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Abstract: This paper studies the Greek interregional road network (GRN) using network,
statistical, and empirical analysis. The research aims to extract the socioeconomic informa-
tion embedded in the topology of the GRN and to interpret to what extent this network
serves and promotes regional development. The analysis reveals that the topology of the
GRN is subject to spatial constraints, relevant to the theoretical model of the lattice network
but with some geographically dispersed hub-and-spoke modules. It also reveals that the
network structure is described by an adjusted gravitational pattern, with priority given to
serving regions according to their population and, secondarily, geographical remoteness,
and that its association with regional variables outlines an elementary pattern of “axial
development through road connectivity”. Interesting contrasts between metropolitan and
non-metropolitan (excluding Attica and Thessaloniki) cases emerge from the study. Overall,
this paper highlights the effectiveness of complex network analysis in modeling spatial-
economic and, in particular, transportation networks and promotes the network paradigm
in transportation research.

Keywords: road transport; regional development; complex networks; spatial networks;
pattern recognition

1. Introduction

Road networks are the most widespread and accessible land transport networks, due
to the prevalence of the car as a private transport [1,2]. Road networks are a key infras-
tructure for transporting at all geographical levels, regarding network length, traffic, and
number of users [3-5]. Considering that transport is an aspect of human communication
subject to unavoidable spatial constraints [2,4,6], the structure and form that land trans-
portation networks take over time reflect the historical and socioeconomic needs of human
communication but also depend on the occasional possibilities of society to overcome
spatial constraints [7,8]. For example, the structure, geometry, and general form of road
networks differ today than in the past, due to the evolution of transport modes, road
surfaces, and their respective technologies, as well as to changes in the socioeconomic
importance of the cities they connect [2,9].

From the literature [2,3,5,6], we know that roads play a key role in regional and eco-
nomic development. The study of the individual historical, socioeconomic, and spatial
(geographical) conditions surrounding a transport network contributes to a deeper knowl-
edge of its structure and functionality [5], facilitating their modeling process [10]. On the
other hand, given that the construction and general creation of transport infrastructure is a
time-consuming and costly process [2,5,6,11], it can be argued that the form and topology
of transport networks decisively influence the further development of the transport sector,
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both at national and interregional levels [3,5,12]. That is, in contrast to the case of immate-
rial (e.g., social) networks [13], transport networks lack the flexibility to timely adapt and
restructure their geometry and topology due to their surrounding socioeconomic forces,
thus resulting in a slow adaptation to current developments [14].

In economic terms, transport promotes trade, communication, the tourism industry,
scientific cooperation, and cultural interaction [2]. From this perspective, the study of road
transport networks becomes multivariable [5], as a plethora of variables and parameters are
taken into account, covering all aspects of social and economic activity, such as congestion,
accessibility, geographical scale, technological progress, sectorial structure, time, utility,
and demographics. From an epistemological viewpoint, the study of road networks has at-
tracted the interest of researchers from various disciplines and fields, such as transportation
planners, urban planners, economists, regionalists, geographers, architects, environmental
engineers, and even physicists and mathematicians [9,15]. This multidisciplinary research
further highlights the interdisciplinary nature of the study of transport networks and the
need to develop integrative research approaches [9]. From a theoretical perspective, the
importance of transport networks in economic development emerges axiomatically [5,11].
Referring to the theories of regional science and economic geography, it can be effortlessly
concluded that the ability to overcome spatial constraints is intertwined with transport
networks and is a key driver of economic and regional development. For example, in the
light of the neoclassical approach, it can be argued that the transport capacity provided
by transport networks is the condition for the conduct of international and interregional
trade [16], interregional migration, and generally the mobility of the production factor
“labor” [17,18], activating in the long run the mechanism of convergence of regional in-
equalities. On the other hand, agglomeration theories [19,20] and the new economic
geography [21,22] attribute to the transport capacity of regions the degree of centripetal
or centrifugal forces development and, consequently, the dynamics of the emergence of
economies of agglomeration and scale and the development of growth poles, which lead
to differential development and the emergence of social and economic inequalities in geo-
graphical space. In this context, transport networks are a key pillar of development, and
their study contributes to improving the efficiency and safety of transport; the formulation
of policies and strategies for spatial planning and economic development; and sustainable
development and balanced growth [5,11].

In Greece, land transport is a key component of the national and regional economy and
a decisive development factor [11,14,23] due to geomorphological and geopolitical reasons.
The country’s geopolitical position is decisive for the development of trade and related
activities. At the same time, its rich (mountainous and maritime) geomorphology places
constraints on the development of land transport, favoring the emergence of alternative,
competitive modes of transport. The study of the Greek intercity road network can provide
insights into improving infrastructure, increasing accessibility, and enhancing connectivity
between different parts of the country. To the extent that accessibility is symbiotically
related to regional development [2,3,5,11], the study of Greece’s road infrastructure network
can contribute to the development of policies aimed at increasing economic activity and
facilitating the transport of goods and services, thus reducing regional disparities and
strengthening the national and regional economies. Moreover, the case of Greece is of
particular interest also from the viewpoint of economies of scale, as the country is subject
to a distinct hierarchical structure of population concentrations in the capital city of Athens
and the co-capital city of Thessaloniki. These two capital cities are the two largest in Greece,
accounting for more than 50% of the country’s population (almost 4 and 1.5 million citizens,
respectively) and constituting major poles of economic development [11,14,23]. Athens, as
the capital, hosts the majority of central administrative services and economic activities [11].
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Thessaloniki is also an important economic hub that plays a central role in the northern
part of the country [11]. The increased demand for transportation in these two urban
mega areas puts the study of their road networks on a different scale, not only because of
their importance in the national economy but also because of their significance through
their hub participation in international transport axes networks [11,23]. The two cities
also face particular spatial and socioeconomic challenges that affect the development and
operation of their road networks, both locally and nationally [24]. For example, Athens is
the center of a complex and historic web of intermodal (road, coastal, and air) transport
infrastructure [11,25,26], facing traffic management and congestion challenges. On the
other hand, Thessaloniki is in a strategic geographical position for the Balkan region [27],
making it a prominent center for transit trade.

In this context, this paper studies the nationwide intercity road transportation network
in Greece, the Greek Road Network (GRN), aiming to extract the socioeconomic infor-
mation associated with its topology and geometry and to get insights into its dynamics
for sustainable regional economic development. Based on the theoretical background of
economic geography and network science, this research first argues that transportation
networks’ connectivity is stimulated by the underlying forces inducing spatial demand,
overcoming geomorphological constraints and spatial costs, and driving into economic
agglomerations. Also, it conceives network connectivity as a transportation infrastructure
capital serving these forces driving regional and economic development. This double
reading suggests a “hen-and-egg dilemma” defining the symbiotic relationship between
network connectivity and the socioeconomic configuration of the transportation market,
on which this paper aims to shed light. To do so, we model the GRN into an undirected
and spatially weighted graph using complex network analysis [4,28,29]. This modeling
allows the incorporation of structural and functional information within a single quanti-
tative (matrix-based) model. Next, this paper applies statistical techniques and empirical
analysis to the topological variables computed on the GRN graph model and to a set
of socioeconomic NUTS III variables to detect the level of association between network
topology and economic structure and functionality of this road network. The analysis
distinguishes the cases of Athens and Thessaloniki by including and excluding their road
networks (or merging them into a single node each) from the GRN dataset to capture the
level of their contribution in the transportation dynamics of economies of scale. The overall
approach aspires to provide methodological guidelines in future transportation research,
which faces the challenges of managing economies of scale, economic efficiency, and the
adoption of sustainable development imperatives towards addressing spatial asymmetries
and promoting regional development.

The remainder of this paper is organized as follows: Section 2 describes the method-
ological framework of the study, the network modeling, and the analysis methods used.
Section 3 presents the results of the analysis; Section 4 provides a discussion in the light
of transportation economics, geography, and policy; and, finally, in Section 5, conclusions
are given.

2. Methodological Framework

The study of the Greek road transport network (GRN) and its spatial and topological
analysis builds on a complex methodological framework, which integrates different meth-
ods and tools from complex network analysis and statistical-econometric analysis. The
GRN is analyzed using graph modeling, as well as topological and economic indicators, to
draw conclusions about the structure and functionality of the road infrastructure network
representing the transport market in Greece. The methodological framework in this paper
consists of four distinct parts (graph modeling, network analysis, empirical analysis, and
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discussion and conclusion making) and is illustrated diagrammatically in the flow chart
of Figure 1. As it can be observed, the methodological framework consists of four parts.
The first one (Figure 1; #1) concerns the modeling part, according to which the real-world
transportation road network in Greece is modeled on a graph. For capturing differences
in scale due to the participation of the metropolitan regions of Attica and Thessaloniki,
in this part, two GRN versions are taken into account; the first includes the total avail-
able road network information, whereas the second one excludes the sub-networks of
these two metropolitan regions. The second part (Figure 1; #2) of the methodological
framework includes a network analysis of the GRN, consisting of the calculation of com-
plex network analysis measures (node degree, edge and path length, network diameter,
graph density, clustering coefficient, and modularity) and a pattern recognition approach,
building on a combination of pattern recognition methods (such as the examination of the
degree distribution, topological layouts, sparsity plots, and the spatial distribution of the
GRN). Next, in the third part (Figure 1; #3) of the methodological framework, an empirical
analysis applies. The analysis is considered empirical because, beyond the topological
variables computed from the GRN graph model, it also applies to a set of socioeconomic
variables. The available socioeconomic variables are composed of interregional secondary
data capturing transport infrastructure, socioeconomic, and tourism aspects of the GRN
transport economy. Technically, the empirical analysis is a correlation-based analysis, as
it builds on the correlation matrix, including the Pearson’s correlation coefficients com-
puted between all possible pairs of the available NUTS III variables. To detect differences
in the network structure due to the economies of scale related to the high urbanization
levels of Attica and Thessaloniki, the correlation analysis applies to a double version of
the dataset. In the first case, the dataset includes the total of entries corresponding to
the NUTS III Greek regions, thus configuring variables of length n; = 51. In the second
case, the entries of Attica and Thessaloniki are removed from the dataset, thus configuring
non-metropolitan variables of length 1, = 49. Within this context, the correlation analysis
results in the configuration of two versions of 29 x 29 correlation matrices, the first one
computed on the total version (17 = 51) and the second one on the metropolitan version
(np = 49) of the 29 available variables. However, beyond the correlation approach, the
empirical analysis includes (i) a community detection analysis applied to the graph models
associated with the total (77 = 51) and non-metropolitan (11, = 49) correlation matrices and
(ii) a chi-square test examining the resulting community membership of the total (11 = 51)
and non-metropolitan (1, = 49) cases. As a correlation matrix converts by default to a
complete graph model (where all nodes are mutually connected), to avoid dealing with this
trivial topology, the analysis considers only significant (p < 0.10) correlation coefficients in
the computations, and the other cases are set to zero. The community detection analysis
that further applies to the correlation graph (see Figure 1) allows grouping the source
variables into communities with strongly correlated members within. This process can be
seen as a non-parametric econometric approach taking into account structural relevance
due to the correlation network’s connectivity, namely beyond data variability on which
typical non-parametric econometric approaches usually build. Further, the cross-tabulation
and chi-square analysis apply to examine the level of association between the variables’
membership generated by the community detection applied to the total (1; = 51) and
non-metropolitan (1, = 49) cases. This approach further examines the structural association
of the available empirical variables due to the removal of the metropolitan Greek regions
from the interregional transportation market. Finally, the fourth part (Figure 1; #4) of the
methodological framework discusses the findings of the research under the transportation
research and economics and regional science perspectives.
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Figure 1. Conceptual diagram of the methodological framework of the study (the * represents the
case of excluding nodes belonging to Attica and Thessaloniki).

The following subsections describe the parts composing the methodological frame-
work of this research in more detail.

2.1. Graph Modeling

The GRN is a road network connecting geographical locations, settlements, and cities
in Greece. To run the analysis, the GRN is modeled in L-space representation [4] as an
undirected graph G(V,E), whose nodes V correspond to road intersections and edges E
to unidirectional road routes. In the model, the positions of the nodes correspond to the
exact geographical coordinates of the geographical positions of the intersections, but the
lengths of the edges are represented as straight segments and not in their natural (to scale)
form. This mapping is a common practice in the study of urban road systems [30,31], but
is rarely found in the description of cases of national road networks, apparently due to
the lack of availability of data for such a level of scale [9]. The data used for the GRN
construction refer to the primary, secondary, and tertiary national road network, along
with the primary and secondary provincial road networks of Greece, as they are defined in
the National Act PD.401/93. The database has been prepared by the Directorate of Road
Project Studies (AMEO) of the Ministry of Finance and was available in shapefile format by
the Hellenic Organization for Cadastral Surveys and Cartography [32]. Within this context,
the GRN was constructed as an undirected graph G(V,E), with spatial weights, consisting
of n =4993 nodes (vertices) and m = 6487 edges (links). However, it is a disconnected
network [33], having as components the sub-networks of the country’s island clusters,
together with some cases of isolated road segments located on the mainland. Further, the
GRN is a non-directed graph [4,29], where edges represent bidirectional pathways (lanes)
of the road network and a spatial network weighted by the information of the physical
road segment lengths (measured in km).
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2.2. Network Analysis

The GRN network analysis is performed using different measures of network topology
and geometry, which provide information on its structural and functional characteristics.
The measures chosen in this paper are graph density (p); network diameter (dG); node
degree (k) and strength (s); closeness centrality (CC); betweenness centrality (CB); local
and global clustering coefficient (C); modularity (Q); and average path length (({I)) and are
extracted from the relevant literature [4,29,33,34]. Definitions and details of the network
measures used in this paper are shown in Table A1l in the Appendix A. From a method-
ological viewpoint, graph density [29] is chosen because it provides information about
the relative capacity of the network in terms of the number of possible connections in the
graph, as it expresses the probability of meeting a connection between two random nodes
in the network. Network diameter [29] is chosen because it contains information about the
extent and spatial resistance in the network, as it represents the longest and shortest path in
the network. Node degree [4,29] is the most popularly used measure in complex network
analysis and expresses the average communication potential of the network nodes. Next,
spatial strength, or spatially weighted node degree [4] is chosen in this study due to its
ability to account for the connectivity and spatial resistance at a network node. Closeness
centrality [33], is chosen due to its ability to measure the accessibility of a node based on
the average distance from all nodes in the network. Betweenness centrality [33] becomes a
particularly useful centrality measure as it captures the degree of mediation of a node in
the network, thus highlighting the locations where the network topology submits to the
greatest traffic load. The clustering coefficient [29] is chosen because of its ability to capture
the degree of “circularity” of traffic flow at a node, namely the degree of integration of
connectivity at the neighborhood level or, alternatively, the degree of node regionalization.
Finally, the modularity [34,35] underpins much of the analysis in this paper, as it expresses
the ability of the network to be divided into communities. This measure is particularly
useful because it is able to reveal the community structure and thus the local markets that
are formed in the network based on its topology and functionality.

In addition, the analysis is performed using the city organization index (r;;) proposed
by [36], as well as the omega index (w) proposed by [37] for the detection of the small-
world property. On the one hand, the city organization index [36] measures the level of
city organization based on the concentration of the degree distribution of nodes in the

3—4 degree values.
S n(1) +n(3)
" Yesan(k)

where n(k) expresses the number of nodes that have a degree equal to k. Low scores of this

)

index indicate that an urban road system corresponds to a well-organized pattern, while
scores close to one indicate the existence of many dead ends and imperfect intersections,
which reflects the lack of planning of the urban transportation system. Although this
index is developed and is commonly used for intra-urban analysis, in this paper, we
apply it to the interregional GRN aiming to get insights into the level of organization of
the road network in terms of square tiling. In terms of interpretation, a well-organized
pattern (r, — 0) in the GRN can provide insights into the existence of perfect competition
dynamics in the geographical space resulting in a regular lattice’s symmetry. Conversely,
an unorganized pattern (r, — 1) may interpret a lack of planning and induce the existence
of spatial inequalities in the network structure.

On the other hand, the omega index [37] is used to detect the small-world property
by comparing the average degree of clustering ((c)) and the average path length ((I)) of
the network with the average path length of an equivalent random graph ((I),,,,;) and the
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average clustering of an equivalent lattice graph of the same degree distribution, according

o= (T) - (i) @

Values of the w-index close to zero illustrate the small-world property; positive values

to the relation:

indicate characteristics of a random-like network, while negative values indicate charac-
teristics of a lattice-like one. The computations of the null models are performed using
the randomization algorithm of [38] and the latticization algorithm of [39]. Although,
theoretically, the small-world property is tested on an available graph family, when it is
detected that it does not grow faster than logarithmically as the number of nodes tends
to infinity [40], in an empirical context (where no family of graphs associated with an
empirical network is usually available), the w-index computation provides a satisfactory
approximation. Overall, the analysis of [37] for small-world property detection is chosen in
this paper because of the theoretical importance of the random, lattice, and small-world
network topologies from both a traffic engineering and spatial planning perspective. In
particular, randomness in transport systems expresses an absence of transport planning
that can lead to congestion phenomena and generally increased entropy that implies op-
erational costs and the need to redefine the network topology with large-scale transport
projects [2,8,23]. Further, the small-world property witnesses the existence of targeted
shortcuts development, expressing trends of causality in a network structure. On the
other hand, a lattice model expresses the existence of fully equivalent relationships in
geographical space, in terms of location attractiveness and spatial demand [2,8], associated
with a centrifugal mechanism for regional markets” development, as described in [22] new
economic geography.

2.3. Empirical Analysis

This part of the analysis aims to detect the level of association between the topological
attributes of the GRN and some of its major socioeconomic characteristics. To do so, this
paper applies a correlation analysis to a set of road network infrastructure, economic,
and tourism variables, which are geographically defined on the NUTS III scale. The
conversion of the topological information at the regional (NUTS III) level was necessary,
as no secondary socioeconomic information is available at the physical reference scale
(infrastructure intersections) of the GRN to serve the scope of this research. The variables
participating in the correlation analysis are shown in Table A2 in the Appendix A.

In particular, the variables participating in the analysis are divided into four main
categories: (1) road network topology variables (N), (2) transport infrastructure variables (1),
(3) socioeconomic variables (S), and (4) tourism variables (T). The road network topology
variables (N) are considered critical to understanding the structure and functionality of the
GRN. The number of nodes (N1) in each regional sub-network lists the important intersec-
tions, and the number of edges (Ny) lists the road segments connecting them. The average
node degree (N3) expresses the density of node connections in each regional sub-network,
where higher values indicate higher spatial concentrations following agglomeration theo-
ries [19,20,41], while the average spatial strength (N4) combines distances with connectivity,
thus providing a more complete picture of the value of each connection in terms of its
dispersion in geographic space. The network diameter (N5), which represents the largest
shortest distance between two nodes, provides information about the overall network
dimension, while the graph density (N¢) indicates the capacity of network connections.
Modularity (N7) analyzes the tendency of each regional sub-network to be divided into
communities and can provide structural information about the configuration of GRN'’s
regional markets in the context of the new economic geography [22]. On the other hand,
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the number of connected components (Ng) lists the disconnected transportation markets
in the GRN regional sub-networks. Here, island counties are by default at a disadvantage
compared to the others, as the development of road connections is generally a matter of
the islands’ land areas. Finally, the average clustering coefficient (Ny) reveals the flow
circulation tendency on the regional sub-networks, while the average path length (Ny)
provides insights into the overall accessibility of each regional sub-network, expressing the
average spatial impedance to transport on the regional intercity system.

On the other hand, the transport infrastructure variables (I) focus on the geometrical
and logistical aspects of the GRN at the regional level. The total road network length
in each region (I1) expresses the road network’s area and coverage in a region, and in
economic terms, represents the amount of sunk costs of road infrastructure [8] per region.
Complementarily, road network density (I) expresses the degree of coverage of the region’s
road network per geographical area unit, providing an indication of the efficiency of the
region’s road network in terms of its geographical area (I3), which in theoretical terms
corresponds to the physical capital (as a productivity coefficient) available to the region [23].
The number of ports (I4) and airports (I5) in each region provides intermodal information,
which is critical for the intensity of transport economic activity and the supply chain and can
be interpreted in accordance with the complementarity or competitiveness (substitution)
approach of transport [2,5] within a region.

Socioeconomic variables (S) are drawn from the wider literature on transport infras-
tructure, economics, and spatial development [2,5,6,10,42] to provide as complete a so-
cioeconomic status of each region as possible. In this context, the region’s population (S1),
on which a number of gravity and non-gravity models have been developed through
time [2,20,23], is a key gravity variable of spatial economic systems and a key indica-
tor for understanding the scale of economic activities in the region. On the other hand,
the degree of urbanization (Sp) measures the intensity of concentration and urbanization
economies [11,42] in a region, while the indirect (S3) and direct (S4) population potential
measure access to economic activities and economic growth within and outside a region by
population and spatial distances [23]. Then, regional GDP (S5) and the share of primary (S¢),
secondary (Sy), and tertiary (Sg) sectors provide information on the size of output by region
and the sectorial structure of the regional economy [6,23], being predominantly a factor of
the attractiveness of population concentrations and transport infrastructure development in
the geographical space [2,14]. Further, drawing on the regional development theories of sec-
torial structure, regional dualism, endogenous growth, and knowledge economy [6,20,23],
the variables: agribusiness investments (Sg); regional productivity dynamism (Sy); welfare
index (S11); and education level (S;,) are used to capture more specific information about
the forms of productivity (e.g., partially inelastic, related to the agricultural sector; labor
intensive, related to human capital and welfare; or knowledge intensive, related to the
education level) and the life quality productivity offers to a region’s social structure. Next,
although they belong to the group of socioeconomic variables, this paper examines tourism
variables (T) separately, focusing on the impact of tourism on the regional economies,
due to the importance of tourism in the national economy of Greece [8,23]. The share of
tourism in regional GDP (T;) is considered to provide information on the contribution of
the tourism industry to the local economy, and the tourism life cycle (TALC) coefficient
to provide information on the regions’ tourism carrying capacity and saturation, in the
context of the symbiotic relationship between transport infrastructure and tourism demand
in Greece [14,23].

This paper does not incorporate geomorphological variables in the analysis. To the
extent that the relationship between geographical space and economic activities is symbi-
otic [43], this research argues that geomorphological constraints are interrelated to spatial
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demand emerging in geographical space, and thus it should not be conceived separately
from socioeconomic variables. That is, to the extent that geomorphological variables ei-
ther stimulate or constrain the emergence of urban and economic agglomerations, this
paper assumes that geomorphological frictions are inherent in nearly all the socioeconomic
variables included in the analysis. Consequently, since the incorporation of additional geo-
morphological information is considered unnecessary for this study, the empirical findings
of the analysis are dependent on this underlying assumption. Studying this perspective in
more detail may suggest avenues for further research. Further, in the configuration of the
empirical variables, no traffic and road capacity (lanes per route) information is included
due to data availability constraints. If this kind of information were available, then the
graph model would be more representative of the GRN transportation market in terms of
functionality, and further variables of node strength could be included in the analysis. This
lack of data availability suggests an empirical constraint in the GRN analysis due to model
specialization, as is also the case in the construction of every econometric model. However,
this limitation does not affect the structural and topological aspects of the analysis, as the
functional and capacity aspects of the GRN are taken into account in certain weighted net-
work measures, which can be studied individually. As the only weighted aspect considered
in this study is the kilometric distance of network edges, the GRN graph model should
be interpreted as only including structural information, and its functional aspects would
be detected through correlation analysis to the available (non-topological) socioeconomic
attributes of the transportation market. In this context, correlation analysis is applied to
the available variables, which are shown in detail in the Appendix A (Table A2), followed
by community detection and a chi-square test of independence. In terms of mathematical
notation, the empirical analysis can be expressed as follows:

v Cov(x,y) _ [ Cov(x,y)
CMni_1p = {ry} = {\/Vur(x) : \/Var(y)} - { oy - 0y } ©

where CM | n;-1 5 is the correlation matrix produced by all pairs of variables x and vy in
Table A2; cov(x,y) is the covariance; and var(x), var(y) stand for the respective variances
of variables x and y. Pearson’s bivariate correlation analysis [44,45] is used to understand

linear relationships between pairs of variables, which are collectively assigned in a 29 x 29
correlation matrix format. The analysis is performed in two phases: with (CM;;1=51) and
without (CM;;1-49) the major economic centers in the regions of Attica and Thessaloniki.
The purpose of this double approach is to identify differences in correlations that may
arise due to the economies of scale of these two highly urbanized regions. In terms of
variable length, the calculations are conducted at the NUTS III regional scale with 1 = 51
and n; =49 items. In the correlation analysis, the exclusion of these two metropolitan Greek
regions from the GRN dataset cannot be considered an interfering (in structure) factor, as
the non-metropolitan dataset (1, = 49) was created by removing the corresponding rows
from the complete dataset (1; = 51), where all measures were computed without removing
any network nodes. As long as the matrices of statistically significant (p < 0.10) correlations
are considered adjacency matrices of graphs, it is possible to apply a community detection
(meta)analysis to identify immanent correlation structures between the correlated variables.
In mathematical terms, we can express the conversion of the correlation matrices to graph
models as follows:

G(CM[ni=1z) = G({rxy}) = G(Vi, E;) = CG(V;, Ey) (4)
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where G(V,E) is a graph model composed of the node set V and the edge set E; and the
symbol CG stands for a correlation graph. In this context, the community detection of the
CG can be expressed as a mathematical transformation of the form:

g|ni:1r2 : CG(‘/Z/ Ez) — RG C Rlxni

;[Aijfpij]ﬁ(girgj) (5)
g={g} st max{Q = JZm}

where gl n;-; , is the vector of community membership for the total (1; = 51) and non-
metropolitan (1, = 49) cases; CG is the correlation graph; RG is the range set of g; and
Q is the modularity function (defined in Table A2). In practice, the resulting communities
represent thematically homogeneous and strongly interrelated variables. The detection of
communities is not influenced by the thematic classification of the available variables into
the N, I, S, and T groups, as the correlation network is constructed from the correlation
matrix produced by all possible pairs of variables (both within and between communities)
in Table A2. Thus, the thematic classification serves primarily for conceptualization, organi-
zation, and perhaps improved interpretation, without compromising the generality of this
process. In terms of execution, the optimization algorithm of [35] is used for community
analysis, which is a greedy algorithm aiming to maximize the internal connectivity of
communities while minimizing the between connectivity [34]. The analysis is applied
to two different correlation matrices, one including the road infrastructure of the whole
country and another one without the regions of Attica and Thessaloniki.

Finally, the results of the community detection are compared to assess the impact of
metropolitan regions on the configuration of the Greek transport infrastructure market
(and the consequent understanding of its underlying network structures) and to explore the
similarity between variables. The comparison is conducted through the chi-square test of
independence [46,47], which assesses whether there is a statistically significant relationship
between two categorical variables. In addition, the symmetric Phi and Cramer’s V mea-
sures [44] are computed, which assess the strength of the relationship between the variables,
similar to Pearson’s correlation coefficient for scalar cases. The results of the community
detection with the statistical tests are evaluated in common to provide a comprehensive
picture of the relationships between the variables and the importance of the topology and
topology of transport infrastructure for regional and economic development.

3. Results
3.1. Network Measures

The analysis of the GRN network measures yields the results in Table 1, from which
some interesting observations can be made. First, in terms of network structure and
composition, although it does not include isolated nodes, the GRN is composed of (a=)
156 components. To the extent that the mainland road network in Greece composes one
giant connected component, the remaining 155 components correspond to local road
networks of Greek islands that were taken into account in the GRN modeling. This state of
disconnectedness due to insular morphology provides avenues for further research into
examining intermodal ways of connections to improve transport connectivity in Greece
at the national scale. The maximum degree of node connectivity is (kmax=) 8, which is
significantly lower compared to the corresponding level of 20 road connections in urban
networks [4,30]. This result indicates that the regional network has fewer central nodes
compared to urban networks, suggesting a less concentrated structure in the regional
versus urban area.



Future Transp. 2025, 5, 3 11 of 27
Table 1. Results of the calculation of network measures for GRN.
Value
Metric/Size Symbol Unit Total Non- Non-
Network Metropolitan @ Change (%) Metropolitan ® Change (%)
Nodes n #© 4993 4548 —8.91% 4550 —8.87%
Edges m # 6487 5528 —14.78% 5575 —14.06%
Self-connections n(e; € E) # 0 0 - 0 -
Isolated nodes n(k=0) # 0 4 - 4 -
Connected components o4 # 156 164 5.13% 160 2.56%
Max node degree kmax # 8 8 0.00% 33 312.50%
Min node degree kmin # 1 0 —100.00% 0 —100.00%
Average node degree (binary) (k) # 2.60 243 —6.54% 2451 —5.73%
Average node degree _ 11359 o
(weighted) (kw) km 14.11 13.92 1.35% 14.135 0.18%
Average edge length B o )
(weighted) (d(eif)) km 5.39 5.73 6.31% n/a n/a
Total edge length (weighted) Yd(eij) km 35,860 31,708 —11.58% n/a n/a
ij
Average path length (binary) I # 46.75 36.59 —21.73% 41.638 —10.93%
Average path length B o
weighted (1)) km 247.52 210.05 15.14% n/a n/a
Network diameter (binary) Apin(G) # 144 136 —5.56% 127 —11.81%
Network diameter (weighted) dw(G) km 993 782 —21.25% n/a n/a
Graph density (planar) p1 net © 0.433 0.401 —7.39% 0.409 —5.63%
Graph density (non-planar) P2 net 0.001 0.001 0.00% 0.001 0.00%
Clustering coefficient C net 0.042 0.045 7.14% 0.046 9.52%
Average clustering coefficient (C) net 0.114 0.069 —39.47% 0.071 —37.72%
Modularity Q net 0.946 0.965 2.01% 0.962 1.69%

a. Excluding nodes belonging to Attica and Thessaloniki. b. Merging nodes belonging to Attica and Thessaloniki.
c. Number of items. d. Not available. e. Dimensionless number.

In terms of connectivity, the average score of the node degree in the GRN is ((k)=) 2.60,
appearing similar to the corresponding level of 2.5 connections for urban networks [4,30].
This result describes a balance in the connectivity of road networks in urban and peri-urban
areas, indicating that the GRN provides an adequate degree of connectivity, although its
structure is less concentrated. The planar graph density of the GRN (p; = 0.433) indicates
that the network occupies a significant proportion of its total planar capacity. However, in a
non-planar context, the respective density is very low (p, = 0.001), indicating the potential
of expanding it and increasing the GRN’s carrying capacity.

In terms of connections’ length and distance, the average strength ({ky) = 14.11 km);
average edge ((d(e;j)) = 5.39 km) and path length ((I) = 46.75; d((I)) = 247.52 km); total
length (L d(e;;) = 35,860 km); and diameter (dyin(G) = 144; dw(G) = 993 km) provide

1

information of the complex spatial impedance [8] to which movements within the GRN are
subjected at different scales. In terms of clustering, the clustering coefficient (C) of the GRN
is significantly higher than the corresponding level of a random network 1/n =2.107% [4],
indicating that the network’s growth mechanism is not subject to randomness but to causal
magnification. The joint picture obtained from the distance and clustering measures is that
the GRN is far from being considered a random network and appears more akin to a lattice-
like network; as it is subject to network planarity constraints but is clearly differentiated
from the pure theoretical lattice model [4], which would have an average path length of
(D)1att = 70.66 edges. Finally, GRN’s modularity describes a high tendency of the network to
divide into communities, suggesting that it follows a dispersed and separable traffic service
pattern. Overall, the analysis provides evidence that the GRN is a regional network with
fewer central nodes than urban networks, is described by a balanced degree of connectivity,
has room for growth, and presents a diversified, non-centralized, structure that allows for
the creation of regional communities.

Regarding the impact of metropolitan regions on the aforementioned analysis, the last
four columns of Table 1 provide information on the variation of network measures resulting
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from the removal and merging (into a single node each) of the sub-networks of Attica and
Thessaloniki. As can be observed, in all cases of the network measures except for the con-
necting components (+2.56%; +5.13%), average road segments kilometric distance (+6.31%),
global clustering coefficient (+7.14%; +9.52%), and modularity (+1.69%; +2.01%); removing
the effect of the two metropolitan regions on the country’s road transport network leads
to a loss of topological value of the order of (on average) 20% (from 0 to 100%). This
reading leads to the conclusion that, for the most part, the effect of the two metropolitan
regions causes “contraction trends” in the topological characteristics of the GRN. However,
when interpreting the exceptions, we can observe that, with the removal of Attica and
Thessaloniki, the GRN emerges more disconnected, remote, regionalized, and separable.
Especially regarding connectedness, this is particularly evident in the “false” increase in the
GRN'’s maximum degree (over 3x) due to the merging of the metropolitan sub-networks
into a single node. Through these exceptions, it is possible to see that the two metropolitan
regions in Greece function in a proportion of (on average) 5% as a ‘link’ in the national
long-distance transport system of the country.

3.2. Pattern Recognition

As the analysis of the network measures reveals so far a perplexing topological and
spatial structure of the Greek road network, this section proceeds to study the topological
and spatial patterns that can be detected in the GRN. Starting from the study of the degree
distribution shown in Figure 2, we observe that the GRN does not strictly follow the scale-
free pattern, as its degree distribution fits only in an amount of 59.6% (based on the value
R? = 0.569) to a power-law curve [4,28] with an exponent y = 2.8. This result suggests that,
while the GRN exhibits some characteristics of hierarchical organization, its actual structure
is more limited and significantly influenced by geographical features.
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Figure 2. The GRN'’s degree distribution, left in metric and right in logarithmic scale.

The observation of the effects of spatial constraints in the GRN topology is also
supported by the spy plot results, compared to equivalent (degree-distribution-equivalent
random-like and lattice-like; node-equivalent small-world and scale-free) null models. As
shown in Figure 3, the sparsity pattern of the GRN exhibits concentration around the main
diagonal, indicating limited distant connections due to the spatial barriers implied by
the distant locations (nodes are labeled by their geographical relevance) in the adjacency
matrix. The similarities with the lattice-like and small-world null models support the view
that the GRN combines elements of these two types of networks, adopting characteristics
of homogeneity and, at the same time, causality to the extent that it supports spatial
demand of intercity transport. This picture is further supported by the analysis of the city
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organization index (1, gry = 0.762), which suggests that the GRN does not approach an
ideal Hippodamian urban organization plan [11] of regularity 4 (square lattice) but shows
significant variations that express lags in spatial organization, according to [36].

GEO LAYOUT SPY PLOT TOPOLOGICAL (FRUCHTERMAN - REINGOLD)
| R % (v) High sparsity; LAYOUT
t High one-corner (v) Fiber ball-like
¢ concentration with knots

(v) SF-like Network

(iv) SW-like Network

(iv) Low sparsity;
High main diagonal (iv) Fiber ball-like
concentration

(iii) Low sparsity;

High main diagonal (i) Fiber ball-like
concentration; High torus
corner
(iii) Lattice-like Network concentration
v
(if) High sparsity; N ! &
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Figure 3. Spy plots of the adjacency matrices of (i) the GRN and (ii) a degree-distribution-equivalent
random-like model; (iii) a degree-distribution-equivalent lattice-like model; (iv) a node-equivalent
small-world (SW) model; and (v) a node-equivalent scale-free model.

Further, the spatial distributions of degree, betweenness, and closeness centrality,
clustering coefficient, and spatial strength in Figure 4 reveal that the central areas in degree
and betweenness centrality are typically either population or geographically significant or
are associated with key national roadways. This observation confirms the influence of the
main road infrastructure on the regional development of Greece, which follows a linear
S-type pattern along the length of the eastern coastal national front [14]. In terms of node
degree, we can observe that its spatial distribution (Figure 4i) appears quite asymmetric.
However, the hub areas in the regions of Attica, Thessaloniki (central-north), and Achaea
(west), which are the three most populated in Greece [23], appear quite distinct. Further,
we can observe some hubs, located in the regions of Xanthi and Rhodope (north-east),
Arta (central-west), and Euboea and Corinth (both near Attica), are not highly populated
areas. Their privilege in degree is a result either of proximity to growth poles (as Athens
and Thessaloniki are) or of location serving peripheral connectivity. In contrast to the
degree, the spatial distribution of betweenness follows a more distinguishable pattern. As
shown in Figure 4ii, central values in terms of betweenness are linearly distributed along
the S-type motif, extending from the region of Corinth to Kavala that coincides with the
major national road axis called PATHE (Patras—Athens-Thessaloniki-Evzonoi). This S-type
configuration [14] defines a pattern of regional development based on linear sprawl driven
by proximity to a high volume of transportation flows.

Next, the spatial distribution of closeness centrality (Figure 4iii) shows a strong cor-
relation between geographic centrality and closeness, which has important implications
for transport policy, as it suggests the influence of transport costs as a determinant of



Future Transp. 2025, 5, 3

14 of 27

the emergence of spatial patterns, in line with the theoretical mechanisms described in
previous sections [19,20,22,41]. Subsequently, clustering coefficient distribution, although
asymmetric, reinforces the picture that areas with high clustering are usually associated
with economic activities or growth points, as central clustering nodes are neighbors to
the GRN (degree) hubs (see Figure 4iv). To the extent that clustering in graphs expresses
the level of flow circulation [8], the high values may reveal regional markets and areas
with significant economic or related activity. In GRN, such markets are composed of the
regions Achaea—FElis-Arcadia; Attica-Boeotia—Euboea; Central Macedonia; and Thesprotia—
Ioannina. This approach can provide further insights into whether it can be examined
jointly with the method proposed by [24] for the detection of dipoles and polycentric
functional areas, addressing avenues for further research. Relevant urban development
theories [11,42] describe axial urban sprawl along intercity transportation corridors, which
may stimulate the emergence of megalopolises (such as the case of the east coastal forehead
of the USA). Loosely speaking, clustering layouts similar to those of Figure 4iv may provide
useful insights into forecasting the dynamics of urban sprawl and thus are proposed as
a topic of further research. Finally, the spatial distribution of spatial strength (Figure 4v)
follows a complex pattern suggesting that central nodes are important for connectivity in
both nearby and distant areas, which is consistent with the theories of [19,21,41] on the
process of self-sustained spatial development of places and their transformation to growth
poles. This part of the network analysis examining the spatial distributions of network
topology measures may also generate variables to be included in a multi-objective optimiza-
tion [48,49] analysis. In particular, each spatial distribution considered in Figure 4 illustrates
the (numeric) distribution of a network variable (node degree, strength, clustering, be-
tweenness, and closeness) in the geographical space, at the node scale. Within this context,
any filtering of the values in each variable (for instance, one common filtering may regard
the dichotomy into low /high values compared to the mean) can drive into a hierarchical
classification of the network nodes and thus can discriminate nodes (and, successively,
regions) in terms of importance to be further included in multi-objective optimization
problem solving. This perspective, along with the potential to produce a joint hierarchical
classification for the total network variable, suggests avenues of further research.

Finally, the modularity classification (the numeric community labels of network nodes)
spatial distribution layout is shown in Figure 5. As it can be observed, community mem-
bership is mainly driven by geographical forces, namely members within a community are
relevant in terms of proximity. This outcome is in line with empirical research describing
that community structure in spatial networks is generally geographically defined [4,50,51],
and cases of interest emerge when this rule breaks or there is a mismatch with physical
or arbitrary barriers. To this extent, by overlaying the community structure of GRN with
the NUTS II administrative division of Greece, we can observe a considerable coincidence
between these two types of spatial clustering and organization. In this context, cases of
interregional communities may provide insights into the detection of spatial partnerships
for the development of dipoles or polycentric markets [24].

Overall, the GRN analysis highlights the importance of the impact of spatial con-
straints on the organizational structure and morphology of the network. The GRN exhibits
characteristics that suggest limited application of scale-free and small-world patterns, with
a stronger influence on local geography and lattice-like features. These results provide valu-
able information for understanding, modeling, designing, and improving the road network
and may provide a basis for the formulation of development and transport policies.
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(i) Degree _ (ii) Betweenness

(i) Closeness

Figure 4. Spatial distribution of GRN'’s node: (i) degree; (ii) betweenness; (iii) closeness; (iv) clustering;
and (v) spatial strength (for all cases except closeness, high scores are shown bigger and in red color,
while low scores smaller and in blue; for closeness the color palette and node size is inversed).



Future Transp. 2025, 5, 3

16 of 27

(i) Modularity classification
(network layout) 20
SOOI XI5

(ii) Modularity
classification
(network layout +
NUTS I, 11, & 11
division)

0 55 110

Figure 5. Spatial distribution of GRN’s modularity classification into 199 communities (color similarity
denotes membership in the same community).

3.3. Empirical Analysis

In the empirical analysis, the correlation matrices calculated on the variables in
Table A2 for the cases of 11 = 51 (including the metropolitan Attica and Thessaloniki) and
ny = 49 NUTS III (excluding the metropolitan cases) are initially considered as weighted
graphs, for each of which the community configuration is calculated, as shown in Figure 6.
As it can be observed, the first modularity community (G1) includes variables related
to topological characteristics (size, connectivity, divisibility, and efficiency) of the road
network, secondarily to road infrastructure characteristics (length and geographical area),
and lastly to socioeconomic characteristics (primary sector’s share in regional GDP) of the
Greek transportation market. It is noteworthy that all variables in this community remain
fixed both in the analysis with and without metropolitan regions. This stability suggests
that the correlations between these variables are not significantly affected by the presence
of the two urbanized regions in the Greek intercity transportation market. This observation
allows us to define a core set of relationships between the topological, geographical, and
socioeconomic characteristics of the GRN, which seems to be governed by the economic
demand related to the primary sector, as the only socioeconomic variable involved is S.
To the extent that demand due to primary sector activities is the “oldest” form of spatial
demand [6,11,23], this result interprets that most topological characteristics of the road
network have been shaped by primary developmental spatial dynamics. This finding is
consistent with the findings in the preceding network analysis in this paper, which describe
the prevalence of classical development patterns in shaping the GRN.

The second community includes variables related mainly to the socioeconomic charac-
teristics of road infrastructure and secondarily to its geometric infrastructure and topological
characteristics. Variables such as Ng (graph density), Ng (average clustering coefficient),
51 (population), S (direct population potential), Ss (regional GDP), Sg (tertiary sector share),
Sg (agro-industrial investments), and S, (educational level) remain in the same community
(Gy) in both analyses, developing a kernel of stable relationships between network den-
sity and clustering, on the one hand, and gravitational modulation, tertiary aggregation,
investment expenditure in the primary sector, education level, and welfare, on the other.
This stable presence consequently illustrates the stability of the relationships between these
variables in terms of Attica’s and Thessaloniki’s contribution. Here, the presence of variables
51 and Sy in the core of the stable (fixed) relationships emerges as particularly interesting,
as it expresses a deeper pattern of gravitational configuration of the density and clustering
of the road network in Greece, which overcomes the demand for road transport due to the
hub role of the metropolitan centers of Attica and Thessaloniki. However, some variables
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change community when Attica and Thessaloniki are excluded. For example, the variable
I, “moves” from community G; to G3, whereas Sy “moves” from G3 to G,. These changes
imply that road density and the secondary sector share are related to the geographical and
economic specificities of Attica and Thessaloniki, where population density and industrial
activities are higher compared to other regions [11,26]. Further, the changes in community
membership captured for the variables Ng (connected components), I (number of ports),
and Is (number of airports), which “move” from community G; to Gs|, may be similarly
insightful over the gravitational forces applied to the GRN. In particular, these changes may
imply that maritime and air transport infrastructures relate to the demand for land connec-
tivity through scale effects, a fact that can be theoretically interpreted in the context of their
functionality as gateways. Finally, the third community includes variables mainly related to
socioeconomic and infrastructure characteristics of the GRN, but in this community, no core
of stable relationships between the analysis with 51 and 49 regions can be detected. This
finding illustrates the turbulent role that Attica and Thessaloniki play in the equilibrium
of the relationships of the variables involved in the third group of variables. For example,
variables I, (road density); Sg (tertiary sector share); and S1; (level of welfare) move from
community G; to G3. These movements illustrate that these variables are influenced by the
presence of Attica and Thessaloniki, where the tertiary sector (services) and social structures
are more developed [11,26] compared to other regions.

In an attempt to comprehensively quantify the effect of Attica and Thessaloniki on
the structural relationship of the variables in Table A2, we calculate (i) the correlation
coefficient between the correlation tables with 51 and 49 prefectures and (ii) the level of
association between the composition of modularity communities with 51 and 49 prefectures.
The results of the analysis are shown in Table 2. First, from the results of the chi-square
test, we can observe that there is a statistically significant correlation between community
membership calculated with 51 and 49 regions. This significant association is the result of
the “stable cores” (members who do not change community), as previously described.

Table 2. Results of the empirical (correlation and chi-square test) analysis.

i. Pearson’s Correlation ryxy 2

Metric Value Sig.
Pearson’s rho 0.811 0.000
N 29

ii. Chi-Square Test of Association

: Asymp. Sig.
Metric Value df (-Sided)
Pearson chi-square 33.894 ¢ 4 0.000
Likelihood ratio 41.720 4 0.000
Linear-by-linear association 12.431 1 0.000
No of valid cases 29
iii. Symmetric Measures ¢

Metric Value Approx. Sig.
Nominal by nominal Phi 1.081 0.000
Cramer’s V 0.764 0.000

N of Valid Cases 29

a. X = the 29 x 29 Table 2’s correlation matrix, computed on N = 51 NUTS III regions; Y = the 29 x 29
Table 2’s correlation matrix, computed on N = 49 NUTS III regions (excluding Attica and Thessaloniki). b. X = the
modularity classification of Table 2’s correlation matrix, computed on N = 51 NUTS Il regions; Y = the modularity
classification of Table 2’s correlation matrix, computed on N = 49 NUTS III regions (excluding Attica and
Thessaloniki). c. Seven cells (77.8%) have an expected count of less than 5. The minimum expected count is 0.93.
d. Not assuming the null hypothesis. e. Using the asymptotic standard error assuming the null hypothesis.
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Figure 6. The correlation network of Table A2 variables computed for (i) the n; = 51 NUTS III
regions; (ii) the ny = 49 NUTS III (excluding the metropolitan Athens and Thessaloniki) regions;
community membership is shown at different colors and correlation strength proportionally to
node sizes; (iii) cross tabulation bar chart for the community membership between 11 = 51 and the
ny =49 NUTS III regions; (iv) the community membership breakdown.

Next, the results of the correlation analysis illustrate that the invariant correlations
between the variables in Table A2 (due to the removal of the prefectures of Attica and
Thessaloniki from the sample) amount to 0.811-100 = 81.1%; or, conversely, that the effect
of Attica and Thessaloniki on the strength of the correlations between the topological,
infrastructure, and socioeconomic characteristics of the GRN is of 20% magnitude. Sim-
ilarly, the effect of the two metropolitan prefectures on the community configuration is
estimated at 25% magnitude. In conclusion, we find that the influence of the prefectures of
Attica and Thessaloniki on the relationship between the topological, infrastructural, and
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socioeconomic characteristics of the GRN can be estimated in the range of 20-25%. Given
that the population coverage of metropolitan prefectures exceeds 50% of the country’s
population [11,14,23], this mismatch (20-25% vs. 50%) can be attributed to the demand for
transport road infrastructure created by the need to connect regional and border regions
with the centers; as well as to the country’s broader pursuit of regional development.
This finding highlights a secondary regional development pattern of the GRN, beyond
the gravitational one, which concerns connectivity to remote and peripheral places, thus
promoting regional development [14]. According to the previous analysis, this pattern
is restricted to spatial constraints and seems to follow lattice-like dynamics and a linear
pattern described by “axial development through road connectivity”.

4. Discussion

The previous analysis revealed that the GRN topology is determined by spatial con-
straints, as evidenced by the sharp patterns (deviating from a power-law curve) in the
degree distribution; the significant values concentration around the main diagonal in the
spy plots of the adjacency matrices; the results of the w-index, which is negative approx-
imating lattice-like characteristics; the spatial distributions of major network measures
(degree, betweenness, closeness, clustering, spatial strength, and modularity classification),
which provided insights into conceiving network centrality in terms of geographical prox-
imity, population agglomerations, and intensity of economic activities; the community
structure of the network into communities of geographical proximity; and the power-law-
like patterns describing the correlations (k, CB), (k, s) and (k, C). Overall, the topology of
the GRN appeared more relevant to the theoretical (null) model of the lattice network,
which is developed under a competitive spatial pattern ruled by spatial constraints. In an
economic geography context, the lattice-like topology illustrates an underlying growth
mechanism of centrifugal forces in the network’s geographical space, favoring the develop-
ment of peripheral markets. This interpretation reveals a mismatch between the country’s
gravitational configuration (which is described by two major urban concentrations, of over
50% of the national population, in the metropolitan regions of Attica and Thessaloniki)
and the endogenous structure of the transportation market (to the extent it is captured by
network topology).

Given the country’s gravitational configuration, described by the existence of two
major urban development poles concentrating more than 50% of the country’s population,
this research focused on assessing the impact of Attica and Thessaloniki in shaping the rela-
tionship between topological characteristics, transport infrastructure characteristics, and
socioeconomic attributes. In particular, the analysis showed that Attica and Thessaloniki
have a particular influence on the variables related to network density (I), the existence
of ports and airports (I4, I5), the secondary and tertiary sector specialization (S;, Sg), and
welfare (S11). In contrast, the community configuration relationships of most of the road
network topology variables (N1, N, N3, N4, N5, N7, N1g), population (S1), and productivity
and education variables (S4, S5, S¢, S12) appear indifferent to the effect of these metropolitan
areas. Overall, this analysis provided a framework for examining regional differences and
the influence that specific regions may have on the interregional socioeconomic equilibrium.
Except in the highly urbanized regions of Attica and Thessaloniki, it is possible to obtain
a clearer picture of the regional characteristics of the rest of the country, revealing the
dynamics of the correlations of the (topological, infrastructural, and socioeconomic) deter-
minants of the country’s road network, free from economies of scale and agglomeration
(which govern Attica and Thessaloniki and highlight the complexity of Greece’s spatial
development at the national intercity level). This approach led to the conclusion that even
with the removal of the effect of these two highly urbanized regions, the spatial pattern of
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transport development in Greece remains gravity driven; namely, it is heading towards
the emergence of further development poles. That is, it appears that the development
of transport infrastructure in Greece is mainly driven by a self-sustained mechanism of
growth poles, following the economic geography’s theoretical models of [19,41], but also
the mechanism of preferential attachment (see [4,8] described by network science). In
a spatial planning and transportation planning context, this finding suggests following
a planning model targeting the promotion of polycentric development in Greece. For
instance, some policy measures and good practices that can apply in this direction regard
providing incentives for developing special economic zones (SEZs) [52,53], attracting invest-
ments at these secondary growth poles, stimulating their regional development; transport
infrastructures, through the public investment program to enhance mobility and economic
agglomeration at these secondary growth poles; and other critical infrastructures (such as
tourism, educational, and public health) to either enhance or reform the economic basis of
these secondary growth poles and promote their regional development.

Second, it became apparent that the mechanism that led to the formation of the
complex topological and socioeconomic relations of the GRN is not singularly gravitational.
It is also governed by characteristics that serve the imperative of regional development and
strengthening of remote and peripheral areas. The imprint of this mechanism is evident in
the lattice-like characteristics detected by the network analysis conducted in the first section
of this research. From a theoretical viewpoint, this mechanism is twofold and indirectly
gravitational, as; on the one hand, it is triggered by the demand for transport links to and
from urban poles that characterizes regional locations, as described as spread and backwash
effects in the related approaches to [19] theory; on the other hand, the spatial costs involved
in covering center-periphery distances, as described in the new economic geography of [22],
leading to the emergence of centrifugal forces in geographic space that favor the emergence
of regional markets and, consequently, to the deviation from the strictly gravity-based
pattern detected in the results of the empirical analysis of Table 2.

The methodological approach followed in this paper provides insights into transporta-
tion and regional policy and spatial planning. First, the proposed method of capturing
the major growth poles’ contribution to the GRN (by excluding their sub-networks from
the global network structure) can become a useful tool in transportation planning, both
for modeling and evaluation purposes. As far as modeling is concerned, it can drive the
construction of a map delineating the structural (topological) importance of sub-networks
(due to their removal) in an intercity transportation system. This can be done by repeatedly
applying the proposed removal method to all critical growth poles” areas in the network
and afterward mapping the levels of their topological change. Collectively, projecting all
these results on a map can serve the discrimination between the developed and laggard
regions and can therefore facilitate the configuration of priority zones for government
support (e.g., public investments, transportation budget allocation, etc.), which is a major
concern in spatial economic policy. In terms of evaluation, by constructing a map of topo-
logical importance prior to and after the application of a developmental act (policy, law,
etc.), the proposed method can measure the medium-term effects of this act on the topology
of a transportation network. Further, the proposed method of detecting communities in the
correlation network constructed by the available topological and socioeconomic variables
can provide a supportive tool for econometric modeling. Provided that a major concern in
econometrics is model specialization, the community correlation method can be informative
for the construction of nested econometric models based on variables’ relevance. In the
context of the GRN, this approach allowed capturing the thematic influence that the Attica
and Thessaloniki regions have on the GRN, focusing on certain variables. This finding,
along with the other empirical results of this research, can be used to develop more tailored
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policies. For instance, the need to upgrade the road infrastructure network in areas outside
the major urban centers of the GRN is apparent, which can be realized through investments
in regional ports and airports, raising the mechanism of Keynesian regional multipliers
induced by the autonomous increase in investment expenditure. Towards this direction,
policy measures and good practices promoting regional and economic development can
apply, such as the development of SEZs, transport, and other critical infrastructures; the
provision of incentives (subsidizations, subventions, tax discounts, etc.) to attract private
investments; and the strengthening of economic interaction between interregional neighbor
cities to promote the development of dipole (polycentric) structures.

In this direction, the strengthening of secondary urban centers (such as Patras, Larissa,
and Heraklion) that claim a gravity role by removing Attica and Thessaloniki from the
gravity map can contribute to the diffusion of economic activity and the reduction of
over-concentration on the Athens-Thessaloniki road axis. Of course, the quantification of
such policy measures necessitates a separate study providing avenues of further research,
as many issues related to the sectorial structure of the involved economies, timeframe and
scale, the specific policy goals, type and level of investments, and potential economic, social,
and environmental effects of such policy measures should be taken into account in detail
and in a measurable context. Regardless of this requirement for further analysis, this study
contributes to this debate by providing insights into mapping the landscape of demand
for further growth pole development. As regards the share of further development of
their road infrastructure (which Attica and Thessaloniki claim), this analysis suggests that
further development of the transport infrastructure of these metropolitan areas should be
conducted towards improving the clustering coefficient of their road connections (namely
the mutual connections of these major urban development poles). This targeting has
the potential to activate urban sprawl forces that may expand urban space through a
decentralization mechanism producing polycentric structures.

Considering the central role of metropolitan regions in the country’s intermodal con-
nectivity (which, beyond the empirical documentation, is institutionally defined in the
national General Framework for Spatial Planning and Sustainable Development), the cre-
ation of new or upgrading of intermodal (road, rail, maritime, and air) connections is
expected to enhance the overall efficiency of the national transport network and raise the
mechanism for polycentric urban and regional development based on Taaffe’s and growth
poles (see [2] models). Of course, as this research does not study intermodal connectivity in
a quantitative context, this direction suggests an avenue for further research building on
the methodological contribution of this paper. That is, to the extent that network efficiency
is conceived by the literature in terms of average path length and connectedness (connected
components), reproducing the analysis in this paper for a multilayer and multimodal trans-
portation graph model by considering scenarios of including new multimodal connections
in the network gateways may provide insights into the overall transportation network’s
efficiency. By considering the scenario of excluding the metropolitan regions of Attica and
Thessaloniki, this paper configures a methodological framework for doing so. Furthermore,
the unstable community membership (due to their dependence on the intermodal transport
infrastructure of the two metropolitan regions) of the tourism variables (T, Ty), revealed by
the analysis, provides directions for the upgrade of alternative road network routes serving
the country’s tourist destinations. Here, the strengthening of secondary urban centers
(Patras, Larissa, Heraklion) as gateways for tourist arrivals can be decisive in the direction
of decentralized and regional development. This can be done through the development of
infrastructures for increasing the airports’ capacity in such urban centers and rescheduling
a number of transit flights to apply to the airports located there. However, similarly to
a previous discussion, the quantification of such policy measures provides avenues for
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further research. Finally, the stability shown by the education level variable (S;;) in the
analysis of Figure 6 provides directions for the adoption of regional development policies
based on the knowledge economy and endogenous growth mechanism, following the mod-
els of refs. [54,55], according to which the economic growth mechanism emerges feedback
due to the increased returns to scale brought about by knowledge as a productive factor.
Finally, the analysis also highlighted the importance of enhancing rural and agro-tourism
development as a structural pillar of stability in a country’s economic and transport devel-
opment, as the Sg variable emerged stable to the effect of metropolitan forces and at the
same time highly correlated with the topological characteristics of the GRN.

5. Conclusions

According to Sisyphus’” analogy in transportation economics, the effort to address
the traffic or transportation problem through single transport infrastructures” upgrading
proportionally to their load may be fruitless and lead to a vicious cycle due to the circular
relationship describing the increase of transport capacity and the derived demand for
transportation. This analogy highlights the need for transportation and spatial planning
to overcome traditional methods and practices submitted to disciplinary constraints and
shift to more integrated models incorporating multidisciplinary socioeconomic, structural,
and environmental considerations that satisfy the sustainability requirement. To serve this
demand for integration, this paper developed a multidisciplinary approach combining
graph modeling, complex network analysis, and statistical and empirical techniques to
study the topological and geometric characteristics of the nationwide intercity road trans-
portation network in Greece (GRN), in association with its socioeconomic information. The
methodological approach aimed at mapping the topological characteristics of the GRN
and capturing the level to which network structure is related to its socioeconomic frame-
work, getting insights into its dynamics for sustainable regional economic development.
The application of this methodological approach in the field of transport research can be
particularly effective, both in empirical terms and in terms of transportation planning and
regional development.

The empirical analysis was conducted under data availability constraints that did not
allow the formulation of variables related to network geomorphology, road capacity, and
cross-section geometry. With the awareness of these limitations, this study did not focus on
the relationships’ precise quantification and the construction of specialized econometric
models but on the identification of structural relationships through meta-analysis based
on the community detection in the correlation matrices of available variables. Within this
context, the analysis revealed a major gravity pattern describing the structure and function-
ality of the Greek Road Network (GRN), with the main priority being the service of areas
according to their population and, secondarily, the model of “axial development through
road connectivity”, stimulating linear spatial development and sprawl. Regions privileged
in topological and structural road network characteristics also appear to enjoy benefits
in terms of agricultural specialization, while those that are privileged in structural road
network attributes also appear to enjoy benefits in terms of population density, economic
development, level of education, tourism demand, and other socioeconomic characteristics.
To the extent that the phenomenon of transportation emerges from differential spatial
demand between places, this paper first provided insights into considering the collective
concept of network topology as a family of variables associated with spatial demand. In
the context of Sisyphus’ paradigm, network topology and, more broadly, structure (or
topology) are symbiotic to transportation, as they simultaneously suggest the cause and
the result of transport flows; therefore, network topology should be taken into account
and incorporated in the protocols and processes of transportation and spatial planning.
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This paper proposed methods and suggested ways for doing so, examining the scenario of
measuring the contribution of the two metropolitan regions in Greece, both in the GRN’s
topology and its level of association with its socioeconomic environment.

By revealing both the development potentials and the asymmetry in the distribution of
road connections in the GRN, this paper highlights the need, on the one hand, to promote
regional development mechanisms in places lacking adequate road infrastructure and,
on the other hand, to manage the bottleneck effects detected at network locations with
heterogeneous connectivity. The analysis has shown that the topology of the GRN has been
shaped on the basis of the lattice (mesh-like) topology, due to the effect of spatial constraints,
with distinctive correlations between geographical proximity, population concentration,
and intensity of economic activities. However, spatial demand driven by population and
economic concentrations within the geographical area appears to generate a gravity config-
uration reflected in the development of population and economic centers within the GRN
transport market. While the removal of nodes (which are integral structural components of
the real-world system) may invite criticism concerning realism and impose unavoidable
conceptual limitations in this study, this node-removal approach has remained consistent
with the gravity configuration identified for the entire GRN. This finding implies that
the spatial development of the GRN occurs through successive autonomous processes
of “growth poles” and their associated preferential attachment, highlighting the require-
ment for targeted policy interventions aimed at reducing regional disparities, sustainable
transport, and balanced regional development.

From a methodological perspective, the analysis in this paper proposes a method for
identifying and measuring the growth poles’” quantitative contribution to transportation
networks and can serve as a tool for evaluating scenarios on their structure and func-
tionality. In terms of implementation, some proper actions towards improving network
functionality, transport efficiency, and sustainable development may include a mix of poli-
cies aiming at the development of special economic zones (SEZs); may regard the provision
of incentives for investments promoting the comparative advantages of the regions; can
contribute to improving accessibility and road and multimodal infrastructure; enhance
inter-county interaction and the mobility of productive sectors; and improve the quality of
transport services.

Against this background, this article can serve as a reference for the formulation of
policies that will improve transportation network functionality and enhance the balanced
regional development of Greece. Overall, the analysis provides useful tools for spatial
planning, transport management, and regional development in Greece, enhancing the
understanding of the relationships between network topology and transport infrastructure
and their socioeconomic properties, as well as the impact of large urban centers on this
complex map of spatial, transport, and economic relations. The overall approach followed
in this paper can provide a methodological framework for analyzing long-distance transport
infrastructure at both national and other spatial levels, proposing strategies for improving
infrastructure, enhancing regional development, and promoting socioeconomic equity
and convergence.
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Appendix A
Table Al. Topological network measures used in the GRN analysis.
Measure Description Math Formula
A pair set G(V,E) of nodes (V) and edges (E), where 1 is
Graph the number of nodes and m the number of links. G(VE)
The share of graph connections (m) to the possible
Graph density (p) connections; expressing the chance of meeting an edge o=m/ <n> _ _2m
between two randomly chosen network nodes. 2 n-(n—1)
Network diameter (4G) The longest shortest path p(i,j) that can be found in a d(G) = max{ p(i,) | i,j € V}
network.
. . . ki=m(i)=m= Y &= Y &,
Node degree (k) The number of connections that a given node i has. jev(G) jev(G)
[ 1,ife; € E(G)
where §;j = { 0, otherwise
The total weight (w;;) volume of node i; §;; is the o S d
Node strength or weighted degree (s)  Kronecker’s delta function for the detection of a network si =s(i) = jg‘% o) ij * ijs
edge (¢;))- where d;; = w(e;;) in km
. An accessibility metric, measuring the average network . 1 n _
Closeness centrality (CC) distance d(i,j) from node i. CC(i) = =9 -j:E#j dij =d;
The share of shortest-paths o(i) crossing node i,
Betweenness centrality (CB) measuring the node’s importance in terms of CB(i) =o(i)/o
intermediacy.
The share of mutual connections E(i) of node i with its
. - neighbors; ki(kj — 1) is the number of triplets configured N E@)
Local clustering coefficient (C) by this node. When computed over all network nodes (i) = ki-(ki—1)
defines the global clustering coefficient.
An objective function measuring a network’s divisibility;
gi is the community of node i, [A;; — P;;] is the difference ¥ [Ai—P;]6(g0.2)
Modularity (Q) between actual and expected links for a pair of nodes ij, o=1 o
and 4(g;,g;) is the Kronecker’s delta function for the 2m
detection of group membership (g; = g;).
The average of the network path-lengths d[p(i,j)], L d(p(ij))
Average path length (I) expressing the network’s impedance to communication. (= %
Sources: Koschutzki et al. (2005) [33]; Newman (2010) [29]; Fortunato (2010) [34]; Barthelemy (2011) [4].
Table A2. Variables participating in the GRN’s correlation analysis.
Symbol Description
Road Network Topology Variables
N; The number of nodes of each GRN’s regional () sub-network.
Ny The number of edges of each GRN'’s regional sub-network.
N3 The average degree of each GRN's regional sub-network.
Ny The average distance-weighted degree (spatial strength) of each GRN'’s regional sub-network.
Ns The value of network diameter for each GRN's regional sub-network.
Ne The score of graph density for each GRN'’s regional sub-network.
N7 The score of modularity for each GRN'’s regional sub-network.
Ns The connected components of each GRN’s regional sub-network.
Ny The value of average clustering coefficient for each GRN’s regional sub-network.
Nio The value of average path length for each GRN’s regional sub-network.
Transport Infrastructure Variables
I The total length of the GRN is included in each region.
I The GRN’s network density by region. It is defined as the total length of the road network included in each region to its surface area.
I The regional area of the GRN (in m?).
I The number of GRN's ports per region.

I5 The number of GRN'’s ports per region.
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Table A2. Cont.

Symbol Description
Socioeconomic Variables
Sy The population of the region (2021 census).
S, The level of urbanization per region, defined by population share of its capital city.

Indirect population potential; a regional indicator measuring the volume of economic activities to which a region 7 has access. It is

P:
defined by the sums of ratios between destinations’ populations P; divided by squared distances dijz (IPP; = ; d—é)
ij
Direct population potential; a regional indicator measuring the volume of economic activities developed within a region. It is defined
proportionally to the region’s population P; and inversely to the squared diameter of the region’s area d; (DPP; = %).

Ss The regional gross domestic product, expressed by the regional share to the country’s GDP.

Se The regional primary sector’s specialization, expressed by the share of the primary sector to the regional GDP.

S; The regional secondary sector’s specialization, expressed by the share of the secondary sector to the regional GDP.

Sg The regional tertiary sector’s specialization, expressed by the share of the tertiary sector to the regional GDP.

Sg The level of agribusiness investments, expressed by the per capita amount invested in the creation of new agro-industrial enterprises.
Regional productivity dynamism; a composite indicator defined by the average of the normalized (i.e., lying in the interval)
employment and unemployment rates, change in gross value added (GVA), and per labor GVA in the regional economy.

Welfare index; a composite indicator defined by the average of the normalized housing area, bank deposits, energy consumption, and
private car ownership in a region.

S12 Education level; a composite indicator defined by the sum of population shares per educational level (1-7) in a region.

Tourism Variables

Ty Tourism Share. The share of tourism to the regional GDP.
T, Tourism Area Life Cycle (TALC) Coefficient. Expresses the level of saturation of the county in terms of overnight stays per visitor.

*. All regions are defined in the NUTS III level. Data sources: Polyzos (2019) [23]; Tsiotas (2021) [8]; Tsiotas and
Polyzos (2024) [14].
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