).
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The coefficient of determination (R?) is
0.72, indicating that 72% of the variance in trip
duration in the S3o Paulo Metropolitan Region
is explained by the predictors included in the
model. The estimated effects indicate that:

1) Each additional kilometer of distance
from HTZ Sé is associated with a 0.02-minute
reduction in trip duration;

2) Each additional thousand reais in average
household income is associated with a
0.03-minute reduction in trip duration;

3) Each additional kilometer traveled
increases total trip duration by 4.34 minutes;

4) Each additional mode used increases total
trip duration by 8.19 minutes;

5) Trips using subway as the first mode are,
on average, 11.09 minutes longer than trips
using individual motorized transport as the first
mode;

6) Trips using train as the first mode are, on
average, 7.37 minutes longer than trips using
individual motorized transport as the first
mode;

7) Trips using bus as the first mode are, on
average, 14.2 minutes longer than trips using
individual motorized transport as the first
mode;

8) Trips using non-motorized modes as the
first mode are, on average, 3.6 minutes longer
than trips using individual motorized transport
as the first mode;

9) Post hoc comparisons indicate that subway
trips are, on average, 3.71 minutes longer than
train trips and 3.11 minutes shorter than bus
trips.

The model results demonstrate that both
travel distance and transport mode significantly
affect trip duration, corroborating the findings
presented in the section “Average Duration and
Number of Modes.”

Transfers exert a substantial influence on
total travel time in the Sdo Paulo Metropolitan
Region, particularly for collective modes.
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Individual motorized trips involve, on average,
a single mode (1.0), whereas collective modes
range between 1.3 and 1.8 modes per trip,
depending on transport type and region.

The Bus mode exhibits the largest
estimated coefficient among modal categories,
even though its observed mean duration
(Section 3.4) is lower than that of train and
subway. This occurs because average duration
is strongly influenced by the longer travel
distances typically observed among rail users.
Once distance and other variables are controlled
for, the model indicates that rail transport is
faster than bus.

Train presents a lower duration coefficient
than subway. This difference may be related to
the greater concentration of subway stations
in areas with high employment density and
population concentration, compared with
the alignment of train lines in the RMSP,
reflecting differences in operational structure
and average speeds. Population density also
varies substantially across regions: 1RG (11,333
inhabitants/km?2), 2RG (9,814 inhabitants/km?),
and 3RG (702 inhabitants/km?).

Non-motorized modes are faster than
collective modes but are constrained by shorter
feasible travel distances. In a metropolitan
context characterized by short origin-destination
distances, walking or cycling is generally more
time-efficient than using motorized modes.

Distance from the Sé HTZ and average
household income are statistically significant
but exhibit very small direct effects on trip
duration. Their limited direct impact reflects
the correlation between income, location,
and transport mode. Transport mode acts as
a mediating variable, internalizing part of the
effects of household income and distance from
the city center on total travel time. Higher-
-income individuals and residents of central
areas tend to use faster modes (e.g., car or
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subway), whereas lower-income populations in
peripheral regions rely more heavily on slower
modes with longer access times, such as buses.

When transport mode is included as an
independent variable, it absorbs much of the
effect that would otherwise be attributed to
income and spatial location, resulting in smaller
— though statistically significant — coefficients
for these variables. If the “first mode” variable
were excluded from the model specification,
the estimated effects of distance from the Sé
HTZ and average household income would likely
be larger, as they would partially capture the
influence of modal choice.

Conclusions

The results of this research reveal marked
differences in transport infrastructure provision
across the RMSP. Road and rail infrastructure
are more developed in the metropolitan
center, generating distinct patterns of daily
trip production and use directly associated
with macroaccessibility. Although the radial
rail system extends toward peripheral areas,
it remains centralized and insufficient to fully
integrate the metropolitan territory, reflecting
the persistence of center-oriented mobility.

The higher concentration of subway
stations in 1RG makes this mode particularly
relevant for daily trip production. Income
concentration also plays a significant role, as
higher household income enables greater use of
individual motorized transport. As distance from
the metropolitan center increases, train and
bus modes gain modal share. The 3RG exhibits
a typical pattern of functional peripheralization:
long travel distances, limited rail coverage, and
intensive use of buses and motorcycles. This
configuration reinforces structural inequalities in
metropolitan macroaccessibility.
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Regarding microaccessibility, individual
motorized modes present lower access and
egress walking times, as they are accessed
at or near the residence and parked close to
destinations. Collective modes require users to
reach rail stations or bus stops and subsequently
walk to final destinations. Bus services exhibit
shorter walking times than rail modes because
bus stops rely on the extensively deployed
road network, whereas rail infrastructure is
concentrated along radial corridors.

Microaccessibility significantly influences
modal use when distinguishing between first
and second modes. As a first mode, it imposes
strong access impedance on subway and
train use but has limited impact on bus and
individual motorized modes. As a second mode,
usage becomes more territorially dispersed —
particularly for rail — since feeder modes enable
access to rail services. Thus, residents living
far from rail stations still use rail transport,
predominantly as a second mode, with bus
services facilitating integration through superior
microaccessibility.

Statistical modeling confirms that total
travel distance, number of modes used, and
first-mode choice are significant predictors of
trip duration. Individual motorized transport is
associated with substantially shorter total travel
times due to reduced walking components,
absence of transfers, and higher operational
speeds.

The time advantage of individual
motorized transport increases the likelihood
that captive public transport users will shift
modes when circumstances allow. This effect
is particularly relevant in peripheral regions,
where longer travel distances coexist with a
higher share of public transport use, a greater
proportion of captive users associated with
lower average household income, and fewer
spatial constraints on road traffic. This scenario
is consistent with findings by Daroncho et al.
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(2023), who report faster growth in daily trip
production in the metropolitan region compared
with the municipality of Sdo Paulo.

Despite these findings, public transport
remains essential to metropolitan mobility. Even
when not used as the first mode, it plays a critical
role as a second mode in completing daily trips,
especially for residents of 2RG and 3RG.

Investment in public transport has the
potential to reduce impedance generated
by microaccessibility gaps and enhance
competitiveness relative to individual
motorized modes. Expansion of rail networks
or implementation of exclusive bus lanes can
reduce transfers, which significantly increase
travel time. Reducing the disadvantages of
collective modes is crucial to strengthening
modal competitiveness and mitigating the
negative externalities associated with excessive
reliance on individual motorized transport.
Although individual modes offer shorter
travel times, they impose higher social and
environmental costs. The central challenge lies
in narrowing the time gap between collective
and individual modes without amplifying
externalities.

The main contribution of this study
lies in integrating macroaccessibility and
microaccessibility analysis using the Metro

[1] https://orcid.org/0000-0003-1254-9896

Origin-Destination Survey (2017), distinguishing
transport modes by order of use-an approach
still underexplored in Brazilian metropolitan
mobility research. Regardless of the chosen
level of territorial disaggregation, some degree
of analytical imprecision is unavoidable due to
metropolitan socioeconomic heterogeneity. This
study therefore moves beyond conventional
administrative boundaries as the primary unit of
analysis.

The findings can inform policies aimed
at prioritizing modal integration corridors and
housing strategies oriented toward improved
microaccessibility. Limitations include the
cross-sectional nature of the database, which
precludes seasonal analysis, and the absence of
qualitative perception variables. All results refer
exclusively to outbound trips, representing only
half of daily travel; effects should therefore be
interpreted within this scope.

The statistical model is descriptive rather
than predictive, intended to support regional
macroaccessibility analysis in conjunction with
descriptive techniques. Future research should
explore alternative territorial disaggregation
levels, test additional statistical models, and
extend analysis across the full historical series of
the Metro Origin and Destination Survey
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