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Abstract

The objective of this paper is to present a methodology to measure population dispersion in
Spain’s Regions. The ultimate goal is to provide a flexible tool for policy decision-making
concerning the budgetary sustainability of fundamental public services: education, health and
essential social services. Until now, it had not been sufficiently explored in Spain, unlike other
spending drivers have been, such as population ageing with which it has clear interaction. We
expect that the tool presented in this Paper will contribute to the functioning of the territorial
administrations, which are required to maintain the full exercise of their autonomy within a
framework of budgetary stability. This Paper is one of an exploratory nature. It analyses
alternative ways of measuring dispersion through various primary components, as determined
by the literature and in accordance with the availability of reliable statistical data. An additional
paper will follow shortly as an application of the designed methodology, where we will use the

identified primary components to quantify the designed indicators.

Keywords: Budgetary stability; fiscal decentralisation; population dispersion; indicators
methodology.
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1. INTRODUCTION

Population dispersion is one of the spending drivers in fundamental public services: education,
health and essential social services (FPS),® and thus influences the sustainability of public
finances. Geographical areas where population is highly dispersed would need to offer services
at higher rates of intensity of resources, to ensure equal access. As a driver of public
expenditure, it has not yet been explored in Spain as much as other drivers have been, such as
population ageing, with which it interacts. By way of example, ageing interacts with the
progressive depopulation of rural areas (the “depopulated Spain”), which relates, in turn, with

the evolution of dispersion.

We have developed this work in the context of the analysis of budgetary stability in Spain. Due
to its influence in financial sustainability, population dispersion should be considered in the
decision-making process regarding the budgeting and planning of FPS. Considering the de facto
federal structure of Spain, which provides that FPS are mainly managed by Spain’s Regions,? the
sustainability of fundamental public services at the national level is determined by the ability of
Regional governments to comply with fiscal stability requirements. Indeed, according to
Delgado, M. et al. (2016), “a larger share of regions’ spending on said fundamental public
services limits regions’ ability to adjust and comply with fiscal targets once their revenue-raising
capacity is taken into account.” Over the last four decades, regional governments have become
accountable for delivering more than % of these fundamental public services. Thus, in Spain,
addressing the sustainability of public spending in fundamental public services is dependent
upon autonomous allocation decisions of Regional administrations within the mandatory

framework of budgetary stability.

We claim that the sustainability of public spending requires disruptive innovative solutions? to
address the provision of essential public services in geographical areas with high population

dispersion. The first step to integrate population dispersion into decision-making processes

1The notion "fundamental public services" set in the Spanish Constitution constitutes an indeterminate legal concept that allows the legislator
a very wide freedom of configuration. There have been extensive controversy regarding the content of such services. Our analysis will be at
the national level and focuses on welfare state fundamental public services whose cost of provision is linked to population dispersion. Thus we
focus on education, health and essential social services. We will discuss this issue in greater depth in a second paper on population dispersion
coming shortly.

2 According to article 15.1 of the Organic Law of Financing of the Autonomous Communities (LOFCA).

3 https://ec.europa.eu/health/sites/health/files/expert _panel/docs/012 disruptive innovation en.pdf



https://ec.europa.eu/health/sites/health/files/expert_panel/docs/012_disruptive_innovation_en.pdf

would be to ensure the availability of valid indicators, to provide evidence-based choices. An
objective of this Paper is to present a methodology through which valid indicators are used to
guantify and measure population dispersion in Spain’s Regions. A further objective is to provide
a flexible tool for policy decision-making, integrating population dispersion in Spain’s SPF

sustainability analysis.

Against this backdrop, based on a literature review, we have identified a definition of
population dispersion, as well as algorithms to formulate indicators and the primary
components that compose them. We have designed dispersion indicators with a bottom up
approach taking into account two leading vectors: the territorial vector and the population

vector.

As for the territorial vector, our basic geographical units will be Spain’s singular population
entities and municipalities. They will be the reference to measure the indicators’ primary
components that we will present in this Paper. By aggregation, we will calculate the indicators’
primary components at the provincial level. On its side, the algorithms used to formulate
population dispersion indicators that we propose will yield provincial values. Once again, by

aggregation, we will calculate the indicators at the regional and national levels.

As for the population vector, we establish two leading elements for modelling population
dispersion: the people and the locations where the people reside. It gives rise to two
approaches: "dispersion of people" versus "dispersion of locations." By creating this distinction,
relevant issues surface concerning organizing the provision of FPS: On the one hand, less
dispersion of people will trigger economies of scale when providing FPS (including Reference
Services, especially when centrality is high). On the other hand, even if the dispersion of people
is less than the dispersion of locations, the need to guarantee universal access to FPS implies
decreasing productivity in the supply of services to the population, depending on the province’s
zone, which results in losses of economies of scale. Thus, and regarding decision-making, even
if efficiency reasons would advise focusing on the dispersion of people, both people-based and
location-based indicators should be combined for the set of indicators to be adequate from the
perspective of equal access. In addition, population-based indicators would allow the

replication of this model for specific population or age groups. While this work focuses on total
5



population indicators, we believe it paves the way for further research in population dispersion

dissimilarities according to age.

The Paper begins with a literature review in the search for a conceptual framework to define
population dispersion and its measurement. We acknowledge that population dispersion is a
multidimensional concept. Therefore, we select a set of indicators to gauge each of these
different dimensions and formulate them adjusting the definitions found in the literature to the

scope of our analysis: Spain’s Regions.

It is organised as follows. After the introduction, we briefly describe the literature review. Then,
we present our findings and propose a definition for population dispersion. Afterwards, we
detail the formulation of the selected indicators adjusted to Spain’s Regions. Finally, we
summarise our conclusions and provide some policy implications. In addition, we provide five
annexes to support our conclusions: Annex | lists the selected papers in the literature review;
Annex |l describes the nomenclature that we use in this paper; Annex Ill presents the tables
with basic descriptive statistics on the primary components of the indicators; Annex IV provides
the technical details of the indicators’ formulation. Annex V provides additional technical details
regarding our approximation for the maximum spatial separation attainable between

population locations within a province. References are included at the end of the Paper.



2. LITERATURE REVIEW

By conducting a literature review, we have built a conceptual framework to define population
dispersion and its measurement in Spain. The ultimate objective is to obtain indicators in
accordance with the state of the art and adjusted to Spain’s reality and regional structure. The
technical characteristics of the search plan are found below. The list of selected papers is
provided in Annex I. It also includes further references identified during the evaluation process

of the literature review.

Search engines: Google
Search terms in Google:
English

o "Dispersion indicators" population OR geographical OR regional OR spatial
"Population dispersion” OR "regional dispersion"” OR "geographical dispersion" measure
OR index OR indicator
o "Population concentration" OR '"regional concentration" OR ‘"geographical
concentration” measure OR index OR indicator.
Spanish

o "Indicadores de dispersiéon" poblacional OR geografica OR regional OR espacial
"Dispersion poblacional” OR "dispersion de la poblacion™ OR "dispersion regional” OR
"Dispersion geografica" medida OR indice OR indicador

o "Concentracién poblacional” OR "concentracién de la poblacién” OR "concentracidn
regional" OR "concentracién geografica" medida OR indice OR indicador

o “Medidas de concentracion y competencia.”

Selection criteria:

o Scientific journals
o Institutional papers and documents from Universities, research institutes and public
institutions that provided detail on:
o Methodological criteria to define and measure the population dispersion or
concentration and related indicators
The calculation of the dispersion indicators
The interpretation of the dispersion indicators
The benchmarking of the dispersion indicators

o O O O

Free online availability.

Search period: June 2018 to August 2018.



3. DEFINITION OF POPULATION DISPERSION

In the literature review, we have found one indicator already in use in Spain for modelling
population dispersion. Specifically, in the financing model for Spanish Regions. This indicator is
the number of singular population entities (hereinafter, singular entities —SE-), a type of
population unit defined for statistical purposes. According to the INE, “A singular population
entity is understood to be any habitable area of the municipal terminality, inhabited or
exceptionally inhabited, clearly differentiated within the same and which is known by a specific

denomination that identifies it without possibility of confusion.”*

Table 1 shows the SE distribution in Spain in 2019. According to this indicator, the Region with
the highest spending needs due to population dispersion would be Galicia (49.09%), followed
by Asturias (11.25%), Castilla y Ledn (9.99%), Catalufia (6.32%) and Andalucia (4.55%). The rest

of regions present weights between 0.42% and 2.77% (Figure 1).

The Report of the Committee of Experts’ for the review of the regional financing model of July
2017 describes and assesses the number of SE, as it is one of the indicators included in the
model’s algorithm to calculate the “adjusted population”: the standard need unit in the

financing model of Spain’s regions (see Tables 2 and 3).°

In our view, the number of singular entities existing in each Region in a given year is not a
suitable indicator to capture the additional costs of providing fundamental public services
because of population dispersion. The main reasons being that this indicator includes all SE,
even if they are not inhabited. In addition, it does not take into account some relevant
associated cost drivers, such as the distance between land uses, the distance to the capital of
the province, and the extent to which most of the population is concentrated in locations closer
to each other than the entire set of locations. Moreover, the current indicator is not normalised
by the size of the province, while its extension is one of the cost drivers specifically considered
in the allocation model. Finally yet importantly, we have verified through simulation techniques
that the maximum spatial separation attainable by population entities within a province is

unrelated to the number of entities, but only to the size of the province itself (Annex V).

4 INE’s definition as in http://www.ine.es/nomen2/Metodologia.do?L=1 and https://www.boe.es/boe/dias/2015/03/24/pdfs/BOE-A-2015-

3109.pdf
5 Hereinafter, CE.

5 https://www.hacienda.gob.es/CDI/sist%20financiacion%20y%20deuda/informaci%C3%B3nccaa/informe_final comisi%C3%B3n reforma_sfa.pdf

8
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Table 1. Distribution of singular entities by regions in Spain. 2019

Regions Number Percentage
Total 61,835 100
Andalucia 2,815 4,55
Aragén 1,554 2.51
Asturias 6,955 11.25
Illes Balears 317 0.51
Canarias 1,108 1.79
Cantabria 930 1.5
Castilla y Ledn 6,177 9.99
Castilla-La Mancha 1,713 2.77
Catalufia 3,903 6.32
Comunidad Valenciana 1,192 1.93
Extremadura 622 1.01
Galicia 30,362 49.09
Madrid 786 1.27
Murcia 896 1.45
Navarra 950 1.54
Pais Vasco 1,297 2.1
La Rioja 258 0.42

Source: INE and author’s own work.

Figure 1. Distribution of singular entities by regions in Spain. 2019.

Figure 1. Distribution of singular entities by regions in Spain. 2020.

Galicia I 49,09
Asturias IIEE————— 11,25
Castillay Le6n mmmmmmm 9,99
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Source: INE and author’s own work.



TABLE 2: Variables used for the calculation of the adjusted population or standard need units in the financing
model of Spain’s regions

Current system vs. The proposal of the Committee of Experts (CE)

System 2009 CE’s proposal
Basic indicators of demand:
Adjusted covered population in terms of health expenditure Adjusted covered population in terms of health expenditure
School-age population (0-16) School-age population (0-18) + Enrolment in higher training cycles*

University students enrolled in public centres (degree and master)*
Population over 65 years Population over 65 years of age weighted by age groups
Population at risk of poverty or exclusion

Total population Total population

Corrective variables:

Surface area Surface area
Dispersion Dispersion (**)
Insularity Insularity

Fixed costs

New variables to incorporate or at least to study:
Price level

Per capita income

Floating and linked population

Orography

Improved dispersion indicator (**)
Diseconomies of scale in health

(*)The CE also left open other possibilities for students aged from 0 to 3 and university students. In both cases, we could use the total resident
population as well as the actual enrolled one. In the case of the university, if we chose the first option, we would need a compensating
mechanism for the net receiving communities regarding the expenses generated by non-residents students.

(**) The dispersion indicator is the number of singular entities existing in each Region in the current year. As regards the dispersion of the
population, the CE considers that the current indicator, based on the number of singular entities, could be improved and recommends
considering the advantages and disadvantages of other possible alternatives that take into account the distances between urban centres and
the geographical distribution of the population.

Source: Retrieved from De la Fuente, A. (2017).

TABLE 3: Variables used for the calculation of the adjusted population or standard need units in the

financing model of Spain’s regions

VARIABLES WEIGHTs
Population 30%
Surface area 1.8%
Dispersion 0.6%
Insularity 0.6%
Adjusted covered population in terms of health expenditure 38%
Population aged over 65 8.5%
Population aged 0 to 16 20.5%

Source: Ministry of Finance of Spain. Retrieved from:
https://www.hacienda.gob.es/es-ES/Areas%20Tematicas/Financiacion%20Autonomica/Paginas/Regimen%20comun.aspx

Indeed, according to the CE’s report, “the current indicator, based on the number of singular
population entities, could be improved and recommends considering the advantages and
disadvantages of other possible alternatives that take into account the distances between urban

centres and the geographical distribution of the population.”
10
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In the literature review, we have not found a definition of population dispersion commonly
accepted. From the analysis of the selected papers, we have identified several approaches to
dispersion in different fields, such as urban sprawl, industrial concentration, population

concentration, residential segregation, etc.

Borrowing from them, mainly from urban sprawl literature, we understand that population
dispersion reflects a stylised judgment about a general pattern of land development factored
by multiple dimensions. In addition, the judgement can be either static (at a specific date) or

dynamic (for a period).

In general, different agents or observation units may use the territory for alternative
developments, with residential and not residential purposes: living (people, residences),
working (jobs), economic activity (companies), etc. Therefore, alternative patterns of land
development may be considered depending on the specific type of land use under

consideration (population residences, employment, companies, etc.).

The definition of dispersion according to our objective is in relation with residential purposes,
the people who use the land of singular entities (or municipalities -MUN-) being the
observation units. Thus, we identify land uses with parcels of land, whose boundaries are as per
the existing territorial units (administrative or political) into which Spain is organised.
Specifically, we use the basic local entities of territorial division in Spain: singular entities or
municipalities. The terminology used for the basic territorial elements integrating the definition

and modelling of population dispersion is provided in Annex II.

We could have also focussed on land uses hosting facilities for EPS across Spanish provinces.
This is not the approach used in this Paper because our goal is to identify spending drivers
independently from prior public investment decisions (exogeneity). This will facilitate further
analyses regarding the quantification of the effect of population dispersion on per capita FPS

spending.

11



Based on the above, we define population dispersion as a multidimensional concept
representing a specific pattern of land use by the population for residential purposes that

exhibits low levels of some combination of six distinct dimensions:’

Proximity
Centrality
Nuclearity
Density
Concentration

O O O O O O

Continuity.®

We now define the six dimensions of dispersion based on the literature review and the scope

of our analysis.

Proximity®

Proximity is the degree to which pairs of land uses are close to each other within a given

geographical area. Low proximity is associated with high dispersion.

In our context, it is the degree to which SE (or municipalities) within the same province are close
to each other. An additional nuance can be made, depending on whether the focus is on the
physical location (“geographical proximity”) or the people that inhabit them (“population
proximity”).

Centrality™©

Centrality is the degree to which land uses are located close to a point taken to be the centre

of the geographical unit: the so-called Central Business District (CBD).!! Low centrality is

associated with high dispersion.

7 Galster, G. et al. (2001) use a more elaborate definition that accounts for additional factors, such as clustering and mixed uses. Regarding
clustering, we have excluded this dimension because of the difficulty to operationalise this concept with the available data for Spain. As for
mixed uses, this concept compares different types of use of land and we focus only on residential use (population).

8 We have included continuity although this concept is difficult to interpret in the context of our analysis where we are unable to incorporate
the fact that there are vacant land areas within municipalities. Some authors have calculated some density indicators while accounting for the
presence of vacant land areas, but undertaking such an exercise would require resources beyond our present ones. Nonetheless, we propose
some indicators for continuity that would provide a rough insight of that dimension within a province.

2 The main papers that address the proximity dimension are the following (please, refer to Annex ):

Massey, D. et al. (1988); Midelfart-Knarvik K.H. et al. (2000); Galster, G. et al. (2001); Iceland, J. et al. (2002); Lage de Sousa, F. (2002); Midelfart-
Knarvik K.H. et al. (2002); Wassmer, R. et al. (2005); Franz, G. et al. (2006); Dominicis, L. et al. (2007); Gindle, G.A. (2010); OTN (2011); Folch, D.
(2012); Nufiez, G. (2014); Boontore, A. (2014); Alvarez, C. et al. (2015); Pereira, R.H.M. et al. (2013); Pereira, R.H.M. et al. (2015).

10 The main papers that address the centrality dimension are the following: Massey, D. et al. (1988); Anas, A. et al. (1998); Torrens, P.M. et al.
(2000); Galster, G. et al. (2001); Malpezzi, S. et al. (2001); Glaeser, G. et al. (2004); Quinn, L.M. (2004); Lee, B. (2006); Monkkonen, P. (2010);
Folch, D.C. (2012); Pereira, R.H.M. et al. (2013); Muiiiz, I. et al. (2013); Boontore, A. (2014); Lee, S. (2015); Pereira, R.H.M. et al. (2015); Gandhi,
S.R. et al. (2016); Kavanagh, L. et al. (2016); Torres, T. (2017); Ottensmann, J.R. (2017(a)); Ottensmann, J.R. (2017(b)).

11 This is according to the terminology in urban sprawl. Please refer to Annex Il on nomenclature.
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In our context, it is the degree to which SE (or municipalities) within the same province are close
to its CBD. An additional nuance can be made, depending on whether the focus is on the
closeness to the CBD of the physical locations (geographical centrality) or of the people that

inhabit them (population centrality).

The centrality of a geographical area increases as the radius from the CBD within which the
greater proportion of population is located shortens. Conversely, an area will exhibit lower
centrality where greater distances from the centre are required to contain the same proportion
of people. In a sense, centralisation and concentration are synonymous; however, a highly
concentrated distribution of population is not a highly centralised one unless people cluster at

the CBD; while all highly centralised distributions are by definition also highly concentrated.

Nuclearity*?

Nuclearity is the extent to which a geographical area is characterised by a mononuclear pattern

of development. Low nuclearity is associated with high dispersion.

In our context, nuclearity is the degree to which a province is characterised by a mononuclear
pattern of residential development. Nuclearity is maximised if a province has a mononuclear
development, which happens if the CBD is the only locus of intense development. If the
population is located over several intensely developed places and each represents a substantial
proportion of the total, it is polynuclear. Centrality is a characteristic best suited to

mononuclear areas.

Density*3

Density is the average number of population per km? within a geographical area (population
density). It is a widely used indicator of population dispersion, associating low densities to high

population dispersion. Nonetheless, density is only one dimension of dispersion that, as said,

12 The main papers that address the nuclearity dimension are the following (please, refer to Annex 1): Galster, G. et al. (2001); Franz, G. et al.
(2006)

13 The main papers that address the density dimension are the following (please, refer to Annex |): Clark, C. (1951); Torrens, P.M. et al.; (2000);
Galster, G. et al. (2001); Malpezzi, S. et al. (2001); Ewing, R. et al. (2002); Cosby, K.L. (2004); Glaeser, E.L. et al. (2004); Song, Y. et al. (2004);
Tsai, Y.H. et al. (2005); Franz, G. et al. (2006); Goerlich, F.J. (2006); Lee, B. (2006); Goerlich. F.J. et al. (2008); Martinez-Lépez, M. (2010); Folch,
D.C. (2012); Santos, J.M. et al. (2012); Angulo, A.M. et al. (2013); Muiiiz, I. et al. (2013); Bertaud, A. (2014); Boontore, A. (2014); Alvarez, C. et
al. (2015); Lee, S. (2015); Gandhi, S.R. et al. (2016); Tian, S. et al. (2017).
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needs further elements to be properly captured. In our context, density is the degree to which
Spain’s provinces are thickly populated throughout their territory. The lower the population

density the higher the population dispersion.

Concentration**

Concentration is the degree to which population is located disproportionately in a relatively
small area rather than evenly spread throughout the geographical area of analysis. Low

concentration is associated with high dispersion.

In our context, it is the degree to which population is located disproportionately in a relatively

small area rather than spread evenly throughout the province.

Continuity*®

In the urban sprawl context, “Continuity is the degree to which developable land has been built
upon at urban densities in an unbroken fashion”; “Continuous development may occur at any
level of density, although the steady outward march of low-density development in concentric
rings from the urban centre or core is commonly characterised as sprawl” (Galster, G. et al.
(2001)). For the purpose of this work, continuity is the degree to which the land area of a
province is developed for residential purposes in an unbroken fashion. Thus, continuity
indicates whether land area is developed for residential purposes uniformly across the province

or in a few locations.

14 The main papers that address the concentration dimension are the following (please, refer to Annex I): Clark, C. (1951); Stephan, G.E. (1977);
Massey, D. et al. (1988); Fosset, M. (1990); Ellison, G. et al. (1997); Ferreira, E. et al (1997); Otterstrom, S.M. (1997); Anas, A. et al. (1998);
Callejon, M. (1998); Bertraud, A. et al. (1999); Mayor, M. et al. (2000); Torrens, P.M. et al. (2000); Galster, G. et al. (2001); Malpezzi, S. et al.
(2001); Martori, J.C. et al. (2001); Nufiez, S. et al. (2001); Aiginger, K. et al. (2002); Iceland, J. et al. (2002); Lage de Sousa, F. (2002); Sanchis, A.
et al. (2002); Alonso, O. et al. (2003); Otterstrom, S.M. et al. (2003); Aiginger, K. et al. (2004); Barcena, E. et al. (2004); Cosby, K.L. (2004);
Lemelin, A. (2004); Paluzi, E. et al. (2004); Park, S. et al. (2004); Ayuda, M.I. et al. (2005); Bertinelli, L. (2005); Coelho Avila, P. (2005); Marti-
Henneberg, J. (2005); Santa Maria, M.J. et al. (2005); Tsai, Y. (2005); Alonso, O. et al. (2006); Franz, G. et al. (2006); Goerlich, F.J. et al. (2006);
Lee, B. (2006); Picchizzolu, R. (2006); Castafieda, C. (2007); Do, Q.A. et al. (2007); Dominicis, L. (2007) et al.; Aso, Y. (2008); Combes, P.P. et al.
(2008); Cutrini, E. (2008); Goerlich. F.J. et al. (2008); He, C. et al. (2008); PUCC (2009); Ayuda, M.1. et al. (2010); Monkkonen, P. (2010); Otto, A.
et al. (2010); Salazar, X. et al. (2010); Atienza, M. et al. (2012); Campos, C. (2012); Santos, J.M., et al. (2012); Jurado, I. et al. (2013); Lis-Gutiérrez,
J.P. (2013); Liu, Z. (2013); Malpezzi, S. (2013); Mufiiz, I. et al. (2013); Bertraud, A. et al. (2014); Boontore, A. (2014); Lemelin, A. (2014); Nufiez,
G. (2014); Santic, D. (2014); Zurita, J. (2014); Allen, R. et al. (2015); Dauth, W. et al. (2015); Lee, S. (2015); Pereira, R.H.M. et al. (2015);
Rastvortseva, S. et al. (2015); Van Egeraat, C. (2015); Centurion, I. (2016); Gandhi, S.R. et al. (2016); Martori, J.C. et al. (2016); OECD (2016);
Sobrino, J. (2016); Van Egeraat, C. (2016); EU (2017); Gude, A. et al. (2017); Khoirunurrofik (2017); Maslikhina, V. (2017); Ottensmann, J.R.
(2017 (b)); Torres, T. (2017); OECD (2018 (a)); OECD (2018 (b)).

15 The main papers that address the continuity dimension are the following (please, refer to Annex |): Galster, G. et al. (2001); Malpezzi, S. et
al. (2001); Tsai, Y.H. (2005); Wassmer R.W. et al. (2005); Franz, G. et al. (2006); Muiiiz I., et al. (2013); Ghandi, S.R. et al. (2016); OECD (2018(b)).
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4. MODELING POPULATION DISPERSION INDICATORS: METHOD AND SOURCES

This work analyses alternative ways of measuring dispersion through various primary
components, as determined by the literature and in accordance with the availability of reliable
statistical data. Based on the literature review, we have identified the algorithms to build
dispersion’s indicators, their primary components and the data sources to measure them. At

this point, we detail all of them and formulate dispersion indicators.

Each dispersion dimension captures a specific aspect of dispersion and thus requires specific

primary elements for its measurement. The primary components we use are:

Population in land uses

e Distances between any two land uses within the same province?®
e Breadth of the province

e Nuclei

e Land area of land uses (municipalities)'’

e Crude population density (municipalities).

By way of introduction, we summarise next the role of these primary components in the
modelling of dispersion indicators. Within a province, we begin with the population that uses
the territory (land uses) for residential purposes, and we gauge the spatial separation between
land uses’ locations through the distances between their centroids. For each singular entity, we
define its centroid as its geographical coordinates provided by the National Geographical
Institute (IGN). For each municipality, we define its centroid as the centroid of the singular
entity that holds the capital as indicated by the IGN. To improve comparability between
provinces of different size and shape we rescale distances within a province via the breadth of
the province. In addition to the spatial separation between land uses, we analyse the spatial
separation to the centre of the province. To this end, we use again distances and complement
with measures to gauge the extent to which population locates close to the centre through the

comparison of the accumulation of population and the accumulation of land area around it.

16 Please, notice that we always refer to distances between any two land uses within the same province. No distance between two SE or
municipalities of different provinces is involved in the calculations.
17 We lack information on land area for singular entities.
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Afterwards, via the number of nuclei (loci of intense residential development), we look at the
extent to which people within a province settle in just one or in many nuclei. Then, through the
crude population density (direct ratio population to land area), we analyse the extent to which
the territory of a province is thickly populated. Next, by comparing the accumulation of
population against the accumulation of land uses, we examine whether population
concentrates in a limited number of land uses. Finally, by comparing built land area to total land
area we evaluate the degree to which a province’s land area is uniformly developed for

residential purposes.

We formulate dispersion indicators with a bottom up approach taking into account two leading

vectors: the territorial vector and the population vector.

As for the territorial vector, our basic geographical units will be Spain’s singular entities and
municipalities. The indicators’ primary components will be referred to them, though
exceptionally to the provinces. By aggregation, we will calculate these indicators’ primary
components at the provincial level. On its side, the algorithms used to formulate the population
dispersion indicators that we propose will yield provincial values. Once again, by aggregation,
we will calculate the indicators at the regional and national levels. The network of singular
entities provides greater granularity to address population dispersion, thus producing
indicators that are more accurate. For this reason, we will analyse in a forthcoming Paper the
association between SE-based and MUN-based indicators to gauge the possibility of focusing
only on the latest ones in future updates of the indicators or when the calculation method is

not feasible for SE-based indicators.

As for the population vector, we establish two leading elements for modelling population
dispersion: the people and the locations where people reside. It gives rise to two approaches:
"dispersion of people" versus "dispersion of locations." By creating this distinction, relevant
issues surface concerning organizing the provision of FPS: On one hand, less dispersion of
people will trigger economies of scale when providing FPS (including Reference Services,
especially when centrality is high). On the other hand, even if the dispersion of people is less
than the dispersion of locations, the need to guarantee universal access to FPS implies

decreasing productivity in the supply of services to the population, depending on the province’s
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zone, resulting in losses of economies of scale. Thus, and regarding decision-making, even if
efficiency reasons would advise focussing on the dispersion of people, both people-based and
location-based indicators should be combined for the set of indicators to be adequate from the

perspective of equal access.

Proximity and centrality indicators are based on distances between SE and from SE to the capital
of the province. The approach used to measure distances between municipalities is identical to
the one used to measure distances between SE. Thus, indicators using distances as the primary
component (as for proximity and centrality) will be formulated both SE-based and MUN-based.
Normally, we will focus on the description of SE-based indicators, as it can be applied to MUN-
based, mutatis mutandis. We measure distances using three criteria: straight-line distance,
travel distance and travel duration. In addition, we distinguish both location-based
(geographical) and population-based (population) proximity and centrality. Geographical
proximity or centrality within a province derives from the simple average of distances between
SE no matter their respective population (“location distance”). Population proximity or
centrality within a province derives from the population-weighted average of distances
between SE, thus giving more relevance to distances between more populated locations

(“population distance”).

For these two dimensions, we define three groups of indicators: absolute, relative and

standardised.

Absolute indicators come from averages of distances between land uses; both simple averages

(location distance) and weighted averages (population distance).

Relative indicators compare absolute population proximity to absolute geographical proximity
(alternatively, centrality). They will be key, as both population and location-based indicators
need to be jointly considered in the decision-making process to accommodate equal access

requirements.

Standardised indicators allow for comparing provinces of different size and shape by

normalising distances through the breadth of the province, thus providing dimensionless
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indicators. In order to build normalised indicators by rescaling distances via the breadth of the
province, we define the adjusted diagonal of the province: the axes-alighed 2-dimensional
bounding box’s diagonal of each province, which we have then adjusted to improve inter-
province comparability. In addition to rescaling distances via the province’s diagonal, we have
found the following algorithms to standardise proximity and centrality indicators that, in our

view, will better capture the degree to which the population is spread across the territory:

o For proximity, we define the Standardised Proximity Index (SPI). It uses the maximum
attainable value of the spatial separation between land uses to normalise distances
within a province. This maximum does not have a closed form solution, only
approximations. In a region forming a perfect circle, the maximum value occurs when
all the population is evenly distributed along the external edge. We have formulated this
indicator based on distances between municipalities because, given the large number
of SE in Spain, it would require such extensive calculation resources that, given the

available ones, it is not feasible to work with SE.

o For centrality, we define:
o The Centralisation Ratio, which compares the mean distance that population is
located from the centre to the mean distance to the centre if population were
uniformly distributed across the province with the same density in each

municipality

o The Centralisation index (ACl), which measures how rapidly land uses
accumulate relative to land area as one moves progressively outward in

concentric rings from the CBD.

Nuclearity indicators recourse to the number of nuclei in a province. A nucleus is a locus of
intense residential development. For the purpose of this work, a nucleus will be an urban entity.
We have defined it based on the widely used criterion in official statistical practice: any
municipality with more than 10,000 inhabitants. In this work, both SE and municipalities with
more than 10,000 inhabitants will be considered nuclei and we will formulate SE-based and

MUN-based nuclearity indicators.
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Density indicators are based on crude population density, which refers to municipalities. For
provinces, we capture the average number of population per km? via the population-weighted
average of the crude population densities of their municipalities. We use three ways for
formulating the concept of land area referred to municipalities: total land area, urban land area,

and built-up land area.

Concentration indicators use the variability of the population density across municipalities and
concentration measures such as the Gini index and similar ones to gauge the extent to which
the population is evenly distributed across land uses. To gauge this, once we have ordered the
SE (or municipalities) in increasing order according to their population, if the accumulation of
population goes in line with the accumulation of the number of land uses, then the population
is evenly distributed. On the contrary, if it goes slower, the slower it goes the more concentrated
would be that population. We will also use accumulation of land areas instead of accumulation

of the number of land uses to juxtapose to the accumulation of population.

Finally, continuity indicators depend on crude density data. More specifically, on the degree to
which municipalities’ crude population density fits to an exponential pattern as a function of

the distance from the centre of the province (CBD).

Primary components of the indicators for the dispersion’s dimensions
Population in land uses

According to our objective, the observation units will be the people that use the land for
residential purposes. We show the population included in this study in Annex Ill. Table I. In 2016,
our base year, the population included was 46,206,955 inhabitants (99.25% of the total in

Spain).

We will focus on two types of land uses: singular entities and municipalities. Our study includes

55,861 SE inhabited through 2003 to 2017,8 which provides an outlook of the situation at given

18 |nitially, we built a database with base year 2016, meaning that the backbone of it was the SE inhabited in 2016. Please refer to the section
on “Sources and databank.” Afterwards, we have completed the pooled database for 2016 with the population data for the period 2017. As for
this year, we have not excluded any SE; we just retain with zero population those SE having disappeared in 2017.
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moments as well as the evolution over time. These 55,861 SE are in 8,102 municipalities (Annex

Ill. Table I).

The province is our geographical unit of analysis: the algorithms used to formulate the
population dispersion indicators that we propose yield provincial values. Our study includes 50
out of 52 provinces in Spain. We do not include Ceuta and Melilla. Ceuta has three SE (Benzu,
Ceuta, and El Principe) at an average distance between them of 6.23 Km. Melilla has one SE.

The population in both provinces represents a 0.37% of the total in 2016.

We emphasize that the most accurate indicators would be those based on singular entities. Our
interest will be focused on these. Nonetheless, calculations based on distances between SE
require more resources that those based on municipalities. For this reason, measuring
indicators based on both types of land uses would provide an appraise on the extent to which,
when needed, it would be possible to work with indicators based on average distance between

municipalities within a province, instead of singular entities, without great loss of generality.

Calculation of distances between land uses

To measure the spatial separation between land uses within a province we use distances.'® We
use three ways for modelling the concept of distance: Straight-line distance, travel distance and

travel duration.

Straight-line distance (km)

We calculate straight-line distances between any two land uses A and B (singular entities or
municipalities) from their geographical coordinates (longitude and latitude).? Data on
longitude and latitude are provided by the National Geographical Institute in European
Terrestrial Reference System 1989 (ETRS89), according to the Royal Decree 1071/2007 of July

27, which regulates the geodetic system of official reference in Spain.

19 No distance between two SE or municipalities of different provinces is involved in the calculations.
20 For each singular entity, we define its centroid as its geographical coordinates provided by the National Geographical Institute (IGN). For each
municipality, we define its centroid as the centroid of the singular entity that holds the capital as indicated by the IGN.
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We compute straight-line distances with a basic formula for calculating spherical distances, the
so-called Law of Cosines.?! The equation is:

d=RX acos(cos(latl) x cos(lat2) x cos(lonl — lon2) + sin(latl) X sin(latZ))

Where:
R is the Earth’s radius in Km = 6,378.137
lat1 is the latitud of Population Unit A in radians??
lon1l is the longitude of Population Unit A in radians
lat2 is the latitud of Population Unit B in radians
lon2 is the longitude of Population Unit B in radians

With these calculations, we obtain the distance in Km. We notice that some authors consider
additional metrics for the distance between two land uses, such as: 1/d (Torres, 2017); e and
In(d) (Folch, 2012), which can be used and rescaled to fix the results to a particular range based
on the research objectives (Campante and Do, 2009). In this work, we directly use straight-line

distances.

For each province, we calculate two triangular matrices with straight-line distances: one for SE
and another one for municipalities.?> We call each distance in these matrices an “observation
point”. Please notice that in a given province i with #; SE and pi municipalities the number of
observation points is #; (#i-1)/2 for SE and pi (wi-1)/2 for municipalities (please refer to Annex Il
for the nomenclature). In total, we work with 128,783,590 observation points for SE and

841,372 for municipalities.

These triangular distance matrices are the inputs to calculate a number of proximity and
centrality indicators. They provide basic descriptive statistics on the closeness between land

uses within a province. We present some basic results in Annex /. Table II.

21 This is the Law of Cosines equation, one of the versions of the Haversine formula for distances on spherical surfaces. We have selected it for
its simplicity. It is documented that it is the simplest one. Nonetheless, it is also documented that due to an issue of computer crude, not
mathematics, it is not “well-conditioned” for small distances (of the order of 1 meter or less). In our experience, we have found a negligible
number of erroneous results when we applied the formula to calculate the distance between a location with itself. In addition, we have
introduced internal coherence control and have identified a negligible number of locations for which distances calculated were inconsistent
and therefore corrected manually or discarded.

22 Thus, we have converted geographical coordinates from decimal degrees to radians multiplying by the constant ©/180.

2 We have developed the calculations by programming with Visual Basic. Including accesses from Excel to Bing Maps to obtein travel distances
(Km) and travel durations (minutes).
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According to our calculations, nationwide, the average straight-line distance between SE
locations within the same province is 51.82 Km. It has a considerably high intra-province
variability with coefficients of variation ranging from 48% in Cuenca to 101% in Las Palmas. If
we focus on the provincial averages, the inter-province variability is lower though still high, with

a coefficient of variation (CV) of 26% (Table 4 below).

Table 4. Simple average of straight-line distances between SE locations within the

same province. National values (Km)

NATIONAL AVERAGE 51.82

MAXIMUN PROVINCIAL AVERAGE 86.19

MINIMUN PROVINCIAL AVERAGE 24.40

STANDARD DEVIATION OF PROVINCIAL AVERAGES 13.5
CV OF PROVINCIAL AVERAGES 26%

Source: Annex llI. Table II.

The minimum average straight-line distance between SE within a province is 24.40 Km, in
Gipuzkoa, and the maximum one is 86.19 Km in Las Palmas de Gran Canaria. The maximum

distance between SE within a province occurs in llles Balears; it is 284.57 Km.

We notice that it is in the islands where we observe the maximum average distance between
SE within a province as well as the maximum distance between SE within a province. This is
caused by the spatial separation between islands. If we calculate only intra-island distances,
discarding the distances between SE that are in different islands, even if within the same
province, the average distance falls down considerably (“island correction”). The same applies

to the maximum distance between SE.

Concerning the islands, two approaches are possible to develop population dispersion
indicators: with or without the “island correction.” We chose to formulate our indicators
following the general rule of including all distances between SE within the same province,
because distances between islands are a cost driver, especially regarding highly specialised

centralised services.

Travel distance (km) and travel duration (minutes)

From the perspective of fundamental public services delivery, travel distance and travel

duration from singular entities (or municipalities) to the points of service delivery are more
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relevant than straight-line distance. Therefore, we have modelled proximity and centrality

indicators based on travel distance and travel duration, in addition to straight-line distance.

These data have been obtained from Bing Maps Geographical Information System (GIS), with
travel distance in Km and travel duration in minutes. We have used Bing Maps Distance Matrix
API through free access granted by Microsoft, which allowed for massive transactions from
Excel to Bing Maps programmed with Visual Basic. We would have required the travel distance
and duration for each one of the 128,783,590 observation points. This was not feasible for us.
Thus, we have estimated average travel distances and travel durations at province level based

on provincial random samples.

The sampling universe was the set of observation points. The sample size (n) was calculated for
each province under simple random sampling for an infinite N(0,1) population to ensure a
relative error (r) not greater than 1% at the level of confidence o = 95% (z = 2) with an
anticipated estimation for the population CV of 30% within each province. Thus:?*

(z*CV)2
n=——
r

Where n is the theoretical sample size, r = 0.01 and CV = 0.30 are fixed a priori as said before.
To better approach the objective that all SE in a province were included in at least one of the
selected observation points, in some provinces, we enlarged the theoretical sample size by
ensuring that the ratio of total SE to surveyed SE was at least one. The theoretical sample size

(enlarged) was n = 196,000 and the effective sample size is actually fi = 191,702.%°

The CV of straight-line distances between SE within the same province resulted significantly
higher than 30% in all provinces and so did sample estimates of the CV for travel distances and
travel duration. Thus, producing estimation errors ranging from 1.05% to 3.07% for the sample
average of travel distances, and 0.83% to 3.60% for the sample average of travel durations

(Annex Ill. Table Il).

Estimation errors for the sample average were calculated as follows (in parts per unit):

24 cochran, W. G. (1984).

25 We randomly selected rows and columns positions of the distances triangular matrices with the row number less than the column number.
The results included diagonal and duplicate positions that were discarded.
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z X CV

F = —
705

Where 71 is the effective sample size and CV the estimate of the coefficient of variation for

each of the surveyed variables.

Taking advantage that we had both sample and population values for straight-line distance, we
have used ratio estimators for improving the accuracy of travel distances and travel durations
estimates at the provincial level. First, we have estimated two types of sample ratio in each

province (i):

Ratio 1 (i): Average travel distance / Average straight-line distance in province i (p;(i))

Ratio 2 (i): Average travel duration / Average straight-line distance in province i (p,(i))

Subsequently, we have used them to estimate average travel distances and travel durations as

follows:

Travel distance (i)26

Y(i) = Population average straight — line distance between SE in Province i X Ratio 1 (i)

Travel duration (i)

{(i) = Population average straight — line distance between SE in Province i X Ratio 2 (i)

We calculate relative errors for the sample ratios as well as for the ratio estimates of travel

distances and travel durations as follows:

ZO0 7
2 )
r= —=X
Or

Where 85 is a generic name that represents both the estimator for the ratios (p;and p,) and
the ratio estimator for travel distances (y) and travel durations (£); and 0p, represents its
standard deviation. Indeed, following Cochran, W. G. (1984), for large samples, we can consider
Or an unbiased estimator with Normal distribution. Thus, the confidence interval for the
corresponding population parameter would be 6 € (éR + ZO'@R), where 16, = zog,. We

summarise the nomenclature for the estimators we use and their estimation errors in Table 5

below.

% please notice that in these formulas the term “population” is to indicate that the average has been calculated with all the observation points
in the province instead of with the sample ones.
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Effective sample size

il 5,

Average Straight-line distance calculated with the whole set of SE (whole population of observation points)

Source: Author’s own work based on Cochran, 1984.
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Estimation errors for the ratio estimators are significantly lower than that of the respective
sample averages (Annex lll. Table 1V): from 0.273% to 0.918% for travel distances and from

0.503% to 1.226% for travel durations.

Our results show that overall in Spain the average travel distance between any two SE within
the same province is a 56% greater that the straight-line distance. Nationwide, we estimate an
average travel distance of 80.72 Km. There is a high inter-province variability with a CV of 24%

(Table 6).

In addition, we estimate a travel duration of 70.52 minutes (1.18 hours). It is remarkable that
the inter-province variability for travel durations reaches a CV of 58% (Table 7). This is due to
the high travel durationsin the island territories far from the rest of provinces in the continental
territory. In Canarias, this is compounded with the fact that the ratio travel distance to straight-
line distance is the highest. Comparing with the results when considering the “islands
correction,” we see that the insular condition predominantly affects the duration of the
journeys, which is significantly lower when we consider only intra-island displacements. Indeed,
in llles Balears, Las Palmas and Santa Cruz de Tenerife the average travel duration between SE
when we consider only intra-island displacements is a 59% to 67% of the national average

(Annex Ill. Table IV).

In our opinion, the two ratios that we have calculated (p;and p,) could be explored as proxy
variables for measuring orography and one facet of insularity. Nonetheless, this is beyond the

scope of this paper

Table 6. Simple average of travel distances between SE within the same province. National values (Km)

NATIONAL AVERAGE 80.72

MAXIMUN PROVINCIAL AVERAGE 134.34

MINIMUN PROVINCIAL AVERAGE 40.69

STANDARD DEVIATION OF PROVINCIAL AVERAGES 19.58
CV OF PROVINCIAL AVERAGES 24%

Table 7. Simple average of travel duration between SE within the same province. National values (h)

NATIONAL AVERAGE 1.18

MAXIMUN PROVINCIAL AVERAGE 4.14

MINIMUN PROVINCIAL AVERAGE 0.61

STANDARD DEVIATION OF PROVINCIAL AVERAGES 0.68
CV OF PROVINCIAL AVERAGES 58%

Source: Annex Ill. Table IV.
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Breadth of the provinces

Absolute distances do not capture the extent to which singular entities and municipalities
spread throughout the whole extension of the province. That extension is another cost driver
that should be considered separately. Thus, it is meaningful to calculate normalised distances
using a measure of the breadth of the province. This normalisation procedure makes

comparisons of provinces of different shapes and sizes possible.

In the literature, we have found two possibilities to measure the breadth of the province for
normalising purposes. One of them is using the square root of the surface area of the province.
The other one is using the maximum spatial separation attainable between land uses within the
province. The square root of the surface area of the province has the limitation that, for the
islands, it does not represent properly the breadth of the provinces, and when used as a
benchmark for normalising distances it produces overestimates. For that reason, we have
substituted it by the province’s diagonal, a proxy to the maximum attainable distance within
the province. We detail below the definition and measurement of both the diagonal of the
province and the maximum spatial separation attainable between land uses within the

province.

Diagonal of the province

To build the province’s diagonal, we start by calculating the geometric diagonal of the axes-
aligned 2-dimensional bounding box of each province.?’” The axes-aligned 2-dimensional
bounding box of each province (hereinafter bounding box or bounding rectangle) is the smallest
axes-aligned rectangle that encloses the province’ area, where the reference axes are the lines
that run from north to south (vertical) and from east to west (horizontal). We use it as a proxy
to the minimum 2-dimensional bounding box subject to no orientation constraints. Therefore,
we have initially measured with Bing Maps the province maximum length from north to south
and from east to west and calculated the mentioned geometric diagonal. We present the results
in Annex lll. Table V. Apart from the Islands, that hold the maximum values, the largest one is

295 Km in Zaragoza. The smallest one is 90 Km in Gipuzkoa.

27 Following Ooi, B.C. (1993), the h-dimensional bounding boxes can be defined as a single dimensional array of k entries: (I3, I2, ..., In) where I
(s=1to h)is a closed bounded interval [a, b] describing the extent of the spatial object along dimension s.
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To better approximate the concept of “maximum attainable distance within the province”, we
adjust the mentioned diagonal controlling by the square root of the surface area of the
province, the surface coverage in the bounding box and the actually attained maximum distance
between SE. This improves inter-province comparability by addressing the effect of the gap
between the surface area of each province and that of the axes-aligned bounding box. In

addition, the adjustment method respects the inter-island’s distances reality.

To this end, we have calculated our province’s final diagonal as follows:

Dadj = dAlxl + d’\zxz + dA3x3 + B

Where we have determine &1, &2, &3 and b based on the least squares criterion applied to the
equation:
y = dixq +dyx, +dsxz3+b+¢

Where, for each province:

y = Geometric diagonal of the axes-aligned 2-dimensional bounding box (Km).

X1 = Square root of the surface area (Km).

X2 = Surface coverage within the axes-aligned 2-dimensional bounding box (in parts

per unit).

x3 = Maximum distance between SE within the province (Km).
As for peninsular provinces, we exclude the islands to determine dl, dz, dg and b. As for the
islands, we include all provinces to determine these parameters so that we control by the gap
between the surface area of each province and that of the axes-aligned bounding box, but we

retain the effect of inter-island distances. We present the mentioned parameters in Figure 2.

Figure 2. Parameters estimates for the adjustment of D.q; 2016

Parameters d: d, ds b R?
PENINSULAR STANDARD 1.57 -145.66 0.30 71.74 0.9863
ISLANDS STANDARD 1.24 -162.62 0.55 73.83 0.9780

Source: Authors’ own work based on the sources described in this paper

The adjusted Dqgj (that we will name diagonal of the province hereinafter) is the final standard

we propose to normalise distances for Proximity indicators. Our results are in Annex Ill. Table
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V. Please notice that this benchmark is not suitable to standardise indicators based on travel

duration because of lack of homogeneity with the magnitude of the indicators.

Overall, the average provincial diagonal in Spain is 203 Km. The diagonal of the provinces ranges
from 91 Km in Gipuzkoa to 300 Km in Balears (295 in Badajoz, islands excluded). As for the
surface area, the smallest is Gipuzkoa with 1,909 Km? (square root 44 Km) and the largest
Badajoz with 21,766 Km? (square root 148 Km). The surface coverage in the bounding rectangle
is 0.50 at national level; it ranges from 0.09 in Las Palmas to 0.70 in Ciudad Real. The maximum

distance between SE within a province ranges from 77 Km in Gipuzkoa to 285 Km in llles Balears

(236 in Badajoz, islands excluded). (Figure 3).

Square root of Surface Maximum . Diagonal of
. . Diagonal of h q
Fieure 3 the surface coverage in distance the boundin the province
g area of the the bounding between SE . ‘ Dag;j ™
) rectangle
province rectangle (Km) (Km)*
TOTAL 97.44 0.50 162.34 202.99 202.99
Max SE 147.53 0.70 284.57 310.93 300.43
Min SE 43.69 0.09 76.64 89.81 91.05
Max SE Badajoz Ciudad Real Balears Balears Balears
Min SE Gipuzkoa Palmas Gipuzkoa Gipuzkoa Gipuzkoa
Excluding Islands
Max SE 147.53 0.70 236.27 295.01 295.92
Min SE 43.69 0.40 76.64 89.81 91.05
Max SE peninsular Badajoz Ciudad Real Badajoz Zaragoza Badajoz
Min SE peninsular Gipuzkoa Zaragoza Gipuzkoa Gipuzkoa Gipuzkoa

Source: Authors’ own work based on the sources described in this paper.
(*) TOTAL corresponds to the simple average of the diagonals of the provinces.
(**) Adjusted diagonal of the bounding rectangle.

Maximum distance attainable between land uses within a province

Following our findings in the literature review, we define the maximum distance attainable
between land uses within a province as the maximum value attainable by the Spatial Separation

Index or Venables (Vimax).

The Spatial Separation Index?® or Venables Index (V) is a population-based indicator that
measures population separation instead of locations’ separation. It is a sort of weighted average

of the distances between land uses within the geographical unit, where each distance is given

28 Originally proposed by Midelfart-Knarvik, K.H. et al. (2000; 2002). Please see Pereira et al., 2013 and 2015.
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a different load depending on the population of the land uses, specifically the product of the
two population weights. The system of products of the population weights of any two land uses
is not a proper weights system as they don’t sum 1. Nonetheless, we have retained the
mentioned formulation in accordance to the literature because our final use of the Venables
index is to build the Standardised Proximity Index (SPI), a normalised proximity indicator whose
formulations using both the Venables index and that based on the proper system of population

weights are equivalent.

Due to operational reasons, we formulate the Venables Index (V) only for municipalities. Below,
we detail the formulation of the index for straight-line distance between municipalities within
a province i (in Annex IV we provide further detail, including the formulations for travel
distances and travel durations):

V(i) =58"(0)) x T(i) x5 (i)
Where:

T(i) Isatriangular distance matrix whose entry dj;;. is the straight-line distance between the
municipalities j1 and j, for under-diagonal entries and zero for the diagonal and upper-
diagonal entries.

$§(1) Isacolumn vector of population weights of the municipalities of a province:

The estimation of Vmax is not trivial, because it has no closed-form solution. In a region forming
a perfect circle, the maximum value (Vmax) occurs when the population is evenly distributed
along the external edge (Pereira, R.H.M. et al., 2013 and 2015): “In a perfect circle shape, the
maximum value of V would be obtained when all employment is evenly distributed along the
external edge.”... “Thus, we have chosen to consider the ‘opposite of maximum proximity’ as a
homogeneous distribution of values along the edge of the map. Although this solution is not the
global maximum of the Venables index, it was considered a satisfactory solution for two reasons:
a) intuitively, it is the opposite of a completely monocentric city with all employment in the
center; and b) it is easy to calculate and does not require a specific algorithm. This normalization

procedure makes it possible to compare urban areas of different shapes and sizes.”
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Therefore, an upper bound for the maximum spatial separation in a province would be the
Spatial Separation Index when its municipalities are on the external edge of province’s bounding
circle. For the Spanish provinces, the percentage surface of that circle covered by the province’s
land area might differ considerably between provinces, depending on the shape of the province,

and might produce lack of comparability.

To improve the comparability, we use the bounding box instead of the bounding circle. That is
to say, we hold that an adequate proxy of the maximum spatial separation attainable is the
Spatial Separation Index between the municipalities within a province when they are evenly
distributed on the edge of the bounding box, where evenly means equidistant and with the
same population (equal population weights). In Annex V, we provide some empirical evidence

that would support our approach to approximate the maximum spatial separation attainable.

Our plan to estimate Vmax is as follows.

— First, for each province i, we calculate an initial value of Vmax:
VImax(i) =5 ,(i) X Tmax(i) XS (l)

Where T4, (i) is a triangular distance matrix whose entry dijij2, j1 < j2, is the distance between
municipalities j» and j2 of province i after having distributed them evenly along the external
edge of the axes-aligned 2-dimensional bounding box of province i, where evenly means

equidistant and with the same population (equal population weights).

— Second, considering that:
i) Placing the population on the edge of the axes-aligned bounding box is different
from placing it on the edge of the map of the province.
ii) The gap depends on the surface area of the province and the degree of fit of the

shape of the province to the rectangle.

we have adjusted V1,,,,, (i) to control by the surface area of the province and its degree of fit
to the rectangle, measured through the percentage of the axes-aligned bounding box ‘s surface

covered by the land area of the province.
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To this end, we have calculated our final Vmax as follows:
Vmax = ﬁ\llxl + T/ﬁzxz + T/ﬁ,3X3 + b

Where we have determined iy, 7,, 73 and b based on the least squares criterion applied to
the following equation:
Yy = myxy + myx, + mgx; +b+¢

Where, for each province:

Y = Vg (D) (Km)
X1 = Square root of the surface area of the province (Km)
x2 = Surface coverage within the axes-aligned bounding box (in parts per unit)

x3 = Ratio of the simple average of straight-lines distance to V (dimensionless)

The rationale behind is that V1,4, (i) is driven by the axes-aligned bounding box extension
(captured by x;), the shape of the province (captured by x,), and the population loads given to

each distance between any two municipalities within the province (captured by x5).

As for peninsular provinces, we exclude the islands to determine #i,, 7,, 5 and b. As for the
islands, we include all provinces to determine these parameters so that we control by the gap
between the surface area of each province and that of the axes-aligned bounding box, but we

retain the effect of inter-island distances. We present the mentioned parameters in Figure 4.

The adjusted Vmax (that we will name Vmax hereinafter) is the final standard we propose to build

the Standardised Proximity Index. Our results for V, Vimax and Vmax are in Annex lll. Table V.

We observe that when we give different loads to the distances between any two municipalities
depending on their populations, thus moving from location distance to a proxy of population
distance, the resulting separation decreases. Indeed, the average distance between the
municipalities’ locations within a province is 53.58 Km in 2016 while the Venable index, which
is a proxy for population distance, is 17.70 Km. This indicates that typically, within a Spanish
province, the population tends to concentrate in municipalities that are closer to each other
than the entire set of municipalities.
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Figure 4. Parameters for the adjustment of Vmax

PENINSULAR STANDARD
Parameter ml m2 m3

Year

2003 0.4574 -9.3769 1.7243 4.1744 0.9292
2004 0.4570 -9.3502 1.7422 4.1418 0.9294
2005 0.4567 -9.3495 1.7453 41572 0.9292
2006 0.4563 -9.3297 1.7486 4.1657 0.9291
2007 0.4559 -9.3232 1.7542 4.1873 0.9290
2008 0.4556 -9.3023 1.7491 4.2075 0.9288
2009 0.4553 -9.2426 1.7408 4.2185 0.9287
2010 0.4551 -9.2129 1.7427 4.2091 0.9287
2011 0.4549 -9.1847 1.7447 4.2019 0.9287
2012 0.4547 -9.1495 1.7377 4.2142 0.9288
2013 0.4544 -9.1193 1.7281 4.2399 0.9288
2014 0.4544 -9.1210 1.7221 4.2362 0.9286
2015 0.4543 -9.0925 1.7128 4.2528 0.9287
2016 0.4541 -9.0908 1.6964 4.2964 0.9286
2017 0.4540 -9.0672 1.6848 4.3135 0.9286

ISLANDS STANDARD
Parameter ml m2

Year

2003 0.5441 -78.1816 -0.4724 38.8150 0.9265
2004 0.5442 -78.1702 -0.4733 38.8037 0.9265
2005 0.5442 -78.1402 -0.4786 38.8025 0.9265
2006 0.5442 -78.1100 -0.4774 38.7805 0.9265
2007 0.5443 -78.0936 -0.4766 38.7622 0.9265
2008 0.5443 -78.0691 -0.4787 38.7564 0.9265
2009 0.5444 -78.0542 -0.4756 38.7389 0.9265
2010 0.5444 -78.0443 -0.4691 38.7138 0.9264
2011 0.5444 -78.0439 -0.4690 38.7102 0.9264
2012 0.5445 -78.0397 -0.4678 38.7031 0.9265
2013 0.5446 -78.0327 -0.4672 38.6953 0.9265
2014 0.5445 -78.0273 -0.4697 38.7081 0.9265
2015 0.5446 -78.0295 -0.4701 38.7092 0.9265
2016 0.5446 -78.0261 -0.4698 38.7086 0.9265
2017 0.5446 -78.0241 -0.4727 38.7179 0.9266

Source: Authors’ own work based on the sources described in this paper

Nuclei of the Spain’s provinces

A nucleus is a locus of intense residential development. For the purpose of this work, a nucleus

will be an urban entity: singular entities (or, municipalities) with 10,001 or more inhabitants.?®

Typically, the widely used criterion in official statistical practice is to classify as urban any

2 The traditional Spanish statistical classification determines as urban "the set of population entities with 10,001 or more inhabitants." Please
refer to Ministry of Development of Spain (2018). Areas urbanas en Espafia 2018. Constitucién, Cuarenta afios de las ciudades espafiolas.
Retrieved from: https://apps.fomento.gob.es/CVP/handlers/pdfhandler.ashx?idpub=BAWO058. Please refer also to Reig, E. et al. (2016).
Retrieved from: https://www.fbbva.es/wp-content/uploads/2017/05/dat/DE 2016 IVIE delimitacion areas rurales.pdf.
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municipality with 10,001 or more inhabitants. However, for the purpose of this work, we have
particularised it for SE and have defined nuclei both SE-based and MUN-based. In Annex III.
Table VIl we show the number of nuclei by province in Spain both SE-based and MUN-based. In
2016, there were 731 urban municipalities and 673 urban SE, ranging from 1 nucleus in Avila,

Palencia, Segovia and Soria to 72 (80) in Barcelona.

Land area of Spain’s municipalities (Km?)

Land area data refer to municipalities; they are not available for SE. We obtain the surface area
of each province by aggregation. We use three ways for modelling the concept of land area:
total land area, urban land area, and built-up land area. As for the total land area, the source is
the National Geographical Institute (IGN). For the rest, the official definitions and data come
from the Cadastral Services (CS) of Spain. The urban land area corresponds to that for cadastral
purposes, in accordance with the cadastral legislation: article 7.2 of the Consolidated Text of
the Real Estate Cadastre Law.3° The cadastral statistics subdivide the area of urban parcels into
the area of built-up parcels and the area of unbuilt parcels. We work with the first two items:

urban and built-up.

The National Cadastral Services do not provide data for Navarra and Pais Vasco because of their
specific fiscal system. For these regions, we have retrieved the data from the Urban Information
System (SIU) published by the Ministry of Development (MD).3! In the case of Navarra, the SIU
provides only information for 10% of the municipalities. We have completed them with
information concerning urban land (v) as reported by Navarra’s regional Statistical Office
(Nastat)3? and using regression techniques to estimate the built-up land area (B) in each

municipality of Navarra as a function of urban land as follows:3

30 please refer to: http://www.catastro.meh.es/documentos/estadisticas Metodologia Catastro 2015.pdf;
http://www.catastro.minhap.gob.es/documentos/estadisticas/Nota%20metodol%C3%B3gica%20Estadistica%200cupaci%C3%B3n.pdf; and
http://www.catastro.minhap.es/documentos/estadisticas Metodologia Catastro 2015.pdf.

31 Retrieved from: https://apps.fomento.gob.es/CVP/handlers/pdfhandler.ashx?idpub=BAWO055.

32 Retrieved from:
https://administracionelectronica.navarra.es/GN.InstitutoEstadistica.Web/DescargaFichero.aspx?Fichero=\web\agregados\2 espacio fisico\
21 espafis_territorio\espafis_territorio_mun_ext.xls.

33 We notice that from Nastat we have only found data on urban land but not on built-up land.
http://www.eustat.eus/bankupx/pxweb/es/spanish/-/PX 3951 super01.px#axzz6220fFzbX
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1.

First, we adjust urban land data from the SIU with those from Nastat (concerning the
10% of the municipalities with available data from the SIU). For these municipalities we

obtain:

-~

N = 1.0854N

10854 = Total urban land for the 10% of municipalities as reported by Nastat
' " Total urban land for the 10% of municipalities as reported by the SIU

N = Total urban land for the 10% of municipalities as reported by the SIU

N = Total urban land for the 10% of municipalities as reported by Nastat

Second, we adjust built-up land data from the SIU to keep invariant the percentage of
built-up land over urban land as registered by the SIU (concerning the 10% of the

municipalities with available data from the SIU). For these municipalities we get:

B=tR

N

B = Total built — up land for the 10% of municipalities as reported by the SIU
B = Total built — up land for the 10% of municipalities as reported by Nastat
Third, with the adjusted data for the mentioned 10% of Navarra’s municipalities (N, B),
outliers excluded, we calculate the statistical association between built-up land and
urban land conditioned to be a line through the origin. We obtain:

B = 0.564N
Fourth, we calculate built-up land area for all of Navarra’s municipalities through the
equation:

B = 0.564v

In Annex lll. Table VI we present the data about land area referred to 2016.

Crude population density in Spain’s municipalities

The direct ratio population to land area: crude population density is a primary measure of

population density that has been widely used as an indicator of population dispersion.

To capture the extent to which the territory of Spain’s provinces is thickly populated, we use

municipalities’ crude population density as the primary measure, both for total, urban and built-
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up area, and then aggregate at the provincial, regional and national level using population-

weighted averages.3

We avoid focusing our final analysis on crude population density for geographical levels higher
than municipalities because crude population density, at that aggregation level, would hide
relevant information. Indeed, relating population to total land area, we see that, overall, in
Spain, total crude population density is 92 inhabitants per Km?, below the EU average of 118
(Annex Ill. Table VIIl and EUROSTAT (a)). However, the analysis by Rae, A. (2018) on “Population
Density in Europe” shows that “much of Spain appears to be empty; much more so than any
other large European country... Yet characterising Spain as a sparsely populated country does
not reflect the experience on the ground ... So even though the settlement pattern appears

sparse, people are actually quite tightly packed together.”3>

In brief, with the available data, to capture in the best way the extent to which Spain’s provinces
are thickly populated throughout their territory, we use crude population density as primary
component computed at the lowest level available of geographical breakdown. Then, we build
more elaborated computations at the provincial level via population-weighted means, and by
using three approaches for the concept of density: based on total land area (total density), on

urban area (urban density) and on built-up area (residential density).

Municipalities’ crude population density would also provide a first raw glance to concentration

through its standard deviation, which according to our calculation is high. Annex I. Table VIII.

Sources and databank

To develop our indicators, we have built a database of singular entities for each of Spain’s

provinces with the following basic variables:

34 Please notice that we use the term “crude” to distinguish, at provincial, regional and national level, the population-weighted from the
surface-weighted average of the density of the municipalities (at municipal level density and crude density coincide). Therefore, we highlight
that “crude” in this paper is not for distinguishing the ratio total population divided by the total area from that without subtracting areas
devoted to open space, roadways, parks or similar public use and infrastructure areas. To address the latest features we work with the Spain’s
legal concepts on Cadastral definitions.

35 Rae, A. (2018). Please refer also to Reig, E. et al. (2016).
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INE code of the province

INE code of the municipality
INE code of the singular entity
Name of the singular entity
Name of the province
Latitude

Longitude

Population by age groups.

Concerning municipalities, we have built a database including information on land area: 3¢
INE code of the province
INE code of the municipality
INE code of the ES holding the capital of the municipality
Name of the municipality
Name of the capital
Distance to CBD
Total land area
Urban land area
Built-up land area

Population by age groups.

To this end, we have matched the following sources:

INE: Continuous Municipal Register with information detail at the level of singular
entities. It includes inhabited SE with their number of inhabitants for the period
2003-2017 by single ages. It has been provided by the INE under petition.

IGN: Geographic Register of singular entities, 2017.

Retrieved from https://www.ign.es/web/ign/portal in June 2018

IGN: Geographic Register of municipalities, 2017.

Retrieved from https://www.ign.es/web/ign/portal in August 2018

36 Please notice that in each Municipality there is a singular entity that holds the capital. This SE is the centroid of the municipality, which is
used for the calculation of distances between municipalities. Therefore, within the SE database we have all the information that we need on
distances between municipalities.
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CS Urban Real Estate Cadastre Statistics. Cadastral main variables: Urban surfaces
plots. Retrieved from:

http://www.catastro.minhap.gob.es/esp/estadistica 1.asp

MD Urban Information System (SIU). Retrieved from:
https://apps.fomento.gob.es/CVP/handlers/pdfhandler.ashx?idpub=BAWQ055

EUSTAT www.eustat.eus

http://www.eustat.eus/bankupx/pxweb/es/spanish/-

/PX 3951 super0l.px#axzz6220fFzbX

NASTAT

https://www.navarra.es/home es/Gobierno+de+Navarra/Organigrama/Los+depar

tamentos/Economia+y+Hacienda/Organigrama/Estructura+Organica/Instituto+Est

adistica/

We started with the INE’s Continuous Municipal Register for 2016 (base year) which includes
58,358 inhabited SE with 46.557.008 inhabitants. We have added the information on latitude

and longitude. Then, we continued working with provinces individually.

During this process, we found some incidences. First, for some SE in the INE’s database we
found no information in the IGN’s database; so no location information was available (type |
incidence). In Annex lll. Table IX, we summarised the magnitude of this sort of incidences. The

population excluded from the analysis for this reason is a 0.015 % of the total.

Second, we found SE in the IGN’s database with no information on latitude and longitude: value
zero (type Il incidence). In Annex Ill. Table X, we show the details for this sort of incidence. The

population excluded from the analysis for this reason is a 0.032% of the total.

Third, we have completed the pooled database for 2016 with the population data for the period
2003-2015 and 2017. Thus, we got an integrated database for the period 2003-2017. In doing
so we have also found incidences because some SE were not population entities during the
whole period (type Ill incidence). In Annex Ill. Table XI, we show the magnitude of this sort of

incidence. The population excluded from the analysis for this reason is a 0.338 % of the total.
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http://www.catastro.minhap.gob.es/esp/estadistica_1.asp
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https://www.navarra.es/home_es/Gobierno+de+Navarra/Organigrama/Los+departamentos/Economia+y+Hacienda/Organigrama/Estructura+Organica/Instituto+Estadistica/

As for 2017, we have not excluded any SE; exceptionally, we only retain with zero population

those having disappeared in 2017.

Finally, we added straight-line distances between SE and municipalities to the provincial
databases building triangular matrices with straight-line distances. We have excluded 13 SE
because the calculated straight-line distance from them to the rest of all SE in their province
was disproportionately high in relation to the size of the territory (type IV incidence, affecting

13 SE and 0.0007% of the population)?’. Please refer to Annex Ill. Table XI.

Therefore, we work with a databank of provincial databases with 55,861 inhabited SE covering
a 99.25% of Spain’s population in 2016 and their respective municipalities’ databases. Annex

Ill. Table Xlll presents the details by province of the SE included and excluded in our analysis.

Formulation of indicators

For each of the six dimensions integrating dispersion, we have identified a set of indicators. We
describe below the specific indicators that we have selected and provide some keys for their
interpretation. Typically, we have adjusted the indicator’s algorithm to ensure that low values
point out high rates of dispersion. As a leading rule, we have used simple algorithm, as close as
possible to intuition; considering that the ultimate objective is to facilitate their application in

the decision-making process.

For some of the indicators, we have found in the literature specific analyses regarding desirable
properties that such indicators ought to display. This sort of analysis is beyond the scope of this
paper. We have only referred to some of these characteristics occasionally to further support
the suitability of a number of indicators. The nomenclature that we use for the basic elements
employed in formulating the indicators is found in Annex Il. The technical details concerning the

indicator’s algorithm are located in Annex IV.

37 As already said, we calculate distances with the Law of Cosines equation, one of the versions of the Haversine formula for distances on
spherical surfaces. We have selected it for its simplicity. It is documented that it is the simplest one. Nonetheless, it is also documented that
due to an issue of computer crude, not mathematics, it is not “well-conditioned” for small distances (of the order of 1 meter or less). In our
experience, we have found a negligible number of erroneous results when we applied the formula to calculate the distance between a location
with itself. In addition, we have introduced internal coherence control and have identified a negligible number of locations for which distances
calculated were inconsistent and therefore corrected manually or discarded (affecting 13 SE and 0.0007% of the population).
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Proximity indicators

The set of indicators that we use captures proximity within province i through the spatial
separation between land uses: SE and municipalities within the province. To measure spatial
separation we use distances. The lower the distance the higher the proximity (and the lower
the dispersion). We adjust the indicator’s algorithm by calculating the inverse of the distance
to ensure that low values of the proximity indicators point out high rates of dispersion. Please,
notice that we always refer to distances between any two land uses within the same province:
No distance between two SE and municipalities of different provinces is involved in the

calculations. We list the proximity indicators that we will explore in Box 1.

Box 1. List of proximity indicators3s

1. Inverse of the simple average of the straight-line distances between SE (PROXSs¢14)

Inverse of the simple average of travel distances between SE (PROXSse1s)

Inverse of the simple average of travel durations between SE (PROXSse1c)

Inverse of the weighted® average of straight-line distances between SE (PROXW'se14)

Inverse of the weighted average of travel distances between SE (PROXWs1e)

Inverse of the weighted average of travel durations between SE (PROXW(sg1s)

Ratio of population proximity to geographical proximity (SE & straight-line distance) (PROXRse1g)

Ratio of population proximity to geographical proximity (SE & travel distance) (PROXRse11)

Ratio of population proximity to geographical proximity (SE & travel duration) (PROXRse1;)

Normalised geographical proximity (SE & straight-line distance) (PROXNs¢1;)

Normalised geographical proximity (SE & travel distance) (PROXNse1x)

Normalised population proximity (SE & straight-line distance) (PROXNse1;)

Normalised population proximity (SE & travel distance) (PROXNse1m)

Inverse of the simple average of straight-line distances between municipalities (PROXSpunza)

Inverse of the simple average of travel distances between municipalities (PROXSnunzb)

Inverse of the simple average of travel durations between municipalities (PROXSnunac)

Inverse of the weighted average of straight-line distances between municipalities (PROXWunz24)
Inverse of the weighted average of travel distances between municipalities (PROXWunze)

Inverse of the weighted average of travel durations between municipalities (PROXWunzg)

Ratio population proximity to geographical proximity (municipalities & straight-line distance) (PROXRuunzg)
Ratio of population proximity to geographical proximity (municipalities & travel distance) (PROXRwunzn)
Ratio of population proximity to geographical proximity (municipalities & travel duration) (PROXRuunzi)
Normalised geographical proximity (MUN & straight-line distance) (PROXNun1j)

Normalised geographical proximity (MUN & travel distance) (PROXNmunix)

Normalised population proximity (MUN & straight-line distance) (PROXNyun1)

Normalised population proximity (MUN & travel distance) (PROXNpunim)

Standardised Proximity Index (SPI) based on straight-line distance) (PROXVwunzn)

Standardised Proximity Index (SPI) based on travel distance (PROXV munzo)

Standardised Proximity Index (SPI) based on travel duration (PROXVmunzp)-
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In principle, most accurate indicators would be those based on distances between SE.
Nonetheless, calculations based on distances between SE require more resources than those
based on municipalities. For this reason, we will analyse in a forthcoming working paper the

association between SE-based and municipalities-based indicators to gauge the possibility of

38 Indicators based on distances between singular entities have SE in the subscript and those based on distances between municipalities have
MUN in the subscript.
3% We weight the distance between two different singular entities of province i by the product of their respective populations.
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focusing only on municipalities’ distances in future updates of the indicators or when the

calculation method is not feasible for SE-based indicators.

For each province, we calculate the average distance between any two land uses* through
simple and weighted averages (population weights). The simple average yields indicators
associated with the geographical proximity (PROXSsezq, PROXSse1s, PROXSse1c, PROXSmunza, PROXSpunze, and
PROXWwunz). On the contrary, indicators based on weighted average reflect population proximity
(PROXSsc14, PROXSseze, PROXSsei;, PROXSwunza, PROXSmunze, and PROXWmunzy). Both simple and weighted

averages are indicators of proximity in absolute terms.

The ratio between the two types of indicators is a relative magnitude that compares the
proximity of the population with the proximity of the places where they live (PROXRse15, PROXRse1n,

PROXRsEli, PROXRMUNZQ, PROXRMUNZh, and PROXRMUNZi).

Absolute and relative indicators do not capture the extent to which locations or population
spread throughout the whole territory of the province. A way to overcome this limitation is to
calculate standardised indicators. In the literature, we have found two possibilities for
normalising. The first is using the square root of the surface area of the province, and the second
is to calculate the maximum average distance attainable between land uses when they are
distributed in a way that maximises the distances between them. These normalisation

procedures make possible the comparisons of provinces of different shapes and sizes.

As already explained, the square root of the surface area of the province has the limitation that,
for the island territories, it does not represent properly the breadth of the provinces, and when
used as a benchmark for normalising distances it produces proximity underestimations. For that
reason, we have substituted it by the diagonal of the province as explained. Please notice that
we do not standardise indicators based on travel duration because of lack of homogeneity
between the magnitude of the indicator and the available benchmarks. Standardised indicators

based on the diagonal of the province (PROXSsei;, PROXSse1r, PROXSse1, PROXSse1m, PROXSmunziy PROXSwunzio

40 We notice that some authors consider also the median. The advantage of the median is that it is more robust than the average so less
influenced by outliers. Nonetheless, we use the average for simplicity and ease of interpretation.
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PROXSmunz, and PROXWwmunzm) Telate the average distance between land uses to a comparable

magnitude approximating the maximum straight-line distance attainable within the province.

The indicator relating the distance between land uses and the maximum attainable one, the
Standardised Proximity Index, is based on the Spatial Separation Index or Venables index. We
calculate it based on straight—line distances (PROXVwunzn), travel distances (PROXViunzo), and travel
durations (PROXVmunz). We notice that, by construction, this indicator standardises the
population distance in each province in relation to its size, as the maximum attainable depends

only on that size and it is unrelated to the number of land uses (see Annex V).

Centrality Indicators

The set of indicators we have chosen captures centrality within province i in two ways. First,
through the distances between SE and municipalities to the centre of that province (CBD). We
define the CBD as the capital of the province, which needs not to be its geographical centre.
The same as for proximity, we compute the inverse of the distance to CBD so that the lower the
centrality the higher the dispersion. Second, through the accumulation of land uses and their
population around the CBD. In this case, we use land areas to gauge the extent to which the
CBD accumulates population in relation to the accumulation of land area and the way in which
accumulation of people around the CBD is faster than that of land area. The slower the
accumulation, the higher the dispersion. We list the centrality indicators that we will explore in

Box 2.

For each province, we calculate the average distance from land uses to the CBD through simple
and weighted averages (population weights). The simple average yields indicators associated
with geographical centrality (cBDdSsess, CBDdSse3s, CBDASse3e, CBDASmunias, CBDASmunas, and CBDASmunac). ON the
other hand, indicators based on weighted average reflect population centrality (cBDdWses,,
CBDAdWsese, CBDAWses;, CBDdWmunaq, CBDdWwunae, and CBDdWwunas). As for the geographical centrality we
don’t include the CBD in the calculations. On the contrary, we do include it for population
centrality. Both simple and weighted averages are indicators of centrality in absolute terms.

The ratio between the two types of indicators is a relative magnitude that relates the centrality
of the population to the centrality of the places where they live (cBDdRse1g CBDARse1n, CBDARses;,

CBDdRMUNzg, CBDdRMUNzh, and CBDdRMUNZi).
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Box 2. List of centrality indicators*

Inverse of the simple average of the straight-line distances from SE to CBD (CBDdSse3,)
Inverse of the simple average of the travel distances from SE to CBD (CBDdSse3p)
Inverse of the simple average of the travel durations from SE to CBD (CBDdSs3.)
Inverse of the weighted average of the straight-line distances from SE to CBD (CBDdW:s¢3q4)
Inverse of the weighted average of the travel distances from SE to CBD (CBDdW sg3e)
Inverse of the weighted average of the travel durations from SE to CBD (CBDdW sg3p)
Ratio population centrality to geographical centrality (SE & straight-line distance) (CBDdRsgsg)
Ratio population centrality to geographical centrality (SE & travel distance) (CBDdARse3s)
Ratio population centrality to geographical centrality (SE & travel duration) (CBDdRses;)
. Normalised geographical centrality (SE & straight-line distance) (CBDdNses3;)
. Normalised geographical centrality (SE & travel distance) (CBDdNse3i)
. Normalised population centrality (SE & straight-line distance (CBDdNs3))
. Normalised population centrality (SE & travel distance) (CBDdNsg3m)
. Inverse of the simple average of the straight-line distances from municipalities to CBD (CBDdSnuna4a)
. Inverse of the simple average of the travel distances from SE municipalities to CBD (CBDdSnunab)
. Inverse of the simple average of the travel durations from municipalities to CBD (CBDdSmunac)
. Inverse of the weighted average of the straight-line distances from municipalities to CBD (CBDdWuna4d)
. Inverse of the weighted average of the travel distances from municipalities to CBD (CBDdWynae)
. Inverse of the weighted average of the travel durations from municipalities to CBD (CBDdWunag)
. Ratio population centrality to geographical centrality (MUN & straight-line distance) (CBDdRwmunsg)
. Ratio population centrality to geographical centrality (MUN & travel distance) (CBDdRwmun3h)
. Ratio population centrality to geographical centrality (MUN & travel duration) (CBDdRwmunsi)
. Normalised geographical centrality (MUN & straight-line distance) (CBDANwuns;)
. Normalised geographical centrality (MUN & travel distance) (CBDdNyunsk)
. Normalised population centrality (MUN & straight-line distance) (CBDdNwun3;)
. Normalised population centrality (MUN & travel distance) (CBDANwyunzm)
. Centralisation ratio (CBDACRunan)
. Centralisation index (CBDAACI yuna4o)-

© 0O NDUAWNR

NNNNNMNMNNNNNRRRRRRRRRR
NN WNROOLONOOTULANWNRDO

To build normalised centrality indicators, as already explained, we have chosen to use the
diagonal of the province. These indicators (CBDdNse1j, CBDdANsei, CBDANsg1, CBDdANseim,
CBDdNwmunzj, CBDANmunzk, CBDANmunz, and CBDANmunzm) relate the average distance from land

uses to the CBD with a comparable magnitude measuring the span of the province.

In addition to the mentioned indicators, we have found in the literature indicators that provide
alternative ways of benchmarking. Though not standardised by the breadth of the province,
they would provide some information on the extent to which population spreads around the

centre and they are independent of the province’s size.

The Centralisation Ratio (CBDdCRmunan, only for municipalities) compares the mean distance
population is located from the centre to the mean distance to the centre if population were
uniformly distributed across the province with the same density in each municipality. When
population is uniformly distributed across the province with the same density in each

municipality the Centralisation Ratio is zero, pointing out high dispersion. If the population

41 Exceptionally, we will propose some indicators whose reference is the province, our geographical unit of analysis, they have PROV in the
subscript.
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moves far away from a uniform distribution, the centralisation ratio diminishes pointing out
high dispersion. Moreover, if population is actually more decentralised than a uniform
distribution, the centralisation ratio can be negative. On the contrary, should the population

reside in just one land use, the Centralisation Ratio would be one.

The Centralisation Index (CBDdACImunas, only for municipalities) computes the accumulation of
population from the CBD compared to the corresponding accumulation of land area. The slower

the population accumulation the higher the dispersion.

We would like to notice that some authors consider the density gradient indicator as an
indicator for centrality (please refer to the point on the concentration indicators’ formulation).
Following Ottensmann, J.R. (2017 (a), (b)),*> we have not included the density gradient as an

indicator of centrality. We have included it as a concentration indicator.

Nuclearity Indicators

To formulate nuclearity indicators we have designated nuclei for each province: loci of intense
residential development. For the purpose of this work, nuclei will be an urban entity (singular
entities —or municipalities- with 10,001 or more inhabitants, according to the traditional
Spanish statistical classification). The set of indicators that we use captures nuclearity within
province i through the degree of mononuclearity: the lower the mononuclearity, the higher the
dispersion. Our first indicator for nuclearity is the inverse of the number of nuclei, and thus we
ensure that low values of the indicator point out high rates of dispersion. The percentage of
population in the CBD over the whole set of nuclei is also a measure of mononuclearity. We use
it as our second nuclearity indicator. The lower the share of the CBD in the total population of
nuclei (thus the lower the nuclearity), the higher the dispersion. Nuclearity is maximised when
the province has a mononuclear pattern of residential development: the CBD is the only
nucleus. When the number of nuclei increases, nuclearity decreases; this would point out more

dispersion.

We list the nuclearity indicators that we will explore in Box 3.

42 “The attraction of using the negative exponential model parameters to examine decentralization is clear. For any metropolitan area, the
decentralization of population or housing units will result in a decrease in the negative exponential density gradient (all other things being
equal). However, the truth of this statement does not necessarily imply the converse, that the density gradient can therefore be used as a
reasonable measure of centralization. The relationship between the parameters for the negative exponential decline of density and the level of
centralization is more complex.” “However, the level of the density gradient is not significantly related to the level of centralization...”
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Box 3. List of nuclearity indicators

1. Inverse of the number of nuclei SE-based (NUNoNsgs;)

2. Share of the population in the CBD over the population in nuclei SE-based (NUSOPsesp)

3. Inverse of the number of nuclei MUN-based (NUNoONvunea)

4.  Share of the population in the CBD over the population in nuclei MUN-based (NUSOPwvuneb).
Density Indicators

The set of indicators that we use captures density within province i through the crude

population densities of its municipalities.*?

We use crude population density as the primary component, computed at the lowest level
available of geographical breakdown and using three approaches to the concept of density:
based on total land area, on urban area and on built-up area. Then, via population-weighted

means, we have constructed more elaborate measures at the provincial level.

Thus, we propose three approaches to define population density at the provincial level. The
first one captures the average number of residential units per km? for the total land area; we
will refer to it as “total density.” The second one is for the urban land area; we will refer to it
as “urban density.” The third one is for the built-up land area; we will refer to it as “residential

density.” The list of density indicators that we will explore at the provincial level is in Box 4.

Box 4. List of density indicators

1. Population-weighted density based on total land (DEPWDwuyn7a)

Population-weighted density based on urban land (DEPWDpyn7b)

Population-weighted density based on built-up land area (DEPWDwmynzc)

Maximum density based on total land (DENMAXwmun7d)

Maximum density based on urban land (DENMAXmun7ze)

Maximum density based on built-up land area (DENMAXwmun7s)

Minimum density based on total land (DENMINmyn7g)

Minimum density based on urban land (DENMINwmyn7h)

Minimum density based on built-up land area (DENMINwun7i)

Share of the population living in high density municipalities based on total land (DENHIGHwmun7)
Share of the population living in high density municipalities based on urban land (DENHIGHmyn7k)
Share of the population living in high density municipalities based on built-up land area (DENHIGHwun7)
Density of land use in the CBD based on total land (DENCBDwmyn7m)

Density of land use in the CBD based on urban land (DENCBDwyn7n)

Density of land use in the CBD based on built-up land area (DENCBDwun7o).
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We would like to note that some authors (especially in the field of urban sprawl) consider the
density gradient indicator as an indicator for population density. The rationale behind this
indicator is to capture the rate of attenuation of the population density with growing distance
from the CBD. We have chosen to associate the mentioned indicator to the degree of

compactness of the population around the CBD and use it as a measure of concentration.

43 We have not land area for SE
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Concentration Indicators

To measure concentration we focus on the distribution of the population across the singular
entities and municipalities. Especially, on its variability and on the extent to which a small
number of locations concentrates a high share of the population. To this end, we rely on a set
of indicators that measure any form of variability in population density and uneven or dissimilar

distribution of the population. We list the concentration indicators that will explore in Box 5.

Box 5. List of concentration indicators

Gini index for SE (CNGINIsgsq)

Standardised Theil entropy index (SE) (CNSTHEIsegp)

Standardised Herfindahl index (SE) (CNSHHIsgsc)

Coefficient of variation of densities (CNDCVmunsa)

Share of the population living in high density municipalities based on built land (CNHGDMUNS9b)
Population density gradient (CNPDGyunsc)

Gini index for MUN based on population (CNGINIyunsd)

Gini index for MUN based on land areas (CNGINIyunge)

Standardised Theil entropy index (MUN) (CNSTHEIvunsy)

Theil index (CNTHInunsg)

. Standardised Herfindahl index (MUN) (CNSHHIyunsn)

Raw geographic concentration index (CNRGClmunsi)

Ellison and Glaesser (CNEGpuns;)

Delta index (also Hoover index) (CNDIyunsk)

Massey and Denton dissimilarity index for urban land (CNMDDIwynsl)
Massey and Denton dissimilarity index for built-up land (CNMDDIyunsm).
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We have borrowed indicators from several fields of analysis: “variability of the population
density” (Coefficient of variation of densities, Share of the population living in high residential
density municipalities, Population density gradient), income distribution (i.e. Gini or Theil
indices), economic concentration (Herfindahl or Ellison and Glaeser indices) and social spatial
segregation (Delta index or Massey and Deaton indices). Each of them reflects different facets

of population concentration.

The “Coefficient of variation of densities” measures the variability of the population density
across municipalities in relative terms of the mean value of that variable. The “Share of
population living in high residential density municipalities” measures the population percentage
of the most densely populated municipalities. The “Population density gradient” is the rate at
which density falls from the centre. A high value means that density will decline sharply with

increasing distance from the capital of the province, thus pointing out concentration in the CBD.
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We calculate the “Population density gradient” (¢) through the exponential density function

85%(di;) = Scppe~®?u applying OLS regression.

The rest of indicators have been designed to approach inequality or dissimilarity (or
alternatively, evenness). Typically, this sort of indices are dimensionless with low values
reflecting low concentration or equivalently high dispersion. Gini indices range between 0 and
1 the extent to which population concentrates in a few number of locations. Theil indices are
based on the idea that “order” (the index equals 1) is associated with the concentration of the
bulk of the population in only one location (maximum concentration) while “disorder” (the
index equals 0) is associated with an even distribution of the population across the locations
(high entropy; dispersion). Indices coming from the field of economic activity concentration
(Herfindahl index -also Herfindahl-Hirschman index-, Raw geographic concentration index and
Ellison and Glaesser index) measure the degree to which the SE population shares (alternatively
those of municipalities) are equally distributed. Finally, fairly used in social spatial segregation,
the family of dissimilarity indices (Delta index —or Hoover- index and Massey and Denton index)
provide additional measures of the evenness with which two variables (population and surface)

are distributed across municipalities.

We highlight that the calculation spatial unit appears as a key factor to study the dynamics of
concentration. Indeed, the literature review has shown that generally the degree of
concentration increases with the size of the chosen spatial units. The fact that concentration
measures are sensitive to the size of the calculation geographical units is related to the
Modifiable Area Problem (MAUP) and has been approached by some authors in the field of

economic concentration (Bertinelli, L. et al. (2005)).

Typically, when data are grouped, the indices are sensitive to the definition and the number of
categories used. The integration of two or more categories always implies a reduction of the
calculated value of the index; unless the two of them have the same population share

(aggregation implies erasing part of the differences) (Rainis R. et al. (2003)).

In Spain, some analyses in the field of economic concentration have indicated that the use of
the province does not provide significant data due to the differences in size and spatial

distribution of population (Santa Maria, M.J. et al. (2005)). There seems to be a certain
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consensus about the choice of local units as the most appropriate. That is the case in this work.

We use local units: singular entity and municipality to calculate provincial indicators.

Continuity Indicators

To measure continuity we use two indicators based on crude density data. First, we use the
ratio urban or built-up land area to total land area.** The lower the ratio the lower the continuity
and the greater the dispersion. Second, we measure continuity through the degree to which
municipalities’ crude population density (61-0]-) fits to an exponential pattern as a function of the
distance from the centre of the province, the CBD, (d;;). The determination coefficient R? of

the below exponential density function provides an indicator of continuity.*

In 65 (dij) = 8 — ¢pdij + ¢ [exponential density function]

Where:

6{’]- Crude population density of municipality j in province i (total land-based)
dij Distance to the CBD of municipality j in province i

) Population density gradient

do CBD density

The lower the R? the lower the continuity and the greater the dispersion. We list the

concentration indicators that we will explore in Box 6.

Box 6. List of continuity indicators

1. Ratio urban land area to total land area (CNTRUTprovi0a)

2. Ratio built-up land area to total land area (CNTRUTproviob)
3. R-square of the exponential density function (CNTR2provioc)-

4 Adapted from Ghandi, S.R. et al. (2016).
45 Malpezzi, S. et al. (2001); Tsai, Y.H. (2005).
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5.  SUMMARY AND CONCLUSIONS

Population dispersion is one of the spending drivers in fundamental public services: education,
health and essential social services (FPS), and thus influences the sustainability of public
finances. Geographical areas where population is highly dispersed would need to offer
services at higher rates of intensity of resources, to ensure equal access. As a driver of public
expenditure, it has not yet been explored in Spain as much as other drivers have been, such

as population ageing, with which it interacts.

We have developed this work in the context of the analysis of budgetary stability in Spain.
Considering the de facto federal structure of Spain, which provides that FPS are mainly
managed by Spain’s Regions, the sustainability of fundamental public services at the national
level is determined by the ability of Regional governments to comply with fiscal stability

requirements.

We claim that the sustainability of public spending requires disruptive innovative solutions*
to address the provision of essential public services in geographical areas with high population
dispersion. The first step to integrate population dispersion into decision-making processes
would be to ensure the availability of valid indicators, to provide evidence-based choices. An
objective of this paper is to present a methodology through which valid indicators are used to
guantify and measure population dispersion in Spain’s Regions. A further objective is to
provide a flexible tool for policy decision-making, integrating population dispersion in the

analysis of the sustainability of FPS in Spain.

Our analyses show that population dispersion is a multidimensional concept and, therefore,
its measurement requires a multidimensional approach. Following a literature review, we
define population dispersion as a specific pattern of land use by the population for residential
purposes that is represented by low values in one or more of six distinct dimensions:

Proximity, Centrality, Nuclearity, Density, Concentration and Continuity.

4 https://ec.europa.eu/health/sites/health/files/expert panel/docs/012 disruptive innovation en.pdf
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The literature review has provided us with definitions and algorithms for calculating indicators
for these six dimensions. We have designed the algorithms to work with a bottom up
approach. We start with a set of primary components to build the indicators. We use them to

calculate indicators for provinces and then aggregate to the regional and national levels.

To measure population dispersion, we have introduced a set of ninety-four indicators grouped
in six dimensions and two categories, depending on the basic cell that we set as calculation
spatial unit: singular entity (SE) or municipality (MUN). We have selected the simplest possible
indicators among those most frequently used in the literature, which we understand as a
guarantee of compliance with basic suitability criteria, placing greater priority on practical
concerns, such as ease of use. For some of them we have found in the literature analyses
regarding desirable properties that such indicators ought to display. We have only referred to
these characteristics occasionally to further support the suitability of a number of indicators.

Analysing in depth these desirable properties goes beyond the scope of this paper.

In the literature review, we have found one indicator on population dispersion that is already
used in Spain. Specifically, in the resource allocation model of the Spanish regions. In this
context, the indicator selected for modelling population dispersion is the number of singular
population entities. We have not included this indicator. In our view, the number of singular
entities existing in each Region in a given year is not a suitable indicator to capture the
additional costs of providing fundamental public services because of population dispersion.
Main reasons are listed next. The indicator includes all SE, even if they are not inhabited. It
does not take into account some relevant associated cost drivers, such as the distance
between land uses, the distance to the capital of the province, and the extent to which most
of the population is concentrated in locations closer to each other than the entire set of
locations. The indicator is not normalised by the size of the province, though said size is one
of the cost drivers specifically considered in the regional resource allocation model. In
addition, we have verified through simulation techniques that the maximum spatial
separation attainable by population entities within a province is unrelated to the number of

entities, but only to the size of the province itself.

50



Quantifying and analysing the selected ninety-four indicators will be the task for a forthcoming
paper, in application of the designed methodology. Here we focus on presenting the
algorithms and the primary components to build the indicators, together with some
guantitative data concerning these primary components, namely Population in land uses;
distances between any two land uses within the same province; breadth of the province;

nuclei; area of land uses (municipalities); and crude population density (municipalities).

We have organised the primary components to build indicators in a databank of provincial
databases with both singular entities and municipalities as basic geographic cells. Our study
includes 55,861 SE inhabited through 2003 to 2017 (base year = 2016) in 50 provinces, which
provides an outlook of the situation at given moments as well as the evolution over time.

These 55,861 SE are in 8,102 municipalities.

We summarise below the key basic features extracted from the quantification of the primary

components that we have defined to build population dispersion indicators.

The average straight-line distance between SE within the same province in Spain is 51.82 Km
(location distance). Nonetheless, moving between two locations is not always possible in a
straight-line. The average travel distance within a province in Spain is 80.72 Km and the

average travel duration is 70.52 minutes or 1.18 hours.

There is a significant variability among provinces, with a coefficient of variation of 26% for
straight-line distance, 24% for travel distance and 57% for travel duration. The magnitude of
the latter is due to the high travel durations registered in inter-island displacements. When
this effect is corrected, the coefficient of variation for inter-province travel durations is 21%.
In general, when the “island correction” is considered, the impact on national averages is

negligible. Nonetheless, it is significant at province level in the island territories.

The observed high level of inter-province variability in the distances between locations is

connected to the significant differences in the size of Spain’s provinces. The diagonal of the
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provinces ranges from 91 Km in Gipuzkoa to 300 Km in Balears (295 in Badajoz, islands
excluded). The maximum distance between SE within a province ranges from 77 Km in
Gipuzkoa to 285 Km in Balears (236 in Badajoz, islands excluded). As for the surface area, the

smallest is Gipuzkoa with 1,909 Km? and the largest Badajoz with 21,766 Km?.

When quantifying the provinces’ breath, we have verified that population distance in Spain’s
provinces is below location distance. Indeed, the average distance between the municipalities’
locations within a province is 53.58 Km in 2016 while the Venable index, which is a proxy for
population distance, is 17.70 Km. This indicates that typically, within a Spanish province, the
population tends to concentrate in municipalities that are closer to each other than the entire
set of municipalities. Thus, both population and location-based indicators need to be jointly

considered in the decision-making process to accommodate equal access requirements.

Dispersion would be greater when the population recourses to several nodes of intense
residential development (nuclei) to spread over the territory. As for nuclearity, we have
defined singular entities (or, municipalities) with 10,001 or more inhabitants as nodes of
intense residential development. In Spain, there were 673 in 2016 (alternatively, 731 for
municipalities). Ranging from 1 nucleus in Avila, Palencia, Segovia and Soria to 72 (80) in

Barcelona.

Relating population to the extension of the territory, we see that, overall, in Spain, the ratio
population to surface area (crude total density) is 92 inhabitants per Km? (below the EU
average of 118). Typically, crude total density has been used as an indicator of population
dispersion, associating low densities to high population dispersion. Nonetheless, as said,
density is only one dimension of dispersion. Even more, as for density, we would need more
fine-tuned indicators than crude population density, to capture properly the extent to which

Spain is thickly populated throughout its territory.

Indeed, if we analyse population density in more detail, focusing on the built-up area, we can

see that Spain registers a density of built-up area (the share of built-up area in total land area)
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of 1.36% in 2016, well below the EU average, according to Eurostat and OECD data. This would
show that “much of Spain appears to be empty; much more so than any other large European
country... Yet characterising Spain as a sparsely populated country does not reflect the
experience on the ground ... So even though the settlement pattern appears sparse, people are
actually quite tightly packed together” Rae, A. (2018). This would further support approaching

” u

dispersion from several angles, in this case: “total density,” “urban density,” and “residential
density;” as well as the relevance of measuring “population distance” together with “location
distance.” The variability of crude density provides a first raw glance to concentration.

According to our calculation, it is high in Spain. Especially for crude total density (CV of 1.55).

We can point out that the basic components that measure different aspects of dispersion
present a high variability among provinces. We lack international benchmarks except for
population density and built-up area. However, the analysis of the inter-province variability
together with the national averages as benchmarks can provide an insight of the population
dispersion in Spain. We expect that that variability confronted to that of spending on FPS

would provide some clues on the association between both magnitudes.

To carry out such an analysis, this work has provided us with valuables conclusions to guide

next steps:

1. Population dispersion is a multidimensional concept, and using in isolation one
individual dimension to capture dispersion (such as, for instance, density, which has
been widely used to measure dispersion, not to say the number of singular population
entities) may leads to rather different conclusions than when a more balanced
definition is adopted

2. Agood practice in approaching population dispersion measurement would be building
a composite indicator capturing each of the six dimensions of proximity, centrality,

nuclearity, density, concentration and continuity
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3. Quite some indicators have been already used to measure population dispersion

through its dimensions. Most relevant ones should be adapted to the Spanish regions

and analysed, to construct a good composite indicator

In the process of selecting the most relevant indicators, at least the following criteria

should be considered:

a.

To involve information both on population and locations dispersion, for the set
of indicators to accommodate equal access requirements

To involve both information on total, urban and residential density

To be independent of the breadth of the provinces in order avoid confounding
factors

To use whenever possible indicators based on SE

To prioritise indicators based on travel distances or travel durations where

appropriate.
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https://www.sinchi.org.co/files/Base %20de%20Datos%20Inirida/PDF/01 Densidad%20de%20poblacion.pdf
- SINCHI Population Gini Index. Indicators of the database INIRIDA. Instituto Amazdnico de Investigaciones Cientificas SINCHI
https://www.sinchi.org.co/inirida/indicadores
https://www.sinchi.org.co/files/Base%20de%20Datos%20Inirida/PDF/07 Indice%20Gini%20de%20la%20poblacion.pdf
- SINCHI Population regional Concentration Index. Indicators of the database INIRIDA. Instituto Amazdnico de Investigaciones Cientificas SINCHI
https://www.sinchi.org.co/inirida/indicadores
https://www.sinchi.org.co/files/Base%20de %20Datos%20Inirida/PDF/06 Concentracion%20geografica%20de%20la%20poblacion.pdf
- SINCHI Index of Urban Population Concentratio. Indicators of the database INIRIDA. Instituto Amazdnico de Investigaciones Cientificas SINCHI

https://www.sinchi.org.co/files/Base%20de%20Datos%20Inirida/PDF/14 indice%20de%20concentracion%20de%20la%20poblacion%20urbana%20
0%20de%20Pinchemel.pdf
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https://cdigital.uv.mx/bitstream/handle/123456789/9310/1973_vol2_no2_p315-334.pdf;jsessionid=0EA68E49B9B4D0740BB2BCDF2F533535?sequence=1
https://cdigital.uv.mx/bitstream/handle/123456789/9310/1973_vol2_no2_p315-334.pdf;jsessionid=0EA68E49B9B4D0740BB2BCDF2F533535?sequence=1
https://cdigital.uv.mx/handle/123456789/9310
http://www.brown.edu/Departments/Economics/Faculty/Matthew_Turner/ec2410/readings/Clarke_RSA_1951.pdf
https://www.jstor.org/stable/2981088?seq=1
http://www.stat.go.jp/info/meetings/cambodia/pdf/a02_chap.pdf
https://celade.cepal.org/redatam/pryesp/cairo/WebHelp/Metalatina/distribucion_de_la_poblacion_urbana.htm
https://www.inecc.gob.mx/emapas/
https://www.sinchi.org.co/inirida/indicadores
https://www.sinchi.org.co/files/Base%20de%20Datos%20Inirida/PDF/01_Densidad%20de%20poblacion.pdf
https://www.sinchi.org.co/inirida/indicadores
https://www.sinchi.org.co/files/Base%20de%20Datos%20Inirida/PDF/07_Indice%20Gini%20de%20la%20poblacion.pdf
https://www.sinchi.org.co/inirida/indicadores
https://www.sinchi.org.co/files/Base%20de%20Datos%20Inirida/PDF/14_indice%20de%20concentracion%20de%20la%20poblacion%20urbana%20o%20de%20Pinchemel.pdf
https://www.sinchi.org.co/files/Base%20de%20Datos%20Inirida/PDF/14_indice%20de%20concentracion%20de%20la%20poblacion%20urbana%20o%20de%20Pinchemel.pdf

ANNEX Il. NOMENCLATURE

Geographical unit of analysis: Spain’s provinces except Ceuta and Melilla

Land uses:

Observation units

P; iel={1..50}
We notice that this work uses the Spanish administrative nomenclature of territorial units: singular entities, municipalities and
provinces. It is aligned with the European Nomenclature of Territorial Units for Statistics, the NUTS classification that subdivides
the territory of the EU Member States into territorial units that favours administrative units already existing in the Member States.
The NUTS are complemented at the lower level by local administrative units (LAU). This is a different approach from that based
on the new tool of the population grids, which is an alternative to population statistics for administrative areas. Please refer to
EUROSTAT for further detail on this new tool: EUROSTAT (c) and (d).

Parcels of land for population residence:
O Municipality (MUN)

M jel={1..pu} J  set of Spain’s municipalities
M;; jeldi={1..w} Ji  set of municipalities of province P;
K number of municipalities in Spain
K number of municipalities in province i

Municipalities in Spain are the basic local entity of the territorial organization of the State. They have legal personality
and full capacity to exercise their powers.*” The territory and the population are elements of the municipality. The
Continuous Municipal Register (INE) recognises that the national territory is administratively divided into regions,*®
provinces, municipalities and minor local entities; and, traditionally, within the municipalities it subdivides into
population entities, which in turn can be singular or collective (intermediate unit between the singular population entity
and the municipality consisting of a group of several singular entities). For the purpose of this work, municipalities are
basic territorial cells for the analysis and represent land uses whose location is determined by the centroid of the
municipality that we will define below.

O Singular population entity (in this paper singular entity —SE)

sek keK={1..#} K set of Spain’s singular entities
seik keK={1..#} K; set of singular entities of province P;
S€ijk keKj={1..#;} Kij set of singular entities of municipality j of province i

# number of singular entities in Spain
#; number of singular entities in province i
#; number of singular entities in municipality j of province i

A singular entity#? is understood to be any habitable area of the municipal terminality, inhabited or exceptionally
inhabited, clearly differentiated within it and which is known by a specific denomination that identifies it without
possibility of confusion. An area is considered habitable when there are habited dwellings or in a condition to be
inhabited. An area is considered clearly differentiated when the buildings and dwellings belonging to the same area may
be perfectly identified on the ground and the whole area is known by a denomination. Consequently, the seasonal
residential urbanisations and areas may be singular population entities even when they are inhabited for certain periods
of the year. No dwelling may belong simultaneously to two or more singular entities. A municipality may consist of one
or more singular population entities. If in a municipality there do not exist clearly differentiated areas the municipality
will be considered a unique entity. A municipality may contain only one single entity or group its population into
different singular population entities, when there are different habitable areas, clearly differentiated and with their own
name. The total population of the municipality will be the sum of those who reside in each of these entities.>° For the
purpose of this work, singular entities are basic territorial cells for the analysis and represent land uses whose location
is determine by its centroid as defined below.

O Population.

Tuijk population living in singular entity sejj.

Tk total population living in singular entity k of province i.
Tj total population living in municipality j of province i.
T total population living in province i.

b total population living in Spain.

47 Article 11 of Law 7/1985 of 2 April, Regulator of the Local Regimen Bases: https://www.boe.es/buscar/pdf/1985/BOE-A-1985-5392-consolidado.pdf.

48 Please refer to http://www.ine.es/nomen2/Metodologia.do?L=1. In the EU context, Spain is organised into 17 self-governing regions (Autonomous
Communities), 2 autonomous cities (Ceuta and Melilla), 50 provinces and 8, 131 municipalities: https://portal.cor.europa.eu/divisionpowers/Pages/Spain-
intro.aspx. Please be aware that for statistical purposes all EU regions are NUTS (Nomenclature of Territorial Units for Statistics). The NUTS classification subdivides
the territory of the EU Member States into territorial units that favours administrative units already existing in the Member States. The NUTS are complemented
at the lower level by local administrative units (LAU). In this paper, Spain’s regions refer to Autonomous Communities.
https://ec.europa.eu/eurostat/documents/3859598/10967554/KS-GQ-20-092-EN-N.pdf/9d57ae79-3ee7-3c14-da3e-34726da385cf?t=1591285035000.

49 INE’s definition as in http://www.ine.es/nomen2/Metodologia.do?L=1 and https://www.boe.es/boe/dias/2015/03/24/pdfs/BOE-A-2015-3109.pdf
50 https://www.ine.es/nomen2/AyudaResul.do
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Our observation units will be residential units. Specifically, people that use the land of singular entities or alternatively
municipalities for residential purposes.

Centroid of singular entity Geographical coordinates of the SE provided by the National Geographical Institute.
Centroid of municipality  Centroid of the singular entity that holds the capital of the municipality as indicated by the National Geographical Institute.

Observation point Regarding the calculations on distances, we define an “observation point” as the distance between any two singular entities
(alternatively two municipalities) within the same province. To calculate average distances at regional and national level we
will consider the number of observation points within the same province, excluding additional couples of SE from different
provinces and regions. Please notice that in a given province the number of observation points for SE is #; (#-1)/2 and for
municipalities p; (pi-1)/2.

Central Business District  Singular entity holding the capital of the province.

—CBD
o Total land area of municipality j of province i°*
[oh Total land area of province i
Bi Total land area of province i CBD
0 for total land (Ag- = aij)
A5 Land area of type v of municipality j of province i, withv = {1 for urban land
2 for built — up land
AV Land area of province i of type v ( A? =qy)
M Diagonal of the axes-aligned 2-dimensional bounding box of province i (bounding box or bounding rectangle)>?

D) Diagonal of province i: Adjusted diagonal of the bounding box

0 for total land — global density
& Crude() population density in municipality j of province i withv = { 1 for urban land — urban density
2 for built — up land — residential density

v _ T
8 = ,
&, Crude population density in province i with v as before
sv="r
L A\il
8Vicem Crude population density in the municipality hosting the CBM of province | with v as before
Vg Crude population density in Region R with v as before

di[j1,j2] ™) Straight-line distance between the centroids of municipalities j; and j, within province i

dilky, k] ®*) Straight-line distance between the centroids of singular entities k; and k, within province i

dii[ki, ko] **) Straight-line distance between the centroids of singular entities k; and k, of municipality j within province i
R, Regionn,n eN={1..17}

{i| ie Ra} Set of provinces in Region n

#Rn Number of provinces in the Region R,
ES Spain
(%)

We use the term “crude” to distinguish the ratio a province’s population to its surface area from the population density of that
province calculated as the weighted average of the population density of its municipalities. At municipal level, which is the basic level
to measure density in this work, both concepts are the same.

**) We notice that some authors consider additional metrics for the distance between two land uses, such as: 1/d;[k1,k2] (Torres, 2017);

edilkLk2l gnd In(di[k1,k2]) (Folch, 2012) which can be used and rescaled to fix the results to a particular range based on the research
objectives (Campante and Do, 2009). In this work, we use original distances.

51 Regarding the territorial extension, the Spanish statistical system provides only data at the municipal level. Therefore, no data are available regarding the surface
area of singular entities.

52 Following Ooi, B.C. (1993), the h-dimensional bounding boxes can be defined as a single dimensional array of h entries: (I3, Iz, ..., In) where Is (s = 1 to h) is a
closed bounded interval [a, b] describing the extent of the spatial object along dimension s.
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ANNEX I1l. TABLES

Annex lII. Table |
Land uses and observation units included in the analyses in 2016

e . Number ?f‘ Nu[n'ber'o‘f Population
singular entities municipalities included
TOTAL 55,861 8,102 46,206,955
Almeria 600 102 700,316
Cadiz 207 44 1,239,580
Cérdoba 326 75 791,551
Granada 468 168 909,386
Huelva 204 79 519,172
Jaén 346 97 647,691
Malaga 238 100 1,622,733
Sevilla 232 105 1,939,405
Huesca 712 202 220,623
Teruel 333 236 136,945
Zaragoza 386 292 947,548
Asturias 5,809 78 1,039,875
llles Balears 308 67 1,107,119
Palmas 509 34 1,097,227
SC Tenerife 559 53 998,950
Cantabria 921 102 582,176
Avila 441 248 162,456
Burgos 1,137 371 352,228
Le6n 1,385 211 473,157
Palencia 456 191 164,602
Salamanca 733 362 334,136
Segovia 379 209 154,806
Soria 483 183 89,999
Valladolid 263 225 523,634
Zamora 512 248 180,405
Albacete 305 87 392,114
Ciudad Real 163 102 506,743
Cuenca 330 238 201,030
Guadalajara 494 288 247,209
Toledo 339 204 686,277
Barcelona 1,218 311 5,521,013
Girona 972 221 750,404
Lleida 934 231 433,646
Tarragona 444 183 782,833
Alicante 282 141 1,835,689
Castellon 320 135 577,831
Valencia 452 265 2,534,502
Badajoz 275 164 676,652
Caceres 319 219 400,103
Corufia 9,228 92 1,108,892
Lugo 8,817 67 335,173
Ourense 3,462 92 312,633
Pontevedra 5,819 60 937,103
Madrid 550 179 6,433,562
Murcia 836 45 1,461,376
Navarra 850 272 640,339
Alava 422 51 324,113
Bizkaia 550 111 1,146,731
Gipuzkoa 290 88 709,491
La Rioja 243 174 315,776

Source: INE and authors’ own work based on the sources described in this paper.



Annex lIl. Table I (Start)
Basic data on straight-line distances between SE within the same province in 2016 It continues
Maximum Inter-province
straight- coefficient of
line variation of the
distance average straight-

between SE line distance

Simple average Sum of straight-| Observation
of straight-line line distances points per
distances between province

Province between SE  singular entities
within the same within the same

province province oV
(Km) (Km) (Number) (Km)
TOTAL 51.82 6,673,339,765 128,783,590 284.57 0.26
Almeria 50.71 9,111,999 179,700 149.60 0.55
Cadiz 51.80 1,104,445 21,321 116.80 0.50
Cérdoba 63.19 3,347,301 52,975 175.50 0.57
Granada 60.71 6,633,867 109,278 198.21 0.56
Huelva 50.38 1,043,189 20,706 130.24 0.54
Jaén 65.87 3,931,524 59,685 169.61 0.56
Mélaga 51.31 1,447,140 28,203 157.84 0.58
Sevilla 63.49 1,701,270 26,796 166.78 0.54
Huesca 58.09 14,704,367 253,116 172.03 0.50
Teruel 66.12 3,654,885 55,278 180.79 0.50
Zaragoza 71.85 5,338,676 74,305 208.63 0.54
Asturias 54.90 926,046,186 16,869,336 214.53 0.63
Illes Balears 83.80 3,961,723 47,278 284.57 0.75
Palmas 86.19 11,143,235 129,286 274.91 1.01
SC Tenerife 76.74 11,967,875 155,961 211.13 0.65
Cantabria 45.42 19,243,037 423,660 134.98 0.54
Avila 47.79 4,636,167 97,020 124.09 0.52
Burgos 64.84 41,876,695 645,816 188.39 0.54
Ledn 66.36 63,599,448 958,420 191.23 0.54
Palencia 49.88 5,175,056 103,740 142.93 0.57
Salamanca 51.34 13,774,368 268,278 166.1 0.53
Segovia 43.86 3,141,555 71,631 123.39 0.53
Soria 51.16 5,955,383 116,403 141.25 0.50
Valladolid 52.95 1,824,296 34,453 131.31 0.51
Zamora 57.28 7,492,812 130,816 174.75 0.52
Albacete 57.40 2,661,249 46,360 174.14 0.56
Ciudad Real 73.99 976,829 13,203 209.21 0.52
Cuenca 66.53 3,611,658 54,285 163.66 0.48
Guadalajara 59.61 7,258,946 121,771 165.67 0.53
Toledo 60.63 3,473,337 57,291 204.26 0.57
Barcelona 43.81 32,468,658 741,153 122.95 0.52
Girona 42.54 20,074,227 471,906 132.15 0.57
Lleida 58.78 25,610,056 435,711 172.55 0.53
Tarragona 42.64 4,193,452 98,346 142.27 0.67
Alicante 51.43 2,037,716 39,621 134.16 0.59
Castell6n 43.71 2,230,804 51,040 126.01 0.55
Valencia 57.63 5,873,614 101,926 174.87 0.57
Badajoz 80.15 3,019,674 37,675 236.27 0.53
Céceres 73.20 3,712,754 50,721 216.02 0.52
Corufia 53.78 2,289,682,943 42,573,378 177.51 0.55
Lugo 53.88 2,094,080,791 38,865,336 158.48 0.54
Ourense 39.14 234,511,055 5,990,991 129.88 0.58
Pontevedra 42.33 716,589,269 16,927,471 136.67 0.54
Madrid 48.54 7,328,529 150,975 137.68 0.50
Murcia 50.32 17,563,994 349,030 145.95 0.51
Navarra 43.43 15,670,785 360,825 154.58 0.56
Alava 30.93 2,747,880 88,831 92.76 0.53
Bizkaia 25.99 3,923,438 150,975 83.32 0.55
Gipuzkoa 24.40 1,022,408 41,905 76.64 0.55
La Rioja 39.42 1,159,201 29,403 119.88 0.58

Source: Authors’ own work based on the sources described in this paper.
* National values correspond to the CV of provincial averages.



Annex lIl. Table Il (Conclusion)

Average of
straight-line
distances
between SE
within the
same Island
(Km)

ISLAND
CORRECTION

llles Ballears
Formentera
Ibiza
Mallorca
Menorca

Las Palmas
Fuerteventura
Gran Canaria
Lanzarote

SC Tenerife
Gomera
Hierro
La Palma
Santa Cruz de Tenerife

Source: Authors’ own work based on the sources described in this paper.

* National values correspond to the CV of provincial averages.

35.80

6.34
14.49
37.65
17.66

19.96
29.78
19.80
17.43

24.66
9.28
7.83

15.01

28.67

Basic data on straight-line distances between SE within the same province in 2016. Island correction

Sum of
straight-line
distances
between SE
within the
same Island
(Km)

888,451
228
3,666
850,065
34,491

1,544,649
52,719
1,455,665
36,264

1,484,479
43,216
822
163,269
1,277,172

Number of
observation
points within
the same
Island

(Number)

24,820
36

253
22,578
1,953

77,386
1,770
73,536
2,080

60,190
4,656
105
10,878
44,551

Conclusion

Maximum
straight-line
distance
between SE
within the
same Island
(Km)

97.37
14.23
35.19
97.37
45.54

101.28
101.28
46.72
54.18

80.70
22.80
21.75
39.56
80.70
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Annex lIl. Table Il (Start)
Sample size of observation points and sample estimates of travel distance and travel duration by provinces in 2016 It continues

Travel distance y (Km) Travel duration & (minutes)

Relative Error**
for the estimate

Theoretical Effective

Relative Error** f
PROVINCE sample sample Slative Brrort - 1oF

size size Simple Sta.nd.ard cv* Sfitia el Simple Sta.nd.ard ov* the estimate of the
Average deviation * Average deviation* sample average
average
(%)
n fi i 5 i 7 5 3 I e
1:!} e E r = 'ﬁ 0.5 ET ':7 E T = 'ﬁ L5

Total/Average 196,600 191,702 82.84 19.41 0.23 1.77 77.82 40.34 0.52 1.57
Almeria 3,600 3,547 87.54 47.70 0.54 1.83 76.39 32.53 0.43 1.43
Cadiz 3,600 3,282 82.57 44.64 0.54 1.89 68.73 30.90 0.45 1.57
Cérdoba 3,600 3,461 91.12 50.28 0.55 1.88 78.43 36.59 0.47 1.59
Granada 3,600 3,539 99.56 52.37 0.53 1.77 80.57 36.28 0.45 1.51
Huelva 3,600 3,326 77.26 41.92 0.54 1.88 72.39 33.76 0.47 1.62
Jaén 3,600 3,486 109.55 58.97 0.54 1.82 99.74 49.13 0.49 1.67
Malaga 3,600 3,372 84.21 46.54  0.55 1.90 76.46 35.53 0.46 1.60
Sevilla 3,600 3,355 88.81 44.80 0.50 1.74 77.58 33.85 0.44 1.51
Huesca 3,600 3,566 91.00 41.49 0.46 1.53 77.30 32.36 0.42 1.40
Teruel 3,600 3,475 100.21 47.46  0.47 1.61 83.89 37.79 0.45 1.53
Zaragoza 3,600 3,489 104.25 57.07 0.55 1.85 80.73 38.75 0.48 1.63
Asturias 6,000 5,999 87.27 52.08 0.60 1.54 75.02 39.14 0.52 1.35
Illes Balears 3,600 3,469 111.59 77.97 0.70 2.37 205.67 190.49 0.93 3.15
Palmas 3,600 3,556 131.52 120.21 0.91 3.07 243.06 260.61 1.07 3.60
SC Tenerife 3,600 3,552 128.14 77.01 0.60 2.02 232.71 171.29 0.74 2.47
Cantabria 3,600 3,586 75.96 40.32 0.53 1.77 63.82 30.12 0.47 1.58
Avila 3,600 3,521 71.43 36.88 0.52 1.74 67.36 31.39 0.47 1.57
Burgos 3,600 3,589 94.06 46.83 0.50 1.66 80.49 34.23 0.43 1.42
Ledn 3,600 3,592 104.08 55.81 0.54 1.79 85.56 39.53 0.46 1.54
Palencia 3,600 3,535 68.31 36.81 0.54 1.81 55.51 24.97 0.45 1.51
Salamanca 3,600 3,568 73.64 38.19 0.52 1.74 62.48 26.29 0.42 1.41
Segovia 3,600 3,500 60.56 32.72 0.54 1.83 57.86 27.83 0.48 1.63
Soria 3,600 3,524 70.71 33.34 047 1.59 58.67 25.07 0.43 1.44
Valladolid 3,600 3,426 70.82 35.63 0.50 1.72 56.86 25.25 0.44 1.52
Zamora 3,600 3,548 80.46 41.01 0.51 1.71 66.85 29.49 0.44 1.48
Albacete 3,600 3,445 89.09 46.08 0.52 1.76 78.95 35.63 0.45 1.54
Ciudad Real 3,600 3,151 99.97 48.99 0.49 1.75 84.65 39.22 0.46 1.65
Cuenca 3,600 3,471 98.56 45.67 0.46 1.57 83.61 35.90 0.43 1.46
Guadalajara 3,600 3,547 89.02 44 .95 0.50 1.70 75.26 33.59 0.45 1.50
Toledo 3,600 3,474 85.19 45.47 0.53 1.81 65.85 30.26 0.46 1.56
Barcelona 3,600 3,576 66.36 3096 047 1.56 54.24 19.77 0.36 1.22
Girona 3,600 3,567 67.88 40.88 0.60 2.02 64.48 32.49 0.50 1.69
Lleida 3,600 3,579 97.54 48.41 0.50 1.66 93.33 42.05 0.45 1.51
Tarragona 3,600 3,523 61.87 36.86  0.60 2.01 52.82 25.38 0.48 1.62
Alicante 3,600 3,451 74.11 40.47 0.55 1.86 58.58 25.43 0.43 1.48
Castellén 3,600 3,445 71.62 40.02 0.56 1.90 67.79 31.63 0.47 1.59
Valencia 3,600 3,545 83.48 46.06  0.55 1.85 64.72 31.20 0.48 1.62
Badajoz 3,600 3,407 107.14 56.73 0.53 1.81 87.67 41.45 0.47 1.62
Céceres 3,600 3,478 112.09 55.83 0.50 1.69 91.27 39.92 0.44 1.48
Coruiia 10,000 9,999 80.19 41.93 0.52 1.05 69.27 28.62 0.41 0.83
Lugo 9,000 8,998 82.90 43.14  0.52 1.10 73.09 30.16 0.41 0.87
Ourense 3,600 3,599 65.62 38.40 0.59 1.95 62.41 29.06 0.47 1.55
Pontevedra 6,000 5,993 71.48 39.58 0.55 1.43 60.49 25.68 0.42 1.10
Madrid 3,600 3,555 70.88 33.77 0.48 1.60 58.14 21.47 0.37 1.24
Murcia 3,600 3,582 72.06 35.40 0.49 1.64 60.28 25.37 0.42 1.41
Navarra 3,600 3,580 67.80 34.86 0.51 1.72 57.16 26.04 0.46 1.52
Alava 3,600 3,525 46.24 23.45 0.51 1.71 42.47 19.09 0.45 1.51
Bizkaia 3,600 3,544 42.13 22.32 0.53 1.78 43.40 19.73 0.45 1.53
Gipuzkoa 3,600 3,442 40.73 20.21 0.50 1.69 36.67 13.83 0.38 1.29
La Rioja 3,600 3,363 66.41 36.13 0.54 1.88 57.39 26.09 0.45 1.57

Source: Authors’ own work based on Cochran, W.G. (1984) and the sources described in this paper.
Microsoft Bing Maps accessed with Distance Matrix APl between Mach and June 2019.
* National values correspond to inter-province standard deviation and CV of provincial averages.

** National values correspond to the average of provinces’ relative errors.
z =2 Value of the N (0,1) distribution that leaves on its right a 0.025 probability (confidence level a o = 0.95).
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Annex lIl. Table lll (Conclusion)

ISLAND

CORRECTION

ILLES BALEARS
Formentera
Ibiza
Mallorca
Menorca

LAS PALMAS
Fuerteventura
Gran Canaria
Lanzarote

SC TENERIFE
Gomera, La
Hierro, El
Palma, La
Tenerife

Simple
Average

40.47

8.08
19.40
52.25
25.43

27.32
41.39
43.32
24.42

41.94
25.92
15.18
31.49
49.35

Travel distances y (Km)

Standard
deviation*

4.56
9.16
25.50
16.43

25.12
23.41
13.88

10.90

8.69
19.09
27.72

0.56
0.47
0.49
0.65

0.61
0.54
0.57

0.42
0.57
0.61
0.56

Relative
Error** for
the estimate
of the
sample
average
(%)

0.00
0.00
2.38
10.76

0.00
2.39
0.00

8.13
11.17
7.53
3.60

Simple
Average

38.78
12.93
24.61
48.51
30.75

41.15
49.10
50.10
32.24

40.73
38.21
18.77
42.52
42.89

Source: Authors’ own work based on Cochran W.G. (1984) and the sources described in this paper.
* National values correspond to inter-province standard deviation and CV of provincial averages.

** National values correspond to the average of provinces’ relative errors.

Sample size of observation points and sample estimates of travel distance and duration by provinces in 2016. Island correction

Conclusion

Travel durations  (minutes)

Standard
deviation*

6.64
10.56
21.23
16.35

31.12
20.88
17.83

14.42
10.06
22.19
18.92

0.51
0.43
0.44
0.53

0.63
0.42
0.55

0.38
0.54
0.52
0.44

Relative
Error** for
the estimate
of the
sample
average
(%)

0.00
0.00
2.13
8.86

0.00
1.84
0.00

7.30
10.46
6.49
2.82
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Annex lIl. Table IV (Start)
Ratio estimates of travel distance and duration by provinces in 2016 It continues

Ratio estimate of average travel duration (minutes)

Ratio estimate of average travel distance (Km)

Ratio estimate

PROVINCE Ratio 1 * Ratio estimate Relative error* of Ratio 2* CETEEG Relativ.e errc_:r* of
el of ave‘rage travel the ratio e§t|mate of safnple travel the ratio est|m.ate
estimate distance travel distance estimate duration of travel duration
(Km) (%) (min/Km) (minutes) (%)
TOTAL 1.56 80.72 0.3640 1.36 70.52 0.6100
Almeria 1.74 88.37 0.7512 1.52 77.11 1.2127
Cadiz 1.61 83.47 0.7648 1.34 69.48 0.9255
Cérdoba 1.45 91.54 0.4637 1.25 78.79 0.7574
Granada 1.65 100.43 0.8129 1.34 81.28 1.1212
Huelva 1.54 77.49 0.5414 1.44 72.60 0.6710
Jaén 1.67 110.15 0.7558 1.52 100.29 1.0979
Malaga 1.61 82.60 0.6447 1.46 75.00 1.2256
Sevilla 1.38 87.54 0.5371 1.20 76.47 1.0510
Huesca 1.59 92.21 0.5756 1.35 78.33 0.7423
Teruel 1.50 99.15 0.4425 1.26 83.00 0.6530
Zaragoza 1.47 105.95 0.5098 1.14 82.05 0.6666
Asturias 1.60 87.80 0.4949 1.37 75.47 0.8648
Illes Balears 1.35 113.52 0.6091 2.50 209.22 1.0464
Palmas 1.56 134.34 0.7354 2.88 248.26 1.0130
SC Tenerife 1.64 126.13 0.7316 2.98 229.06 0.9740
Cantabria 1.68 76.17 0.7258 1.41 64.00 1.0511
Avila 1.49 71.13 0.6549 1.40 67.07 0.7581
Burgos 1.46 94.65 0.4647 1.25 80.99 0.8286
Ledn 1.54 102.24 0.5597 1.27 84.04 0.9105
Palencia 1.37 68.16 0.4529 1.11 55.39 0.7705
Salamanca 1.42 72.83 0.5822 1.20 61.79 0.8345
Segovia 1.38 60.54 0.4251 1.32 57.85 0.5178
Soria 1.38 70.71 0.4421 1.15 58.67 0.6066
Valladolid 1.35 71.32 0.4037 1.08 57.26 0.5302
Zamora 1.42 81.25 0.5417 1.18 67.50 0.8129
Albacete 1.55 88.94 0.7438 1.37 78.82 1.0458
Ciudad Real 1.35 99.60 0.4542 1.14 84.34 0.6799
Cuenca 1.48 98.38 0.4490 1.25 83.46 0.6715
Guadalajara 1.50 89.28 0.4666 1.27 75.48 0.6822
Toledo 1.40 85.17 0.4346 1.09 65.84 0.8192
Barcelona 1.52 66.51 0.5503 1.24 54.36 0.9136
Girona 1.60 68.20 0.5991 1.52 64.79 0.9125
Lleida 1.68 98.92 0.6932 1.61 94.65 0.9582
Tarragona 1.41 60.02 0.5494 1.20 51.24 1.0166
Alicante 1.47 75.48 0.5555 1.16 59.66 1.0508
Castellon 1.65 72.31 0.6349 1.57 68.44 1.0465
Valencia 1.46 83.90 0.5112 1.13 65.04 0.7829
Badajoz 1.35 107.82 0.4009 1.10 88.22 0.5993
Caceres 1.53 112.17 0.5214 1.25 91.34 0.7869
Coruia 1.50 80.71 0.2725 1.30 69.72 0.5025
Lugo 1.54 83.12 0.3139 1.36 73.28 0.5187
Ourense 1.68 65.76 0.5448 1.60 62.54 0.9020
Pontevedra 1.70 72.17 0.4492 1.44 61.08 0.6321
Madrid 1.46 70.75 0.5718 1.20 58.03 0.8651
Murcia 1.43 71.82 0.4849 1.19 60.08 0.8657
Navarra 1.59 68.89 0.6579 1.34 58.07 1.0046
Alava 1.49 46.23 0.6021 1.37 42.46 0.8241
Bizkaia 1.62 42.22 0.5632 1.67 43.49 0.8921
Gipuzkoa 1.67 40.69 0.7367 1.50 36.64 1.1503
La Rioja 1.69 66.77 0.9178 1.46 57.70 1.2635

Source: Authors’ own work based on the sources described in this paper.

* National values correspond to the provinces’ weighted average (weights = share of total straight-line distance between SE within a province).
Ratio 1 = Travel distance/straight-line distance.

Ratio 2 = Travel duration/straight-line distance.



Annex lIl. Table IV (Conclusion)
Ratio estimates of travel distance and duration by provinces. Island correction in 2016 Conclusion

Ratio estimate of average travel Ratio estimate of average travel
distance (Km) duration (minutes)

Ratio Relative Ratio Relative

ISLAND estimate L G estimate i

CORRECTION Ratio1* of average  theratio Ratio2* o o ee theratio

estimate travelg estimate of estimate travelg estimate

" travel (min/Km) X of travel

CLEAE I distance CHIEL ] duration

(Km) ) (minutes) (%)
0 ()

ILLES BALEARS 1.40 50.20 0.9399 1.32 47.27 1.3208
Formentera 1.28 8.08 5.7824 2.04 12.93 7.0866
Ibiza 1.34 19.40 1.0306 1.70 24.61 1.4584
Mallorca 1.40 52.66 0.8522 1.30 48.89 1.2135
Menorca 1.50 26.54 3.0600 1.82 32.09 3.9119
LAS PALMAS 1.02 20.38 3.3797 2.21 44.20 1.9602
Fuerteventura 1.34 40.01 0.5665 1.65 49.10 1.7105
Gran Canaria 1.00 19.80 3.5457 2.24 44.42 1.9781
Lanzarote 1.40 24.42 0.8047 1.85 32.24 1.6041
SC TENERIFE 1.77 43.59 2.3924 1.70 41.93 2.3948
Gomera, La 3.03 28.17 5.9228 4.47 41.52 6.8442
Hierro, El 1.94 15.18 8.0637 2.40 18.77 7.9916
Palma, La 2.09 31.31 3.8533 2.82 42.27 3.1887
Tenerife 1.68 48.26 2.0826 1.46 41.95 2.1391

Source: Authors’ own work based on the sources described in this paper.
* Values at the provincial level correspond to the islands’ weighted average (weights = total straight-
line distance between SE within an island).



Annex lIl. Table V
Basic data on provinces dimensions in 2016

Square Province Province Maximum Diagonal of the Diagonal
root of the | maximum | maximum | straight-line axes-aligned of the
surface distance distance distance 2-dimensional province
area of the | from north | from east | between SE bounding box Dadj
province to south to west
(Km)* (Km)* (Km)* (Km)* (Km)* (Km)* (Km) (Km)
TOTAL 97.44 133.60 150.38 162.34 202.99 202.99 17.68 50.66 49.94
Almeria 93.66 136 133 149.60 190.22 192.78 20.77 48.09 46.02
Cadiz 86.23 116 121 116.80 167.62 164.75 23.92 41.14 42.56
Cordoba 117.35 171 140 175.50 221.00 224.52 21.75 55.63 57.58
Granada 112.43 155 182 198.21 239.06 242.17 18.39 61.11 55.99
Huelva 100.64 156 122 130.24 198.04 191.01 18.32 51.16 50.00
Jaén 116.14 128 160 169.61 204.90 208.71 23.06 51.87 55.45
Malaga 85.49 107 165 157.84 196.66 192.80 17.32 49.13 44,71
Sevilla 118.47 151 167 166.78 225.14 226.37 15.90 57.90 59.54
Huesca 125.01 173 139 172.03 221.92 224.60 27.33 56.35 58.90
Teruel 121.64 167 178 180.79 244.08 24411 32.32 62.78 58.51
Zaragoza 131.43 202 215 208.63 295.01 282.39 12.43 75.95 70.12
Asturias 102.97 86 216 214.53 232.49 214.39 16.13 58.23 53.00
llles Balears 70.65 161 266 284.57 310.93 300.43 33.56 75.19 67.15
Palmas 63.79 189 235 274.91 301.57 290.62 38.69 73.65 65.00
SC Tenerife 58.10 135 200 211.13 241.30 242.73 24.32 59.04 59.11
Cantabria 72.53 84 138 134.98 161.55 159.83 13.59 40.09 38.25
Avila 89.72 120 132 124.09 178.39 175.55 20.30 45.79 44.30
Burgos 118.42 193 149 188.39 243.82 242.83 22.93 62.35 58.10
Ledn 124.77 135 189 191.23 232.26 235.79 24.48 58.36 59.79
Palencia 89.74 145 94 142.93 172.80 169.21 18.48 43.22 44.08
Salamanca 111.13 116 155 166.10 193.60 195.69 18.57 49.35 53.92
Segovia 82.77 106 127 123.39 165.42 164.35 15.88 42.24 41.88
Soria 101.51 122 147 141.25 191.03 189.51 18.20 48.67 49.84
Valladolid 90.06 136 129 131.31 187.45 184.94 9.12 47.92 51.08
Zamora 102.77 124 150 174.75 194.62 202.54 20.86 49.87 50.19
Albacete 122.14 155 171 174.14 230.79 233.41 24.07 57.73 59.23
Ciudad Real 140.76 136 208 209.21 248.52 253.09 29.10 62.19 66.24
Cuenca 130.92 159 172 163.66 234.23 234.70 30.86 60.23 61.76
Guadalajara 110.30 130 168 165.67 212.42 213.17 13.72 54.28 56.85
Toledo 123.98 118 212 204.26 242.63 237.84 28.81 59.47 58.81
Barcelona 87.91 125 118 122.95 171.90 170.08 12.76 44.43 45.68
Girona 76.87 96 131 132.15 162.41 163.44 18.47 41.04 38.77
Lleida 110.30 176 128 172.55 217.62 217.72 21.74 55.17 54.28
Tarragona 79.39 116 125 142.27 170.53 175.55 19.66 43.91 40.34
Alicante 76.27 115 114 134.16 161.93 166.91 21.20 41.29 38.83
Castellon 81.44 119 115 126.01 165.49 166.59 15.33 42.20 42.07
Valencia 103.97 170 129 174.87 213.40 215.37 14.84 54.18 53.17
Badajoz 147.53 168 229 236.27 284.02 291.45 32.45 71.93 70.21
Caceres 140.95 161 221 216.02 273.43 276.13 31.02 69.07 67.09
Coruiia 89.16 146 131 177.51 196.16 204.23 22.74 50.05 45.16
Lugo 99.29 159 96 158.48 185.73 180.83 24.34 45.26 47.48
Ourense 85.28 86 134 129.88 159.22 152.44 17.27 39.01 41.66
Pontevedra 67.04 109 89 136.67 140.72 150.36 13.64 35.24 35.48
Madrid 89.56 142 130 137.68 192.52 190.12 9.26 49.54 50.53
Murcia 106.37 154 144 145.95 210.84 207.91 20.74 53.81 51.64
Navarra 99.00 156 145 154.58 212.98 210.16 19.62 49.97 49.87
Alava 54.47 82 86 92.76 118.83 123.66 6.78 29.32 33.98
Bizkaia 47.07 53 84 83.32 99.32 98.03 7.46 24.73 26.81
Gipuzkoa 43.69 55 71 76.64 89.81 92.01 11.95 22.37 22.77
La Rioja 70.91 80 119 119.88 143.39 141.92 13.91 35.87 36.26

Source: Authors’ own work based on the sources described in this paper.
* TOTAL equals the simple average of the diagonals of the provinces.



Annex lll. Table VI
Basic data on land area by province in 2016

Surface Surface area of the Urban Built-up Not built-up Urban Built-up  Not built-up
SE holding the CBLC area area area area area area
(Km?) (Km?) (Km?) (Km?) (Km?) /Total /Total /Total
GIS * * *
PROVINCES GIS CS & SIU CS & SIU CS & SIU

TOTAL 504,688 15,690 11,325 6,870 4,456 2.24 1.36 0.88
Almeria 8,773 296 184 97 87 2.10 1.11 0.99
Cadiz 7,436 12 248 172 76 3.34 2.32 1.02
Cérdoba 13,771 1,255 174 124 50 1.26 0.90 0.36
Granada 12,640 81 205 118 87 1.62 0.93 0.68
Huelva 10,128 151 137 78 59 1.35 0.77 0.58
Jaén 13,489 424 133 87 46 0.99 0.65 0.34
Malaga 7,308 395 349 210 140 4.78 2.87 191
Sevilla 14,036 141 333 241 92 2.38 1.72 0.66
Huesca 15,627 161 81 53 29 0.52 0.34 0.18
Teruel 14,796 440 56 35 20 0.38 0.24 0.14
Zaragoza 17,275 974 224 132 92 1.30 0.77 0.53
Asturias 10,604 187 285 166 119 2.69 1.57 1.12
Balears 4,992 209 236 172 63 4.72 3.46 1.27
Palmas 4,070 103 234 115 119 5.75 2.82 2.94
SC Tenerife 3,375 150 189 114 75 5.61 3.38 2.23
Cantabria 5,261 36 179 125 54 3.41 2.38 1.03
Avila 8,050 231 88 52 36 1.10 0.65 0.45
Burgos 14,023 107 170 93 77 1.22 0.66 0.55
Ledn 15,568 39 223 122 100 1.43 0.79 0.64
Palencia 8,053 95 69 48 21 0.85 0.60 0.26
Salamanca 12,349 39 123 74 49 0.99 0.60 0.39
Segovia 6,851 164 110 63 47 1.61 0.92 0.69
Soria 10,303 272 49 27 22 0.47 0.26 0.21
Valladolid 8,111 197 162 98 65 2.00 1.20 0.80
Zamora 10,561 149 94 58 36 0.89 0.55 0.34
Albacete 14,918 1,127 109 73 36 0.73 0.49 0.24
Ciudad Real 19,813 285 168 101 67 0.85 0.51 0.34
Cuenca 17,140 911 89 60 30 0.52 0.35 0.17
Guadalajara 12,167 235 175 79 96 1.44 0.65 0.79
Toledo 15,370 232 359 199 160 2.34 1.30 1.04
Barcelona 7,729 98 730 490 240 9.45 6.34 3.11
Girona 5,909 39 265 173 92 4.49 2.92 1.57
Lleida 12,166 212 135 80 56 111 0.65 0.46
Tarragona 6,303 55 286 170 116 4.54 2.70 1.83
Alicante 5,816 201 480 306 174 8.25 5.27 2.98
Castellon 6,632 109 200 108 92 3.01 1.62 1.39
Valencia 10,811 139 438 293 145 4.05 2.71 1.34
Badajoz 21,766 1,440 200 135 65 0.92 0.62 0.30
Caceres 19,868 1,750 121 77 44 0.61 0.39 0.22
Corufa 7,950 38 480 272 209 6.04 3.42 2.62
Lugo 9,858 330 137 77 60 1.39 0.78 0.61
Ourense 7,273 85 105 62 43 1.44 0.85 0.60
Pontevedra 4,495 118 327 185 142 7.29 4.13 3.16
Madrid 8,022 606 964 570 394 12.02 7.11 4.92
Murcia 11,314 886 551 270 281 4.87 2.39 2.48
Navarra** 9,801 25 260 133 127 2.65 1.36 1.29
Alava** 2,967 277 104 73 31 3.50 2.46 1.04
Bizkaia** 2,216 41 131 94 37 5.92 4.24 1.68
Gipuzkoa** 1,909 61 90 67 23 4.71 3.53 1.18
La Rioja 5,028 79 82 48 35 1.64 0.95 0.69

Source: Authors’ own work based on the sources described in this paper.

** Estimates for urban surface area related data. The National Cadastral Services does not provide data for Pais Vasco and Navarra because of
their specific fiscal system. For these regions, we have estimated the data based on the Urban Information System (SIU) published by the
Ministry of Development and the regional Offices of Statistics.

Urban and built-up surface: The urban land and built-up area correspond to the respective concepts for cadastral purposes. That is, the one
considered in accordance with the cadastral legislation, article 7.2 of the Consolidated Text of the Real Estate Cadastre Law
(http://www.catastro.meh.es/documentos/estadisticas Metodologia Catastro 2015.pdf and
http://www.catastro.minhap.gob.es/documentos/estadisticas/Nota%20metodol%C3%B3gica%20Estadistica%200cupaci%C3%B3n.pdf). The
estimations for Pais Vasco and Navarra’s provinces are based on the concepts used by the SIU
(https://apps.fomento.gob.es/CVP/handlers/pdfhandler.ashx?idpub=BAWO055).

Note: Please note that in this table population and surface area correspond to total in official registries, including that of SE dropped to build
the database use in this work.
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Annex lIl. Table VI
Nuclei (*) by provinces in 2016

Nuclei Nuclei

SE Based MUN Based
TOTAL 673 731
Almeria 11 12
Cadiz 23 21
Cérdoba 11 14
Granada 17 22
Huelva 13 14
Jaén 13 15
Malaga 26 19
Sevilla 37 26
Huesca 5 5
Teruel 2 2
Zaragoza 6 6
Asturias 8 20
Illes Balears 18 24
Palmas 21 22
SC Tenerife 15 20
Cantabria 10 10
Avila 1 1
Burgos 3 3
Ledn 5 6
Palencia 1 1
Salamanca 4 4
Segovia 1 1
Soria 1 1
Valladolid 4 4
Zamora 2 2
Albacete 6 6
Ciudad Real 13 13
Cuenca 2 2
Guadalajara 3 4
Toledo 11 13
Barcelona 72 80
Girona 12 20
Lleida 5 5
Tarragona 16 15
Alicante 35 36
Castellén 10 11
Valencia 56 51
Badajoz 9 9
Caceres 4 2
Corufia 9 21
Lugo 2 5
Ourense 4 6
Pontevedra 6 24
Madrid 53 49
Murcia 37 29
Navarra 10 10
Alava 2 3
Bizkaia 20 20
Gipuzkoa 14 18
La Rioja 4 4

Source: authors own work based the sources described in this paper.
(*) The traditional Spanish statistical classification determines as urban
"the set of population entities with 10,001 or more inhabitants." Please
refer to Ministry of Development of Spain (2018). Areas urbanas en
Espafia 2018. Constitucidn, Cuarenta afios de las ciudades espafiolas.
Retrieved from:
https://apps.fomento.gob.es/CVP/handlers/pdfhandler.ashx?idpub=
BAWO058. We have particularised it for SE and MUN.
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Annex lIl. Table VIII
Crude population density in Spain’s provinces by type of surface area in 2016

Urban Residential
Built-Up | Total density density density
Surface area area Inhabitants | Inhabitants | Inhabitants
2016 Population (Km?) (Km?) per Km? per Km? per Km?
Total Nacional* 46,386,463 504,688 11,325 6,870 92 4,096 6,752
Almeria 704,297 8,773 184 97 80 3,823 7,240
Cadiz 1,239,889 7,436 248 172 167 4,991 7,195
Cérdoba 791,610 13,771 174 124 57 4,551 6,395
Granada 915,392 12,640 205 118 72 4,473 7,749
Huelva 519,596 10,128 137 78 51 3,789 6,620
Jaén 648,250 13,489 133 87 48 4,874 7,439
Malaga 1,629,298 7,308 349 210 223 4,662 7,765
Sevilla 1,939,775 14,036 333 241 138 5,817 8,042
Huesca 221,079 15,627 81 53 14 2,715 4,199
Teruel 136,977 14,796 56 35 9 2,465 3,904
Zaragoza 950,507 17,275 224 132 55 4,237 7,182
Asturias 1,042,608 10,604 285 166 98 3,655 6,266
Illes Balears 1,107,220 4,992 236 172 222 4,698 6,419
Palmas 1,097,800 4,070 234 115 270 4,690 9,579
SC Tenerife 1,004,124 3,375 189 114 297 5,307 8,806
Cantabria 582,206 5,261 179 125 111 3,246 4,642
Avila 162,514 8,050 88 52 20 1,841 3,105
Burgos 360,995 14,023 170 93 26 2,118 3,872
Ledn 473,604 15,568 223 122 30 2,128 3,875
Palencia 164,644 8,053 69 48 20 2,397 3,427
Salamanca 335,985 12,349 123 74 27 2,740 4,539
Segovia 155,652 6,851 110 63 23 1,414 2,482
Soria 90,040 10,303 49 27 9 1,841 3,361
Valladolid 523,679 8,111 162 98 65 3,226 5,359
Zamora 180,406 10,561 94 58 17 1,924 3,131
Albacete 392,118 14,918 109 73 26 3,611 5,386
Ciudad Real 506,888 19,813 168 101 26 3,024 5,021
Cuenca 201,071 17,140 89 60 12 2,250 3,379
Guadalajara 252,882 12,167 175 79 21 1,447 3,215
Toledo 688,672 15,370 359 199 45 1,917 3,454
Barcelona 5,542,680 7,729 730 490 717 7,592 11,320
Girona 753,576 5,909 265 173 128 2,843 4,365
Lleida 434,041 12,166 135 80 36 3,208 5,458
Tarragona 792,299 6,303 286 170 126 2,772 4,652
Alicante 1,836,459 5,816 480 306 316 3,826 5,994
Castellon 579,245 6,632 200 108 87 2,899 5,387
Valencia 2,544,264 10,811 438 293 235 5,806 8,675
Badajoz 684,113 21,766 200 135 31 3,416 5,067
Caceres 403,665 19,868 121 77 20 3,334 5,262
Corufia 1,122,799 7,950 480 272 141 2,338 4,133
Lugo 336,527 9,858 137 77 34 2,450 4,375
Ourense 314,853 7,273 105 62 43 2,999 5,119
Pontevedra 944,346 4,495 327 185 210 2,884 5,092
Madrid 6,466,996 8,022 964 570 806 6,705 11,343
Murcia 1,464,847 11,314 551 270 129 2,656 5,418
Navarra 640,647 9,801 260 133 65 2,467 4,813
Alava 324,126 2,967 104 73 109 3,119 4,438
Bizkaia 1,147,576 2,216 131 94 518 8,745 12,204
Gipuzkoa 717,832 1,909 90 67 376 7,977 10,647
La Rioja 315,794 5,028 82 48 63 3,830 6,633
Maximum 806 8,745 12,204
Minimum 9 1,414 2,482
Standard deviation 142 1801 2639
cv 1.55 0.44 0.39

Source: Authors’ own work based on the sources described in this paper. Base year = 2016.
* Please notice that, due to the definition of crude density, the mean and standard deviation at national level of the provincial
distribution should be weighted by the surfaces of the provinces.
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Annex lIl. Table IX
SE and population excluded from the analysis due to incidence type |
SE in the INE’s database with no information in the IGN’s database

INHABITANTS IN SE FORUEATION

PROVINCE # SE EXCLUDED EXCLUDED EXCLUDED

TOTAL 189

Pontevedra 183
Murcia 6 757

Source: Authors’ own work based on the sources described in this paper.

Annex lIl. Table X
SE and population excluded due to incidence type Il
SE in the IGN’s database with no information on latitude and longitude (value zero)

POPULATION
PROVINCE # SE EXCLUDED INHABITANTS INSSE SX(lZJLUDE(I))
EXCLUDED (%)
TOTAL 663 14,965 0.032
Almeria 15 358
Cadiz 1 94
Granada 2 124
Huesca 4 21
Asturias 259 1,633
SC Tenerife 1 1
Cantabria 1 1
Salamanca 3 9
Segovia 2 46
Ciudad Real 7 137
Toledo 3 1,530
Barcelona 25 792
Girona 46 1,632
Lleida 18 203
Tarragona 10 352
Castellon 20 725
Valencia 1 25
Badajoz 1 2,544
Coruia 101 1,691
Lugo 66 825
Ourense 25 473
Pontevedra 34 878
Murcia 3 391
Navarra 9 255
Alava 1 13
Bizkaia 5 212

Source: Authors’ own work based on the sources described in this paper.



Annex lIl. Table XI
SE and population excluded due to incidence type I
SE not Population Units during the whole period

POPULATION
TOTAL 1,628 157,379 0.338
| Almeria [ 18 | 3,623 |
Cédiz 5 215
Cérdoba 11 59
Granada 14 5,882
Huelva 12 424
Jaén 14 559
Mélaga 5 6,530
Sevilla 5 370
Huesca 40 389
Teruel 10 32
Zaragoza 8 2,959
Asturias 161 1,100
Illes Balears 6 101
Palmas 6 573
SC Tenerife 12 5,173
Cantabria 4 29
Avila 6 58
Burgos 20 8,767
Le6n 9 447
Palencia 7 42
Salamanca 70 1,840
Segovia 8 800
Soria 10 41
Valladolid 2 45
Zamora 1 1
Albacete 1 4
Ciudad Real 3 8
Cuenca 4 41
Guadalajara 21 5,673
Toledo 9 865
Barcelona 37 20,814
Girona 24 1,515
Lleida 25 192
Tarragona 20 9,114
Alicante 5 770
Castellon 20 686
Valencia 14 9,737
Badajoz 6 4,917
Caceres 7 3,562
Corufia 532 12,216
Lugo 177 501
Ourense 50 1,747
Pontevedra 52 258
Madrid 78 33,434
Murcia 37 2,323
Navarra 19 53
Alava 0 0
Bizkaia 11 531
Gipuzkoa 8 8,341
La Rioja 4 18

Source: Authors’ own work based on the sources described in this paper.

Annex lIl. Table XII

SE and population excluded due to incidence type IV
The distance from the SE to the rest of all SE is disproportionately high in relation to size of the territory

POP ATIO

PRO DED ABITA
DED (%

TOTAL 13 336 0.0007
Mélaga 1 35

Huesca 2 46

Barcelona 3 61

Girona 2 25

Castellon 1 3

Lugo 2 28

Pontevedra 1 36

Bizkaia 1 102

Source: Authors’ own work based on the sources described in this paper.

80



Annex lIl. Table XllI
SE and population included in the calculations of dispersion indicators (base year = 2016)
# SE NOT INCLUDED

# SE TOTAL NOT OF WHICH: OF WHICH:
Province INCLUDED INCLUDED # SE INCIDENCES # SE with POP =0

TOTAL 55,861 5,834 2,497 3,337
Almeria 600 64 33 31
Cadiz 207 10 6 4
Cordoba 326 22 11 11
Granada 468 16 16 0
Huelva 204 23 12 11
Jaén 346 33 14 19
Malaga 238 6 6 0
Sevilla 232 8 5 3
Huesca 712 77 46 31
Teruel 333 24 10 14
Zaragoza 386 29 8 21
Asturias 5,809 1,135 420 715
Illes Balears 308 9 6 3
Palmas 509 21 6 15
SC Tenerife 559 19 13 6
Cantabria 921 10 5 5
Avila 441 18 6 12
Burgos 1,137 42 20 22
Ledn 1,385 17 9 8
Palencia 456 13 7 6
Salamanca 733 255 73 182
Segovia 379 10 10 0
Soria 483 20 10 10
Valladolid 263 9 2 7
Zamora 512 2 1 1
Albacete 305 11 1 10
Ciudad Real 163 15 10 5
Cuenca 330 6 4 2
Guadalajara 494 32 21 11
Toledo 339 17 12 5
Barcelona 1,218 98 65 33
Girona 972 104 72 32
Lleida 934 89 43 46
Tarragona 444 39 30 9
Alicante 282 7 5 2
Castellén 320 70 41 29
Valencia 452 24 15 9
Badajoz 275 12 7 5]
Caceres 319 16 7 9
Coruiia 9,228 1,262 633 629
Lugo 8,817 997 245 752
Ourense 3,462 230 75 155
Pontevedra 5,819 429 270 159
Madrid 550 234 78 156
Murcia 836 93 46 47
Navarra 850 100 28 72
Alava 422 6 1 5
Gipuzkoa 290 11 8 3
Bizkaia 550 21 17 4
La Rioja 243 15 4 11
Ceuta 3

Melilla 1 1

Pro-memoria: Population excluded because of incidences

Total Population excluded | Population in Ceuta TOTAL
because of incidences and Melilla Population excluded
(%) (%) (%)
179,508 0.3856 0.3660 0.7516
Source: Authors’ own work based on the sources described in this paper.

Total Population excluded

because of incidences




ANNEX IV. INDICATORS FORMULATION: THE STATISTICAL TOOLBOX AND RATIONALE

Proximity indicators
INDICATOR DEFINITION BASIC FORMULATION (Province i) AGREGATION TO REGIONAL (R) AND NATIONAL (ES) LEVEL RATIONALE
PROXSse1a Inverse of the. sim;.:le PROXSgp,. (i) = #,(#, - 1) [ x () x 1] [1a] Regional L<.)w values of P.ROXSSEla m.ean high dispersion.
average of straight-line 2 » Distance calculations are independent of the
distances between \Where: i #(#,—1) ) ) distribution of the population throughout SE. This
singular entities within PROXSsg14(Rn) = 2 1xz()x1 indicator reflects geographical proximity instead of
. . i ERp i ERp . .
province 1. 1 is a column vector #ix 1 with 1 in all entries. ' ‘e population proximity.
T(i) is a # x # triangular distance matrix whose entry di is the | National
straight-line distance between the singular entities ki and k.
within province i (di[ky,kz]) for under-diagonal entries and zero 50 uoem 50 -
_IN#G -1 Vo s
for the diagonal and upper-diagonal entries. PROXSsg14(ES) = — %) x1
i=1 i=1
In detail:
#; -1
Zkl,k2=1 di[k1: kz]
. ky<ky
PROXS D=|l—F77"7"—7"
SEla( ) #i(#i — 1)/2
PROXS Inverse of the simple #,(#, -1 Regional Low values of PROXSse1s mean high dispersion. Travel
e / P PROXSst1s (1) = 70 " D[4 sz x 17 [10] & _ #oseib mean NIgn cisp
average of travel 2 ) » distance calculations are independent of the
distances between [\Where . . . . #.(# - 1) distribution of the population throughout SE. This
. . B i | is a column vector #ix 1 with 1 in all entries. PROXSsgy,(R,) = AL 1 x7() x 1 - . .
singular entities within |_ . . ) . . SE1b \fin 2 indicator reflects geographical proximity instead of
L T(i) is a #; x # triangular distance matrix whose entry tdk: is the {er {er ) -
province i. Lt =fn n population proximity.
travel distance between the singular entities ki and k. within
province i for under-diagonal entries and zero for the | National
diagonal and upper-diagonal entries. “ 0 1
td,, i, isour estimated travel distance between the singular entities PROXS (ES) = #,#, -1 1 X7 X1
ki and k. within province i. We have calculated it using the SE1b - Z 2 Z X T X
ratio pu “travel distance to straight-line distance” for = =
province i as follows: tdy, ,, = p1;d;lks, k;]. We have
estimated pa with a random sample of observation points®3
as described in point 5 of this paper.
In detail:

. -1
Tk pm1 Pridilky, ko]
ki<ky

PROXSsg,, (1) = T RG-D/2
L L

53 Please remember that for modelling proximity indicators, we have considered “observation points”. An “observation point” is a distance between two singular entities (alternatively two municipalities) within the same province. To
calculate averages at the regional and national level we will consider the number of observation points within the same province, excluding additional couples of SE from different provinces and regions.
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INDICATOR DEFINITION BASIC FORMULATION (Province i) AGREGATION TO REGIONAL (R) AND NATIONAL (ES) LEVEL RATIONALE
PROXSse1c Inverse of the simple ] #,(# -1 - -1 Regional Low values of PROXSse1c mean high dispersion. Travel
average of travel PROXSsg1c (1) = ?[1’ xT(D) x 1] [1c] duration calculations are independent of the
durations between | Where: #,(#,-1) - - distribution of the population throughout SE. This
singular entities within | 1 is a column vector #ix 1 with 1 in all entries. PROXSsg1c(Ry) = Z - Z 1 x7()x1 indicator reflects geographical proximity instead of
province i. %(i) is a #; x #; triangular distance matrix whose entry tdrix. is FERn FERn population proximity.
the travel duration between the singular entities kx and k2 | National
within province i for under-diagonal entries and zero for
the diagonal and upper-diagonal entries. 50 #,(# — 1) 50 - -1
tdry, s, is our estimated travel duration between the singular PROXSsg;(ES) = [Zﬁ HZ 1" x7(i) x 1]
entities ki and ka2 within province i. We have calculated it i=1 =1
using the ratio p2i “travel duration to straight-line distance”
for province i as follows: tdry, x, = py:d;[ky, k,]. We have
estimated p,; with a random sample of observation points,
as described in point 5 of this paper.
In detail:
4 -1
Dk ko=1 p2idilky, k]
PROXSge (i) = |25k
#(# —1)/2
PROXWsk1d Inverse of the weighted ] a'(i) x t(Q) x (i) -t Regional More populated SE have higher influence on the
average of straight-line PROXWsg14(0) = m [1d] average distance. PROXWEeud is higher than PROXSse1a
distances between fwhere: PROXWigy(R,) = Yier, U'(.l') x7(i) X U(l'.) - when more populated SE within the province tend to
singular  entities  of |5 i) is a column vector # x 1 of populations of province i singular Yier, o' () x (1) X o(i) be close to each other. PROXWgpiq(i) =
province i. entities: National PROXSsg;,(i) when all the SE are equidistant; also,

() = (myy, iy, ---:”i#i)
T(1) is a # x #; triangular distance matrix whose entry dki. is 1 for
under-diagonal entries and zero for the diagonal and upper-
diagonal entries.
We weight the distance between two different singular entities of
province i by the product of their respective populations. Therefore,
the set of weights for the distances between SE ki and k. of province
i is defined as follows (please, notice that this is a proper system of
weights as their sum is 1):
Tk, Wik,
=
Zkll,k2=1 ik, ik,
ki<ky
In detail:
#; -1
Zkl,k2=1 niklnikzdi[kb k,]
ki<ky

#i
Zkl,k2=1 Tk, Tik,
k1< ky

PROXWsg14(0) =

Yy Sier, o' () x T()) x o ()]

et Yier, o' () xt(1) xa(i)

PROXWqg, 4 (ES) = [

when the population is equally distributed across SE.
This indicator reflects population proximity.
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INDICATOR DEFINITION BASIC FORMULATION (Province i) AGREGATION TO REGIONAL (R) AND NATIONAL (ES) LEVEL RATIONALE
PROXWsk1e Inverse of the weighted ) o' (i) xT(i) X a (i) -1 Regional More populated SE have higher influence on the
average of travel PROXWsg1 (i) = o' () x (1) X a(i) [1e] B Yier, 0 () XT() X o (i) -1 average travel distance. PROXWseie is higher than
distances between PROXWsg1(Rn) = Nier. o' () x (1) X o (i) PROXSei when more populated SE within the
singular  entities  of | We weight the travel distance between two different singular | \-iional province tend to be close to each other regarding
province i. entities of province i by the product of their respective populations. y17 3 o' (D) X T(0) X o (i) -1 travel distance, PROXWsg, (i) = PROXSggq, (1)
. =14i€Ry s
In detail: PROXWsg4.(ES) =[ f7 Z_le @) x (D) x (D) when all the SE are equidistant; also, when the
[Z}ti,k2=1niklnikzplidi[klikZ] ]71 m=t ot R population is equally distributed across SE. This
PROXWig,, (i) = | ki< kg - | indicator reflects population proximity.
l Zkl,k2=1nik1nik2 J
ky<ky
PROXWsk1f Inverse of the weighted a' (i) X%(i) x a(i) -t Regional More populated SE have higher influence on the
average of travel PROXWgg, (i) = [m] [1f] S er 0'(0) X %(i) x o (i) -1 average travel distance. PROXWseis is higher than
durations between PROXWsg1 5 (R,) = 3 na’(i) x 7(1) X (i) PROXSeic when more populated SE within the
. - i €Rp . .
singular entities of | we weight the travel duration between two different singular National province tend to be close to each other regarding
province i. entities of province i by the product of their respective populations. _ 4 travel duration.  PROXWsg, (i) = PROXSsg; (i)
In detail: PROXWip, , (ES) = Z}::lZiERnOJ(l) x7(i) x o (i) when all the SE are equidistant regarding travel
. —1 - 2 B . . .
[k ymt Tk Tty Pk K] | SeLf wly Yier, o' (D) x T(1) x o (i) duration; also, when the population is equally
PROXWqg, £ (i) = "1<"§:#_ | distributed across SE. This indicator reflects
g1 TWikey ik ; imi
| ’;llr’;zkzl 17Tk, | population proximity.
PROXRse1g Ratio of  population Regional Based on Galster criteria (Galster, G. et al (2001)).54>°
proximity to geographical ) ] ) While we have quantified PROXSesix and PROXWes1y in
PROXRst1h proximity. PROXRESlg(l) = PROXWESld(l)/PROXSESm(l) [14] PROXRggq,(R,) = PROXWESly(Rn)/PROXSEslx(Rn) absolute terms (level), PROXRes:: is a relative
PROXRst1; National magnitude. It relates population proximity to

PROXRggy5 (i) = PROXWgg, , (i)/PROXSgs,, () [1h]

PROXRig;; (i) = PROXWs, . (i)/PROXSgs, (i) [1i]

PROXRgs1, (ES) = PROXW, , (ES)/PROXSs, , (ES)

(g d,a)
(z,y,x)={ (h,e,b)
@, f o

geographical. High values of this indicator mean that
populated SE are closer to each other than the entire
set of SE locations: population proximity is higher
than geographical proximity.
approaches 0 as a minimum when the population

This  indicator

concentrate in far from each other SE while SE
locations as a whole are located on average close to
each other. Thus, highly disperse population would be
associated with low values of the indicator. On the
contrary, if population were mostly concentrated in
one SE the indicator could be extremely high. The
maximum value is undefined.

54 Please notice that the difference between this indicator and the one proposed by Galster lies in the weights used to calculate the weighted average distance. Galster’s formulation uses =

is not one. In our opinion, this option makes its interpretation and aggregation at the national and regional levels somewhat less intuitive.
5> Galster, G. et al. (2001). Wrestling sprawl to the ground: Defining and measuring an elusive concept. Housing Policy Debate, 12, 681-717.

ik, Wik .
—1-22 35 |oads for the distances, whose sum

i

84




INDICATOR DEFINITION BASIC FORMULATION (Province i) AGREGATION TO REGIONAL (R) AND NATIONAL (ES) LEVEL RATIONALE

PROXNise1; Normalised geographical Regional The simple average of straight-line distances between
proximity (SE & straight- PROXNgg, (1) = 1 — 1 (1] PROXNgg, (iR,) = 1 — 1 _ SE of province i (d(i)) is rescaled and expressed as
line distance) ! PROXSgg14(8) X Dgaj (@) ! PROXS (R,) x Yiery Daaj(® units of the diagonal of the province, which is set as

National Seratin #Ry, the standard. Then we calculate:
ationa . ] 10
PROXNgg,;(ES) =1 — % Doy () Dyq;j (0)

PROXSgg14(ES) X % Low values of the indicator (low proximity) point out
high dispersion. Its theoretical range is (0, 1). Values
close to one mean that the population is located in
one single centre (this centre does not necessarily
match the geometric centre). If the indicator is close
to zero, SE are, on average, as distant to each other as
the diagonal of the province.

PROXNse1k Normalised geographical Regional The simple average of travel distances between SE of
proximity (SE & travel PROXNgg (i) = 1 — 1 [1K] PROXNgg 4 (R,) = 1 — 1 i province i (3(1’)) is rescaled and expressed as units of
distance) PROXSsg1p (i) X Dyq; (i) PROXSsg;p (R,) X EiER}}gadj(l) the diagonal of the province, which is set as the

National n standard. Then we calculati:
1 d(i)
PROXNgg ( (ES) =1 — S NG - Daa; ()

PROXSsg15(ES) X % Low values of the indicator (low proximity) point out
high dispersion. Its theoretical range is (0, 1). Values
close to one mean that population is located in one
single centre (this centre does not necessarily match
the geometric centre). If the indicator is close to zero,
SE are, on average, as distant to each other as the
diagonal of the province.

PROXNsex Normalised  population Regional The weighted average of straight-line distances
proximity (SE & straight- PROXNggy, (i) = 1 1 [11] PROXNggy,(R,) = 1 — 1 between SE of province i (d) is rescaled and

line distance)

~ PROXSsg14(i) X Dag; (i)

. D (i
PROXSSEM (Rn) x Zl €ER, Yadj (l)
#R,

National
1

PROXNgg (ES) =1 —

50 p (i
PROXS gy (ES) x 2=t Dati (@) s @

expressed as units of the diagonal of the province,
which is set as the standard. Then we calculate:
d)
Dyqj (D)
Low values of the indicator (low proximity) point out

high dispersion. Its theoretical range is (0, 1). Values
close to one mean that population is located in one
single centre (this centre does not necessarily match
the geometric centre). If the indicator is close to zero,
people are, on average, as distant as the diagonal of
the province.
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INDICATOR DEFINITION BASIC FORMULATION (Province i) AGREGATION TO REGIONAL (R) AND NATIONAL (ES) LEVEL RATIONALE
PROXNsg1m Normalised  population Regional The weighted average of travel distances between SE
proximity  (SE & travel 1 1 of province i (5(1’)) is rescaled and expressed as units

distance) PROXN =1-— 1 PROXN R, =1-— - i i ich i
serm () PROXSsg10 (1) X Dag: (1) [1m] se1m (Rn) % ez, Daaj (D) of the diagonal of the province, which is set as the
j Si€Ry “adj\)
PROXSgg1e (Rp) X #R, standard.
National é(i)
1 Dadj (")
PROXNgg1n(ES) =1 —

PROXSgg;, (ES) X PN ad} @® Low values of the indicator (low proximity) point out
high dispersion. Its theoretical range is (0, 1). Values
close to one mean that population is located in one
single centre (this centre does not necessarily match
the geometric centre). If the indicator is close to zero,
people are, on average, as distant as the diagonal of
the province.

PROXSmunza [/ th impl i(u;— 1 Regional Same as PROXSes1a referred to municipalities.
MUN2 nverse of the . s:m,‘)e PROXS s (i) = wip; — 1) ' xT@) x 1" [2q] gi £s1 unicipaliti
average of straight-line 2 o
distances between [WVhere: #l(#l 1)
municipalities within ) o ) PROXSmunza (Rn) = Z Z 1'xT@x1
L 1 is a column vector i x 1 with 1 in all entries. {er {er
province i. n n
T(i) is a triangular distance matrix whose entry djsjz2 is the straight- | National
line distance between the municipalities ji» and j» within 4
rovince i for under-diagonal entries and zero for the
P rdlagonal PROXSyunzq (ES) = Z “‘(“‘ Z 1 xT@)x1
diagonal and upper-diagonal entries.
PROXSmunzn Inverse of the simple T CTEN ) P -1 Regional Same as PROXSes1s referred to municipalities.
average of travel PROXSyynzs (i) = — [1"xT@@) x1] [2b] .
distances between m ( ﬂ
municipalities within | Where PROXSyuynzb(Rn) = Z — Z 1xT@x1
L i €Ry i€Rp
province I. 1 is a column vector pix 1 with 1 in all entries.
T(i) isa i x W triangular distance matrix whose entry tdjij, is the | National

travel distance between the municipalities j1 and j; within »

province i for under-diagonal entries and zero for the PROXS ES H; (yl 1T 1

diagonal and upper-diagonal entries of province i. wowzp (BS) = Z Z xT@ x

td;, ;, isourestimated travel distance between the municipalities j1

and jz within province i. We calculated it using the ratio pai
“travel distance to straight-line distance” for province i as
follows: tdr;, ;, =
random sample of observation points, as described in point 5

of this paper.

p1:dij1,j2]. We have estimated p,; with a
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INDICATOR DEFINITION BASIC FORMULATION (Province i) AGREGATION TO REGIONAL (R) AND NATIONAL (ES) LEVEL RATIONALE
PROXSmunzc Inverse of the simple m (,U ) Regional Same as PROXSes1c referred to municipalities.
average  of  travel PROXSyynic()) = ——5— [1' x T(i) x 1] [2¢]
durations between n ( ﬂ
municipalities within | Where PROXSwunzc(Rn) = Z Z 1" x T(l) x1
province i ) o ) L€Rn L€Rn
1 is a column vector i x 1 with 1 in all entries.
e . ) . . . National
T(i) is a Wi x i triangular distance matrix whose entry tdrjs;2 is the
travel duration between the municipalities j1 and j2 within (
; ; ; ; H; ﬂ ,
province i for under-diagonal entries and zero for the PROXSyynzc(ES) = Z Ll ] [Z 1' x T(l) X 1]
diagonal and upper-diagonal entries of province i. =1
tdr;, ;, isour estimated travel duration between the municipalities
j1and ja within province i. We calculated it using the ratio pai
“travel distance to straight-line distance” for province i as
follows: tdr;, ;, = pid;[j1,j»]. We have estimated p,; with
a random sample of observation points, as described in
point 5 of this paper.
PROXWwun2d | Inverse of the weighted N s'(0) x T(Q) x s(i) -1 4 Regional Same as PROXWEes1q referred to municipalities.
average of straight-line PROXWiunza (§) = s'() x T(1) x s(i) 2d] o ©
i ier. ST XT@) xs(@)]
dlsta‘n.ces‘ . betV\./ee.n PROXWyyynza(Ry) = Yiery - (_)
municipalities within | Where Yier, S (1) x T(1) X s(@)
province i.
s(i) is a column vector Wi x 1 of municipalities populations: National
. . -1
s(@)' = (”u.ﬂizp ---'T[iui) PROXW. (ES) = [21117=1 ZiERnS @ xT@) xs(@)
oz i1 Zier, s DX T x5
T(1) isa i x i triangular distance matrix whose entry djijz is 1 for

under-diagonal entries and zero for the diagonal and upper-
diagonal entries.

We weight the distance between two different municipalities of
province i by the product of their respective populations. We notice
that for indicator PROXWwmun2d, Weights for the distance between
municipalities j1 and jz (j; < j,) of province i are:
Tiji Tij,
s"(0) x T(1) x s(@)

Which are a proper set of weights as their sum is 1.
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INDICATOR DEFINITION BASIC FORMULATION (Province i) AGREGATION TO REGIONAL (R) AND NATIONAL (ES) LEVEL RATIONALE
PROXWwunze | Inverse of the weighted s'(0) X T(i) x s(i) -1 Regional Same as PROXWesie referred to municipalities.
PROXW, D) =|—m———= 2 = -1
average  of travel Monze @) = | G0 ST X 50) 12 PROX Wiz (R,) = [ 21 ™ DX T X5
dlsta.n.ces. . betv\./ee.n MUNzelftn) = Yier, s () X T(1) x (i)
municipalities within f \ye weight the distance between two different municipalities of | National
province i. rovince i by the product of their respective populations. 1 o T ~171
P yihep pective pop 2AZ1 Tt cr, 8" (D) X T@ x (i)
PROXWiyn2e (ES) = a7 — -
Ynli Ziery, s’ (1) x T(1) x s(i)
PROXWwun2 | Inverse of the weighted I N Regional Same as PROXWes: referred to municipalities.
average of travel PROXW, () = D) xTQ) x s() [2f] = -
9 MuN27 A = @) X T(D) x s (D) f Yier, s’ () X T(D) x s(0)
durations between PROXWyyn2f(R,) = L XTI x5
municipalities within Zier, s'(0 s
province i. We weight the distance between two different municipalities of | National
province i by the product of their respective populations. Lr L N
Ynl1ier, S @) X T(E) x (i)
PROXWyyn2f (ES) = | o515 — -
i1 iery, ') X T(1) x s(d)
PROXRwunzz | Ratio population PROXRmunzg(i) = PROXWyyn,,()/PROXSMyn,, () [29] Regional Same as PROXSesig, PROXSesin and PROXSesy; referred
proximity to geographical to municipalities.
PROXRwu2n | proximity. PROXRyynzn (i) = PROXWyyn,, (1)/PROXSyyn,, (1) [2R] PROXRyynzz(Rn) = PROXWyyn,, (Rn)/PROXSyun,, (Rn)
PROXRmun2i PROXRyyn2i (D) = PROXWMUNZf(i)/PROXSMUNZC(i) [2i] National
PROXRyyn2z(ES) = PROXWMUNzy(ES)/PROXSMUNZX(ES)
(z,y,x)=(g, d,a);or(h, e b)or, f, c
PROXNwmunzj Normalised geographical Regional The simple average of straight-line distances between

proximity (MUN &
straight-line distance)

1
PROXS yynz2q (£) X Dggqj (i)

PROXNMUNZj(i) =1- [2/]

1

PROXNMUNle(Rn) =1-
PROXSyynza(Rn) X
National

1
PROXN yyyy2; (ES) = 1 —

50 p (i
PROXSyyn2q(ES) X Zizt Daa; (0 5(‘;‘”(1)

Yicry Daaj(®)
#R,

municipalities of province i (dd(i)) is rescaled and
expressed as units of the diagonal of the province,
which is set as the measurement standard.

dd(i)
Dadj (l)

Low values of the indicator (low proximity) point out
high dispersion. Its theoretical range is (0, 1). Values
close to one mean that population is located in one
single centre (this centre does not necessarily match
the geometric centre). If the indicator is close to zero,
municipalities are, on average, as distant to each
other as the diagonal of the province.
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INDICATOR

DEFINITION

BASIC FORMULATION (Province i)

AGREGATION TO REGIONAL (R) AND NATIONAL (ES) LEVEL

RATIONALE

PROXNwmun2k

Normalised geographical
proximity (MUN & travel
distance)

1

PROXN @H=1- : i
MUN2k PROXSyyn2p (1) X Dggj (i)

[2k]

Regional

1
PROXNMUNZk(Rn) =1-

. D . .(i
PROXSMUsz(Rn) x Zl ER%R ad]( )
n
National

1
PROXN w2k (ES) = 1 —

50 Dggi(i
PROXS yunz5 (ES) X “T“‘”(l)

The simple average of travel distances between
municipalities of province i (ﬁ(i)) is rescaled and
expressed as units of the diagonal of the province,
which is set as the measurement standard.

dd ()

DG)
Low values of the indicator (low proximity) point out

high dispersion. Its theoretical range is (0, 1). Values
close to one mean that population is located in one
single centre (this centre does not necessarily match
the geometric centre). If the indicator is close to zero,
municipalities are, on average, as distant to each
other as the diagonal of the province.

PROXNwmun2l

Normalised  population
(MUN &

straight-line distance)

proximity

1
- PROXSMUNZd(i) X Dadj(i)

PROXNyyn2 (D) =1 [21]

Regional
1

PROXNMUNZ[(Rn) =1- -
Yiery, Daaj(
PROXS (R x 21zt ()

National

1
PROXN yyn2i (ES) = 1 —

50 p (i
PROXSyyn24(ES) X 2i=1 Dagj () 56“” ®

The weighted average of straight-line distances
between municipalities of province i (dd(i)) is
rescaled and expressed as units of the diagonal of the
province, which is set as the measurement standard.
dd(i)
Dadj (l)
Low values of the indicator (low proximity) point out
high dispersion. Its theoretical range is (0, 1). Values
close to one mean that population is located in one

single centre (this centre does not necessarily match
the geometric centre). If the indicator is close to zero,
people are, on average, as distant as the diagonal of
the province.

PROXNwmunzm

Normalised  population
proximity (MUN & travel

distance)

1
PROXSyynze (i) X Dgq; (i)

PROXNyynzm (D) =1 — [2m]

Regional
1

PROXNMUNZm(Rn) =1-
PROXSyynze (Rn) X

National
1

PROXNyynam(ES) = 1 —

221 Do (i
PROXSynze (ES) X M

Zi E€Rp Dadj (1')
#R,

The weighted average of travel distance between
municipalities of province i (zﬁ(i)) is rescaled and
expressed as units of the diagonal of the province,
which is set as the measurement standard.

dd(i)

Dadj(i)
Low values of the indicator (low proximity) point out

high dispersion. Its theoretical range is (0, 1). Values
close to one mean that population is located in one
single centre (this centre does not necessarily match
the geometric centre). If the indicator is close to zero,
people are, on average, as distant as the diagonal of
the province.
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INDICATOR DEFINITION BASIC FORMULATION (Province i) AGREGATION TO REGIONAL (R) AND NATIONAL (ES) LEVEL RATIONALE
PROXVmunzn Standardised  Proximity . V(@) Regional Based on the spatial separation index originally
. . PROXVyynan(i) =1 ————= [2n] . . .
Index for province i based Viax () . proposed by Midelfart-Knarvik et al. (Pereira et al.
PROXVmunzo on Venables Index. Zieknm x V(i) 2013 and 2015) to evaluate changes in the spatial
i€Ry 't
PROXNyynzn(Ry) =1 — distribution of economic activity across European
PROXVmunzp Where V is the Venables index, calculated as follows:

V(@) =5'0) x T@) x5 ()

Vnax (@) is the maximum attainable value of the Venables index.
HO) is a column vector of population weights of the
municipalities:

T; T; iy
P i1 i2 LU
§@ = (—. ——)

T T T

The Venables index is a sort of weighted average of straight-line
distances between any two municipalities within the same province
where each distance is given a different load depending on the
population of the municipalities, specifically on the product of the
two population weights. Please notice that the system of products
of the population weights of any two municipalities is not a proper
weight system as they don’t sum 1. Nonetheless, we kept this
formulation following Pereira, R.H.M. et al. (2013) and Pereira,
R.H.M. et al. (2015), our original source, because our final use of the
Venables index is to build a standardised proximity indicator whose
formulations using both the Venables index and the one based on
the proper system of population weights are equivalent.

The estimation of Vmax is not trivial, because it has no closed-form
solution. In a region forming a perfect circle, the maximum value of
V occurs when all the population is evenly distributed along the
external edge (Pereira et al. 2013 and 2015), where evenly means
equidistant and with the same population (equal population
weights).

In our work, for each province I, we start with:
Vlmax(i) =3 ’(i) X Trnax () X 8 (D)

Where Ty, (i) is a triangular distance matrix whose entry dijj, j1 <
j2, is the distance between municipalities j1 and j2 of province i after
having distributed them evenly along the external edge of the axes-

; ;
ier, v——— XV, i
i ERy ZieRnT[i max( )

National

T .
P # x V(i)

T; .
isgl# X Vinax (1)

PROXNyunzn (ES) = 1 —

PROXVmunzn is formulated for straight-line distance using the
matrix T(i)

PROXVmunzo is formulated for travel distance using the matrix
T(i)
PROXVmunzp is formulated for travel duration using the matrix

T

regions. When all population is located in just one
spatial unit, V reaches its minimum value that is zero.
However, the index has no maximum value and we
lack benchmarks for comparisons. A way to overcome
this limitation is to calculate the maximum attainable
value of V. This normalisation procedure makes
comparisons of provinces of different shapes and
sizes possible. The interpretation of PROXVmunzn is the
opposite of V. Its theoretical range is (0, 1). Values of
PROXVmunzn close to 1 mean that population is located
in one single centre (this centre does not necessarily
match the geometric centre). If PROXVmunzn is zero,
population is as spatially separated as possible. In
other words, population is distributed in a way that
maximises the distances between them.
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aligned 2-dimensional bounding box of province i; starting in the
upper left corner.

We notice that placing the population on the edge of the axes-
aligned bounding box is further away from placing it on the edge of
the province and the gap depends on the surface area of the
province and the degree of fit of that surface to the rectangle.
Therefore, to improve comparability, we have controlled Vimax by this
gap measured through the percentage surface of the axes-aligned
bounding box covered by the surface area of the province. To this
end, we have used the following equation that captures the
association between Vimax and its relevant drivers, including the
mentioned control factor:

Yy =mx,+myx,+myx;+b
Where, for each province:
Y = Vlmax (Km)

x1= Square root of the surface area of the province (Km).

x2= Surface coverage within the axes-aligned bounding box (in
parts per unit).

xs= Ratio simple average of straight-lines distance to V
(dimensionless).

The rationale behind is that the Vimax is driven by the axes-aligned
bounding box extension (captured by xi1), the shape of the province
(capture by x;), and the population loads given to each distance
between any two municipalities within the province (capture by xs).

Based on this association, we define our final Vmax as follows:
Viax = My Xy + My x, + My x3+b

Where we have determine M, Mm,, Mz and b based on the least
squares criterion for each year of the analysed period. As for
peninsular  provinces, we  exclude the islands to
determine r?ll,r?lz,r?l3,3. As for the islands, we include all provinces
to determine these parameters so that we control by the gap
between the surface area of each province and that of the axes-
aligned bounding box, but we retain the effect of inter-island
distances.
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Centrality indicators

“travel duration to straight-line distance” for province i as
follows: tdr.pax = p2:d;[CBD, k]. We have estimated p,;
with a random sample of observation points, as described
in point 5 of this paper.

INDICATOR DEFINITION BASIC FORMULATION (Province i) AGREGATION TO REGIONAL (R) AND NATIONAL (ES) LEVEL RATIONALE

CBDdSseza Inverse of the simple CBDASgpsa (i) = (#; — D[1' X 744D [3a] Regional It captures centrality through the geographical
average of straight-line proximity of the SE to the CDB. Its formulation is
distances from SE to CBD. Where: , - based on the inverse of the average of straight-line

. o ) CBDASse3a(Rn) = Z G = 1)] [Z 1 XTC”d(D] distances from SE k to the CBD within province i.
1 is a column vector (#;-1) x 1 with 1 in all entries. i €R, i'€R,

n . Thus, the lowest the centrality the highest the

Tpa(f) is @ column vector (# -1) x 1 whose entry deax is the ) )

straight-line distance from SE k to the CBD within province National dispersion.

i. It excludes the CBD. 0 0 1

CBDASsesa (ES) = | " (#; = 1)] D1x chd(i)]
=1 =1

CBDdSse3b Inverse of the simple CBDdASggz, (1) = (#; — D1 X To0q (D] [35] Regional It captures centrality through the geographical
average of the travel proximity of the SE to the CDB. Its formulation is
distances from SE to CBD. [Where: , - based on the inverse of the average of travel

_ N . CBDASsezp (Rn) = Z G = 1)] Z 1 X?de(i)] distances from SE k to the CBD within province i.
Topa(D) isacolumn vector (#i-1) x 1 whose entry tdewax is the travel {€R, {€R,
distance from SE k to the CBD within province i. It excludes Thus, the lowest the centrality the highest the
the CBD. National dispersion.
td gy is our estimated travel distance between the CBD and SE k s s 1
within province i. We calculated it using the ratio p1 “travel CBDdSggsp(ES) = Z(#i _ 1)] Z 1 x fcbd(l')]
distance to straight-line distance” for province i as i=1 i=1
follows: tdpq, = p1;d;[CBD, k]. We have estimated pui
with a random sample of observation points, as described in
point 5 of this paper.

CBDdSse3c Inverse of the simple CBDdSggsc (i) = (#; — 1) [1, X%de(l.)]"l [3¢] Regional It c?pt.ures centrality through the geograPhic?I
average of the travel » proximity of the SE to the CDB. Its formulation is
durations from SE to CBD. |\where: - based on the inverse of the average of travel

CBDdSsgac(Rn) = [i; i = 1)] li; 1 er’d(l)] durations from SE k to the CBD within province i.
T.pa(i) isacolumn vector (#-1) x 1 whose entry tdraax s the travel ! ’ Thus, the lowest the centrality the highest the
duration from SE k to the CBD within province i. It excludes | National dispersion.
the CBD. 1
tdr g, is our estimated travel duration between the CBD and SE Ll &L - . -
k within province i. We calculated it using the ratio pa CBDdSsgsc(ES) = ;(#i B 1)] ;1 er’d(l)]
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AGREGATION TO REGIONAL (R) AND NATIONAL (ES) LEVEL

RATIONALE

INDICATOR DEFINITION BASIC FORMULATION (Province i)

CBDdWse3q Inverse of the weighted CBDAW. N (D) X Tgpa (@) -t 3d Regional It captures centrality through the population
average of the straight- se3a(D) = o(i)' x 1 (3d] i proximity to the CDB. Its formulation is based on the
line distances from SE to CBDAWqpag(R,) = D eRnU(i)’ X Tepa (D) inverse of the weighted average of straight-line
CBD. Where: SEsain Tier,0() x1 distances from SE k to the CBD within province i.

L ) ) o National » Thus, that the lowest the centrality the highest the
o(i) is ::.tc.olumn vector # x 1 of populations of province i singular CBD AWy (ES) = [Z?Bl o) x chd(i)] dispersion.
entities: 50 (1)
Yo x1
o(i) = (nil,niz, ...,T[i#i)

It includes the CBD.
We weight the distance between each singular entity of province i
land the CBD by the population of the SE. Therefore, the set of weights
for the distances between SE ki and the CBD of province i is defined
Jas follows:

ik,

#i

Zkzl Tk
In detail:
s di[k CBD] ]
e d; [k,
PROXWsg 4 (i) = [7" L
3

CBDdWskse Inverse of the weighted ] (i)' X Tgpa (i) -1 Regional It captures centrality through the population
average of the travel CBDAWsgs, (i) = o)’ x1 [3e] ; proximity to CDB. Its formulation is based on the
distances from SE to CBD. CBDAWsgau(R,) = Tier, 0 X Topq(i) inverse of the weighted average of travel distances

SEaetin Sier, 0(0) X 1 from SE k to the CBD within province i. Thus, the
National lowest the centrality the highest the dispersion.

We weight the distance between each singular entity of province i
land the CBD by the population of the SE. Therefore, the set of weights
for the distances between SE ki and the CBD of province i is defined
las follows:

Tk,
#i
Zk=1 Tk
In detail:

Zii Ty P1:d; [k, CBD] -

PROXWsg,4(i) = T
L

591 x ?cbda)]_

CBDdWSE3e(ES)=[ S
¥39,1 x o)
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INDICATOR DEFINITION BASIC FORMULATION (Province i) AGREGATION TO REGIONAL (R) AND NATIONAL (ES) LEVEL RATIONALE
CBDdWsest Inverse of the weighted N N Regional It captures centrality through the population
N o@D xTpa (D
average of the travel CBDdWgg3¢(i) = T x1 [3f] B proximity to CDB. Its formulation is based on the
durations from SE to CBD. . . i i . X Sier, o) X %de(i) inverse of the weighted average of travel durations
We weight the distance between each singular entity of province i CBDAWsg3¢(Ry) = |[—FF—F——— e . .
. i Yier, 0@ X1 from SE k to the CBD within province i. Thus, the
land the CBD by the population of the SE. Therefore, the set of weights . " . . . .
] R . ) National lowest the centrality the highest the dispersion.
for the distances between SE ki and the CBD of province i is defined 0 o= a1
fps follows: CBDAWsgs((ES) = [M]
ik, Y200 x1
#i
Zk:1 Tk
In detail:
# -1
' P2idi[k, CBD
PROXWSEm(i) - Zk ikP2i l[ ]
T
CBDdRses3g Ratio population CBDdRgg34(i) = CBDAWks,,(i)/CBDdSgs,,, (1)  [39] Regional While we have quantified CBDdSessx and CBDdWes3,
centrality to geographical in absolute terms (level), CBDdRess; is a relative
CBDdRsesn centrality.® CBDdRsg3h (1) = CBDdWys,, (i)/CBDdSgs,, (i) [3R] CBDdRgs3,(Rn) = CBDdRgs,, (Rn)/CBDAREs,, (Rn) magnitude. It relates population centrality to
National hical centrality. High val f this indicat:
. . . . geographical centrality. High values of this indicator
CBDdRsgs;i BDdRgg3; (i) = CBDAW, BDd
e ¢ seai(D) = C sy (1)/CBDASgs; () [31] CBDdRgs3,(ES) = CBDdRgs,  (ES)/CBDdRgs,, (ES) signify that populated SE are closer to CBD than the
(g.d,a) entire set of SE locations: population centrality is
(z v, ={ (h,e,b) higher than locations centrality. This indicator
G, f, ) approaches 0 as a minimum when populated SE tend
to be farther from the centre. On the other hand, it
increases as the whole population tends to be
concentrated in the CBD to a greater extent than
locations themselves. The maximum value is
undefined. Lower values reflect greater dispersion.
CBDdNses; Normalised geographical Regional It captures centrality through the geographical

centrality (SE & straight-
line distance)

1
~ CBDdSsg3a (i) X Dyg; (i)

CBDdNgg3;(i) = 1 [3/]

1

CBDdNggsj(R,) = 1 — _
i Dgq;(i
CBDdSSEga(Rn) x 21 ER,;#R ad}( )
n

National

1
CBDdNggs(ES) = 1 —

50 D4
CBDASgpy, (ES) x 2i=t Daas(®D 56“”([)

proximity of the SE to CDB. Its formulation is based
on the simple average of straight-line distances from
SE k to the CBD within province i, rescaled and
expressed as units of the diagonal of the province,
which is set as the standard.

Low values of the indicator (low centrality) point out
high dispersion. Its theoretical range is (0, 1). Values
close to one mean that population is located in the
CBD. If the indicator is close to zero, SE are, on
average, as distant to the CDB as the diagonal of the
province.

%6 The ratio of weighted to unweighted average distance. These equations has been adapted from Lee, S. (2015).
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CBDdNsesk

Normalised geographical
centrality (SE & travel
distance)

1

CBDdNgg5 (i) = 1 — ; i
SE3k CBDdSsg35 (i) X Daq; (i)

[3k]

Regional

1

CBDdNggzk(R,) =1 —

. D ..(i
CBDdSSESb(Rn) x 21 €ER, Yadj (l)
#R,

National

1

CBDdNggay (ES) = 1 —

50 D 4i(i
CBDdSsg3,(ES) X 2z Dag; () 55“” ©

It captures centrality through the geographical
proximity of the SE to CDB. Its formulation is based
on the simple average of travel distances from SE k
to the CBD within province i, rescaled and expressed
as units of the diagonal of the province, which is set
as the standard.

Low values of the indicator (low centrality) point out
high dispersion. Its theoretical range is (0, 1). Values
close to one mean that population is located in the
CBD. If the indicator is close to zero, SE are, on
average, as distant to the CDB as the diagonal of the
province.

CBDdNseal

Normalised  population
centrality (SE & straight-
line distance)

1

CBDdN i)=1- . .
seal( CBDAWsg3q (1) X Dag ()

(3]

Regional

1

CBDdANgg5(R,) =1 — -
SESIMn ZiERn Dadj O]

CBDdWSESd(Rn) X #Rn

National

1

CBDdNggs (ES) = 1 —
se31(ES) ¥ N0
CBDAWigsq(ES) x ==1er@s

It captures centrality through the geographical
proximity of the SE to CDB. Its formulation is based
on the weighted average of straight-line distances
from SE k to the CBD within province i, rescaled and
expressed as units of the diagonal of the province,
which is set as the standard.

Low values of the indicator (low centrality) point out
high dispersion. Its theoretical range is (0, 1). Values
close to one mean that population is located in the
CBD. If the indicator is close to zero, people are, on
average, as distant to the CDB as the diagonal of the
province.

CBDdNse3m

Normalised geographical
centrality (SE & travel
distance)

1

- - - 3m
CBDaWagse() X Dgy () Lo

CBDdNggs () = 1

Regional

1

CBDANggzm(R,) =1 —
CBDdWggse(R,,) X

National

1

CBDdN ES)=1-
SE3m( ) 2?21 Dadj (l)
CBDAWsgs, (ES) x “=teg®=

Zi E€Rp Dadj (1')
#R,

It captures centrality through the population
proximity to CDB. Its formulation is based on the
weighted average of travel distances from SE k to the
CBD within province i, rescaled and expressed as
units of the diagonal of the province, which is set as
the standard.

Low values of the indicator (low centrality) point out
high dispersion. Its theoretical range is (0, 1). Values
close to one mean that population is located in the
CBD. If the indicator is close to zero, people are, on
average, as distant to the CDB as the diagonal of the
province.
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INDICATOR DEFINITION BASIC FORMULATION (Province i) AGREGATION TO REGIONAL (R) AND NATIONAL (ES) LEVEL RATIONALE
CBDdSmun4a Inverse of the simple CBDASyynsa (D) = (u; — D[’ X Tpq (D™ [4a] Regional Same as CBDdSsesa referred to municipalities.
average of the straight- »
line  distances  from [Where: CBDAS ®) [ Z ( )] lz ) ( )]
c BDdSmyn4a(Rn) = ui—1 "X Tepa (i
municipalities to CBD 1 is a column vector (Wi - 1) x 1 with 1 in all entries. i €R, i€Ry,
Topa(i) is a column vector (Wi - 1) x 1 whose entry dead, is the .
straight-line distance between the municipality j and the National
CBD of province i. It excludes the CBD. 50 50 -1
CBDdSmun4a(ES) = [Z(#i - 1)] [Z 1x chd(i)]
i=1 i=1
- — =) - —
CBDdSmunab Inverse of the simple CBDdASyynap () = (4 — 1)[1' X chd(i)] [4b] Regional Same as CBDdSsess referred to municipalities.
average of the travel .
distances from SE [Where: _
municipalities to CBD - CBDdSmunan (Rn) = [; -1 [; T T”’d(l)]
T.pa(@) isacolumnvector (Wi - 1) x 1 whose entry tdeaq,is the travel £ + &
distance between the municipality j and the CBD of | National
province i. It excludes the CBD.
td.,qj is our estimated travel distance between the CBD and 50 0 -1
municipality j within province i. We calculated it using the CBDdSyynab(ES) = Z(I’li -1) Z 1 X Tepa(D)
ratio pu “travel distance to straight-line distance” for =t =t
province i as follows: tdc,q; = p1;d;[CBD,j]. We have
estimated p1 with a random sample of observation points,
as described previously.
CBDdSmunac Inverse of the simple , , U= N Regional Same as CBDdSsesc referred to municipalities.
d P CBDASyonse(®) = (i~ D [U xTopa®] [
average of the travel B
durations from -
\Where: _ o / :
municipalities to CBD CBDASyuac(Rn) = li; (s 1)] [i; T T”M(l)]
chd (i) isacolumnvector (Wi - 1)x 1 whose entry tdrexa, is the travel
National

duration between the municipality j and the CBD of
province i. It excludes the CBD.

tdr p,; is our estimated travel duration between the CBD and

municipality j within province i. We calculated it using the
ratio px “travel duration to straight-line distance” for
province i as follows: tdry,q; = p,;d;[CBD,j]. We have
estimated p2i with a random sample of observation points,
as described previously.

50 50 _ -1
CBDdSyuynsc(ES) = Z(Hi - 1)} [Z 1 x chd(i)]
=1 =

i=
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INDICATOR DEFINITION BASIC FORMULATION (Province i) AGREGATION TO REGIONAL (R) AND NATIONAL (ES) LEVEL RATIONALE
CBDdWwmunad Inverse of the weighted ) s'(1) X Typa(D) -1 Regional Same as CBDdWse3q referred to municipalities.
average of the straight- CBDAWhunaa () = |53y 1 il Sierd X TapaD]
i €ERy cl
line  distances  from lwhere: CBDdWyyn4a(Rp) = [m]
municipalities to CBD L€hn
s'(i) is a column vector wi x 1 of populations of province i singular National
entities: 550 1 %T o -1
0 i
s'(D) = (M0, iy oo, T, CBDdWiyn4a(ES) = [ﬁ]
It includes the CBD. i=1
CBDdWmunse Inverse of the weighted 5" (i) X Tpq (i) o Regional Same as CBDdWses. referred to municipalities.
average of the travel CBDAWyyn4e () = [—s’(i) <1 [4¢] Sen 1 X Topa(D) -1
distances from CBDdWigunse(Rn) = [%jnlix;(o]
municipalities to CBD L€hn
National
$50,1 X Topa @]
CBDdWiynse (ES) = [L:;O,id]d']
21 xs()
CBDAWwmunat Inverse of the weighted ") x % o) -1 Regional Same as CBDdWsestreferred to municipalities.
s'(i i
average of the travel CBDAWyynae(D) = s’(i)ixcmli 411 _ 4
durations from Ry Yier, 1 x o)
municipalities to CBD CBDdWnunar(Rn) = Yien 1 X s(0)
National
50 1 % T -
211 XT, i
CBDdWyunar(ES) = zﬁﬁ%——r—iﬂég
Y221 xs(@
CBDdRmunag Ratio population CBDARyynag(i) = CBDAWyyynaq(i)/CBDdSyyna, () [4g] Regional Same as CBDdRsez to CBDdRsesi referred to
centrality to geographical municipalities.
CBDdRwmunan centrality CBDARyyNaz (Ry) = CBDdWMUN4y(Rn)/CBDdSMUW}x(Rn)
CBDdRmunai CBDdARyyn4n () = CBDAWyyy4e (i) /CBDASyyna, (V) [4h] National

CBDdRyynsi (i) = CBDAWyyyysar(0)/CBDASyyns (1) [4i]

CBDAR yynaz(ES) = CBDAWyyyyay (ES)/CBDdSyyns, (ES)

(g.d,a)
(z,y,x) = (h,e,b)
G4, f o

57 The ratio of weighted to unweighted average distance. These equations has been adapted from Lee, S. (2015).
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CBDdNmungj Normalised geographical Regional Same as CBDdNsesjreferred to municipalities.
centrality (MUN & 1 1
straight-line distance) CBDAN (DH=1- - . [41] CBDdNgg,i(R,) =1 — _
Mo CBDdSyonaa() X Dags (D S q Zier, Daas ()
CBD SMUN4a(Rn) X #Rn
National
CBDdNgg, (ES) =1 !
SE4 222 Do)
CBDdSyyn4a(ES) X S
CBDdNmunak Normalised geographical Regional Same as CBDdNsesk referred to municipalities.
centrality (MUN & travel 1 1
distance) CBDdAN H=1- _ —  [4k] CBDdNyynsk(Ry) = 1 — -
MUNa4k CBDdRgg4p, (1) X Dgqj (i) CBDASggap (R,) X i ERg#Il;adj )]
n
National
1
CBDdNyynak(ES) =1 — S0 D0 (D)
CBDASsgap (ES) x Z=egp®os
CBDdNwmunal Normalised  population Regional Same as CBDdNses referred to municipalities.
centrality (MUN & 1 1
straight-line distance) CBDdAN (@D=1- _ _ [41] CBDdNyyna1(R,) =1 — -
MUN# CBDAWsgaq() X Dgq; (i) CBDdWggaq(R,,) X X ER,#gadj(l)
n
National
1
CBDANyyna (ES) = 1 — e
CBDdWgg,q(ES) x %
CBDdNwmunam Normalised  population Regional Same as CBDdNsesm referred to municipalities.
centrality (MUN & travel ) 1
distance) CBDANyynam (D) = 1 [4m] CBDANpuNam (Rn) =1 —

- CBDdWsEzte(i) X Dadj (l)

CBDdWSE4e(Rn) X #Rn

National

1
CBDANyynam(ES) = 1 —

221 Do (i
CBDAWqp,, (ES) x 2i=t Paas@D s ©

Zi ERp Dadj(i)
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CBDdCRwmunan

Centralisation ratio (CR)

S, Syi— S
CBDACRyynsn (@) = 1 —— =22

— [4n]
Sui Sui

Where:

L mi;di[CBD, j]
l [

Xl T
Y4, @;jd;[CBD, ]

=
2oy @i

Syi =

Regional

Yier, M X CBDACRyynan ()

ZiERn T

CBDdCRMUN4n(Rn) =

National
%32, m; X CBDACRyynan (i)
T

CBDACRyynan (ES) =

— compares the mean distance population is located
Su

from the centre to the mean distance to the centre if
population were uniformly distributed across the
province with the same density in each municipality
(Please refer to Ottensmann, J.R. (2017) for further
details). If the population is actually distributed
uniformly, the value of the ratio will be 1. As
centralisation increases, the actual mean distance to
the centre decreases and the ratio will decline to a
minimum value of 0 if all units are located at the
centre. This ratio is thus a measure of
decentralisation, increasing as units are located
farther from the centre. To create a measure of
centralisation, this ratio is subtracted from 1, giving
the centralisation ratio CR. The centralisation ratio is
0 for a uniform distribution of population and 1 if all
the people are located in the centre. If the population
were actually more decentralised than a uniform
distribution, the centralisation ratio can be negative.
Lower values reflect greater dispersion.

CBDdACImun4o

Centralisation index (ACI)

It is computed as follows for a province: one draws a series of

concentric rings from the CBD (2 Km in our case). Then one

computes the accumulation of observations of land use from the

innermost ring and working progressively outward. This cumulative
distribution is compared to the corresponding distribution of land

area as a baseline.

Hi Hi

CBDAACIyynao (i) = Z Tipq Gy — Z fip@p_y  [40]

h=2 h=2
Where:
h represents the h™" concentric ring (length 2 Km)
H;  the total number of concentric rings

For each province i:

oo maximum distance from a Municipality to the CBD
¢ 2

&, the accumulated proportion of land area of municipalities

within ring h
i, The accumulated proportion of population of municipalities

within ring h
The maximum distance from a municipality to the CBD has
been rounded to the nearest even number.

Regional

Yicr, T X CBDAACIyyn4o (1)

ZieRn TT;

CBDAACIyyn4o (Rn) =

National

Y22 m; X CBDAACIyynso (i)
T

CBDAACIyyn40 (ES) =

The centralisation index (ACI) measures how rapidly
population in land uses accumulate relative to land
area as one moves progressively outward in
concentric rings from the CBD.

It ranges between -1 and 1, with a larger value
indicating a higher degree of centrality. Thus, lower
values reflect greater dispersion.

If all the population resides in the CBD, the ACI will
be 1. On the contrary, if few people are located near
the centre but most are instead near the edge, land
area will accumulate faster that the particular
population moving outward from the centre and
centrality will have a low (even negative) value. A 0
value means that the population is uniformly
distributed across the province. The index gives the
proportion of people that require to change
residence to achieve an uniform distribution around
the CBD.

99




Nuclearity indicators

INDICATOR DEFINITION BASIC FORMULATION (Province i) AGREGATION TO REGIONAL (R) AND NATIONAL (ES) LEVEL RATIONALE
NUNONsEsa Number of nuclei Regional Nuclearity is maximised when the province has a
N — -1 mononuclear pattern of residential development:
NUNoNsgsa (1) = #N [5al Sicr, Ti X NUNoNsgsa (1) he CBD is the only nucleus. When th ber of
NUNONggs, (R,) = n the is the only nucleus. en the number o
) Yier, i nuclei increases, this would point out more
Where #N is the number of nuclei in province i (SE-based). National dispersion. Thus, the indicator for nuclearity is #N-%,
which is low when nuclearity is low and dispersion is
50 i high. A nucleus is defined as an urban singular entity.
50 m; X NUNoN i g g 4
NUNONSESa(ES) — 21—1 i — SESa( )

NUSCBDsesb Share of the population in Regional The lower the share of the CBD in the total
the CBD over the . TicaD ] population of nuclei, the lower the nuclearity and the
population in nuclei NUSCBDggsp (1) = Yk is a nucteus (sE—based) Tik 5b] NUSCBDggs (Ry,) = Lick, T ;NUSCBDSEH’(O higher the dispersion.

ieRy i
National

50 i

72, m; X NUSCBD i

NUSCBDSESb(ES) _ &i=1 i - SESb( )
NUNoNwmunea Number of nuclei Regional Nuclearity is maximised when the province has a
NUNoNyynea () = #N~1 [6a] S 7 x NUNoN o mononuc.lear pattern of residential development:
— &Si€Rn i MUNéa the CBD is the only nucleus. When the number of

NUNoNwyynea(Rr) 3

) i€Ry T nuclei increases, this would point out more
Where #N is the number of nuclei in province i (MUN-based). National o dispersion. Thus, the indicator for nuclearity is #N-,
_ 2= mp X NUNoNyynea (D) hich is | h learity is | ddi I
NUNONyunea (ES) = which is low when nuclearity is low and dispersion is
T high. A nucleus is defined as an urban municipality.

NUSCBDwmunsb Share of the population in Regional The lower the share of the CBD in the total
the CBD over the NUSCBD . TiceD b ) population of nuclei, the lower the nuclearity and the
population in nuclei muneb (1) = Y is a nucteus (MUN—based) TTij [6b] NUSCBDyunep (Ry) = Licr, Ti XZNUNONMUNéb(l) higher the dispersion.

i€Ry i
National
50 i
2>, m; X NUNoN i
NUSCBDMUNsb(ES) — 21—1 i — MUNéb( )
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Density indicators

x=a, b, c forv =0,1,2 respectively

INDICATOR DEFINITION BASIC FORMULATION (Province i) AGREGATION TO REGIONAL (R) AND NATIONAL (ES) LEVEL RATIONALE
DEPWDwmun7a Population-weighted DEPWD s () = 250 ij [74] Regional Most populated municipalities have higher influence
) 7a - ij L.
density (PWD) J i DEPWDyun7x(Ry) = Z Z Fya L on the average density. DEPWDwmunx is higher than 8Y;
x\tn ij ] i
DEPWDwmun7s . i Yier, i when the most populated municipalities within the
DEPW Dwuns DEPWDyyn7b (D) = 25}} - 17b] province tend to be denser. DEPWDyynsx(i) = 8}
¢ - T National R .
j . when all municipalities are equally dense. Please notice
Tij that, even if the population share of all the
. Tij DEPWD (ES) = ZZ(SV — ’

DEPWDyyn7c (1) = 2512, T [7¢] MUN7x =5 Yon municipalities ~ within  a province is  the

= A -

J

same, DEPWDyyn-x (i) # 87. The lower the value of
DEPWDwunx the higher the dispersion.

DENMAXmun7d Maximum density
DENMAXmun7e

DENMAXmun7s

DENMAXyun7q (0) = m]ax{(sg.} [7d]
DENMAXyynze (i) = max{5}} [7€]
]

DENMAXyyn7(i) = max{6%} [7f]
J

Regional
Yicr, Ti X DENMAX\uyn7y (D)

DENMAXwunzy (Ry) = S x
LERy *1

National
30 m; x DENMAXyyn7y (0
T

DENMAXyuyn7y(ES) =

y=d, e, f forv =0,1,2 respectively

Low values of the maximum density would be
associated with overall low density over the province,
thus, with high dispersion. However, high values of this
indicator cannot be associated with low dispersion. We
have included this indicator in our list just for
descriptive purposes.

DENMINmunzg Minimum density

DENMINyyn7g(0) = min{65} [7g]
J

Regional

icr, T X DENMIN, i
DENMINyyn7, (Ry) = Zicr, T w7z ()

High values of the minimum density would be
associated with overall high density over the province,

T

u=j,k | forv =0,1,2 respectively

DENMINwmun7 Yier, T thus, with low dispersion. On the other hand, low
DENMINu . . _ values of this indicator cannot be associated with high
DENMINyyn7n (D) = mjln{5i1j [7h] National dispersion. We have included this indicator in our list to
¥50 7, x DENMINygnrs (i) complement the maximum density just for descriptive
DENMINyyn7,(ES) = p purposes although it does not follow the criterion
selection “Low values of the indicator would be
DENMINyyn7 (D) = rn}.in{(sizj [71] z=g, h,i forv = 0,1,2 respectively associated with high dispersion.”
DENHIGHmun7; Share of the population 259->53 ;; Regional 6y Has been determine as the mean value at the
living in high density DENHIGHwyn7; (1) = ”T [7i] national level of the corresponding population-
DENHIGHwmunk municipalities L DENHIGH\yN7y (Ry) = Zicr, T X DENHIGHn7u @) weighted densities:
DENHIGHwmunat 253.>5}, TTij Ziera i 89 = 2,478 inh./Km?
DENHIGHwyn7i (D) = ’T [7k] National 85 = { & = 8,475 inh./Km?
“ _ 85 = 12,379 inh./Km?
25;4%% m; DENHIGHyy (ES) = Y21 mp X DENHIGHyyn7u (i)
DENHIGHyynn (i) = —2 [71] T The lower the value the higher the dispersion.
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AGREGATION TO REGIONAL (R) AND NATIONAL (ES) LEVEL

RATIONALE

INDICATOR DEFINITION BASIC FORMULATION (Province i)
DENCBDwmun7m Density of land use in the DENCBDyuynym (D) = 8%sp [7m] Regional The lower the value the higher the dispersion.
CBD n
DENCBDwmun7n DENCBDyynyw () = Z 5 i - -
4 i€Ry T
DENCBDwun7o DENCBDyynyn () = Skpp  [7n] ekn
National

DENCBDyyn7o () = 8izpp [70]

DENCBDyyn7w (D) = Z ;‘S%BD

i=1..50

w=m,n, o forv=0,1,2 respectively
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Concentration Indicators

ps = ST = —
h=1ln

is the share of SE with population 1, (relative frequency of the value ).

TisNs _ TisNs

qs = I =
D=1 Tin Ny T

is the share of population in SE with population ;.

m; withl =1, ..., L stands for the series of different values of the population in the
singular entities of province i sorted in ascending order:

My # Mg forl #s
my <M forl<s

n; is the absolute frequency of singular entities with population m;
Chean = #).

The maximum value of I;(#) is equal to 1 - p;, (Lemelin, A. (2004)).

Please notice that when L = 1 then Gini index is 0, indicating even distribution across
the just one only existing land use. This theoretical situation does not occur in Spain’s
provinces. Should it happen we would impute 1 as Gini index in the understanding
that there is infinite empty singular entities (#) and just one concentrating all the
population, in which case, with this operationalisation of the index, it will be 1 (p, =

1/# = 0).

-
CNGINIszg,(ES) = Z ;‘CNGINISESa(i)

i=1..50

INDICATOR DEFINITION BASIC FORMULATION (Province i) AGREGATION TO REGIONAL (R) AND NATIONAL RATIONALE
(ES) LEVEL
CNGINIsesa Gini index for SE L -1 Regional This Gini index measures the concentration of the
CNGINIspg, () = 1;;(#) =1 — Zpl Z 2qn + q;| [8a] . population of singular entities by comparing the
=1 h=1 CNGINIgg, (Ry) = Z *— CNGINIggg, (i) actual distribution of population across SE with an
Where: r‘U\'”Z’ER” i even distribution, where all the singular entities
ns ns National

have the same share of population. Therefore, it
measures departure from evenness.

Usually, the definition of the Gini index is geometric.
It defines said index as the quotient between the
area delimited by the Lorenz curve together with
the representative diagonal of total dispersion and
the area between the respective representations of
total dispersion and total concentration. There are
alternative ways to express and calculate this index
that approximate the mentioned geometric
calculation. In this work, we use an exact method
proposed by Ferreira, E. et al. (1997).

Theoretically, it ranges from 0 to 1. However, to
reach the theoretical maximum it is necessary that
the number of SE tends towards infinity in such a
way that p;, tends towards 0. Otherwise, when p; >
0, the maximum value is equal to 1 - p; (Lemelin, A.
(2004)).

If there were an even distribution of the population,
the Gini index would be 0, indicating absence of
concentration. In the other extreme case, if there
were a situation where the entire population of the
province resides in one single singular entity, the
Gini index would tend to 1, indicating total
concentration. The indicator increases as the
distribution is more heterogeneous, concentrating
more population in some territories than in others.
Therefore, lower values reflect greater dispersion.

We highlight that, when used as a measure of
spatial concentration, the Gini index does not take
into account the proximity between the different
geographical units where people reside.
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INDICATOR

DEFINITION

BASIC FORMULATION (Province i)

AGREGATION TO REGIONAL (R) AND NATIONAL

RATIONALE

CNSTHEIsesn

Standardised Theil entropy
index (SE)

#i
1 T; #; X m;
CNSTHEIpgp (i) = WZ n#f‘ln‘i”‘
if= "

Please notice that this algorithm cannot be applied to data with a population share
of zero. In our work, this case does exist as we only work with inhabited land uses.
We only retained with zero population those having disappeared in 2017 and they
have been excluded of the calculation of CNSTHE Iggg;, (i).

(ES) LEVEL
Regional
; .
CNSTHEIgggp, (R,) = z CNSTHEIgggy (i)
Zr‘cf\'“ T;

1ERy

National

.
CNSTHElggq;, (ES) = Z — CNSTHEIggg1 (1)

i=1..50

Based on the concept of entropy as the degree of
disorder or homogeneity, this indicator measures
departure from homogeneity (evenness) of the
distribution of the population throughout singular
entities. Where homogeneity is the situation where
all the singular entities have the same share of
population.

The value of the index ranges from 0 (minimum
geographic concentration), when all the singular
entities have the same share of population to, 1
(maximum concentration), when all the population
Thus,
intermediate values capture varying degrees of

resides in only one singular entity.
spatial concentration: the greater the Standardised
Theil entropy index, the higher the

concentration of the population.

spatial

Please notice that the Theil entropy index E (i) =

Zzi_lﬂ lnﬂ ranges from 0 (when all the
T Tik

population resides in only one singular entity and

E(i) = —In(1) = 0) to In#; (when all the singular

iy . T
entities have the same share of population n—”‘ =
i

1
;) (Aiginger, K. et al. (2004)). To adapt it to our
13

evaluation criteria: The lower the value, the higher
the dispersion and obtein values between 0 to 1, we
have done the adjustment adopted by Combes, P.P.
et al. (2008) and Atienza, M. et al. (2012).

The main criticism to this indicator according to the
literature reviewed refers to the fact that it is not
appropriate when the number of SE is small
(Castafieda, C. (2007)).
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INDICATOR DEFINITION BASIC FORMULATION (Province i) AGREGATION TO REGIONAL (R) AND NATIONAL RATIONALE
(ES) LEVEL
CNSHHIsesc Standardised Herfindah/*® . #Hep (i) — 1 Regional The value of the index ranges from 0 (minimum
Index (SE) CNSHHIggg (i) = ————— [8c]
X #,—1 i concentration/maximum dispersion), when all the
Where: CNSHHIsgg(R,) = — CNSHHIgggc (1)
" = Yicr, T singular entities have the same share of population,
N i) 2 National to 1 (maximum concentration).
Hgp (D) = = T .
=1 L CNSHHIggg (ES) = Z ;CNSHHISEsC(l)

Is the Herfindahl index SE-based.

i=1..50

Please notice that the Herfindahl index Hse(i) ranges
from 1/#; to 1. To normalise it and make it
independent of the number of singular entities we

have done the following transformation:

Hgs (D) — 1/#;
1-(1/#)

Hse(i) thus shows whether the population of the SE
is concentrated in a small number of them, giving
more relevance to the largest SE by “square

weighting.”

Some orientations concerning the scale of the
Herfindahl index, stemming from the economic
concentration field, would be (Lis-Gutiérrez, J.P.

(2013); Zurita, J. (2014)):

Hgp(i) <0.01 very deconcentrated.
0.01 < Hgg (i) <0.15 deconcentrated.
0.15 < Hg (i) <0.25 moderate concentration

0.25 < Hgg (i) high concentration.

%8 Also Herfindahl- Hirschman index. See PUCC (2009); Lis-Gutiérrez, J.P. (2013).
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INDICATOR DEFINITION BASIC FORMULATION (Province i) AGREGATION TO REGIONAL (R) AND NATIONAL RATIONALE
(ES) LEVEL
CNDCVmunsa Coefficient of variation of 0(58-) Regional If all the municipalities have the same population
densities CNDCVyynoa (D) = 2 50 [9a] T . dens.it.y, the standard deviation is zero; if.only one
i CNDCVyynoa(Rp) = Z—HCNDCVMUN%(L) municipality attracts all the population, the
- iER, i . . i
Where o; stands for standard deviation of Sl-ojover the municipalities. ) i€Rn ‘ coefficient of variation tends to 1 as the number of
,11/2 National municipalities increases. Nonetheless, we cannot
0 - i [ o - @ij CNDCVyunoa (ES) = Z ECNDCVMUNga(i) say that this is the maximum attainable by the CV.
?(6‘7 = Z a Oy — ZZ(SU ™ There is not an upper bound for this indicator.
j=1 j=1
CNHGDwmunsb Share of the population Z]- nijléz Regional This concentration rate measures the population
ivi i i i CNHGD, (i)y= ———= [9b]
living in high density MUNO9b T n shares of the most densely populated
i .
municipalities based on CNHGDyynop (R,) = D - p CNHGDyynop (V) municipalities. Lower values reflect greater
built-up land area 2 w2 {eR, <R dispersion.
I = {1 vj |5i; > & National
' 0 otherwise . 8¢  Has been stablished as the mean value at
CNHGDyynop (ES) = Z — CNHGD,yypop (D) national level of the population-weighted
T residential densities:
83 = 12,379 inh./Km?
CNPDGwmunsc Population Density CNPDGyynoc(D) = ¢ [9c] Regional “A  readily grasped measure of population
Gradient - concentration.” (Ottensmann, J.R. (2017). The
Where: CNPDGyynoc(Ry) = 5 - - CNPDGyynoc (D) gradient ¢ is the rate at which density falls from the
0 4 iRy <€ centre.
8;;(dij) = Scppe” e .
National . . - .
A high value of ¢ means that density will decline
0 ) . S ) ) ) _ ) S . . .
Sij(dij) Population density of municipality j of province i at distance d;j = CNPDGyyynoc (ES) = Z ECNPDGMUN,,C(i) sharply me |nc.reasmg dlstancn? from the CBD, i.e.,
d;[j, CBD] from the CBD. T the population is concentrated in the CBD (Clark, C.
(1951)). Lower density gradients reflect greater
Scap Density at the CBD. degrees of dispersion.
e Base of natural logarithms.
[0) Population Density Gradient.
& Error term

Which we estimate from the equation:

Ln(83(dy)) = Ln(Spgp) — pdy; + &
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INDICATOR DEFINITION BASIC FORMULATION (Province i) AGREGATION TO REGIONAL (R) AND NATIONAL RATIONALE
(ES) LEVEL
CNGINImunod Gini index for MUN based L -1 Regional Same as CNGINIsesa referred to municipalities.
on population® CNGINLyyynoq (D) = Ig;(w) = 1 — z p, z 2q,+ q,| [9d] . Please refer to the formulation of CNGINIggg, (1.
==t CNGINIyynoa(Ry) = — CNGINIyyynoq (i)
Where: IER”ZmR,L T
nS nS
Ps=vr o -
thl np T National
is the share of municipalities with population 1;s (relative frequency of the value CNGINIyyNoq (ES) = ECNGINIMUNgd(i)
). T "
ge = TisNs _ TsT
* Xhoy Tn TT;
is the share of population in municipalities with population ;.
m; withl =1, ..., L stands for the series of different values of the population in the
municipalities of province i sorted in ascending:
My # Mg forl #s
my < Mg forl<s
n is the absolute frequency of municipalities with population m;
(Zf:l nl = ,Lli)
CNGINImunse Gini index for MUN based L -1 Regional This Gini index measures the concentration of the
on land areas® CNGINIyyyo (D) = Igi (@) =1— ) p, 2q, + q,| [9e] CNGINIyoe (Ry) = Z i CNGINIygoe (i) population of municipalities by comparing the
=1 [h=1 = Lier, T actual distribution of population across MUN with
Where: an even distribution: all the municipalities have the
s = E National same population density. Thus, the benchmark for

Ps=<r . =
Zh=1 np

is the share of km? (surface) with population density 5?5 (relative frequency of the
value 62).
_ 61‘2”5 _ Sz%ns
=7 5 =
Zh=1 Sih ny T

is the share of population in municipalities with population density Sios.

s

51-01 with [ =1, ...,L stands for the series of different values of the population
density in the municipalities of province i sorted in ascending:
8) # 68X forl+s
8) <8 forl<s
n; is the absolute frequency in terms of km? of the municipalities with density 53
QTean = )

-
CNGINIyynoe (ES) = Z FLCNGINlmUN%(i)

i=1..50

the comparison is the distribution of the areas of
the municipalities.

The Gini index ranges from O to 1. The indicator
takes the value 0 when the population is evenly
distributed in the territory and increases as said
distribution is more heterogeneous concentrating
more population in some territories than others. It
takes the value 1 when the entire population is
concentrated in a single municipality. Lower values
reflect greater dispersion.

Please refer to the formulation of CNGINIyyynog (i)

9 Referred to the variable: MUN population size.
60 Referred to the variable: MUN population density.
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INDICATOR

DEFINITION

BASIC FORMULATION (Province i)

AGREGATION TO REGIONAL (R) AND NATIONAL
(ES) LEVEL

RATIONALE

CNSTHEImunst

Standardised Theil Entropy
index (MUN)

Hi
1
CNSTHE Lyynos (i) = TZ

l].=1

j i ij
—lTl—
T T

[9f]

Regional

T

Yier

CNSTHEIyyner(Ry) = z

1ERy

L — CNSTHEIyunor()
n i

National

.
CNSTHElLyyno(ES) = Z — CNSTHEIyynor(0)

i=1..50

Based on the concept of entropy as the degree of
disorder or homogeneity, this indicator measures
departure from homogeneity (evenness), which is
the situation where all the municipalities have the
same share of population.

The value of the index ranges from 0 (minimum
geographic concentration), when all the singular
entities have the same share of population to, 1
(maximum concentration), when all the population
resides in only one municipality. Thus, intermediate
values capture varying degrees of spatial
concentration: the greater the Standardised Theil
entropy index, the higher the spatial concentration

of the population.

Please notice that the Theil entropy index E (i) =

7;1%ln:—; ranges from 0 (maximum
geographic concentration) to Ing; (minimum spatial
concentration). To adapt it to our evaluation
criteria: The lower the value, the higher the
dispersion and obtein values between 0 to 1, we
have done the adjustment adopted by Atienza, M.

etal. (2012).

The main criticism to this indicator according to the
literature reviewed refers to the fact that it is not
appropriate when the number of MUN is small
(Castaneda, C. (2007)).

CNTHImunog

Theil index

Where:

Also:

. 1
CNTHIyynog () = l“ﬁ [94]

=
CNTHIyyog () = 24, 21n (L

J=1 a; ”zj/”i

)

Regional

CNTHIMUNQg (Rn) =

T ,
CNTHI i
Zm\‘n . MUN9g( )

LERp

National

T .
CNTHIyynos (ES) = Z #CNTHIMUNQg(l)

i=1..50

Named also Theil information measure and mean
logarithmic deviation, it is a measure of dispersion
of the densities of the municipalities. It is an
alternative to the Gini index based on land areas.

The index ranges from zero onwards. The mean
logarithmic deviation has a minimum value of zero
(if there is an even spatial distribution of
population: equal densities in each municipality),
but has no upper limit.
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INDICATOR

DEFINITION

BASIC FORMULATION (Provin

cei)

AGREGATION TO REGIONAL (R) AND NATIONAL
(ES) LEVEL

RATIONALE

CNSHHImungh

Standardised  Herfindahl
index (MUN)

-1
CNSHHIyyyyop () = %
=

Where:
Hi
. i\ 2
Hyyn(@) = —
; T
j=1
Is the Herfindahl index MUN-based.

[9h]

Regional

T
CNSHHIpynor(Ry) = :

Sien,
4 €
i€Rn 1ER, 't

CNSHHIpynon ()

National

T
CNSHHIyynor(ES) = FLCNSHHIMUN‘)h(i)

i=1..50

For province i, the value of the index ranges from
0 (minimum concentration/maximum dispersion),
when all the municipalities have the same share of
population, to 1 (maximum concentration).
Please notice that the Hirschman-Herfindahl index
Hmun(i) ranges from 1/y1; to 1. To standardise it and
make it independent of the number of
municipalities we have done the following
Hyyn () -(1/p)

1-(1/m)
Hwmun(i) thus shows whether the population of the

transformation:

MUN is concentrated in a small number of them,
giving more relevance to the largest MUN by square
weighting.
Some orientations concerning the scale of the
Herfindahl index, stemming from the economic
concentration field, would be (Lis-Gutiérrez, J.P.
(2013); Zurita, J. (2014)):
Hgp (i) <0.01 very deconcentrated.

0.10 < Hgg (i) <0.15 deconcentrated.

0.15 < Hgg (i) <0.25 moderate concentration.

0.25 < Hgg (1)
The Herfindahl index is inferior to the Gini

high concentration.

coefficient as an indicator for measuring geographic
concentration in the sense that the former does not
take into account the differences among the areas
of the regions (Aso, Y. (2008)).

CNPClmunsi

Raw

geographic

concentration Index

Hi

, . Tij  Qij
CNPCIyynei () = G(i) = =
j=1 L L

)2 [9]

Regional

CNPClyyoi(Re) = )

i€ERp

T

CNPClyyno; ()

iERy T
National

; )
ONPClygsi(ES) = )" = CNPClyoyo (0

i=1..50

G (i) = 0.Theindicator takes the value 0 when the
population is homogeneously distributed in the
territory and increases as the distribution is more
heterogeneous, concentrating more population in
some territories than in others.

Homogeneously distributed in the territory means
that population shares are equal to surface shares
(equal densities in each municipality), in which case
the index is 0. On the contrary, an index greater
than 0
agglomeration-generating factors that go beyond

indicates the existence of other

the surface area of the municipality.
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INDICATOR DEFINITION BASIC FORMULATION (Province i) AGREGATION TO REGIONAL (R) AND NATIONAL RATIONALE
(ES) LEVEL
CNEGwmung; Ellison and Glaesser®! (_;(i) —H(i) ) Regional Translated to population concentration, Ellison and
CNEGumune; =¥ = 1_71.1(1) [9/] Glaesser index is a normalised comparison between
; T .
Where: CNEGuynoj (R) = E—LH_CNEGMUWJ‘ ® the distributions of the people against the
iRy SIERn 1 benchmark of land area distribution. The index is a
GG) = G(0) National measure of excess-concentration with respect to
- a2 ; , land areas concentration.
1-— 7;1 (a—l]) CNEGymynoj (ES) = Z #CNEGMUN'B]'(I)
L i= 5

1 s The scale of y is such that one can interpret a value
H(i) =— of 0 as indicating a complete lack of concentration.
i Indeed, the index is scaled so that it takes on a value
In detail: of 0 if the population is as concentrated as it would

(B -y (15, (S)) ()
L\ 2
(1-25())-2)

Please notice that H(i) in this formula is the translation to the population

concentration ambit of the Herfindahl index used by Ellison and Glaesser in the
context of industrial concentration. We set a parallelism between plants location
decisions and population settlement decisions. This formulation is different from

Hwmun (/).

be expected to be had the people chosen
settlement locations randomly (Ellison, G. et al.
(1997)). In turn, the random location process is
defined in such a way that it would lead the
population to reproduce the spatial distribution
patterns of municipal areas within the province:
B =% (callejon, M. (1998)).

i @

Positive values can be interpreted as a measure of
the degree of the population concentration, as they
reflect the excess of spatial population
concentration above what would be expected if the
population were randomly settle in the territory
(uniform density across municipalities). Lower
values reflect greater dispersion.

It can be seen that y can take negative values. We
interpret negative values as a greater de-
concentration of the population than the random
location (y = 0), which could point out a more
marked tendency to polarisation.

The index is comparable across territories and over
time regardless of differences in the level of
geographic aggregation. On the other hand, The
literature review has shown that the degree of
concentration increases with the size of the chosen
spatial units. The fact that concentration measures
are sensitive to the size and shape of territories is

61 Also Maurel and Sedillot index. Ellison and Glaesser proposed an index for industrial geographic concentration that we can also use for population concentration (Jurado, I. et al. (2013)).
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INDICATOR

DEFINITION

BASIC FORMULATION (Province i)

AGREGATION TO REGIONAL (R) AND NATIONAL
(ES) LEVEL

RATIONALE

widely addressed as the Modifiable Area Problem
(MAUP). Likewise for the Gini and the Herfindahl
indices, there seems to be a certain consensus
about the choice of local units as the most
appropriate (Santa Maria, M.J. et al. (2005)). In this
work, we use local units: singular entity and
municipalities.

In general, care should be taken when the
population size is smaller than the number of spatial
units (Bertinelli, L. et al. (2005)), which is not the
case in our analysis.

According to Alonso, O. (2006) and Van Egeraat, C.
(2016), it would be:

y <0.02 low concentration
0.02<y <0.05 moderate concentration

0.05<y high concentration

CNDImunsk

Delta index (also Hoover

index)

T aij
LA

1 Hi
CNDlyyoysi () = DDl =5 )
-

[9K]

Regional

-
CNDhu (Rn) = )" 5 CNDlygunorc (1)
1ERy '*i

i€ERp

National

; .
CNDIyynsk (ES) = Z FLCNDIMUN‘)k ®

i=1..50

Delta is a specific application of the more general
index of dissimilarity. Delta index computes the
proportion of population residing in municipalities
with above average density of population that
would have to move in order to achieve a perfectly
even distribution: one with uniform density (equal
densities in each municipality).

It ranges from 0 to 1 and lower values reflect greater
dispersion. An even distribution of the population
(maximum dispersion) across the municipalities is
assessed with DDI = 0, when the population shares
and the area shares in the comparison are exactly
equal in all the municipalities. On the contrary, full
concentration of the population in one single point
is assessed with DDI = 1. A value of 0 means that the
population is perfectly dispersed across the
province (i.e., all municipalities have the same
population density) and a value of 1 indicates that
all the population resides in one point of an
infinitely small unit of analysis.
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INDICATOR

DEFINITION

BASIC FORMULATION (Province i)

AGREGATION TO REGIONAL (R) AND NATIONAL
(ES) LEVEL

RATIONALE

CNMDDImunsl

Massey and  Denton
dissimilarity  index  for
urban land

CNMDDlyyne (1) = 10D;[1] =

(o4

Regional

T

Zr‘cf\’” T;

CNDCVysr (R) = ' CNMDDlys

LERp

National

n.
CNDCVyynol (ES) = Z — CNMDDlyyno

i=1..50

Adapted to measure the dissimilarity between the
distribution of urban land and evenness, where
evenness means equal share of urban land across all
the municipalities. The index stands for the
proportion of urban land that would have to
relocate itself to achieve an even distribution.

The value of this IOD measures the divergence from
evenness of urban land developments relative to
those of total land by taking the weighted mean of
the absolute differences between urban land
proportion in each municipality and the urban land

AL
proportion at the provincial level (P=j). This mean
i

is rescaled with P(1-P), its maximum attainable
value, so that the 10D ranges from 0, the most even
distribution of urban land, to 1, the maximum value,
which reflects uneven distribution.

The degree of population dispersion of the province
is maximised when the 10D takes a cero value: when
every municipality has the same relative amount of
urban land as in the province as a whole. The degree
of population dispersion is minimised with an 10D
value of 1, when urban land concentrates in one
municipality. Lower values reflect greater
dispersion.

CNMDDImunsm

Massey and  Denton
dissimilarity  index  for
built-up land

CNMDDIyynom (D) = 10D;[2] = Z

2 2
afE)-5)

[9m]

Regional

T

CNDCVyunom (Ry) = Yoo,
LERy M1

iIERp

CNMDDIyynom (1)

National

-
CNDCVyynom (ES) = Z ;l CNMDDIyynom (1)

i=1..50

Adapted to measure the dissimilarity between the
distribution of built-up land and evenness, where
evenness means equal share of built-up land across
all the municipalities. The index stands for the
proportion of built-up land that would have to
relocate itself to achieve an even distribution.

The value of this IOD measures the divergence from
evenness of urban land developments relative to
those of total land by taking the weighted mean of
the absolute differences of between urban land
proportion in each municipality and the urban land
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INDICATOR DEFINITION BASIC FORMULATION (Province i) AGREGATION TO REGIONAL (R) AND NATIONAL RATIONALE
(ES) LEVEL
Al
proportion at the provincial level (P:a—‘). This mean
i
is rescaled with P(1-P), its maximum attainable
value, so that the 10D ranges from 0, the most even
distribution of built-up land, to 1, the maximum
value, which reflects uneven distribution.
The degree of population dispersion of the province
is maximised when the 10D takes a cero value: when
every municipality has the same relative amount of
built-up land as in the province as a whole. The
degree of population dispersion is minimised with
an 10D value of 1, when built-up land concentrates
in one municipality. Lower values reflect greater
dispersion.
Continuity Indicators
INDICATOR DEFINITION BASIC FORMULATION (Province i) AGREGATION TO REGIONAL (R) AND NATIONAL RATIONALE
(ES) LEVEL
CNTRUT, 2 | Ratio urban land area to A} Regional The lower the ratio the lower the continuity and the
Frovie CNTRUTPROVlOa =t [10a] T . .
total land area a; CNTRUTppovioa(Ry) = Z 5 L CNTRUTprov10a(i) greater the dispersion.
ier, Ti
iERy, "
National
i .
CNTRUTprov10a(ES) = ;CNTRUTPROVma(l)
i=1..50
CNTRBT, Ratio built-up land area to A? Regional The lower the ratio the lower the continuity and the
proviee P CNTRBTPROVlOb =t [10b] € T . . Y
total land area a; CNTRBTpgov10o(Ry) = Z s CNTRBTpgoy10p () greater the dispersion.
(R i€Rr, i
National
T
CNTRBTpgoaon(ES) = ).~ CNTRBTpmoy10n(0)
i=1..50
CNTR2erovioc | R-square of the CNTR2provi0c(i) = R? [10c] Regional The lower the R? the lower the continuity and the
exponential density | Where: CNTRZproy10e(Ry) = L CNTRZprov10c (D) greater the dispersion.
function = Lier, Ti
R?is the determination coefficient resulting from applying OLS regression to the | National
) _ ;
equation In&§;(dyj) = 8 — ¢dy; +e CNTRZproy0c(ES) = ) L CNTRZonor10c()
i=1..50
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ANNEX V: APPROXIMATION FOR THE MAXIMUM SPATIAL SEPARATION ATTAINABLE

In this annex, we explain the way we have proceeded for providing further elements
that would support our approach to approximate the maximum spatial separation

attainable by the municipalities within a province.

We start with the concept by Venables of Spatial Separation as defined in point 3: a
population-based indicator that measures population separation instead of that of
locations, which formulated using distances between municipalities together with the

population shares of the municipalities.

According to Pereira, R.H.M. et al. (2013, 2015), in a region forming a perfect circle, the
maximum spatial separation occurs when the population is evenly distributed along the

external edge. ®2 Where evenly means equidistant and with the same population:

“In the very simple square grids presented in the next section, Vmax is obtained when each
corner has one-fourth of the total employment. In a region forming a perfect circle, the
maximum value of V occurs when all employment is evenly distributed along the external

edge.”

“Thus, we have chosen to consider the ‘opposite of maximum proximity’ as a
homogeneous distribution of values along the edge of a map. Although this solution is not

the global maximum of V, it may be considered a satisfactory solution.”

Thus, an upper bound for the maximum spatial separation in a province would be the
Spatial Separation Index when its municipalities are evenly distributed on the external
edge of the bounding circle of the province. For the Spanish provinces, the percentage

of the circle’s surface covered by the province’s land area of the bounding circle may

62 As for the circle, when the number of municipalities (#MUN) is 2, we have checked that equidistant locations of the municipalities
on the edge of the bounding circle produce maximum values of the average distance between them (simple average). For #MUN =
3 and 4 we have checked just the first order conditions. We have verified that a maximum occurs in the equation:

. : . i+Q; -3 . itQj1te; . +@otet _
2r [Z?I:wfm lgin (%) + Zj‘szlUN 24in («JJ :’1+1> + Z?ezzwlUN 3in (¢1 <P1+21 ¢j+z) + - +sin (<P1 P2 - Prmun 1)]

21 V j. This equation is the sum of the chords (distances) between the

conditioned to P+ m for #MUN > 2 when P = on
municipalities on the edge of the circle; and ®; is the angle of the circle’s chord between municipalities j and j+1 (j = 1 to #MUN-1).

It goes beyond of the scope of this work to explore the possibility of a general demonstration.
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differ considerably between provinces depending on the shape of the province and

might produce a lack of comparability of the mentioned upper bound.

To improve the comparability, we use the bounding box instead of the bounding circle.
That is to say, we hold that an adequate proxy of the maximum spatial separation
attainable is the Spatial Separation Index between the municipalities within a province
when they are evenly distributed on the edge of the bounding box, where evenly means

equidistant and with the same population (equal population weights).

Having moved from the circle to the rectangular model, to check this extreme in
practical terms would require that we verify that for any set of population weights (@)
of the municipalities within a province, and for any equidistant ordination of them along
the edge of the bounding box (0), its Spatial Separation Index Vg4 (®, o) is lower than
or practically equal to Vi, . Please notice that Vi, = Veqge(@y,0) where o, is the

set of population weights all equal for all municipalities, V o.

To this end, we have developed simulations as follows:

e We have designed 100 stylised square provinces Si, i = 1 to 100, with different
sizes | and different numbers of municipalities u, Si = S(l, 1). The size and the
number of municipalities that characterise each province is in Annex V. Table 1.
For example, S1 is a province with 48 municipalities and a square shape of side
[ =50Km

e For each province i, we have calculated the triangular distances matrix S(i) with
the location distances between municipalities when they are placed
equidistantly on the edge of the province

e We have created 350 sets of stylised population weights wg, s = 1 to 350 for
the municipalities of a province. These sets wg are structurally the same no
matter the number of municipalities of the province w,(u) = ws Vu,s =
1 to 350. The set of population weights of a province’s municipalities depends
on the number of municipalities but we have designed them with a structural

approach to simplify, without loss of generality. The sets of stylised population
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weights have the same “root” components and differ on the negligible
population weights allocated to the “tail”. With our design, what depends on the
number of municipalities is the “tail”. The set of weights @, correspond to a
distribution of the population among the municipalities with all population
weights being equal; simulations wg, s = 301 to 350, reflect in a stylised way
the weights of the municipalities for the 50 Spanish provinces

e For each province i and for each set of weights wg, we have started with the
municipalities in decreasing order of population share, placing the first one on
the upper-left corner of the square and the rest from left to right equidistantly

e We have produced 2,000 ordinations ¢ of the set w,;, 0 = 1 to 2,000 %

e We have calculated the Spatial Separation Indices Vg g (I, 4, s, 0)

e As the simulation w; corresponds to an even distribution of the population
among the municipalities VI, (L, 1) = Vedge(l, W o, a) Vo

e We have represented each set ws by its Gini Index of population concentration
Glwg to facilitate the analysis through graphic representations; please see Annex

V Chart 1.
Our conclusions are:

e Foreach province i, the set of points (Glwg;Vegge (1, 4, ws, 7)) is a bounded region
whose shape and size are independent of the number of municipalities

e The bounded regions seems to be homothetic with size depending on the square
side [ (province size) but not on u. The larger the size of the province, the larger
the bounded region

e We noticed that the variability of the observations V,q4.(l, i, ws, 0) given
[, u and wg depends on the population concentration: the higher the Gini index
of the set wg, the higher the variability

e When the concentration of the population tends to cero the observations

Veage (L 1, ws, o) tend to Vi, (1, 1) and present very low variability

63 2,000 for S(1) to S(40)) and 500 for S(41) to S(100)), because of time processing reasons.
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The upper bound of that region (Max(V,q4. (I, 4, ws, 0)) does not depend on the
0,6

number of municipalities. It only depends on the size of the square [. Moreover,
Ve (L) = VI,q, (D). Please refer to Annex V Table 2
We have verified that, for a given province i and a given wy,

Max(Vogge (I, 1, ws,0)) may overpass Vipg, (). We estimate that
Max(Voqge (I, 4, ws, 0)) overpasses Vi, () with an average difference of
®,0

around 6%, ranging from 3% to 9%, independently of the side [

Normally, the weights for which Max (Vg4 (I, 1, ws, 0)) overpass VI, 4, (1) more
()

intensively have high Gini index

We have also verified that, for a given province i and a given set of weights wg,
the difference between V1,,,,, (1) and the upper limit (ly) of the 95% confidence
interval for the values of Vedge(l, U, wg, o) is on average around 3%, ranging from
0% to 4%, independently of the size [ and the number of municipalities u
Therefore, we consider that the Spatial Separation Index between the
municipalities within a province when they are equidistant on the edge of the
bounding box and the population is evenly distributed among them, V1,,,,,, is an

adequate proxy of the maximum spatial separation attainable.

We notice that V1, is not an absolute maximum. Indeed, as shown in the simulations,

there are some situations where specific distributions of the population among

municipalities present spatial separations greater than V1,,,,. We have proceeded to

verify through general simulations that the empirical evidence supports that VI,,,, is

“typically” an adequate proxy of the maximum spatial separation attainable.

These results are corroborated by the real life specific data of Spain’s provinces.

For each of Spain’s province, we have calculated the Spatial Separation Indices V1,4,

and Vggge corresponding to the actual distribution of its population among

municipalities when they are equidistant on the edge of the bounding box of the

province, starting at the upper left corner and following the INE’s code. In addition, we

have generated 4000 permutations of the municipalities and their associated V,g4ge.
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We present a summary of our findings in Annex V Table 3. They show that VI,,,, is very
close to the maximum value of the 4000 spatial separations calculated and to the upper

limit (lu) of the 99.9% confidence interval for those values, with some exceptions.

For Alava, Zaragoza, Valladolid, and Madrid VI,,,, is very high compared to the
maximum spatial separation of the 4000 permutations and to ly. We have checked with
the general simulations that V1,,,,, is as expected for provinces of that size and . Thus,
we conclude that, in fact, the specific distribution of the population (population weights)
among the municipalities of these provinces yields low spatial separation indices. We
understand that in this case VI,,,, is a proper estimate for the maximum attainable

spatial separation.

On the other hand, for Asturias VI,,,, is very low compared to the maximum spatial
separation of the 4000 permutations and to ly. This is because both real life upper
bounds for this province are very high. This points out that the specific distribution of
Asturias’ population among its municipalities may yield high spatial separation on the
edge, well overpassing VI,,,,. Indeed, for all Si, the simulations based on the stylised

weights of Asturias’ municipalities (w3q;) yield values of Mc?x(Vedge(wglz,c))

systematically greater than VI, ;.

In this particular case, VI,,,, could not be a proper upper bound for the maximum
spatial separation attainable and using it might underestimate proximity. Therefore, we

propose to correct V1, ,, for Asturias with the factor:

Maximum spatial separation of the 4000 permutations 111
VImax .
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Annex V. Table 1

Parameters for the simulations on Veqge It continues
Number of Length of the Square
municipalities (Km) Number of Number of
U l WEES Ordinations
S1 48 50 350 2000
S2 48 100 350 2000
S3 48 150 350 2000
sS4 48 200 350 2000
S5 48 250 350 2000
S6 48 300 350 2000
s7 48 350 350 2000
S8 48 400 350 2000
S9 48 450 350 2000
S10 48 500 350 2000
S11 100 50 350 2000
S12 100 100 350 2000
S13 100 150 350 2000
si4 100 200 350 2000
S15 100 250 350 2000
S16 100 300 350 2000
S17 100 350 350 2000
518 100 400 350 2000
S19 100 450 350 2000
S20 100 500 350 2000
S21 148 50 350 2000
S22 148 100 350 2000
S23 148 150 350 2000
S24 148 200 350 2000
S25 148 250 350 2000
526 148 300 350 2000
S27 148 350 350 2000
528 148 400 350 2000
S29 148 450 350 2000
S30 148 500 350 2000
S31 200 50 350 2000
S32 200 100 350 2000
S33 200 150 350 2000
S34 200 200 350 2000
S35 200 250 350 2000
S36 200 300 350 2000
S37 200 350 350 2000
S38 200 400 350 2000
S39 200 450 350 2000
sS40 200 500 350 2000
s41 248 50 350 500
S42 248 100 350 500
s43 248 150 350 500
s44 248 200 350 500
S45 248 250 350 500
S46 248 300 350 500
S47 248 350 350 500
548 248 400 350 500
$49 248 450 350 500
S50 248 500 350 500
S51 300 50 350 500
S52 300 100 350 500
S53 300 150 350 500
S54 300 200 350 500
S55 300 250 350 500
S56 300 300 350 500
S57 300 350 350 500
S58 300 400 350 500
S59 300 450 350 500
S60 300 500 350 500
S61 348 50 350 500
S62 348 100 350 500
S63 348 150 350 500
S64 348 200 350 500
S65 348 250 350 500
S66 348 300 350 500
S67 348 350 350 500
S68 348 400 350 500
S69 348 450 350 500
S70 348 500 350 500
S71 400 50 350 500
S72 400 100 350 500
S73 400 150 350 500
S74 400 200 350 500
S75 400 250 350 500
S76 400 300 350 500
S77 400 350 350 500
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Number of Length of the Square

municipalities (Km) Number of Number of
u l Weights Ordinations
S78 400 400 350 500
S79 400 450 350 500
S80 400 500 350 500
S81 448 50 350 500
$82 448 100 350 500
S83 448 150 350 500
S84 448 200 350 500
S85 448 250 350 500
S86 448 300 350 500
S87 448 350 350 500
S88 448 400 350 500
S89 448 450 350 500
S90 500 500 350 500
S91 500 50 350 500
S92 500 100 350 500
S93 500 150 350 500
S94 500 200 350 500
S95 500 250 350 500
S96 500 300 350 500
S97 500 350 350 500
S98 500 400 350 500
S99 500 450 350 500
S100 500 500 350 500
Source: Authors’ own work.
Notes:

This table provides information on the number of spatial separations calculated for analysing the maximum

values attained. The authors have set these parameters.

Each province is represented by a square with side | (in Km) and its number of municipalities (#MUN). For

example S1 is a province with 48 municipalities and a square shape of side | = 50 Km.

The municipalities are equidistantly distributed on the edge of the square.

For each province we have simulated 350 sets of weights (#Weights) representing the municipalities’

population shares.

Each ordination of the municipalities with their corresponding population has associated a spatial separation

value, measured by the Spatial Separation Index that we name Vedge(®,0).

The differences in the number of ordinations are due to processing times.

The maximum relative error for the estimates of Average(V,q4.(l, 4, ws,0)) with a sample size of 500 is
()

0.0358%. As for a sample size of 2000 it is 0.0179%.
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Annex V. Table 2

Summary of the results for spatial separation in the simulated provinces S1 to $100. SIMULATIONS
Each cell of the tables reflects the variable indicated in the upper left corner for a given Si. Si is identified
according to the parameters in the row and column headers, as describes in Annex V. Table 1

Max(Average (Veqge (L, 1, ws, 0))) &
(O]

1=50 17.67 1838 18.21 1838 18.24 18.25 18.23 18.24 18.22 18.36
1=100 3533 36.77 3632 36.76 36.23 3634 36.56 36.76 36.64 36.74
1=150 53.00 55.15 54.40 55.14 54.60 55.13 54.73 55.06 55.02 54.92
1=200 70.67 73,53 7249 7351 7338 7295 7270 73,51 73.05 7331
1=250 88.33 9192 9031 9189 91.16 9123 9165 9163 9180 91.89
1=300 106.00 110.30 108.81 110.27 108.86 110.27 109.04 110.27 109.72 109.90
1=350 123.67 128.68 126.76 128.98 126.93 128.60 127.91 127.95 128.03 128.27
1=400 141.33 147.07 144.85 147.03 146.76 146.93 145.82 147.02 146.84 146.51
1 =450 159.00 165.45 163.21 165.41 164.08 165.40 165.32 166.13 164.66 164.84
1=500 176.67 183.83 178.99 183.79 182.31 182.46 182.59 183.78 182.69 183.77
Y
|48 | 100 | 148 | 200 | 248 | 300 | 348 | 400 | 448 | 500 |
1=50 17.67 1838 18.21 1838 18.24 18.25 18.23 18.24 18.22 18.36
1=100 3533 36.77 3632 36.76 36.23 3634 36.56 36.76 36.64 36.74
1=150 53.00 55.15 54.40 55.14 54.60 55.13 54.73 55.05 55.02 54.92
1=200 70.67 73,53 7249 73,51 7338 7295 7270 73,51 73.05 7331
1=250 88.33 9192 9031 9189 91.16 91.23 9165 9163 91.80 91.89
1=300 106.00 110.30 108.81 110.27 108.86 110.27 109.04 110.27 109.72 109.90
1=350 123.67 128.68 126.76 128.65 126.93 128.60 127.91 127.95 128.03 128.27
1=400 141.33 147.07 144.85 147.03 146.76 146.93 145.82 147.02 146.84 146.51
1 =450 159.00 165.45 163.21 165.41 164.08 165.40 165.32 166.13 164.66 164.84
1=500 176.67 183.83 178.99 183.79 182.31 182.46 182.59 183.78 182.69 183.77

Maximun(Average(Veqge (L, 1, ws, 0)))

s [ 100 [ 148 ] 200 | 243 [ 300 [ 3a3 [ a00 [ ass | s00_

®301~®350 )
1=50 17.25 1783 17.61 17.76 1757 17.65 17.57 1756 17.53 17.71
1=100 3453 35.64 3519 3551 3487 3508 3532 3544 3529 3546
1=150 51.73 53.43 5264 5332 52,63 53.29 5282 53.26 53.01 52.89
1=200 69.05 71.34 70.14 7099 70.83 7042 70.24 70.95 70.57 70.76
1=250 86.35 89.14 87.27 88.83 87.92 88.08 88.45 8839 8859 88.36
1=300 103.49 106.93 105.24 106.69 104.85 106.55 104.91 106.12 105.76 106.23
1=350 120.72 124.82 122.58 127.98 122.34 123.94 123.58 123.51 123.92 123.72
1=400 138.04 142.54 140.04 142.15 141.75 142.09 140.40 141.92 141.60 141.38
1 =450 155.30 160.47 157.89 159.83 158.64 159.57 159.34 160.28 158.29 159.17
1=500 172.63 178.27 173.16 177.63 175.88 176.31 176.41 177.57 176.07 177.61

Source: Authors’ own work.
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Annex V Table 3

Summary of the results for REAL LIFE Spatial Separation Index between municipalities of Spain’s provinces in 2016

74
Spatial
PROVINCES | S€Peration
Index
(Actual)
(a)

TOTAL 17.70
Almeria 20.77
Cadiz 23.92
Cordoba 21.75
Granada 18.39
Huelva 18.32
Jaén 23.06
Malaga 17.32
Sevilla 15.90
Huesca 27.33
Teruel 32.32
Zaragoza 12.43
Asturias 16.13
Balears 33.56
Palmas 38.69
SC Tenerife 24.32
Cantabria 13.59
Avila 20.30
Burgos 22.93
Ledn 24.48
Palencia 18.48
Salamanca 18.57
Segovia 15.88
Soria 18.20
Valladolid 9.12
Zamora 20.86
Albacete 24.07
Ciudad Real 29.10
Cuenca 30.86
Guadalajara 13.72
Toledo 28.81
Barcelona 12.76
Girona 18.47
Lleida 21.74
Tarragona 19.66
Alicante 21.20
Castellén 1533
Valencia 14.84
Badajoz 32.45
Céceres 31.02
Corufia 22.74
Lu go 24.34
Ourense 17.27
Pontevedra 13.64

INE ‘s order
starting at
the left upper
corner

(b)

50.66
41.78
38.79
51.11
58.81
48.18
51.22
45.89
49.27
57.52
53.22
42.32
44.89
73.50
70.16
58.63
38.44
37.81
47.16
59.24
33.08
40.73
40.48
42.62
35.55
44.17
47.07
62.56
61.15
44.52
56.95
42.61
41.90
50.35
41.49
40.78
35.17
51.05
71.76
70.00
49.19
43.12
34.28
30.34

ON THE EDGE: Vedge and Vimayx

Average of the
4000
permutations

(c)(*)

43.75
42.41
38.94
45.02
55.63
45.05
49.54
40.77
47.79
52.42
58.42
37.54
46.91
64.14
62.78
52.43
35.01
40.99
46.95
52.32
33.35
38.92
36.23
40.93
28.30
44.08
47.38
59.76
56.42
45.44
57.19
39.37
39.37
49.07
40.85
38.32
36.87
47.48
68.10
64.52
47.04
41.02
35.02
31.60

Maximum of
the 4000
permutations

(d) (%)

50.76
49.99
43.62
53.40
61.69
51.74
54.19
48.86
55.18
58.53
65.58
46.16
58.23
74.70
73.56
61.91
41.85
46.48
58.96
61.21
40.65
46.93
43.03
49.17
35.78
50.89
58.16
66.18
62.61
54.95
63.17
44.92
42.95
55.01
46.10
43.78
43.89
53.33
75.32
71.89
52.13
46.31
39.70
36.06

L(**)
(e)

35.93
34.29
34.31
33.32
50.48
35.18
44.52
33.60
38.83
44.19
49.17
29.42
32.08
54.11
54.88
39.82
29.56
33.83
32.11
41.38
24.06
32.63
31.34
30.81
23.03
36.07
35.36
52.38
48.06
35.79
51.32
33.91
34.98
40.85
35.24
32.39
28.88
41.13
59.59
53.82
42.06
30.70
29.27
27.32

Tu(**)
f)

51.93
51.39
43.58
56.53
62.66
55.62
54.47
51.13
59.85
59.80
65.75
47.08
60.52
76.73
74.80
66.33
42.45
45.42
59.23
63.16
41.29
47.10
42.80
47.17
40.01
50.31
56.66
66.58
61.97
57.35
63.69
46.10
43.74
56.81
47.02
44.54
45.47
55.51
75.70
73.44
52.15
49.41
39.69
36.07

VI max
(9)

51.03
48.09
41.14
55.63
61.11
51.16
51.87
49.13
57.90
56.35
62.78
75.95
52.39
75.19
73.65
59.04
40.09
45.79
62.35
58.36
43.22
49.35
42.24
48.67
47.92
49.87
57.73
62.19
60.23
54.28
59.47
44.43
41.04
55.17
43.91
41.29
42.20
54.18
71.93
69.07
50.05
45.26
39.01
35.24

Ratio

It continues

MAX4000/

Vimax

(***)

1.01

1.04
1.06
0.96
1.01
1.01
1.04
0.99
0.95
1.04
1.04
0.61
1.11
0.99
1.00
1.05
1.04
1.02
0.95
1.05
0.94
0.95
1.02
1.01
0.75
1.02
1.01
1.06
1.04
1.01
1.06
1.01
1.05
1.00
1.05
1.06
1.04
0.98
1.05
1.04
1.04
1.02
1.02
1.02

Ratio
1U/Vimax

(***)

0.98

1.07
1.06
1.02
1.03
1.09
1.05
1.04
1.03
1.06
1.05
0.62
1.16
1.02
1.02
1.12
1.06
0.99
0.95
1.08
0.96
0.95
1.01
0.97
0.83
1.01
0.98
1.07
1.03
1.06
1.07
1.04
1.07
1.03
1.07
1.08
1.08
1.02
1.05
1.06
1.04
1.09
1.02
1.02

Source: Authors’ own work.
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AnnexV Table 3
Summary of the results for REAL LIFE Spatial Separation Index between municipalities of Spain’s provinces in 2016

Conclusion
v ON THE EDGE: Vegge and Vipmax
i p Ratio Ratio
Se.;ztz'::i:m Igﬁ,—;:;ﬁr Average of the | Maximum of MAX4000/ | 1U/Vimax
PROVINCES Index | the left upper 4000 the 4000 W(**) | 1u(**) | Vimax Vimax
(Actual) corner permutations | permutations (e) (f) (g) (**%) (**%)
(a) i () (*) (@) (*)

Madrid 9.26 41.20 34.53 42.92 27.76 46.24 49.54 0.87 0.93
Murcia 20.74 52.67 45.73 55.08 32.02 60.03 53.81 1.02 1.12
Navarra 19.62 43.14 44.22 50.43 39.38 50.48 49.97 1.01 1.01
Alava 6.78 13.46 12.07 16.71 6.17 18.33 29.32 0.57 0.63
Bizkaia 7.46 23.71 21.58 25.89 16.82 26.73 24.73 1.05 1.08
Gipuzkoa 11.95 22.22 20.53 23.16 17.80 23.37 22.37 1.04 1.04
La Rioja 13.91 29.10 27.11 35.01 20.40 34.31 35.87 0.98 0.96

Source: Authors’ own work.
(*) Total values calculated as a simple average of provincial values. As for real life data on Spain’s provinces, we have used 4000 ordinations of their
municipalities population weights.
(**) I and lu are the lower and upper limits of the confidence interval at 99.9% for Vedge.
(***)
Ratio << 1 Vimax is very high compared to the maximum of the 4000 permutations (MAX4000) or Iy
Alava
Zaragoza
Valladolid
Madrid
We have checked with the general simulations that Vimax is as expected for a Province of that size and p.
Thus, this is because MAX4000 and Iy for that province are actually very low.
Also, in the general simulations, the Veqge for the stylised weights based on these provinces are low and the ratio Vedge /VImax low.

Therefore, this occurs of the specific distribution of the population among the municipalities of those provinces, which produces
low spatial separation indices.

We understand that in these cases Vimax is a proper estimate for the maximum attainable spatial separation.

Ratio >>1 Vlmax is very low compared to MAX4000 or Iy
Asturias
We have checked with the general simulations that Vimax is as expected for a Province of that size and #MUN

Thus, this is because MAX4000 and Iy for that Province are very high
Also, in the general simulations, the Vegge for the stylised weights based on these provinces are high and the ratio Vedge /VImax high.

Therefore, this occurs because of the specific distribution of the population among the municipalities of those provinces, which
produces high spatial separation indices.

In this case, Vimax could not be a proper upper bound for the maximum spatial separation attainable and using it might
underestimate proximity.

Therefore, we have corrected Vimax for Asturias with the factor: MAX4000/VImax = 1.11.
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Annex V Chart 1

Scatter plot for (Glwg; Vg4 (w5, 0)) in S1 (I=50Km; p=48; ©=1-350; 6=1-2000)
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