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Abstract. The spatialdistribution knowledge ofthe car ownership per family is essentialto characterize urban
mobility, accessibility, transport related social exclusion, among others. The commuting from population living at
the peripheral areas to access jobs saturate the transport system and car ownership could be a proxy indicator for
understanding the population’s behavior and its relation with transport infrastructure. To represent better car
ownership pattern of behavior by family in the S&o Paulo Metropolian Area (SPMA), this paper aims to map the
cars owned by family using ordinary kriging. Kriging estimation is considered a Best Linear Unbiased Estimator
(BLUE) technique that bring the uncertainties associated with the value estimation. This estimation is also
important in order to perform multitemporal analysis of car ownership, as census limits changes overtime. So, this
paper also provide a comparison between krigged maps from the last two census surveys — year 2000 and year
2010. Thus, a final map was compiled subtracting the resultant of 2010 by the 2000, in order to properly evaluate
the car ownership evolution. It could be observed that the car ownership per household has increased in most of
the SPMA, especially in cities where the provision of public transport is less present.
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1. Introduction

The spatial distribution knowledge of the car ownership per family is essential to
characterize urban mobility, accessibility, transport related social exclusion, among others. The
increased car ownership could be explained by different factors, for instance, demographic
variables, households sizes (Ritter and Vance (2013); Whelan (2007)) or economic factors, such
as policies to promote the car’s purchase and gasoline prices (Yagi and Managi (2016)).

For Loureiro etal. (2006) the urban travel studies are influenced by geographical attributes
such as high residential density and socioeconomic activities, proximity between areas, spatial
coverage of the transport network, travel impedance on the road network, etc.

The metropolitan area of S&o Paulo (SPMA) is extremely heterogeneous and complex given
the particularities of city expansion patterns and concentrated supply of labor in some industrial
and financial centers. The commuting from population living at the peripheral areas to access
jobs saturate the transport system, and the price of land is, therefore, influenced by accessibility
to jobs conditions (Wegener and Furst (1999)). Thus, an important portion of population tends
to settle in the skirts of the city (Correa (1995)) which implies in high travel times to commute
from home to work.
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Aranha (2005) studied the commuting process between municipalities from SPMA. The
author used 2000 census data where it could be observed relationships from migration trends
and how these contribute to the structuring of the metropolitan space and noticed that more than
half of the economically active population works in a municipality different from where they
live, making it necessary to commute, usually by car.

Gomes et al. (2016) stresses the need to study the relationship of modal choice (e.g. bus,
car, bike) and spatial locations of households, considering the influence of urban areas in
decisions to use certain mode of transport.

Thus, car ownership could be a proxy indicator for understanding the population’s behavior
and its relation with transport infrastructure. Besides that, the rise level of motorization could
cause significant consequences as increased energy consumption, atmospheric pollution and
traffic congestion (Whelan (2007)) and can serve as a good parameter to inform urban and
environmental planning stakeholders. The car ownership in a household level is a variable
collected by the Demographic Census, conducted by the Brazilian Institute of Statistics and
Demography (IBGE). The census tracts limits changes every ten years, what make it difficult
to perform a multitemporal analysis. To overcome this interpolation and estimations techniques
can be used as explored at this article. Kriging estimation is considered a Best Linear Unbiased
Estimator (BLUE) technique, that bring the uncertainties associated with the value estimation.

To represent better car ownership pattern of behavior by family in the SPMA, this paper
aims to map the cars owned by family using ordinary kriging. As well as, to compare the maps
generated with the last two census surveys — year 2000 and year 2010. Thus, a final map was
compiled subtracting the resultant of 2010 by the 2000, in order to properly evaluate the car
ownership evolution.

2. Metodology
The research steps followed: gathering of census data and respective car ownership,
centroids calculation, kriging estimation and finally map algebra operation (Figure 1).
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Figure 1: Methodological Scheme
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2.1. Census 2000 and Census 2010

Brazilian Population Census is developed by the (IBGE) every ten years. There is two
possible data source from Census, the results of the Universe and from the Sample. The car
ownership is from the result of the Sample which is divided according to the weighting area.
Such spatial area is defined as a geographical unit, comprising a mutually exclusive group of
contiguous census tracts. The application of weights in survey data collected is a calibration
procedure in order to produce estimates consistent and related to the population as a whole. The
minimum size of the interviews sample done by weighting area is 400 occupied households,
except for the municipalities that not reach sufficient number of respondents and in this case,
the municipality itself is considered a weighting area.

2.2 Study Area
The study area is Sdo Paulo Metropolitan Area (Figure 2), consisting of 39 municipalities
approximately 20 million people in an area of 8,051 km? (IBGE, 2010). The GDP (Gross
Domestic Product) in this area accounts for over 55% of Séo Paulo (SEADE, 2015).
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Figure 2: S&o Paulo Metropolitan Area

2.3 Geostatistics

Matheron (1962) define a regionalized variable as, sensu stricto, an actual function, taking
a definite value in each point of space. From the point of view of physics or geology, a given
number of qualitative characteristics are linked to the notion of regionalized variable, such as
localization, geometrical support (volume of the sample, with its geometrical shape, its size and
orientation), continuity (in its spatial variation), and anisotropy. This is made possible owing to
a simple mathematical tool: the variogram. The variogram is a curve representing the degree of
continuity of mineralization. Experimentally, one plots a distance h in abscissa and, in ordinate,
the mean value of the square of the difference between the grades of samples picked at a
distance “h” one from the other. Armstong (1998) shows the variogram function of an intrinsic
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random function - for stationary and intrinsic variables, the mean of Z(x+h) - Z(x) is zero, and
so y(h) is just the mean square difference — as:
Y(h) = 05 E [(Z(x+h) — Z(x)?)]

Deutsch (2002) explains that the experimental variogram points are not used directly in
subsequente geostatistical steps such as kriging and simulation; a parametric variogram model
is fitted to the experimental points. There are two main reasons: (a) the variogram function is
required for all distance and directions vectors h within the search neighborhood of subsequent
geostatistical calculations and (b) the variogram measure and y(h) must have the mathematical
property of “positive definiteness™ for the corresponding covariance model. Moreover the most
used variogram models are Spherical, Exponential and Gaussian as shown by Armstrong
(1998):

sph(n) = (€ <1.5<g) -0.5 (93) Jifa>h
¢ ifa<h

Exp(h) = C(1 —exp (—g))

hZ
Gauss(h) = C(1 — exp (— a_2>)

Isaaks & Srivastava (1989) explains that the choice of a covariance model (or, if one
prefers, a variogram model or a correlogram model) is a prerequisite for ordinary kriging. The
term ordinary kriging is associated with the acronym B.L.U.E., where “linear” is because its
estimates are weighted linear combinations of the available data; it is “unbiased” since it tries
to have the mean residual or error, equal to 0; it is “best” because it aims at minimizing, the
variance of the errors. The distinguishing feature of ordinary kriging (compared to all of the
other estimation methods), therefore, is its aim of minimizing the error variance. This estimator
equation is

Zo () = ) 2. 2(x)

i=1
with the sum of A, = 1, where A; is the kriging weight of each sampled point Z(x;). The set
of kriging weights that minimize the error variance are retrieved from the ordinary Kkriging
system, written in matrix notation as

Y11 - Y 1 /1_1 Y}o
ynl Ynn 1 . /111 B ynO
. 1 0 i 1

1
where y,,,, is the variance of the distance of the sampled points and vy,,, is the variance of
the distance between the sampled point to the point being estimated and pis the Lagrange
parameter. More details about geostatistical estimations, mathematical proofs, assumptions,
parameters and its applications can also be found also at: Matheron (1978); Journel &
Huijbregts (1978); Journel (1989); Goovaerts (1997); Deutsch & Journel (1998); Chiles &
Delfiner (1999); Olea (2003).

3. Results and Discussion

The data used are a segment of the 2000 and 2010 Brazilian census and it was provided by
IBGE. The chosen variable is the car ownership and its spatial distribution is shown in Figure
3. All the geostatistical procedures were done with SGeMS (Stanford Geostatistical Modeling
Software) (Remy etal. (2011)).
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Figure 3 — Car ownership per weighting area in SPMA according Census 2000 (A) and
Census 2010 (B).

The experimental variogram were computed and both models were fitted and they are
shown in Figure 4 and the parameters of the fitted variogram is shown in Table 1 .
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Figure 4 — Experimental variogram and its adjusted model of the car ownership per family
by 2000 Census (A) and by 2010 Census (B).
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Table 1 - Parameter of model variogram fitted for the car ownership variable of Census
2000 and 2010.

Census 2000 Census 2010
Model Exponential Spherical
Nugget Effect 0.0035 0.003
Structures 1 2 1 2
Spatial Variance 0.0285 0.01 0.0135 0.006
Max. Range 26,950 30,000 12,250 15,000
Med. Range 21,350 o0 11,200 ©
Min. Range 0 0 0 0
Rotation in Z 90 90 45 45
Rotation in X 0 0 0 0
Rotation in Y 0 0 0 0

The search neighborhood was chosen with the exhaustive cross validations tests. The
selected search neighborhood is by octants and it selected at least 2 point and maximum of 8
and 2 is the minimum of non-empty octants, with minimum of 1 point per octant and 2 points
maximum. The search ellipse is rotated and have the same ranges of the anisotropy ellipse
shown on Table 1. The best search neighborhood found by cross validation show a coefficient
of correlation 0.842 for Census 2000 data and 0.805 for Census 2010 data. The maps calculated
by ordinary kriging are shown on Figure 5.

Figure 5 — Kriged car ownership 2000 (A) and 2010 (B).

In order to understand the difference of car ownership in SPMA, the year 2010 map can be
subtracted from the year 2000 map and the aftermath highlights the evolution of the car
ownership per family (Figure 6). Thus, the deep blue regions (negative values) shows where
the car ownership percentage is lower in year 2010. The values in that car ownership remains
almost the same are represented between blue and yellow and the growth is in orange and red
colors. Moreover, the car ownership percentage per family increased in the adjacent towns of
S&o Paulo (the larger municipality), it shows that in regions where public transport supply is
inefficient, population tends to use individual transport as a means of locomotion.
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Figure 6 - The difference of car ownership between 2010 — 2000.

4. Final Thoughts

The results of Kriging were satisfactory to understand the spatial distribution of households
by car ownership in the SPMA. It was observed that S&o Paulo neighboring cities had
significant growth while Sao Paulo showed low values of growth and even decline. The western
portion of the study area consists of the municipalities of great economic activity.

The south, east and west obtained representative increase in car ownership. These areas
also received new installations of residential complexes attracting the middle class population,
what could corroborate with the hypothesis raised by Correa (1996) and Aranha (2005) that
people tend to live in nearby cities and commute to access jobs, which pressures the ownership
level.

The NE portion also experimented the rise of car ownership, comprising the municipality
of Guarulhos, which has international status airport. A small patch of decrease between Séao
Paulo and Guarulhos is the region "Parque Ecologico do Tieté" where there is no resident
population and therefore.

Finally, it can be observed that the car ownership per household has increased in most of
the SPMA, especially in cities where the provision of public transport is not as good as in the
state capital.
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