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| Abbas Rajabifard? |

The detection of spatial cluster and outliers is critical to a
number of spatial data analysis techniques. Many techniques
embed spatial clustering components with the aim of explor-
ing spatial variability and patterns in a dataset, caused by
the spatial association that generally affects most of the spa-
tial data. A frontier challenge in spatial data analysis is to
extend techniques - originally designed for univariate anal-
ysis - to a multivariate context, with the intent of coping
with the increasing complexity and variety of modern spa-
tial data. This paper proposes an exploratory procedure to
detect and classify clusters and outliers in a multivariate spa-
tial dataset. Cluster and outliers detection relies on lately in-
troduced multivariate extensions of the well-established Lo-
cal Indicators of Spatial Association statistics. Two new indi-
cators are proposed enabling respectively the classification
of multivariate clusters and outliers, that was not directly
achievable with any established technique. The procedure
is fully implemented using Free and Open Source Geospatial
Software and libraries. The raw source code is made available
for future reviews and replications. Empirical results from
early applications on both synthetic and real spatial data are
discussed. Advantage and limitations of the introduced pro-

cedure are outlined according to the empirical results.
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1 | INTRODUCTION

The identification of significant/clusters in a dataset is key to many scientific fields connected to data analysis (Grubesic
et al., 2014). Indeed, the increasing complexity and richness of modern data have enforced the need for tools and
methods to facilitate this task (Hesse et al., 2015). Cluster analysis is central to manifold disciplines including statis-
tics (Kaufman and Rousseeuw, 2009; Anderberg, 2014), ecology (Legendre and Fortin, 1989; Wiegand and Moloney,
2013), and geography (Anselinfand Getis, 1992; Anselin, 1995) among others. The popularity of cluster analysis is
mostly connected to dataigrouping options that can yield readily and valuable insights into underlying structures in
the data (Kettenring, 2006); providing rooms for unexpected discoveries or additional hypotheses generation (Tukey,
1977). Cluster analysis is.generally employed with two main purposes (Xu and Wunsch, 2008). The first one is con-
nected to data preprocessinggwhere clustering is used as an unsupervised procedure for defining data structure and
improving the efficiency of prediction or classification algorithms (Grubesic et al., 2014). The second is exploratory,
in which clustering is intended for pointing out patterns and motivating new hypotheses on data according to these
discoveries (Tukey, 1977).

The ultimate objective of cluster analysis is to fit each observation in a dataset into a specific group or class.
These classes are conceived to portray some underlying structure or process associated with the information carried
by the observations (Kettenring, 2006). Therefore, fundamental to clustering is a measure of similarity (or dissimilar-
ity) of the observations;being;grouped. Focusing on Geographic Information (Gl), clustering techniques must take into
account also the spatial distribution of observations over the study region (Scrucca et al., 2005). Together with the
variable measure provided by each observation, the location is used to define the clustering criterion. This is often
expressed as a function of the observation values similarity and their relative position in the geographical space (Han
et al., 2001). Among the spatial clustering techniques available in the literature (Han et al., 2009), critical to this work
are those based on spatial.association properties (Grubesic et al., 2014). The spatial association is broadly defined as
the measure of the degreesat,which similar things are also similarly arranged in space (Tobler, 1970). This property
characterizes most of the spatial data and produces peculiar correlation effects within variables across the geograph-
ical space (Getis, 2008). The spatial association can be measured by means of statistical indicators (Schabenberger
and Gotway, 2017) and therefore adopted as clustering criterion. In general terms, the spatial association can be
determined with a single measure for a dataset that describes its global spatial association properties. In the case of
clustering, local measuresshave to be considered to define the spatial association properties at each location in the
dataset. According to theabove, the statistical indicators considered in this work mostly derive from the well-known
Local Indicators of Spatial Assaciation (LISA) (Anselin, 1995). LISA are a family of local statistics aiming at testing for
the spatial association and identifying local clusters and outliers in a spatial dataset (Lloyd, 2010). The critical role of
LISA in spatial data exploration and analysis has been remarked by many authors through a number of applications
across diverse research'fields. These includes econometrics (Rey, 2001), landscape genomics (Stucki et al., 2017),
ecology (Barrell and Grant, 2013) and remote sensing (Wulder and Boots, 1998), among others. To date, most of
LISA techniques focus on univariate analysis that is on the analysis of a single spatial variable. Recent researches
have extended the spatial association-based clustering concept to multiple variables, hence to a multivariate context

(Anselin, 2019). The development of local and multivariate methods for spatial data analysis is a critical aspect of the
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modern geography and cognate disciplines. According to Fotheringham (1997) and Lloyd (2010), the increasing vol-
ume and complexity of the modern Gl - nowadays potentially available at any location on Earth - has led to a greater
awareness that the univariate analyses are of limited application in the practice; whereas there is a need to investigate
local variations in more complex interaction scenarios. Furthermore, the computational and graphical capabilities of
modern Geographic Information Systems (GIS) software have uncovered terrific opportunities to deal with large data
volumes as well as to preduce lecal and "mappable" statistics that are generally computationally demanding than well-
established summarizing or global methods (Efron and Hastie, 2016). Nevertheless, the establishment of multivariate
methods for spatial data analysis and mapping raises a number of issues connected to the objective replicability of
experiments - that often require"analysts to introduce multiple assumptions based on their experience - and to the

critical interpretation‘of'multivariate patterns that might not be trivial for non-specialist users (Dray et al., 2011).

In view of the abovejtherobjective of the current paper is to investigate recent advances in local multivariate
spatial association-based clustering techniques and to suggest complementary methods for multivariate spatial clus-
ters and outliers classification‘’and mapping. The main purpose of suggesting these complementary methods is to
enable the possibility of automatically portray features of a multivariate spatial pattern, such as the numerical charac-
teristics of its underlying observations, by providing analysts with an additional exploratory tool to better understand
both data and their spatial.interactions. In principles, the proposed methods can be embedded in manifold spatial
data analyses and GIS-based applications requiring multivariate patterns being objectively highlighted or described
as a preparatory step for statistical processing or mapping of spatial processes that involve multiple variables. The
methods are spelt out in their mathematical formulation and tested on both synthetic and real spatial data. Synthetic
data consists of a vector gridrincluding observations drawn from four different continuous variables, of which spatial
arrangement simulates artificial spatial association features. Real data consists of a polygons vector layer describing
census areas for the Metropolitan Melbourne (Victoria, Australia) containing observations of three socio-economical
indexes connected to the social vulnerability. The GIS technologies used to carry out this work are selected by ex-
clusively considering cutting-edge Free and Open Source Software (FOSS) and libraries. The role of FOSS within the
current work is outlined ins,gonnection with the benefits deriving from their systematic use into the scientific research
(Brovelli et al., 2017); in"particular for promoting fair access and enabling the revision of the experimental procedure
here proposed. According, the raw Python code developed for the experiments is made available through the GitHub
(https:/github.com/opengeolab/mvar_spatial_association_mapping) by providing the technique with the possibility
of being improved and replicated. The outcomes are critically discussed alongside possible applications and future
directions of the local multivariate spatial association-based clustering techniques.

Focusing on the key points mentioned above, the rest of the paper is organized as follows. Section 2 includes a
wider overview of the spatial association concept in both traditional and emerging spatial data analysis; with a focus on
spatial clustering. InSection:3;:the considered methods are described mathematically. A description of the software
tools relevant for thissworksissincluded in Section 4. An application of the methods on synthetic data is reported in
Section 5, while Sectiongésreports an experiment on real data. Section 7 includes key conclusions and discussion on
the future directions of this waork.

2 | BACKGROUND

The analysis of spatial association - also known as spatial autocorrelation in the literature - has challenged geographers
and spatial statisticians over the last 70 years. Since its applications vary considerably from field to field, many analysis

methods have been created with different purposes. A number of papers and books in the statistic literature spelt out
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the concept of spatial association at different levels of mathematical complexity, see e.g. Goodchild (1986); Anselin
and Griffith (1988); Dubin (1998). A closer definition to the context of GIS science is derived from Getis (2010) and
states that "The spatial association represents the relationship between nearby spatial units, as seen on maps, where each
unit is coded with a realisation of one or more variables". This relationship characterises most of the spatial observations
that are measured as a result of nonstationary spatial processes, which take place in the real geographical space (Ord,
2004). Indeed, there are manysinstances in which the location of an observation affects its behaviour. Snippets of
evidence of the spatial association can be intuitively disclosed through simple examples. Housing prices are one among
them (Tse, 2002). In fact, the location of a house will affect its selling price, and nearby houses are likely to be affected
by the same neighbourhoodeffects. On the other way round, the selling price of a house can be only estimated by
knowing its locationtogetherwith its a-spatial features such as the building type. On one hand, this behaviour can
be seen as a nuisance as it complicates traditional statistical tests by violating the independence assumption for the
observations (Dubin, 1998). ©n the other hand, once the structure of the spatial association is estimated, it can be
embedded into any prediction technique, such as the Kriging (Cressie, 1990), thereby improving its accuracy. A fuller
treatment of this topic can be.found e.g. in Cliff and Ord (1972) and Legendre (1993).

Most of the long-established techniques aim at describing the spatial association in a dataset with a single mea-
sure, therefore gathering.insights into its global behaviour. This is generally used for quantitative analysis to asses
both the presence and the degree of the spatial association in a spatial datasets as well as to integrate corrections
for the spatial association into spatial modelling (Dormann, 2007). The assumption behind global methods is that
spatial association properties are the same across the region of interest. This deficiency may mask spatial variations
in the data therefore preventing analysts to detect inner pockets of spatial instability. To that end, the development
of local methods that accountfor inner spatial variations has been engaged in geography and connected disciplines
in the recent past. Spatial analysts have always been interested in local measures, that means to encode precisely
both spatial characteristics and relationships of a particular site (Getis, 2010). Moreover, the growing availability of
spatial data at a finer reselution as well as covering large areas, such as high-resolution satellite imagery, continent-
wise road networks, etc..has'uncovered the need for local methods (Lloyd, 2010). This is because of the probability
that regions with different"properties would be encountered or considered within the modern spatial analysis has
inevitably increased. An example of a popular local method for quantitative spatial data analysis - embedding some
of the spatial association concepts - is the Geographical Weighted Regression (GWR) (Brunsdon et al., 1996) which

allows regression parameters varying in space.

So far, we have outlined the effect of the spatial association mainly on the accuracy and reliability of traditional
statistical methods. However, the spatial association provides with many uses and opportunities to spatial data anal-
ysis, and in particular to exploratory techniques such as the spatial clustering. Generally speaking, a spatial cluster
can be defined as a geographically bounded group of spatialized observations of sufficient size and concentration that
is unlikely to have oceurredsby chance. Central to the topic is - once again - the need for exploring the local spatial
association affecting the.dataxIf the variables of interest (e.g. precipitations, population density, traffic jam, etc.) show
significant different spatial association properties along the study region, observations can be grouped according to
these properties that is the rationale behind any spatial association-based clustering technique. Restricting our at-
tention on continuous.numerical variables, best-known measures of local spatial association are connected to a small
family of statistics called'ISA. Traditional LISA are the local Moran’s I and the local Geary’s ¢ statistics. These share
a common general formulation (see Section 3.1) and provide measures of spatial association that allow evaluating
the existence of spatial clusters in a dataset. Originally, these statistics were designed as global measures of spatial
association (Moran, 1950; Geary, 1954). Nevertheless, their local versions have been proposed starting from the 90’s

(Anselin, 1995). More recently, an extension of LISA to cope with multivariate spatial association analysis has been
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proposed by Anselin (2019) which consists of a modified version of the local Geary'’s ¢ statistic, useful to evaluate the
existence of spatial patterns in a multivariate dataset. In Section 3.2, the formulation of the multivariate local Geary’s
cisincluded. For the sake of completeness, additional local statistics of spatial association have been proposed in the
literature. Most popular ones are e.g. the Getis-Ord G (Ord and Getis, 1995) for continuous numerical spatial vari-
ables, the local Join Count (Anselin, 1995; Boots, 2003) designed for binary spatial variables, and the geographically
weighted Colocation QuotientgCromley et al., 2014) conceived for categorical spatial variables. The latter statistics
are of marginal interest for the current work and therefore they will not be further considered in this paper.

In general terms, the LISA summarize spatial similarity - i.e. contiguity - and numeric similarity of observations into
a single statistic of which significance is traditionally inferred against the hypothesis of Complete Spatial Randomness
(CSR) by means of conditional random permutations (Besag and Diggle, 1977) (see Section 3.1). Both univariate
and multivariate LISA computations allow only detecting whether positive or negative spatial association affects each
observation in the dataset. Positive spatial association stands for the significant presence of similar observations in the
neighbourhood of the considered observation location, therefore a high probability for the considered observation
to belong to a spatial cluster.. Conversely, negative spatial association implies a significant presence of dissimilar
observations close in space;thus the likely the considered observation being labelled as a spatial outlier. Considering
spatial clusters, the significant:similarity detected by the LISA can be either due to the presence of low or high values
close in the geographical space. The definition of low and high values refers always to the mean of the distribution of
the analysis variable that is observed in the region of interest (Anselin, 1995). With this in mind, clusters can be further
classified into two classes which are namely clusters of high values and clusters of low values. A similar classification
can be applied to spatial'outliers. Indeed, the significant dissimilarity detected by the LISA can be due to the presence
of a low value for the considered observation close in space to higher values by obtaining thereof a low-high outlier.
Vice-versa, a high-low outliemis defined. As stated in the above, this classification for both clusters and outliers
cannot be directly achiéved by means of LISA computations. Traditionally, the classification is performed using linked
techniques such as the Moran scatterplot (Anselin, 1996, 1999) applied alongside the local Moran’s I computations.
The same technique can.be combined also to the local Geary’s ¢ by means of brushing and linking operations on the
identified clusters and outliersswith the Moran scatterplot, as suggested by Anselin (2019). Additional information on

the clusters and outlierslassification by using the Moran scatterplot is included in Section 3.1.

The main limitation: ofsthesMoran scatterplot is that no multivariate clusters and outliers classification can be
achieved; as highlighted laterin Section 3.2. The most common approach in multivariate spatial association analysis is
to introduce a preliminary.dimensionality reduction step - such as the Principal Component Analysis (PCA) - and then
apply univariate or bivariate techniques on the reduced set of spatial variables (Dray et al., 2011). To overcome the
above limitations, this paper presents an automatic procedure to classify multivariate clusters and outliers, detected by
means of the multivariatelocal Geary's c (see Section 3.2). The procedure is based on comparisons between centrality
measures (i.e. the median,and the mean) for the variable distributions within clusters and outliers locations. The
procedure for classifying and mapping multivariate spatial clusters and outliers is spelt out in Section 3.3. In overall
terms, the aim of this work is to empower any data exploratory experiment that requires a number of continuous
spatial variables being considered simultaneously without any prior manipulation, thus favouring the analysis and

display of their underlying covariate patterns.
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3 | METHODS

This section is dedicated to the mathematical formulation of LISA by including also recent developments and exten-
sions of these methods to a multivariate context. Limitations of traditional techniques for multivariate clusters and

outliers classification are also discussed and an automatic procedure to perform such is proposed.

3.1 | Traditional LISA

Among LISA, the most poepularisthe local Moran’s I (Equation 1) Anselin (1995), which is a local version of the Moran’s
Index (Moran, 1950)!

I =z Wijzj; i#j (1)

n
J=1

Where n is the numberiofilocations in the dataset and z; and z; are the standardized observation values, such
that their mean is zero and their variance is one, at two locations / and j. W;; is the so-called spatial weights matrix
whose values define whether location j is a geographic neighbour - or it is not - of location j. This is often expressed
by a symmetric matrix having values, e.g. ones, at / (i.e. row) and j (i.e. column) position if / and j locations are defined
as neighbours, and zeros elsewhere. However, a number of neighbouring or contiguity relationships can be adopted
by the analyst through rules such as a threshold distance for point data or edges and corners congruence for areal
data. A fuller descriptioniefgeographical weighting schemes can be found e.g. in Getis and Aldstadt (2004).

A significant andypesitivesvalue for I; indicates that location / has similar values in its j neighbours, so it belongs
to a spatial cluster. A significant and negative value indicates that location i has dissimilar values in its j neighbours,
and it is therefore a_spatial outlier. The significance is inferred considering the CSR hypothesis. Inference on the
CSR hypothesis is provided through conditional random permutations tests by assigning a pseudo p-value (p;) to each
location. Practically, this approach consists of holding the value of the variable at location / fixed, random permute
or shuffle the remaining values.within the other n — 1 locations, and recompute the local spatial association statistic.
By repeating m times thissprocess, an empirical reference distribution for the statistic under the CSR hypothesis is
obtained at each location. Using this reference distribution, the p; of the statistic at location / can be computed as in
Equation 2 (Phipson and Smyth, 2010).

_b+1
p'_m+1

(2)

Where m is the number of permutations and 6 is the number of times out of m that the statistics in the empirical
reference distribution.isfequal or lower than the observed one. The smaller the pseudo p-value the stronger the
rejection of the CSR hypethesis. In turn, this means a higher probability that location / belongs to a spatial cluster or
it is an outlier. A significance level (a) needs to be selected by the analyst to reject or accept the null hypothesis like
any other statistical test.

The pseudo p-value estimated from the conditional permutations has to be cautiously interpreted (Anselin, 2019)

because it is not likely to properly reflect the actual Type | error, that is the case when the null hypothesis (i.e. CSR)
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is true but it is rejected thus a false positive is encountered (Efron and Hastie, 2016). Due to the computational
procedure adopted in the conditional permutations approach, many of the values used to simulate a local measure of
spatial association at each location /, are used again to test on a neighbouring location by producing a large number
of correlated tests. Ironically, this means that by searching for evidence of spatial association the tests are affected
by the spatial association themselves (Getis, 2010). In this unfavourable situation, the selected significance level or
the p-values need to bejadjusted to account for the Type | error with multiple comparisons. A number of empirical
methods have been proposed to control the error rate that is known as the False Discovery Rate (FDR) (Boots, 2002).
One of the most popular is the Benjamini-Hochberg procedure (Benjamini and Hochberg, 1995). The FDR is defined
as the expected value of theratiobetween the number of false positives in an experiment divided by the total number
of discoveries in the 'experiment. This rate can be estimated from the pseudo p-values obtained from the conditional
permutations and used to adjust the original p-values. The Benjamini-Hochberg FDR procedure consists of a few
steps as follows. First, the pseudo p-values for each observation p; have to be sorted from smallest to largest and
ranked such as p;— < pja2 < .. < pj=,. Then, for a given significance level a, the larger rank i,,,x needs to be defined
such as that the inequality expressed in Equation 3 is verified, where n is the number of observations. All observations

with j lower or equal than ipm.x are then considered significant for rejecting the null hypothesis.

i

max )a (3)
n

Pisignificant < (

Once significant clusters and outliers are detected by means of the local Moran's I, these can be classified into high
and low values clusters or low-high and high-low outliers, according to what anticipated in Section 2. The classification
is performed by plotting,on a Cartesian plane each couple (z;; W;;z;). The resulting plot is known as the Moran
scatterplot. Basically, this ceuple is composed of the standardized observation values at the location / and its spatial
lag (Anselin, 1996). Thissimplies classifying local clusters and outliers base on the linear correlation among the two
components. Depending on the quadrant of the plane at which the point representing the above couple is found, and
belonging this couple toa significant cluster or outlier location, the classification is carried out as reported in Figure 1.
The classification into quadrants is used to display results on a map by assign a proper visualization style to the spatial

dataset using e.g. a GIS/software.

The local Moran'’s I'istsuitable for both univariate and bivariate analyses. In the bivariate setting, the spatial
dataset has two variables observed at each location. In Equation 1, the z; is substituted with the standardized values
of the second variable.,Clearly;the standardization procedure becomes here necessary in order to scale and compare
the different variables. 1By doifg so, a significant and positive value for I; indicates that location / has the value of
the first variable similar with values of the second variable in its j neighbours. Location i is - therefore - a joint spatial
cluster for the two variables. A significant and negative value for I; hence location / being a joint spatial outlier for
the two variables. Clusters and outliers classification can be achieved by means of the Moran scatterplot as for the

univariate case.

The second LISA outlined in Anselin (1995) is the local Geary’s c. Its formulation derives from the decomposition
of the global parent statistic, the Geary's c, proposed in the '50s by Geary (1954). While the local Moran’s I provides
a local measure of spatial association as cross-products among a focal location and its neighbours, the local Geary's ¢
expresses the spatial association as a weighted average of squared distances in the observation space between values

at each location i and those at its neighbouring locations j, as shown in Equation 4.
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FIGURE 1 Clusters and outliers classification through the Moran scatterplot.

n
ci = Z Wij(zi - zj)? i #] (4)
j=

Where z; and z; are the standardized observation values at locations i and j, and W is the element of the spatial
weights matrix. The significance is inferred considering the CSR hypothesis. Due to the analytical formulation, this
statistic focuses on dissimilarity rather than correlation (Anselin, 1995). Therefore, a significant ¢; value lower than its
expected value indicates similarity or positive spatial association. On the other way round, a significant ¢; value larger
than its expected value indicates dissimilarity or negative spatial association. The expected value of ¢; can be either
computed analytically, e.g. the sample mean, or from an empirical reference distribution such as the one derived by
the conditional permutations used for significance testing. Finally, clusters and outliers classification can be indirectly
achieved by means of brushing and linking operations on the significant locations detected by means of ¢; to the
Moran scatterplot (Anselin, 20419).

3.2 | MultivariateLISA

In a multivariate context, i.e. when k variables are observed at each location and their spatial association needs to
be investigated simultaneously, no consolidated methods have been made available in the literature. Recently, an
extension of LISA has been proposed by Anselin (2019), enabling multivariate spatial association analyses. This is an
extension of the local Geary'sic statistic. The multivariate extension of the local Geary'’s c collapses the k squared
distances between the observation values at location 7 and that at each neighbouring location j into a weighted sum
by providing a singlepvalue for the statistic at each location of a spatial dataset, as shown in Equation 5.

k n
Ckji = Z Z M/inng ; df,J = (=21 ) e (Zh = zi )% T #] (5)
v=1j=1
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Where dfw_ is the k-dimensional squared distance in the observations space between the standardize z, observa-
tion values at locations / and j, and W is the spatial weights matrix. The interpretation of spatial association using the
multivariate local Geary’s ¢ follows the one explained for the univariate case. A significant value of ¢ ; that is lower
than its expected value suggests positive spatial association, whereas a significant and higher value suggests negative
spatial association. The expected value can be either computed analytically or from an empirical reference distribu-
tion derived by the same conditional permutations experiment used for significance testing, as for the univariate case
explained before.

Clusters and outliers classification, such as the one introduced with the Moran scatterplot, is not achievable in
this case, leading to'a strong limitation in exploring the spatial association by the exclusive use of the multivariate
local Geary's c. This because the Moran scatterplot is a bi-dimensional plot that allows comparing up to two variables
per time, thus preventinglitsadoption in the context of multivariate analysis. For this reason, the main objective of
the current work is to suggest a classification technique for spatial clusters and outliers that overcomes the limitation

of the Moran scatterplot.in multivariate analyses.

3.3 | Multivariate clusters and outliers classification

The proposed technique forsmultivariate clusters and outliers classification is based on a comparison between cen-
trality measures (i.e. thesmedian and the mean) for the variable distributions within cluster and outlier locations. Two
indicators are proposed for classifying clusters and outliers that we called respectively M m. (Median-mean indicator
for clusters) and M m, (Median-mean indicator for outliers). The proposed technique is conceived and outlined by con-
sidering a generic multivariate tabular dataset where each row represents a single spatial location and each column
contains observations drawnfrom one spatial variable. This general data model is common - or it can be commuted
- to many standard spatial‘data'formats currently in use. The proposed technique is intended to be applied on the
cluster and outlier locations that result from the computation of the multivariate local Geary’s c. The final output con-
sists of a classification for multivariate spatial clusters and outliers that inherits the concept of the Moran scatterplot
quadrants for the univariate case, while allowing mapping local multivariate spatial association patterns.

The Mm, indicator (Equation 6), enabling the classification of multivariate clusters is defined as follows. We call
X the nx k matrix containing the standardized observations of the k original variables at each of the n locations of the
dataset. For each locationi.that resulted in a cluster from the multivariate local Geary’s ¢ computations, a r x k subset
X; j containing the obsefvations at location / and at its geographic neighbours j (spatial lag of /) is extracted. The idea
is to compare the mean of the vector of the column-wise medians of X;; (,uX_M_) with the mean of the vector of the
column-wise medians of X (yXM). This implies comparing the local mean of thlé medians for the considered variables
at a cluster location with the ones of the whole study region. The median is preferred to the mean for performing the
column-wise aggregationito account for possible skewed distribution of the analysis variables. This reduces the bias
in estimating the centrahtendency values for the comparison, due to the influence of possible outliers (Von Hippel,
2005). The proposed local indicator Mm,; consists of a simple difference between 'UXM and u,m at each cluster
location 7 (Equation 6). A positive value of the Mm_ ; depicts a higher local mean of the medlans than the one of the
whole study region, hence a cluster of high values. A negative value of the Mm,; depicts a lower local mean of the

medians than the one of the whole study region, hence a cluster of low values.
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Mm,; >0, High values cluster
Mmc,i:/lxM_llxM,—’ (6)
Y Mmg; <0, Low values cluster

The M m, indicatorEquation 7), enabling the classification of multivariate outliers, is defined as follows. We call
X the n x kK matrix containing the standardized observations of the k original variables at each of the n locations. For
each location / that resulted in a outlier from the multivariate local Geary’s ¢ computations, two subsets X; and X;,
containing respectively the" I k“observations at location /, and the (r— 1) x k observations at its geographic neighbours
J (spatial lag of /), aré"extracted! In this second case, the idea is to compare the mean of the vector X; (pX,.) with the
mean of the vector of the column-wise medians of X; (yXM). This implies comparing the mean of the observations at
an outlier location with the mean of the medians of its njeighbouring locations only. The median is again suggested
for the same reasons explained before. The proposed local indicator Mm, ; consists of a simple difference between
ux; and u, m at each outlierdocation i (Equation 7). A positive value of the Mm,; depicts a higher local mean than
the mean ojf the medians from the neighbouring locations, hence a possible high-low outlier. A negative value of the
Mmy,; depicts a lower local mean than the mean of the medians from the neighbouring locations, hence a possible
low-high outlier.

Mm,; >0, High-low outlier
Mmoj = px; = Hym.— 7
/ Mm,; <0, Low-high outlier

Results form the'Mm. and the Mm, computations can be used to enrich clusters and outliers maps obtained from
the multivariate local Geary’s-e! With this additional information, multivariate clusters and outliers can be classified
thus producing a multivariate LISA map comparable to that obtained from the combination of local Moran’s I with
the Moran scatterplot in the univariate setting.

Despite the number of steps required by the proposed procedure, perhaps comparable to those required by
the Moran scatterplot, the definition of an automatic strategy for enriching multivariate spatial association maps by
means of clusters and outliers classification is achieved. It's important to remind that the Moran scatterplot produces
a classification based onithe_linear correlation properties of a variable and its spatial lag at a specific location. The
M m indicator relies insteadson:comparisons between centrality measures of the variable distributions at a specific
location and its spatial lag with respect to the global distribution (clusters) or the variable distributions at a specific
location with respect to. the one in its spatial lag (outliers). In a multivariate context, centrality measure may mask
trade-off among variables and therefore results have to be intended as an exploratory tool rather than in a rigorous
statistical sense. The same applies to the multivariate LISA technique on which the whole procedure is based, i.e. the

multivariate local Geary/siegas’argued also in Anselin (2019).

4 | SOFTWARETOOLS

Any data exploratory technique has a strong connection with graphical and interactive software tools (Keim et al.,
2006). In the case of spatial data, GIS software is naturally entitled as the best tool to perform data analysis, inter-

action, and visualization. Focusing on traditional LISA, many software implementations are available. These include
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libraries for popular programming languages, stand-alone statistical software, and GIS software modules. In the fol-
lowing, cutting-edge solutions dedicated to LISA mapping are pointed out by exclusively considering Free and Open
Source Software (FOSS). The underlying reason behind this choice is due to the fair distribution policy of FOSS. In-
deed, this kind of software and libraries are released with open licenses (https:/opensource.org/licenses) - in contrast
to proprietary software - thus allowing users free access to thereof functionalities and the source code. This provides
analysts with plenty of epportunities to investigate, test, and extend spatial analysis methods, therefore representing
a meaningful asset for this work in which an attempt to introduce new data processes is undertaken. Indeed, code has
to be considered as a critical research object in any spatial technique development work (Ertz et al., 2014). The possi-
bility of using, modifying, and exposing to the scientific community the source code developed to test the proposed
classification technique)"provides the analysis with the possibility of being replicated, empowered, and improved.

Considering the mostgpopular geospatial FOSS libraries, LISA functionalities are provided by the spdep
library (https:/cran.r-projectorg/web/packages/spdep) for the R programming language, and by the PySAL
library (https:/pysal.readthedocs.io) for Python. Among stand-alone statistical FOSS platforms, GeoDa
(https:/geodacenter.github.ie),provides with plenty of LISA as well as spatial data exploration functionalities and sup-
ports most of the standard spatial data formats. Concerning FOSS GIS, like the popular QGIS (https:/qgis.org), an
experimental LISA mapping plugin, developed by some of the authors and called Hotspot Analysis (Oxoli et al., 2017),
is available (https:/plugins.qgis.org/plugins/HotspotAnalysis).

To the extent of the authors’ knowledge, multivariate LISA functionalities have been recently made available only
into the GeoDa software. No other solutions dedicated to multivariate LISA exist, also by considering proprietary
software. Unfortunately, GeoDa provides with less support for result files post-processing than the other mentioned
FOSS software and libraries.” Therefore, to test the proposed clusters and outliers classification technique, a cus-
tom Python script was developed which implements both the multivariate local Geary’s ¢ and the Mm computations
(see sections 5 and 6)._The script allows applying the full procedure for multivariate cluster and outliers detection
and classification on a veeter spatial layer in Shapefile format. The script takes advantage of the GeoPandas library
(http:/geopandas.org) forsgeneric data operations such as read, write and metadata access. The script includes cus-
tom functions based on the PySAL routines, coupled with statistical and numerical operations based on the NumPy
(https:/numpy.org), the SciPy (https:/scipy.org) and the statsmodel (https:/www.statsmodels.org) libraries. Both the

code and test data are available on GitHub (https:/github.com/opengeolab/mvar_spatial_association_mapping).

5 | EXPERIMENT.ON SYNTHETIC MULTIVARIATE SPATIAL DATA

Testing for the effectiveness of the proposed technique necessitates the use of synthetic spatial data that contains
known and established local spatial association characteristics. To that end, the approach used to generate a dataset
with known spatial clusters is reported in the following. Both the multivariate local Geary’s ¢ and the Mm are then

computed on this dataset and the experimental results are compared to the expected outcomes.

5.1 | Synthetic'data generation

The generation of synthetic data for testing the proposed technique was achieved as follows. A regular spatial grid
with 100x100 pixels in Shapefile format was created. For this experiment, four spatial variables were considered.
Observations from each variable at each pixel were created by means of sampling from four continuous standard

normal distributions generated with different skewness. This artefact allowed to account for spatial variables showing
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different distribution characteristics that are likely to be encountered in the real multivariate spatial analysis. Both
distributions generation and sampling were performed by means of SciPy (Figure 2a). The spatial grid was arbitrarily
divided into eight sub-regions to simulate spatial association (Figure 2b). Namely, observations were assigned to the
pixels of each sub-region by selecting them according to their belonging quartile interval (Figure 2b). Hence, the
similarity between observations to simulate spatial association was here modelled using, as a rule, the membership
of observations to the same range of the standardized variable distributions. These ranges are - in this case - the
four distribution intervals bounded by the quartiles. The spatial similarity was instead obtained by simply bounding
neighbouring pixels into the selected sub-regions. This allowed defining homogeneous areas in terms of observation
values that result in knownrand'everlapping spatial clusters for all the variables. Summary statistics of both variables

and their quartile intérvals‘are‘reported in Table 1.

TABLE 1 Summary statistics of the simulated variables (A,B,C and D) used for for generating the synthetic dataset,
including quartiles (Q1,/Q2 and Q3), and quartile interval lengths (L) . The variables are standardized, such that their
mean is zero and their variance is one. Measures are provided as deviation from the mean.

A B C D

: Skewness 0,607 0,255 -0,096 -0,762

. Min -2,199  -3,499  -3,395 -4,564
|_Max 4,556 3,210 3,461 2,239
Q1 -0,669  -0552  -0,583 -0,413
Q2 -0,124  0,0696 0,033 0,167
I _Q3 0,589 0,659 0,663 0,683

' L[Min,Q1] 1,530 2,947 2,812 4,151

L[Q1,Q2] 0,545 0,622 0,616 0,580
I

L[Q2,Q3] 0,713 0,589 0,630 0,516
L[Q3,Max] = 3,967 2,551 2,798 1,556

According to the assigned quartile interval, known clusters of either high or low values could be simulated. By
definition, the Mm indicaterfor clusters classification (M m.) compares centrality measures (i.e. means and medians)
at each location in the dataset and its geographic neighbours to the ones of the whole study region. Therefore, the
aggregation in a sub-region of standardized observations belonging to the same quartile interval aimed at controlling
the type of clusters that are expected in each sub-region. In particular, clusters are expected within each sub-region
due to the numeric similarity of the observations there assigned. High values clusters are mainly expected into sub-
regions where observations from the 3rd and 4th quartile intervals are present. This because a concentration of
observation values higher.than the mean of each variable was generated. On the other way round, low values clusters

are mainly expected inte sub-regions where observations from the 1st and 2nd quartile intervals are present.

Concerning spatial outliers, these cannot be simulated by applying the same logic used for clusters. Indeed, neg-
ative spatial association and - in turn - a spatial outlier is found where an observation shows significantly different
values with respect to its neighbouring values, even though it may not be significantly different from the entire popu-

lation (Lu et al., 2003). Thereby, spatial outliers may show up due to a number of observation arrangements in space
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which cannot be coded into simple rules such as for spatial clusters. Indeed, the Mm indicator for outliers classifi-
cation (Mm,) compares centrality measures (i.e. means and medians) at each location in the dataset to the ones of
its geographic neighbours and not to the ones of the whole study region such as for clusters. In view of the above,
outliers are expected mainly along sub-regions borders but also within the sub-regions. The latter may correspond to
the case where extreme observations from the same quartile interval of differently distributed variables were assigned
by chance to neighbouring pixels during the generation of cluster areas. More details are reported in the following
section.

Random observations drawn from each variable were assigned instead to the pixels located outside the eight
sub-regions (Figure 2b)."This'means that also spatial randomness was simulated at known locations of the spatial grid.

A multivariate “spatial dataset was thus obtained and used to test the capability of both the
multivariate local Geary’s..c¢ and the Mm indicator to respectively detect and classify multivari-
ate clusters and outliers™of spatial association. The synthetic dataset is available on GitHub
(https:/github.com/opengeolab/mvar_spatial_association_mapping/tree/master/sample_data). The experiment
on the synthetic dataset was;performed by selecting a 1st order edges and corners contiguity rule - known as queen
contiguity - for generating the spatial weights matrix. Hence, each pixel has eight neighbour pixels on a regular
grid, except for the ones placed on the grid perimeter. Row-standardized weights were adopted (Getis and Aldstadt,
2004). The spatial weights matrix was created by exploiting the dedicated PySAL functionalities. The CSR hypothesis
was tested by means of 99999 permutations with a selected significance level of 0.0001. Pseudo p-values were
corrected by applying the Benjamini-Hochberg FDR procedure using the dedicated functionality of the statsmodels

library. The resulting multivariate clusters and outliers map is included in Figure 3.

5.2 | Results discussion

By observing the map ofithe results in Figure 3, it can be argued that clusters are located within each of the eight
sub-regions. High values.elusters emerge exclusively from the sub-regions where observations from the 3rd and 4th
quartile intervals were associated. In the same way, low values clusters are detected exclusively in the sub-regions
that include observations from the 1st and 2nd quartile intervals. The results for clusters are perfectly aligned to what
expected from the synthetic dataset. The above provides evidence of the Mm_ indicator reliability for multivariate
clusters classification.

Concerning pixels where spatial randomness was simulated, the local multivariate Geary's ¢ provided with robust
local statistics for CSR hypethesis testing. Indeed, all those pixels resulted not significant according to the significant
level adopted in this experiment (see Section 5.1).

A more complexssituationsis found at the borders between the sub-regions. Specifically, sub-regions 1 and 2
(Figure 3) include observations from the 3rd and the 4th quartile intervals and therefore high values clusters. However,
not significant pixels are.also.present along the border between these two sub-regions. The same happens between
sub-regions 7 and 8. This may be due to the variability that is artificially introduced into the border pixels with respect
to their neighbours by assigning observations from different quartile intervals, even tough contiguous quartile intervals
were considered. This.variability may result in higher square distances between observations and - in turn - in not
significant values of thellecal multivariate Geary’s c. Between sub-regions 3 and 4, where observations from the 4th
and 1st quartile intervals respectively are located, the border effect is enhanced due to the higher variability that was
introduced into the border pixels with respect to their neighbours than the previous case.

The variability between sub-regions 5 and 6, where observations from the central quartile intervals are located

(i.e. 2nd and 3rd quartile intervals respectively), seems to not influence the detection of the clusters. The latter may
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be due to the presence of similar observations with a small spanning around the mean from each variable. This may be
connected to the smaller quartile interval lengths than the 1st and 4th quartile intervals (see Table 1) that may results
in a smaller variability in terms of square distances between observations. In the current experiment this similarity
generated significant values of the local multivariate Geary's c also along the sub-region boarders. Nonetheless, the
M m, indicator provided with proper results also in this particular arrangement of the observations. Finally, a small
number of not significant pixels is found also within the inner area of the sub-regions. Actually, this happened only
into the sub-region 3 (Figure 3) in the current experiment. Once again, this may be connected to the presence of
observations from the 4th quartile intervals - affected by higher variability than e.g. the 2nd and 3rd quartile intervals
- that were assigned by chance to'neighbouring pixels during the generation of this clusters area.

The negative spatial association - i.e. outliers - has been left outside from the result discussion so far. Indeed,
results from multivariate spatial outliers require a separate review. As pointed out in the previous section, spatial
outliers show up due to‘a number of observation arrangements in space which cannot be controlled by simple rules
such as for spatial clusters:-As expected, outliers are found along both inner and outer borders of the sub-regions.
Nevertheless, a numbergof ©utliers are also scattered within the inner area of the sub-regions. Once again, these
outliers may be generated by the variability of observations from the same quartile interval of the different variables,

that were assigned by chanee;to neighboring pixels during the generation of the cluster areas.

Considering the inner.area of the sub-regions, high-low outliers are found exclusively within sub-regions 2 and 3
that include observationssfremsthe 4th quartile intervals. Low-high outliers are found instead exclusively within the
inner area of sub-regions 4 and 8 that include observations from the 1st quartile intervals. Once again, the triggering
factor of this spatial effect may be associated to the high variability of observations belonging to those quartile inter-
vals, that is connected to their higher lengths than the 2nd and 3rd quartile intervals (see Table 1). Nevertheless, it can
be argued that the Mm, indicator produced coherent results also for outliers classification. Indeed, the 4th quartile
intervals and - in turn -"sub-regions 2 and 3 include also the tail observations (above the mean) from each variable.
As a consequence, high-low outliers are likely to be found in the aforementioned sub-regions and the Mm, indicator
proved to be capablesof classifying them accordingly. The same applies to low-high outliers which are mostly found

in sub-regions 4 and 8 that include the tail observations (below the mean) from the 1st quartile intervals.

Finally, to observe the susceptibility of the proposed procedure to the spatial weighting schema, additional multi-
variate clusters and outliers maps were included in Figure 4. These maps were created by using the multivariate local
Geary's ¢ and the Mm classification but considering different spatial weighting rules than the one adopted in the pre-
vious example. Namely, the st order corners contiguity rule - known as rook contiguity - (Figure 4b) and the Kernel
Gaussian weighting ruleFigure 4c), using a bandwidth equal to two times the pixel size of the synthetic dataset grid
(Getis and Aldstadt, 2004). These two maps can be compared to the one obtained from the queen contiguity spatial
weights matrix (Figure 4a). All maps were obtained by adopting row-standardized weights, 99999 permutations with
a significance level of 0.0001 for the CSR inference, and FDR-corrected pseudo p-values. Despite minor differences in
the location of clusters and outliers - anyhow foreseen due to different geographic neighbours definitions - expected
patterns are preserved in‘allithe maps by suggesting the robustness of the procedure independently to the adoption
of different spatial weighting rules.

Despite based on qualitative investigations, the disclosure of results explains most the spatial association fea-
tures affecting the dataset. However, a general explanation of the patterns cannot be achieved through qualitative
considerations. The presence of outliers, as well as unexpected not significant locations, should be investigated locally
and case-wise to outline a more rigorous explanation about the observations arrangement and the trade-off among

variables which produce such patterns.
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6 | CASE STUDY: SOCIAL VULNERABILITY IN MELBOURNE

In this section, an experiment on a real multivariate spatial dataset is presented. Spatial variables considered were
three social vulnerability indexes for the Metropolitan Melbourne. To accomplish that, both procedure and software
tools already employed in the experiment on the synthetic dataset were here adopted. As stated in sections 1 and 2,
spatial association analysis is critical to many disciplines including social science and urban planning, to which extent
results form the proposed case study can be operationally applied. However, the purpose here was to investigate
performances and limitations of the proposed procedure on real multivariate spatial data rather than produce evidence
for a scientific analysis 'of the social vulnerability for the Metropolitan Melbourne. The dataset characteristics are
introduced in the following and'the results are discussed according to the above considerations.

6.1 | Case study datajand experiment setup

Social vulnerability is a ecomplex phenomenon driven by a multitude of factors. Despite the fact that formal mea-
sures of vulnerability are not currently available (Smit and Wandel, 2006), recurrent factors in the scientific literature
include broader social, economic and political backgrounds that spatially interact by producing observable patterns
(Lee, 2014). The selection of indexes for this case study aimed at conveying some of these different factors in order to
purely explore their spatial interaction. No other motivations were behind the indexes selection. Indeed, these were
here used as an example of the multiple spatial variables potentially contributing to a single spatial process that the
proposed analysis aims atiuncovering and describing.

The indexes considereéd for the analysis were: the Vulnerability Assessment for Mortgage, Petrol and Inflation
Risks and Expenditure (VAMPIRE), the Index of Relative Socio-economic Disadvantage (IRSD) computed by the the
Australian Bureau of Statistics, and the total unemployment rate provided by the Organization for Economic Co-
operation and Development (OECD) records. Data refers to the Year 2011. Indexes were aggregated at a census
tract level (areal data) corresponding to the Statistical Area Level 2 (SA2) defined by the Australian Statistical Geog-
raphy Standard (ASGS). Details on the indexes are included in Table 2. Aggregated indexes at the SA2 level were
retrieved directly from the data download platforms of the providers. According to the mathematical definition of
each index, a preliminary manipulation of the data was required. Namely, the scales of the variables had to be ad-
justed to meet the analysis requirements. In this case, high values of both the VAMPIRE and the OECD indicate lousy
performance in terms of social/vulnerability for a census parcel whereas the lower the values, the better the perfor-
mance. Conversely, low values for the IRSD mean higher social vulnerability performances. Therefore, the inverse
of the IRSD observations - computed as one divided by the original value of the observations - is considered for the
computations.

The spatial distribution,of-the indexes is reported in Figure 5a where the colour ramp for the IRSD is inverted to
graphically account to what stated above. A row-standardized queen contiguity spatial weights matrix was created. A
schematic of the resulting spatial weighting and the neighbours distribution are reported respectively in figures 5b and
5c. Being derived from irregular geometries (i.e. census tracts), the neighbours distribution shows higher variability
than e.g. the one resulting from the regular grid used in the previous experiment. Moreover, no prior information
on the spatial associatiomaffecting the variables was available, conversely to the synthetic dataset. Insights into the
underlying spatial patterns of each index were obtained by means of univariate spatial association mapping using the
local Moran’s I and the Moran scatterplot for clusters and outliers classification. Results were computed using the
GeoDa software are reported in Figure 6.

The multivariate spatial association mapping was performed using the custom Python script described in Section 4.
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TABLE 2 Social vulnerability indexes used in the multivariate analysis.
Index name = Description (reference year, source)

VAMPIRE Vulnerability Assessment for Mortgage, Petrol and Inflation Risks and Expenditure.
The average VAMPIRE score by definition is 15 out of 30. A low score indicates
good performances in terms of social vulnerability. (2011, https:/data.aurin.org.au)

IRSD |

The Index of Relative Socio-economic Disadvantage is a general socio-economic
index that summarizes a range of information about the economic and social con-
ditienssof; people and households. A low score indicates a relatively greater dis-
advantage. In the analysis, the inverse of the IRSD score was considered. This to
disambiguate its interpretation in terms of social vulnerability performance with

respect to the other two indexes. (2011, https:/www.abs.gov.au)

OECD The total unemployment rate expressed as a percentage of the total labour force,
where the latter consists of the unemployed plus those in paid or self-employment.
Intuitively, a low score indicates good performances in terms of social vulnerabil-
ity. Data is derived from the Organization for Economic Co-operation and De-
velopment (OECD) records. (2011, https:/data.oecd.org/unemp/unemployment-
rate.htm)

The resulting multivariate clusters and outliers map is included in Figure 7. The CSR hypothesis for both univariate and
multivariate experiments was tested by means of 99999 permutations with a selected significance level of 0.0001.
Pseudo p-values were corrected by applying the Benjamini-Hochberg FDR procedure. Resulting maps in Figure 6
maintain the colour schema provided by the GeoDa software, which nevertheless is consistent with the one selected
for the multivariate mapping-(see Figure 7). This allows distinguishing results between univariate and multivariate
maps and - at the same time.- producing a comparable visualization of patterns.

6.2 | Results discussion

Multivariate clusters and outliers patterns are here qualitative compared with univariate patterns. The comparison
aims at investigating the general behaviour of the proposed multivariate spatial association mapping procedure on
real data with unknown(spatial association properties. This is exactly the purpose of exploratory analysis in which
context the proposed.procedure is conceived.

Univariate clusters;andsoutliers patterns in Figure 6 reveal a significant spatial association affecting the indexes.
According to the definitionsofithe indexes, low values indicate generally better performance than high values in terms
of social vulnerability. Hence, low value clusters identify areas wherein vulnerability is expected to be lower than
in high value clusters areas, whereas outliers point out locations with significantly different vulnerability conditions
than their geographic neighbours. Univariate clusters and outliers maps in Figure 6 depict different spatial association
patterns for the three indexes. Assuming that social vulnerability at each census tract is produced by the spatial
interaction of more than one factor, the multivariate spatial association mapping was used here to point out areas that
are likely to be affected by either high or low vulnerability conditions. To this end, interesting areas affected by different
vulnerability conditions were clearly highlighted on the map in Figure 7. The resulting multivariate clusters and outliers

map provides with a snapshot of spatial association patterns which are not obvious by observing independently the
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univariate patterns. The latter statement, derived from this experiment, uncovers the limitations in the use of the
proposed procedure. As it was also argued in Anselin (2019), a multivariate pattern is not merely a combination of its
underlying univariate counterparts, but it involves complex trade-offs in all the variables dimensions considered for
the analysis. Nevertheless, the experiment demonstrates the applicability of the procedure on tradition spatial data
providing asset maps that might support further investigations on vulnerability issues that are functional e.g. to social
policies evaluation and urban planning. In this specific context, the outcomes may contribute to improving decision-
making processes through the generation of prioritization maps for urban design interventions as well as work as a
background for further spatial econometric analyses. A deep discussion on the use of the outcomes of this case study
is out of scope for the current paper. Additional details on outcomes assessment for the presented case study can be
found in Oxoli (2019):

7 | CONCLUSIONS

In this paper, a new procedure for detecting and classifying local multivariate spatial clusters and outliers is presented.
The spatial statistics on whichthe procedure is based - or derived from - are described in details. Two new indicators
enabling respectively the classification of multivariate spatial clusters and outliers are proposed. These are intended as
complementary tools tormultivariate spatial association-based clustering techniques, in particular to the multivariate

local Geary's ¢ statistics:

The procedure is tested.both on a synthetic dataset - with local spatial association properties artificially simu-
lated thereof - as well asgengasreal spatial dataset. Empirical results show the capability of the procedure to grasp
and highlight multivariate patterns of spatial association. However, results on real spatial data point out limitations in
understanding and describing these patterns that may be generated by complex trade-offs among variables in a multi-
variate setting. These trade-offs cannot be fully investigated by means of the proposed procedure which nevertheless

has to be intended as an exploratory tool rather than as a rigorous statistical technique.

Concerning the software side, the source code produced within this work requires a substantial improvement to
be integrated into existing computing libraries or GIS software. The extension of LISA to the multivariate context
implies higher computational costs due to the concurrent analysis of multiple variables. The introduction of parallel
computing to cut down the computational time is advised due to the critical role of this factor to the practical applica-
tion of the procedure. The same concern applies when considering the analysis of high-resolution multidimensional
datasets across large geographic regions; that is one of the frontiers of the modern spatial data analysis. The maturity
of FOSS technologies considered in this study - coupled with their scalability, performance and plain interoperability

- is promising to accomplish.the,above challenges.

Extensive testinggofithesproposed procedure has not been carried out within this work. This leave rooms for
further researches that sheuld:mainly focus on validating outputs and investigating the analytical implications of mul-
tivariate spatial association into the emerging spatial analysis techniques. This revision and improvement phase is
encouraged by the accessibility.to the source code ensured by the exclusive use of FOSS. Despite its early stage, the
procedure is promising«for many disciplines that require simultaneous explorations of multiple variables to be linked
with any complex naturalver human phenomenon under investigation. These include subjects such as disaster risk
management, ecology, epidemiology, regional and social science among others. Indeed, the possibility of performing
multivariate spatial association mapping - through a compact and replicable GIS-based procedure - opens newswor-
thy opportunities for practitioners of these disciplines, by favouring both the scientific debate on the topic and the

embracement of multivariate thinking into all those geographical studies that have exploited only univariate analysis
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so far.

Applications of multivariate spatial association measures may also complement cutting-edge spatial methods such
as object-based image analysis algorithms by favouring an unsupervised modelling of underlying and complex spatial
patterns. At the same time, additional applications in the context of data exploration may be investigated, such as
on the use of the proposed technique for analysing spatio-temporal patterns. This by considering observations at
multiple times of a single spatial variable rather than from multiple variables. All these assumptions will be tackled
with priority by the future developments of this work.
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variable A

FIGURE 2 Synthetic multivariate spatial dataset. Sampling distributions of the simulated variables (a), schematic of
the arbitrarily defined sub-regions (1,2,3,4,5,6,7 and 8 ) with the associated quartile intervals (b), and choropleth
maps (c) of the four simulated variables (standardized values). The visualization style is based on the quartile breaks

of the each variable distribution.
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FIGURE 3 Multivariate clusters and outliers map from the computation of the multivariate local Geary’s ¢ and the
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FIGURE 4 Multivariate clusters and outliers maps from the computation of the multivariate local Geary’s ¢ and the
M m classification on the synthetic dataset using different spatial weights matrices: Queen contiguity (a), rook
contiguity (b) and Kernel Gaussian weights (c).
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FIGURE 5 Choroplethimap of the three considered indexes (a). The visualization style is based on the quartile
breaks of each index distribution (standardized values). Connectivity graph based on the queen contiguity rule (b).
The centroid of each census tract (black dot) is used to represent the corresponding polygon. Each line corresponds
to a neighbour relation. Histogram of the neighbours distribution (c).
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FIGURE 6 Resultin the computation of the univariate local Moran's I for the three selected social
vulnerability indexes. omputed by means of the GeoDa software. The default color schema provided by
the software is maintained for the clusters and outliers visualization.
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