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Abstract

This paper proposes an alternative method for the choice of the number of centroids in a cluster anal-
ysis, when the groups’ order is relevant. Differently from commonly used approaches, aimed at finding the
minimum number of clusters, the illustrated method aims at finding the maximum one. Given that the clus-
ters are ordered, this allows to define a granular ranking among them. The k-means partitioning algorithm
is applied to an index resulting from a Structural Equation Model. The procedure is implemented on a
measure of air pollution in urban areas: a clustering of main Italian cities, according to the optimal number
of air pollution levels, is the final result. The analysis’ interpretation provides useful information to design
policies aimed at reducing air pollution.
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1. Introduction

Most of the commonly used methods to identify the optimal number of clusters in a cluster analysis aim at
finding the minimum k (Gap statistics [16]; Silhouette method [13]; Elbow method [14]). In this paper, the
idea behind the choice of £ is the opposite: the goal is to find the maximum number of “distinguished” clus-
ters: what are the “well-distinguished” clusters is defined by means of bootstrap confidence intervals for
clusters’ centroids. Given a sample of units and a number of clusters %, these intervals can be computed by
bootstrapping those units a number B of times and computing each time the k-means. The results are B
vectors of & centroids. The final estimates of the & clusters’ centroids as well as their empirical distributions
can be obtained computing the mean and plotting the histograms of the bootstrap replicates, respectively.
Given the k centroids’ point estimates with the corresponding a/2 and (1- a/2) percentile estimates, it is pos-
sible to build k percentile confidence intervals of the desired confidence level . If some of these confidence
intervals do overlap by more than a fixed small constant &, then the clusters are not “well-distinguished”. The
optimal number of clusters k* will be the maximum £ such that none of the & intervals do overlap by more
than €.

A new air quality index has been estimated by means of the application of a Structural Equation
Model (SEM) to pollutants variables, as it takes into account the multivariate relationships among con-
taminants ([2]). The analysis of the new index distribution among the Italian metropolitan areas can be
useful to draw policy conclusions devoted to reducing air pollution levels.

The clustering analysis homogeneously groups Italian cities with respect to different air pollution
levels. Assigning a rank to the cities within the same cluster, it is possible to classify them from the most
to the less polluted.
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The paper is structured as follows: Section 2 presents data used for the empirical study, Section 3
introduces SEM’s specifications and modelling and the cluster analysis technique employed. In Section
4, an application on air quality for Italian cities is provided. In Section 5 concluding remarks are drawn.

2. Data

The dataset on which the study is conducted comes from the European Environmental Agency (EEA)
and refers to 6 pollutants’ emissions of 106 Italian provinces in 2022. For each city, the pollutant emis-
sion is computed as the average over the 365 days of daily median emissions. These 6 gases are the ones
that the Environmental Protection Agency (EPA) individuated as major air pollutants and they are reg-
ulated by the Clean Air Act. They are: Ground-level ozone (O3), Particle pollution (also known as Par-
ticulate Matter (PM), including PM2.5 and PM10), Carbon monoxide (CO), Sulfur dioxide (SO2) and
Nitrogen dioxide (NO2).

3. Methods: Structural Equation Model and Cluster analysis

In this paper, an index is built employing a Structural Equation Model. This model combines Confirm-
atory Factor Analysis and Multiple Regression Analysis into a comprehensive modelling framework
that involves both endogenous and exogenous variables. In the so called “measurement part” of the
model, the relations between the observed (manifest) variables (MVs) and the latent factors (LVs) can
be studied. Moreover, the “structural part” of the model studies the causal relationships of the latent
constructs among themselves. All these relations are estimated simultaneously ([8]; [3]; [15]; [6])-

In order to rank units with respect to the SEM-based index, the centroid-based model of k-means
([17]) is employed. The k-means method assumes that each observation is equal to one of the & centroids.
All the observations assigned to each centroid, perturbed by error in measuring the features, forms a
cluster. The clustering goal is to partition the units in a disjoint set of k£ clusters to maximise the dissim-
ilarity between centroids of the clusters.

In this analysis, a centroid of a cluster is the mean value of the index. For this univariate clustering
problem, the optimal number of clusters £* is chosen to be the highest possible, as long as centroids are
statistically different according to a desired confidence level a. The idea is to rank clusters by their
centroids, so that units belonging to a cluster have the rank of that cluster. Hence, k* is the maximum
value for which all £* centroids’ confidence intervals at significance level (1-a)) do not overlap by more
than a fixed constant €.

However, because of its deterministic nature, k-means does not yield confidence information about
centroids’ distribution and estimated cluster memberships, although this could be useful for inferential
purposes. It is possible to obtain such information by means of a non-parametric bootstrap procedure.
This procedure provides centroids’ distributions ([9]) which can be used to derive probabilistic mem-
bership information on each object from all bootstrap samples. It also yields confidence information
about the centroids in the form of confidence intervals ([7]).

Given a sample of size n, for a given £, the partitioning algorithm is run. The corresponding k cen-
troids’ estimates and corresponding confidence intervals are built applying bootstrap to that sample of
n units.

For each of the B bootstrap iterations, the & centroids are ordered from the smallest to the largest.
This allows to easily match the centroids over different bootstrap samples. Once the matching is done,
the final estimate of each of the k centroids is obtained as the mean of the corresponding B centroids’
values. The a/2% and (1- 0/2)% centroids’ percentiles can be estimated in a similar way and the (1-0)%

percentile bootstrap confidence intervals can be computed as follows: [percentileg ; percentilei-«|.
2 2

The partitioning algorithm chosen is a centroid-based 1-dimensional k-means and units are classified
according to the SEM-based index. In this particular, unidimensional case, an optimal dynamic pro-
gramming k-means algorithm has been developed by Froese et al. ([5]). The algorithm is implemented
in the Ckmeans.1d.dp R package ([18]).

The clustering algorithm is run for different values of k, starting from k£ = 2. At each iteration, if the
k bootstrap confidence intervals do not overlap by more than €, the k clusters can be considered well
separated. Then, £ is increased by one and the partitioning algorithm is run again. The procedure is
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iterated until two overlapping confidence intervals are found. A crucial point is the need of ordering the
clusters with respect to their centroid value, from the smallest to the largest. This allows to find the
consecutive clusters’ confidence intervals to be compared.

4. Application to urban air pollution for Italian metropolitan areas

In this study, a multidimensional index to measure air pollution is built by means of a hierarchical SEM
([4]). This flexible model has the advantages of taking simultaneously into account a number of levels
in the hierarchy and to exploit the information available in meaningful explanatory variables.

Based on the results of a preliminary Explanatory Factor Analysis on the six main pollutants, a
hierarchical, two latent factors model is estimated using the “sem” function from the R “lavaan” package
([12]). This function automatically standardizes the six pollutants, assigning negative weights to the
variables that the factor reconstructs in the opposite direction from the others.

The resulting index, called Model Based-Air Pollution Index (MB-API), is normalized in 0-1. This
index allows to rank cities with respect to their air pollution level.

The estimated model can be written as follows.

f1=0.64PM2.5+ 0.62PM10 — 0.3703 + 0.41502
f2=C0 - 0.65N02 (1)
MBAPI = f1+ 0.79f2

Fig.1 shows the different levels of air pollution, according to the MB-API, for the 106 Italian cities.
The most polluted areas are in Piedmont, Lombardy, Veneto and Emilia-Romagna, while the less polluted
cities are in the islands and in Calabria.

Figure 1: Air pollution index values in Italian metropolitan areas.

Cluster analysis is then applied to find groups of cities homogeneous with respect to the air pollution
level. The Italian cities are grouped into clusters, each represented by a centroid that corresponds to an index
value. It is important to note that to allow cities’ ranking, cluster must be ordered with respect to the
corresponding centroids. The clustering algorithm is run for £ =2 up to 10. The bootstrap procedure (with a
number of bootstrap replicates equal to 10000) is used to compute the corresponding centroids’ confidence
intervals at 90% shown in Fig. 2.

Two clusters are considered well separated if the difference between the upper bound of a cluster
and the lower bound of the consecutive one is smaller than a constant € = 0.01 (1% of the index range, equal
to 1). It is possible to note that for k£ = 6 the clusters do overlap by more than € and therefore the optimal &
should be 5. However, for k = 7 the clusters are well distinguished and therefore the optimal maximum
number of non-overlapping clusters k*is 7.
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Figure 2: 90% bootstrap confidence intervals for k~~-means centroids. £ ranges in 2-10.

Of course, the optimal number £* depends on the o and € values chosen a priori. It is worthy to note
that this method of choosing & is very different with respect to the classical Elbow, Silhouette and Gap
Statistics methods, whose aim is to find the minimum (and not the maximum) & such that the clusters are
well defined. In all 3 cases, in fact, £*=2 (as shown in the plots of Fig.3).

Figure 3: Choice of the optimal number of clusters according to the most widely used methods.
The maximum optimal number of clusters can be found also considering the maximum number of
clusters whose centroids are simultaneously significantly different, according to nonparametric Wilcoxon

tests ([10]), with confidence level chosen following the Bonferroni’s correction ([ 1]). In this case, £*=10 and
therefore the more parsimonious solution £* = 7 seems even more reasonable.

Figure 4: Choice of the optimal number of clusters according to the most widely used methods.
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Basing on the previous results, groups are ranked from 1 to 7 considering the centroids’ values from
the highest to the lowest: rank 1 corresponds to the lowest centroid and therefore to the group of less air
polluted cities.

The map in Fig. 4 shows air pollution distribution in Italy in 2022, highlighting groups of cities with
a similar situation in terms of air pollution levels. It is possible to note that close points tend to have the same
colour: cities in the same region often have a similar air pollution level.

5. Concluding remarks

The novelty of our paper resides in the fact that the ~-means cluster analysis is employed in order to estimate
the maximum number of significantly different centroids. The significance is assessed by means of percentile
confidence intervals, built with a bootstrap procedure.

The performance of the proposed method is shown by an air pollution analysis: a measure of air
quality in metropolitan areas has been developed based on a structural equation model. The procedure obtain
a ranking of Italian cities, according to the optimal number of clusters of air pollution.

As a possible extensions of the study, the air pollution index can be improved considering also
exogenous explanatory variables in the Structural Equation Model, such as the number of cars in the city or
the percentage of green spaces. The model immediately integrates the new covariates. In case of adding more
covariates, a different multidimensional clustering technique must be used and the obtained results can be
compared with the unidimensional case.

Furthermore, a sensitivity and robustness analysis of the ranking can be conducted in a simulation
framework, for instance computing average absolute shift in ranking index.

Thanks to this granular ranking, policy makers can easily identify the most polluted metropolitan
areas and employ the estimated index as a unique measure of air pollution.
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