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ABSTHREACT

Metwork science has provided new ways and effective metheds in the moedeling of communication systems.
According o this discipline, systems of econpmic and spatial inferaction are considered as spatial oebworks and
are modeled into graphs. This approach allows stodying transporiation netwarks and other spadal networks af
national and global sconomic importance in terms of graph theory and statistical mechanics and it ;an provide
new insights for the structure and functionality of thess systems, which are not visible through the prism of
spatial and economic amalysis. Within this context, this paper models the interregional raad transpartation
retwork in Gresce (GRN], a spatial network of prime economic importance far ils country, ioto a geo-referenced
primal graph and it discusses its geographical and topalogical feanheres under the regional econpmics” perspec

tiwe. The results show that GEN has a mesh (lattice-like) stmacture sibjectsd to spatial constraints and that it is
ruled by primary developmental dynamics, where mamy aspects of nebwork topalogy are related to econpmic
aspects af the road network. Overall, the paper highlights that measurss of network topolegy are related to
different aspects of the netwark’s socio-eronomic famewerk and thies they can be considersd as indicatars of
econpmic performance for this transpenaticn network.
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Introduction |||ﬁT|r

Road networks, economy, and space

* Road networks are of major importance for the conduct of
worldwide transportation, in terms of network length, traffic, and
the number of users.

* Provided that transportation is (by default) subjected to spatial
constraints, the structure of transportation networks over time
depicts the social ability to overcome at a certain time the spatial
constraints, in order the societies to communicate.




Introduction

The multidisciplinary nature of road transportation research

* Inliterature, the study of street-networks has been
multidisciplinary and has attracted the attention from researchers
across many disciplines (transport engineers, urban and regional
planners, geographers, architects, environmental scientists, and
physicists).

* A major strength of this polyphony is the rich empirical knowledge
produced by diverse approaches, whereas the inevitable lack of
communication between various disciplines due to their different
context of conceptualization becomes a current challenge raising
the demand for integration.



Introduction

The multidisciplinary nature of road transportation research

* The study of the relation between network structure and the
socio-economic framework of transportation networks is a
complex task subjected to inevitable disciplinary constraints.

* Geographers, urban, and regional planners appear to focus more

on the spatial and economic interaction of transportation
networks.

* Physicists and computational scientists focused more on network
topology.




Introduction

The multidisciplinary nature of road transportation research

* Economists are usually interested in the underlying living
structures of transport networks and interpret them as markets
consisting of high sunk costs and trade and economic interaction.

* Geographers and regional planners appear more interested in
studying transportation networks at the regional scale,

* Transport engineers and urban planners usually do research at the
urban scale.




Introduction

The multidisciplinary nature of road transportation research

* Transport engineers seem to prefer modeling street-networks to
axial maps,

* Geographers prefer street-networks modeling to GIS-based
physical and metric representations,

* Urban planners prefer street-networks modeling to topological
representations,

* Physicists prefer street-networks modeling to topological and
metric representations.



Introduction

Graph modeling as a key for integration

* Graph modeling is a common component in the majority of the
multidisciplinary approaches studying transportation networks.

* It builds on the network paradigm to represent communication
systems into pair-sets of nodes and links and then to facilitate the
study of their structure (called network analysis) in terms of
various measurable attributes.

* This modeling is effective in the research of communication
systems at every geographical scale

* |s privileged in including both functional and structural
information in a single model.



Introduction

Graph modeling as a key for integration

On the other hand, modeling a transport network as a graph is not the
prime objective of transportation research but it suggests a powertful
tool facilitating the answer to certain research questions.

Within the context of regional science and transport geography, the
importance of transportation networks depends on the underlying
living structures facilitating their infrastructures.

In economic terms, those structures are seen as markets, the dynamics
of which are reflected on the topology of transportation networks
supporting their needs,

Vice-versa, structural constraints immanent in transportation networks
affect their further developmental dynamics.



Introduction

Graph modeling as a key for integration

An integrated approach in the study of transportation networks
should build on the pillars of the economy, geography (space), and
on graph modeling (which prevails in empirical research) to
provide insights promoting the goals of regional science.




Introduction

The case study of Greece

Aiming at serving this demand, the topology of the (nationwide)
interregional Road Network in Greece (GRN) is studied in terms of
its geographical and socio-economic framework to provide
insights into the links between society, economy, and space.




Introduction

The case study of Greece

* Greece is a coastal country of an area of almost 132,000km? and it
includes more than 14,000km of coastline and more than 1,350 islands,
islets, and rocky islands, among which over 230 are inhabited.

* Inthe country, land transport is a key component for national and
regional economic development because it services almost 88% of the
national population located in continental and coastal regions
(covering about 82% of the total land area).

* The Greek interregional road network (GRN) has a length of 35,860km
and it connects diverse mountainous, land, and coastal places, which
favor the emergence of alternative and competitive transportation
modes.



Introduction

The case study of Greece

* According to the General Framework of Spatial Planning and
Sustainable Development of Greece, transportation development
is @ major strategic goal for the national and regional economic
development of the country and the promotion of specialized

economic and productivity aspects such as tourism, trade, and
communication.




Introduction

The purpose of this study

* A(geo-referenced) primary graph model of the GRN is constructed
incorporating geometric (geographical) and topological
(functional) information,

* Socio-economic information is extracted from the regional (at the
NUTS Il level) administrative division of the country due to data
availability and to the governance and policy conceptualization of
this division.

* The study aims at serving the demand for integration in
transportation research by detecting links between network
topology, economy, and space.
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Methodological framework

The methodological framework

* Conceptualizes the network topology of the GRN as the resultant
of various social, economic, spatial, and technological forces that
contributed over time to the evolution of the road transportation
system in Greece.




Methodological framework

The methodological framework

* Due to the obvious deficiency to monitor the development of the
GRN in every time-step of this long growth process, the proposed
methodology develops a quantitative framework for the
examination of the socioeconomic variables that can better
describe the current topological properties of this road
transportation network.




Methodological framework

The methodological framework

The overall approach develops links between the network

topology and its socioeconomic and geographical framework that

can provide insights into this unmonitored diachronically growth
process.




Methodological framework

The methodological framework

Step#1: GRAPH MODELING AND DATA — Step#2: NETWORK ANALYSIS
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Methodological framework

Step#1: Graph modeling

Step#1: GRAPH MODELING AND DATA

eeeeee

* At the first step, the GRN is modeled into a graph (spatial network)




Step#2: Network analysis

* Major measures of topology and geometry are computed to
provide insights into the structure and functionality of the GRN




Methodological framework

Step#3: Empirical analysis

A set of network and

socioeconomic (SE)

variables are configured at
the regional scale and are
further included in an

empirical analysis

consisting of correlations
and principal component

analysis (PCA)

m Correlation Analysis

cov( X, X))

SISATYNY JAILYLILNYND g€

Step#3: EMPIRICAL ANALYSIS r

3A: NODE-VARIABLES CONFIGURATION

Geographical Scale:
REGIONAL

Network Variables Socioeconomic Variables
NODES, EDGES, RDL, AREA, RDD,
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ACB POP, URB
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Methodological framework

Step#4: Tabulation

* The results of the empirical analysis are tabulated to detect
relevance between network and SE variables

—|  Step#4: CORRESPONDENCES- TABULATION |+
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Methodological framework

Step#5: Conclusion making

* Conclusions about the socioeconomic performance of the
topological aspects of GRN are formulated.

Step#5:
CONCLUSION MAKING
SE-performance Indicat




Step#1: Graph modeling

* The GRN is modeled to
an undirected geo-
referenced primal
graph consisting of
n=4,993 nodes and
m=6,487 links

* Nodes: road route
intersections (change
of routes)

 Links: intermediate
road-paths of
successive nodes

STEP 4

STEP 1 Data Source (OKXE, 2005)
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* Ferry connections
operating as bridges
were not included in

the model

Edge weights
express the
kilometric real-

network distance
between successive

nodes

Step#1: Graph modeling
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Methodological framework

Step#1: Graph modeling

* The primal representation is largely geometric and is preferable
for the study of GRN because of the interregional scale of the
analysis.

* Cities and other urban units are dimensionless (appear as points)
in a regional map and thus the interregional underlying living
structures are more driven by geographical (geometric) forces
rather than by the functionality needs of their societies.




Methodological framework

Step#1: Graph modeling

* The empirical analysis is applied to NUTS Ill (prefectural)
administrative division (where plenty of socio-economic data and
indicators are available), which produces sub-graphs incorporating
governance and policy information about the underlying living
structures of the interregional transportation in Greece.

» Within this framework, the representation of GRN into a (geo-
referenced) primal graph can be more directly related to this
administrative conceptualization and to the underlying economies
that the prefectures represent.



Methodological framework

Step#1: Graph modeling

* GRN is not a connective graph, but an aggregate network including 156
components.

* The biggest component includes the major road network of the mainland
country, whereas the others include the local road networks of the biggest
Greek islands (only those including asphalt parts are included).

* Insufficient connectivity was managed by the local restriction method (LRM),
where local measures (i.e. computed within connected components) are
converted to global (aggregate) without any modification.

* GRN is geo-referenced, namely network nodes are located at the geographical
coordinates of their corresponding road intersections in the real-network and
links are configured by the linear segments between nodes instead of by the
curved-shaped real routes that they represent.



Step#2: Network analysis
* isimplemented on a set of measures of network topology

Methodological framework

Measure Symbol Description Math Formula
Graph p The fraction of the existing connections of the graph n o’m
density to the number of the possible connections. It p=m 2™ h. (n—1)
expresses the probability to meet in the GMN a
connected pair of nodes.
Node K The number of the edges adjacent to a given node, k. =k@i)= > &, where
Degree expressing the node’s communication potential. jev (G)
- 1, ife; e E(G)
! 0, otherwise
Node S The sum of edge distances being adjacent to a given s, =s(i) = Z 5. -d.,
(spatial) node. iy
strength where d; =w(e;) in km
Average <|> Average length d(i,j) of the total of network shortest Zd (V.,V,)
177

Path Length

paths.

=D



Step#2: Network analysis
* isimplemented on a set of measures of network topology

Methodological framework

Measure Symbol Description Math Formula
Clustering C(i) Probability of meeting linked neighbors around a _ E(i)
Coefficient node, which is equivalent to the number of the C(i)= - (k —1

(local) node’s connected neighbors E(i) (i.e. the number of i ( i )
triangles), divided by the number of the total triplets
shaped by this node, which equals to kij(ki—1).
Modularity Q Objective function expressing the potential of a

network to be subdivided into communities. In its
mathematical formula, g; is the community of node i
e V(G), [Ai;— Pji] 1s the difference of the actual
minus the expected number of edges falling between
a particular pair of vertices i,j € V(G), and 6(g;,g;) Is
an indicator function returning 1 when g;=g;.

Q_

> [A -R1-5(9,9))

2m




Methodological framework

Step#2: Network analysis
* isimplemented on a set of measures of network topology

Measure Symbol Description Math Formula
Closeness CC The total binary distance d(i,j) computed on the _ 1 n —
Centrality shortest paths originating from a given node i € V(G) CC) = n—1 12 _ dy =d,
j=Li#]

with destinations all the other nodes j e V(G) in the
network. This measure expresses the node’s
reachability in terms of steps of separation.
Betweenness CB The proportion of the (o) shortest paths in the CB(i)=o(i)/o
Centrality network that pass through a given node i.




Methodological framework

Step#3: Empirical analysis

* To implement the analysis, several vector variables are constructed,
referring to the network topology, network infrastructures, economic
and productivity framework, and the socio-demographic profile of the
GRN.

* These variables were extracted from the relevant literature about
regional development in Greece, based on data availability and the
theoretical conceptualization of road transportation networks, within
the framework of transport geography.

* Obviously, the available variables participating in the analysis are
representative and cannot be exhaustive in the description of the
relevant theoretical framework.



Methodological framework

Step#3: Empirical analysis

* Forthe b
o Label Prefecture graph Label Prefecture Sub-graph
construction Of the 1 Achaias  G(118,154) 14 Eyrytanias  G(35,37)
2 Aitoloakarnanias  G(171,218) 15 Florinas  G(56,65)
network-topOIogy 3 Argoleedos  G(76,93) 16 Fokidos  G(79,92)
° 4 Arkadias  G(164,222) 17 Fthiotidos  G(113,139)
varlables th e 5 Artas  G(53,59) 18 Grevenon  ((52,59)
) 6 Attikis  G(147,191) 19 Heleias  G(112,153)
h - d I f 7 Chalkidikis ~ G(97,126) 20 Hemathias  G(53,71)
gra p m O e O 8 Chanion  G(143,179) 21 Herakleeou G(197,269)
9 Chiou  G(46,61) 22 loanninon  G(157,191)
t h e G R N Wa S 10 Dodekaneesou  G(113,139) 23 Karditsas  G(89,105)
e’ 1 Dramas  G(73,88) 24 Kastorias  G(51,56)
fu rt h e r d IVI d e d 12 Evoias  G(173,219) 25 Kavalas  G(73,75)
4 13 Evroy  G(116,154) 26 Kefallonias  ((58,66)
Into 51 groups, b
Label Prefecture graph Label Prefecture Sub-graph
(S u b-g ra p h S 27 Kerkyras  ((76,84) 40 Pierias  G(47,52)
. . 28 Kilkis  G(88,118) 41 Prevezas G(34,37)
I n C l U d l n g t h e 29 Korinthias  G(115,153) 42 Rethymnou  G(85,105)
° 30 Kozanis  G(99,128) 43 Rodophs  G(73,105)
reglonal road 4 31 Kykladon  G(138,134) 44 Samou  G(30,29)
. 28 32 Lakonias  G(124,152) 45 Serron  ((120,150)
n etworks Of t h e ‘ 33 Larisis  G(188,221) 46 Thespotias  G(42,53)
R 34 Lasithiou  G(126,173) 47 Thessalonikis  G(156,207)
f 35 Lesvou G(81,92) 48 Trikalon  G(1020,116)
( 5 1 ) pre eCtu res I n 36 Leykados  G(14,17) 49 Veotias  G(113,139)
37 Magnesias  G(97,97) 50 Xanthis  G(59,65)
G re e C e 38 Messeenias  G(117,152) 51 Zakeenthou G(32,44)
39 Pellas  G(60,62)




Methodological framework

Step#3: Empirical analysis

Symbol Name Description

Network topology variables

NODES Network nodes The number of nodes included in each regional group (sub-
graph).

EDGES Network edges The number of edges included in each regional sub-graph.

ADEG Average degree The average degree of the nodes included in each regional
sub-graph.

DIAM Network diameter Network diameter of each regional sub-graph.

MOD Modularity The value of modularity-function for each regional sub-
graph.

AC Average clustering coefficient The average clustering coefficient of the nodes included in
each regional sub-graph.

APL Average path length The average path length of each regional sub-graph.

ACC Average closeness centrality =~ The average closeness centrality of the nodes included in
each regional sub-graph.

ACB Average betweenness The average betweenness centrality of the nodes included in

centrality each regional sub-graph.




Methodological framework

Step#3: Empirical analysis

Symbol Name Description

Network infrastructure variables

RDL Road length Total road length included in each prefecture (m).
AREA Regional area Total area of each prefecture (m?).

RDD Road density Defined by the fraction RDL/AREA.

PRT Ports The number of ports included in each prefecture.

APRT Airports The number of airports included in each prefecture.




Methodological framework

Step#3: Empirical analysis

Description

Symbol Name
Economic/productivity variables
GDP Gross domestic product
Asec Primary specialization
Bsec Secondary specialization
Csec Tertiary specialization
Teop Tourism specialization
RPD Regional productive
dynamism

The GDP that is produced by each prefecture.

The specialization of each prefecture in the primary
(agriculture) sector. Defined by the percentage of the
regional product in the primary sector to the regional GDP.
The specialization of each prefecture in the secondary
(industries) sector. Defined by the percentage of the regional
product in the secondary sector to the regional GDP.

The specialization of each prefecture in the secondary
(services) sector. Defined by the percentage of the regional
product in the tertiary sector to the regional GDP.

The specialization of each prefecture in tourism. Defined by
the percentage of the regional product in tourism to the
regional GDP.

A complex iIndicator measuring employment levels,
productivity structures, and productivity levels in local
economies.



Methodological framework

Step#3: Empirical analysis

Symbol Name Description

Socio-demographic variables

POP Regional population The population of each prefecture (according to the 2011
national census).

URB Level of urbanization Is defined by the percentage of the capital city’s population

to the regional population.




Methodological framework

Step#3: Empirical analysis
* The empirical analysis of the GRN builds on correlation and the
principal component analysis (PCA)

* Pearson’s bivariate coefficients of correlation are computed pair-
wisely, on the set of available variables.

* For a pair of variables X,Y, the Pearson’s correlation coefficient ry,
is calculated by the fraction of the covariance of X,Y to the product
of their respective sample standard deviations.

* The coefficient ranges within the interval [-1,1] and detects linearity
between X,Y when is equal to one.



Methodological framework

Step#3: Empirical analysis

* PCAis used toreduce the
dimension of a set of possibly
correlated (source) n variables, by
converting them into a set of

linearly p uncorrelated ones, the
principal components.

* Applies an orthogonal
transformation to them, which can
be considered as fitting a p-
dimensional ellipsoid (p<n) to the
data.

12
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Results and Discussion il

. GRN

Network ana|y5|s (network meaSUFQS\ Measure Symbol  Unit Aggregate  Sub-networks®
/ Network nodes n #® 4,993 82.04 — 107.14
. _ Network edges m # 6,487 100.12 — 133.84
° The max degree Of GRNIs kGRN,maX_8 Self-loops  N(&i€E)  # 0 0
i+ 1 Isolated nod k=0 # 0 0
and lt 1S almOSt half than the average Networljc():(?rﬁponnoeni: n(a ) #() 156 2.568 — 3.34
Graph density (pl 1 t° 0.433 0.45-0.461
max degree Of urban road networks' Graphrggnsit(;/r_](sr:%fglgzzg ',22 nr?et 0.001 0.047 — 0.006
* The average degree of the Minimum degree ke # "
interregional road network is =2.598, Averagedegree (k) 4 250 11812
Wthh i Similar to the average Average strength (s) km 14.108 6.41 — 6.734
d — f b d Average edge length <d (eii )> km 5.388 2.438 — 2.583

egree (=2.5) of urban roa Sd(e,)
n etWOl‘kS Total edge length i km 35,860 488.5 — 659.514
Average path length (binary) <|> # 46.794 6.067 — 7.682
 This result illustrates a balance e e ey ()« 24752 32574140
Network di ter (bi doin(G # 144 16.12 — 20.43
between the T-shaped and X-shaped  eworkciamete (ueighet) () kr 003 11116 140,882
intersections in the topology of GRN e 002 00220029
Average clustering coefficient <C> net 0.07 0.036 —0.048
0.946

Network modularity Q net (0.683)" 0.715 —0.798




Results and Discussion il

GRN

Network ana IYSiS (n etwork measure S) Measure Symbol _Unit _ Aggregate _Sub-networks®
Network nodes n # 4,993 82.04 — 107.14
. Network edges m # 6,487 100.12 — 133.84
* The binary average path length Selfloops (e €E) 4 0 0
. . Isolated nodes  n(k=0) # 0 0
is considerably smaller than the Ty S A SN N T}
expected average path length of e . % P e aer
° ° . Minimum degree Kmin # 1 1
dn eqUIValent lattice with the Average degree (k) # 2.598 1.18-1.24
same num b er Of no d es (27 0 ), Average strength <d<(~:> )> km 14.108 6.41 — 6.734
Average edge length i km 5.388 2.438 — 2.583
* This reSUIt Imp“es that the Total edge length Zj:d(e”) km 35,860 488.5 — 659.514
topology Of G R N iS Iess COStly AverageXizhrigggggtébli:ﬁéﬁ (I # 46.794 6.067 — 7.682
than a regular network T e T e A
. . . Network diame_ter (weig_ht_e?j/) dbvlvn(G) km 993 111.16 - 140.582
submitted to spatial constraints Clustering coefficlent o 0 0o
(I attlce N etWO rk) Average clustering coefficient {C) net 009% 0.036 — 0.048
Network modularity Q net (0.683)" 0.715 —0.798




Results and Discussion il

. GRN
Network ana|y5|s (netWO rk measureq\ Measure Symbol  Unit Aggregate  Sub-networks®
-/ Network nodes n #® 4,993 82.04 — 107.14
. Network edges m # 6,487 100.12 — 133.84
* The graph density expresses Selftoops (&, <E) : :
Isolated nodes  n(k=0) # 0 0
o Network components i 156 2.568 — 3.34
th at th € G R N p OSSESSES 43 ° 3 /0 Graph density (planar) ,;Xl net®© 0.433 0.45 — 0.461
. . Graph density (non-planar) D2 net 0.001 0.047 — 0.006
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0.946

Network modularity Q net (0.683)" 0.715 —0.798




Results and Discussion il

GRN
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configuration of the road Network diamete (weighte)  a(G) e 05 1111 14000
Clustering coefficient
netwo rk in Greece. ) (network)  C net 0.042 0.022 — 0.029
Average clustering coefficient <C> net 0.07 0.036 —0.048
0.946
Network modularity Q net (0.683)" 0.715 —0.798
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GRN

Network analysis (network measures) wesure Symbol _Unit_~Aggregate _Sub netwarks®
Network nodes n # 4,993 82.04 — 107.14
. Network ed m # 6,487 100.12 - 133.84
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. . Average degree (k) # 2.508 118124
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Average path length (binary) # 46.794 6.067 — 7.682
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capabl I lty Of G R N to b e d |VIded clustening C(?]e(::\:\(l:(;(:lr(]; C net 0.042 0.022 —0.029
into caommun ities, Average clustering coefficient (C) net 0.07 0.036 — 0.048
0.946

Network modularity Q net (0.683)" 0.715 —0.798
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O

Network analysis (spy plot)

* The spy plot illustrates a linear
pattern of connectivity, along the 09
main-diagonal of the adjacency. 1500

* This linear pattern illustrates the 2000
development of links (connections) 500!
mostly between successive
(neighbor) nodes in the network.

* The arrangement implies a lattice-
like topology for the GRN, where
the existence of spatial constraints
is considerable o
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Network analysis (spatial distributions)

* The degree shows that GRN has a mesh
(lattice-like) topology, where the
degree-hubs are scattered along the
mainland, without being connected.

. | * This observation implies the existence of
“* spatial constraints in the topology of the
GRN, which is incapable to develop
. direct links (connectivity) between the
3 hubs and thus is incapable to develop a

more complex structure of hierarchy
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Network analysis (spatial distributions)

* The modularity
classification
configures a map
where network
communities show
strong geographical
dependence

* This observation
indicates the existence
of spatial constraints
and complies with
other literature
findings.
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Network analysis (spatial distributions)

* The distribution of
betweenness-hubs
undertaking the major
traffic-load of GRN,
configures an “S”-
shaped pattern along
the eastern coastal line
of the country

* This pattern complies
with the “S”-shaped
pattern of Greek
regional development.
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Network analysis (spatial distributions)

* The distribution the map of closeness
centrality shows that nodes located at
central geographical places enjoy higher
scores of closeness centrality, whereas
nodes located at the periphery do not.

* The bridge connection of the regions of
Attiki (6) and Korinthia (29) also enjoys high
scores of closeness centrality, although it is
not located at the geographical core in the
mainland.

* Highest scores for the island components is a
result of insufficient connectivity.
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Correlation analysis @pe0% 12 3458 789 0nRn 123456789 0uRn Bp
{0.8
* The majority of network EDGES .
variables (NODES, EDGES, ADEG, Ao o
DIAM, MOD, APL, ACC) include DIA u y
(either high or moderate) AC .
information about the network APL 0.2
infrastructure. o B o4
* This implies that network NODES ASSEES ¥ H 85952 [,a
variables are related to EDGES TeETLvITEOERS
structural aspects of the road ADEC o
transportation network, whichis 5 |
somewhat expected to the o -
extent that network topology APL .
and geometry are interacting e 1 . o
<) p=1% )

concepts in spatial networks
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Correlation ana|y5i5 (a)ﬁ;;oEi 123456 7891011213 123456 7891011213 (b)p=5%
* Network variables NODES, EDGES >
EDGES, DIAM, and APL are ADEG [>°
positively correlated with GDP, PIAM L 4
TGDP and POP, implying that the Mii o2
size-defined and path -defined APL j
network variables also include ACC 02
demographic and economic and ABe [] b
productivity information. NODES SI0EESFSFBESE [los
. EDGES < <
* This suggests a first indication of  Acec >
interpreting the size and path- PIAM 4
defined aspects of the GRN’s o B 02
network topology as a socio- ApL )
economic indicator ACC N | 02
ABC (c) p=1% -0.4
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Correlation analysis ()p=10% 12 3456 78091011213 1234567809 10m1213 (b)pss?
NODES {0.8
* The negative correlation between EDGES .
modularity (MOD) and urbanization Aok .
(URB) describes that road networks ~ oav N !
with high capability to be divided into "’ o2
communities are more likely to meet °
in less urbanized regions ACC o2
* This implies that high levels of ABC [ ] e
urbanization compete to community NooEs SECEESISIIESE [los
development and thus to regional ¢ ) Lo
polycentrism. . 0.4
* Modularity may operate as an MOD [ 0.2
indicator of polycentrism and mono- ¢ 0
centrism in the regional structures APL 0.2
where these road networks are ~ B - o

developed
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Correlation analysis @t 12 3456789 o nRE 245689 O
{0.8
* Negative correlations betweenthe  eoces .
centrality variables (ACC, ACB) and Aok |
the network infrastructure- DIAM N ™
variables of complementary (to Mop o2
land) transportation modes (PRT, o °
APRT) as well as to the tertiary ACC 02
sector specialization (C..). ABC B 0.4
« Greek regions with road NODES SECEESISIIESE [los
transportation networks of high EDGES ) Lo
centrality are less likely to be e 0.4
supported with highly developed D [ o
facilities of port and airport AC 0
infrastructures APL m o
o ACC
* They are also less likely to have o O it 0

high tertiary sector specialization.
e
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Correlation analysis (A)p=10% 12 3456 789101213 123456 7891011213 (b)ps

NODES 10.8

* These results imply the competing eoces
roles between network centrality  Aves

DIAM | 04

and the level of investments in L

MOD 0.2

port and air transportation modes
as well as the specialization in the  ar

10.6

0]

-0.2

tertiary sector. Aee
. . . ABC . 04
. :Fh|§ anaIySIs of GRN p.rov1des NODES SI8EES FFIEE52 [os
insights into considering these EDGES <F < I
centrality-based measures as ADEG o.s
indicators of infrastructure o [ .
development of complementary A o
to land transport modes and the APL o
tertiary sector development acc [
ABC () p=1% “0-4
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Principal component analysis _

e 6 principal components " : Jo¢
explain an amount of ~81% of  § . B
the total variance £ E

* Figures c and d filter the max 2
and min values of the PCA (a;— TTTT T I I o)
coefficients @ . cmmenwmse 0 Gmee T T

« Each component appears to ’é§§§§=' R
have a different semiology g — " e ..
composed by the physical —— loss g:i
meanings of the networkand {5 —== B -
socio-economic variables being § & — s
projected to each one - |

— el PR — 06

Component Component
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Principal component analysis

Principal Semiology
Component POSITIVE NEGATIVE
PC#1 Size and geometry of network infrastructures; Level of urbanization.
Population size; Size of productivity.
PC#2 Road density; Development of Network geometry, Primary sector
complementary (to land) transportation specialization.
modes; Tertiary sector specialization.
PC#3 Intermediacy and industrialization. Network size; Tertiary sector specialization.
PC#4 - Development of complementary (to land)
transportation modes; Secondary sector
specialization; Regional productivity
dynamism.
PC#5 Builds on the notions of road network Regional polycentrism; Accessibility; Major
clustering and urbanization. regional productivity.
PC#6 Builds on the concepts of accessibility and Network clustering; Road density.

productivity in the primary sector and
negatively on the concepts of network
clustering and road density.
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Principal component analysis

The first principal component (PC#1) is positively related to network size
NODES, EDGES), connectivity (ADEG), network path (DIAM, APL), modularity
MOD), network infrastructure (RDL, AREA), the gravitational-productivity

configuration (POP, GDP), and tourism specialization (T ).

Although seems complex, its semiology highlights the conceptual conjunction
between network size and length, network infrastructure, population, and the
major productivity configuration of Greece.

This semiology was also observed at the previous correlation analysis, where
size and path-defined aspects of the GRN’s network topology were found to be
correlated with variables GDP, Ty, and POP.

The negative relation of this component with the variable of regional
urbanization (URB) complies with another previous finding of the correlation
analysis about the negative correlation captured between modularity (MOD)
and urbanization (URB).
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Principal component analysis

* The second principal component (PC#2) is positively related to the regional density of
the road network (RDD), port and airport infrastructures (PRT, APRT), and the
specialization in the tertiary sector (C.;.)

* Is negatively related to network connectivity (ADEG), network path-length (DIAM,
APL), network infrastructure (RDL, AREA), and the primary sector specialization

(Asec)-

* The semiology of this component overall regards the relevance of road density with
the tertiary sector and with the complementary (to land) transportation modes,
implying generally that the density of regional road networks operates in the service
of the tertiary sector and it also facilitates the development of complementary
transportation modes.

* This observation refers to the theories of economies of scale and the emergence of
gateways and one of its aspects is also evident by the negative correlations captured
between the closeness centrality variable (ACC) and the variables PRT, APRT, and C.,
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Principal component analysis

The third principal component (PC#3) is positively related to the betweenness
centrality of GRN (ACB), the specialization in the secondary sector (B...), and the
regional productivity dynamism,

Is negatively related to network size (NODES, EDGES) and the tertiary sector
specialization (Cego).

This observation is supported by the negative correlations captured between the
betweenness centrality (ACB) and the variables PRT, APRT, and C.

The semiology of this component builds on the concepts of intermediacy and
industrialization and inversely on the concepts of network size and regional
specialization in services.

Regions with networks of high intermediacy (betweenness centrality) facilitate the
development of the secondary sector and compete with the functionality of the
tertiary sector. This interpretation verifies the established theoretical approaches
regarding the interrelation between accessibility and industrial location.
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Principal component analysis

* The fourth principal component (PC#4) is negatively related to the
complementary (to land) transportation modes (PRT, APRT), the
secondary sector specialization (B, ), and the regional productivity
dynamism and it appears to have an almost inverse semiology with the
positive configuration of the principal components 2 and 3.

* Conceptually, component 4 highlights the relevance between port and
airport infrastructures and the development of regional productivity,
and particularly of the secondary sector.

* The semiology of this principal component may be related to the
theories of transportation of freight and the development of
gateways in logistics networks.
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Principal component analysis

* The fifth principal component (PC#5) is positively related to the
average clustering coefficient (AC) and the level of regional
urbanization (URB),

* Is negatively related to the network modularity (MOD), network
accessibility (ACC), and major aspects of regional productivity (POP,
GDP, Tcpp)-

* Conceptually, this component builds on the notions of road network
clustering and urbanization, referring to theories of connectivity and
polycentric urban development, and negatively on the notions of
community partition, accessibility, and gravitational regional
productivity, referring to the theories related to economies of
agglomeration
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Principal component analysis

* The sixth principal component (PC#6) is positively related to the
closeness centrality of GRN (ACC) and the specialization in the primary
sector (A, ), whereas it is negatively related to network clustering
(AC) and the road density (RDD).

* The semiology of the sixth component builds on the concepts of
accessibility and productivity in the primary sector and negatively on
the concepts of network clustering and road density, implying that
accessibility is a major factor in the development of the primary sector
to which network clustering and density compete.

* This conceptualization is related to the major need for space for the
development of agricultural productivity
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Tabulation
Network SE-performance Indicator
measure POSITIVE LINKAGE NEGATIVE LINKAGE

NODES Network infrastructure density and size; Demographic Intermediacy and industrialization.
size; Economic size; Productivity size.

EDGES Network infrastructure density and size; Demographic Intermediacy and industrialization.
size; Economic size; Productivity size.

ADEG Network infrastructure density and size. Development of complementary transport
modes.

DIAM Network infrastructure density and size; Demographic Development of complementary transport
size; Economic size; Productivity size. modes.

MOD Network infrastructure density and size; Development Urbanization.
of regional polycentrism.

AC Regional urbanization. Development of regional polycentrism.
APL Network infrastructure density and size; Demographic Development of complementary transport
size; Economic size; Productivity size. modes.
ACC Network infrastructure density and size; Development Development of complementary transport
of the primary sector. modes; Development of the tertiary
sector.
ACB Development of the secondary sector. Development of complementary transport
modes; Development of the tertiary
sector.
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Tabulation

* The number of nodes (NODES), the number of links (EDGES), the
diameter (DIAM), and the average path length (APL) of GRN can
be related to infrastructure, demographic, economic, and
productivity’s information of the region including the network.

* The average degree (ADEG) appears more specialized and can be
related just to infrastructure information (network infrastructure
density and size).

* Except for infrastructure information, the modularity (MOD) can
be related to the urbanization level and the polycentric structure
of the regions.
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Tabulation

* The average clustering coefficient (AC) can also be related to
regional urbanization,

* The average closeness (ACC) and betweenness (ACB) centrality,
except infrastructural information, may provide insights into the
level of development of complementary transport modes, and of
the productivity sectors (primary, secondary, and tertiary)
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Tabulation

* Based on the exploratory nature of the research and the certain geographical scale
of this case study, the correspondences cannot lead to a universal semiology (i.e.
free of geographical scale and the peculiarities of the case study) of the topological
measures they involve.

* This is because, first, the network modeling parameters (e.g. the choice of primal
representation, the repairing method of insufficient connectivity, the edge-weights
selection, the regional configuration of the sub-networks, etc.) are each time
reflected on the topological features of the network-model and, secondly, the
underlying living structure of a network refers to a certain market or an economic
system.

* However, within the empirical context of this research, the overall approach
succeeded to highlight the relation between network topology and the socio-
economic information of its (real-world) underlying living structure and therefore it
provided universal methodological evidence and specialized insights based on the
case study to support the linkage between these two concepts
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Conclusions Tl

* This paper modeled the interregional road transportation
network in Greece (GRN) into a geo-referenced primal graph and it
discussed its geographical and topological features under the
regional economics’ perspective.

* The study aimed at serving the demand for integration in
transportation research by detecting links between network
topology, economy, and space.

* The analysis showed that the GRN is a network submitted to
spatial constraints highlighting that road networks are majorly
configured by geographical forces.
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* The lattice-like configuration of this road network and its
incapability to develop links between the hubs implies the
restriction of GRN to develop more effective network topologies,
such as a scale-free or a rich-club topology, and thus to improve its
structural efficiency in terms of hierarchy.

* This restriction seems to be related to the developmental
constraints due to the network’s geographical framework, which
is reflected in the uneven traffic dynamics of the eastern and
western parts of the country.
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* The analysis also provided insights into considering some aspects
of network topology as indicators of economic performance.

* In particular, the network size (number of nodes, number of
edges) and network length (network diameter, average path
length) appeared to be related to population and productivity-
controlled variables, such as the regional GDP and regional
specialization in tourism (which is a major economic sector in
Greece).

* The modularity expressing the network’s potential to be divided
into communities appeared to be related to regional urbanization
and thus capable to operate as an indicator of polycentrism and

mono-centrism in the regional structures.
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* Centrality-based measures of the GRN, such as the closeness and
betweenness centrality, showed relevance with aspects of
productivity and of the development of complementary
transportation modes.

* The closeness centrality appeared to be positively related to the
regional specialization in the primary sector and negatively to the
regional specialization in the tertiary sector and the development
of port and airport infrastructures in the region.
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* The betweenness centrality appeared to be positively related to
the regional specialization in the secondary sector and negatively
to the regional specialization in the tertiary sector and the
development of airport infrastructures in the region.

* The overall approach highlighted the effectiveness of complex
network analysis in spatial planning and regional economic
analysis and it showed that graph modeling of road networks
suffices to provide insights into the socio-economic, geographical,
spatial, and developmental framework of these transportation
systems.



=~ REFERENCES




References

. Acharya, U. R,, Sree, S. V., Alvin, A. P. C,, Suri, J. S., (2012) “Use of principal component analysis for automatic classification of epileptic EEG activities in wavelet framework”, Expert
Systems with Applications, 39(10), pp.9072-9078.

. Adler, N., Golany, B., (2001) “Evaluation of deregulated airline networks using data envelopment analysis combined with principal component analysis with an application to
Western Europe”, European Journal of Operational Research, 132(2), pp.260-273.

. Barthelemy, M., (2011) “Spatial networks”, Physics Reports, 499(1-3), pp.1-101.

. Bastian, M., Heymann, S., Jacomy, M., (2009) “Gephi: An open-source software for exploring and manipulating networks”, Proceedings of the Third International ICWSM
Conference, pp. 361-362.

. Bham, G. H., Manepalli, U. R., Samaranayke, V. A. (2019) “A composite rank measure based on principal component analysis for hotspot identification on highways”, Journal of
Transportation Safety & Security, 11(3), pp.225-242.

. Blondel, V., Guillaume, J.-L., Lambiotte, R., Lefebvre, E., (2008) “Fast unfolding of communities in large networks”, Journal of Statistical Mechanics, 10, P10008.
. Brandes, U., Robins, G., McCranie, A., Wasserman, S., (2013) “What is network science?” Network Science, 1, pp.1-15.

. Buhl, J., Gautrais, J., Reeves, N., Solé, R. Valverde, S., Kuntz, P., and Theraulaz, G. (2006) “Topological patterns in street-networks of self-organized urban settlements”. European
Physical Journal B, 49, pp.513-522.

. Cardillo, A., Scellato, S., Latora, V., Porta, S., (2006) “Structural properties of planar graphs of urban street patterns”, Physical Review E, 73, 066107.
. Chen, X., Wei, Z., Gao, L., (2011) “Evaluation of road safety based on principal component analysis”, Proceedings of the 30th Chinese Control Conference, Yantai, China, pp. 5601-5605.

. Chung, Y., Song, T. J., (2018) “Safety analysis of motorcycle crashes in Seoul metropolitan area, South Korea: an application of nonlinear optimal scaling methods”, International
journal of Environmental Research and Public Health, 15(12), 2702.

. Courtat, T., Gloaguen, C. and Douady, S. (2011) “Mathematics and morphogenesis of the city: a geometrical approach”, Physical Review E, 83(3) 036106.
. Crucitti, P., Latora, V., Porta, S., (2006) “Centrality measures in spatial networks of urban streets”, Physical Review E, 73, 036125.

. De Montis, A., Reggiani, A. (eds.) (2012) “Special Section on Accessibility and Socio-Economic Activities: Methodological and Empirical Aspects”, Journal of Transport Geography, 25,
pp-1-172.
. Diestel, R., (2005) Graph Theory, 3rd edn. Heidelberg, Springer.

. Djukic, T., Flotterod, G., Van Lint, H., Hoogendoorn, S., (2012) “Efficient real time OD matrix estimation based on Principal Component Analysis”, In 2012 15th International IEEE
Conference on Intelligent Transportation Systems (pp. 115-121). IEEE.

. Ducruet, C., Beauguitte, L., (2014) “Spatial science and network science: review and outcomes of a complex relationship”, Networks and Spatial Economics, 14, pp.297-316.
. Duran-Fernandez, R., Santos, G., (2014a) “A regional model of road accessibility in Mexico: Accessibility surfaces and robustness analysis”, Research in Transportation Economics, 46,



References

. Ewing, R., Pendall, R., Chen, D., (2003) “Measuring sprawl and its transportation impacts”, Transportation Research Record, 1831(1), pp.175-183.
. Garrison, W. L., Marble, D. F., (1962) The structure of transportation networks (No. TR-62-11). Northwestern Univ Evanston II.

. General Framework of Spatial Planning and Sustainable Development of Greece — GSPF (2008), “Approval of the General Framework of Spatial Planning and Sustainable
Development”, Newspaper of the Greek Government (®EK), Issue 1 (T-A), Number 128, 3/7/2008.

. Golub, A., Martens, K., (2014) “Using principles of justice to assess the modal equity of regional transportation plans”, Journal of Transport Geography, 41, pp.10-20.

. Hanna, S., Serras, J., Varoudis, T., (2013) “Measuring the structure of global transportation networks”, In Ninth International Space Syntax Symposium. Seoul: Sejong University.

. Hellenic Land and Mapping Organization - OKXE, (2005) “Road Network DRPS (Department of Road Project Studies)”, available at the URL: http://www1.0kxe.gr/ geonetwork/ srv/
en/ google.kml?uuid= 19226ad1- 1297- 4041- 8cea- 3aa45a2bsf4e&layers= rdndmeo [accessed: 07-03-2015].

. Hellenic Statistical Service — ELSTAT (2011) “Results of the census of population-Habitat 2011 referring to the permanent population of Greece”, Newspaper of the (Greek)
Government (®EK), Second Issue (T-B), Number 3465, 28-12-12.

. Hillier, B., Hanson, J., (1984) The social logic of space. Cambridge University Press, Cambridge.
. Jiang, B., Claramunt, C., (2004) “Topological analysis of urban street-networks”, Environment and Planning B, 31, pp.151-162.
. Jiang, B., Yin, J., (2014) “Ht-Index for Quantifying the Fractal or Scaling Structure of Geographic Features”, Annals of the Association of the American Geographers, 104(3), pp.530—

540.
. Kansky, K.J., (1963) Structure of transportation networks: relationship between network geometry and regional characteristics. University of Chicago Press, Chicago.

. Kim, K. 1., Jung, K., Kim, H. J., (2002) “Face recognition using kernel principal component analysis”, IEEE signal processing letters, 9(2), pp.40-42.

. Koschutzki, D., Lehmann, K., Peeters, L., Richter, S. (2005) “Centrality Indices”. In Brandes, U., Erlebach, T., (Eds.), Network Analysis, Berlin, Germany, Springer-Verlag Publications,
pp.16-61.

. Lammer, S., Gehlsen, B., Helbing, D., (2006) “Scaling laws in the spatial structure of urban road networks”, Physica A, 363, 89.

. Lattman, K., Olsson, L. E., Friman, M., (2018) “A new approach to accessibility — Examining perceived accessibility in contrast to objectively measured accessibility in daily travel”,
Research in Transportation Economics, 69, pp.501-511.

. Link, H., Dodgson, J. S., Maiback, M., Herry, M., (2012) The costs of road infrastructure and congestion in Europe, Heidelberg, Physica-Verlag (Springer).
. Marshall, S., Gil, J., Kropf, K., Tomko, M., Figueiredo, L., (2018) “Street-network studies: from networks to models and their representations”, Networks and Spatial Economics,

18(3), PP-735-749-
. Meijers, E., (2008) “Summing small cities does not make a large city: Polycentric urban regions and the provision of cultural, leisure and sports amenities”, Urban Studies, vol. 45,

Pp. 2323-2342.



References

. Mudrova, M., Prochazka, A., (2005) “Principal component analysis in image processing”, In Proceedings of the MATLAB Technical Computing Conference, Prague, November 2005,
available at the URL: http://dsp.vscht.cz/konference matlab/ matlabos/ prispevky/ mudrova/mudrova.pdf [accessed: 29/1/20]

. Nagendra, S.S., Khare, M., (2003) “Principal component analysis of urban traffic characteristics and meteorological data”, Transportation Research Part D: Transport and
Environment, 8(4), pp.285-297.

. Newman, M. E. J., (2010) Networks: an introduction, Oxford, Oxford University Press.

. Norusis, M., (2008) SPSS 16.0 advanced statistical procedures companion, Prentice Hall Press.

. O’Sullivan, A. (2007). Urban economics (pp. 225-226). Boston, MA: McGraw-Hill/lrwin.

. Paez, A., Scott, D. M., Morency, C., (2012) “Measuring accessibility: positive and normative implementations of various accessibility indicators”, Journal of Transport Geography, 25,
pp-141-153.

. Park, Y.S., Egilmez, G., Kucukvar, M., (2015) “A novel life cycle-based principal component analysis framework for eco-efficiency analysis: case of the United States manufacturing
and transportation nexus”, Journal of Cleaner Production, 92, pp.327-342.

. Penyalver, D., Turro, M., Zavala-Rojas, D., (2018) “Intergenerational perception of the utility of major transport projects”, Research in Transportation Economics, pp.97-111.

. Porta, S., Crucitti, P., Latora, V., (2006a) “The network analysis of urban streets: a primal approach”, Environment and Planning B: planning and design, 33(5), pp.705-725.

. Porta, S., Crucitti, P., Latora, V., (2006b) “The network analysis of urban streets: A dual approach’, Physica A: Statistical Mechanics and its Applications, 369(2), pp.853-866.

. Rodrigue, J. P., Comtois, C., & Slack, B., (2013) The Geography of Transport Systems, New York, Routledge Publications.

. Sato, H., Miwa, T., Morikawa, T., (2015) “A study on use and location of community cycle stations’”, Research in Transportation Economics, 53, pp.13-19.

. Serra, M., Hillier, B., (2019) “Angular and metric distance in road network analysis: A nationwide correlation study”, Computers, Environment and Urban Systems, 74, pp.194-207.

. Sezhian, M.V., Muralidharan, C., Nambirajan, T., Deshmukh, S.G., (2011) “Ranking of a public sector passenger bus transport company using principal component analysis: a case
study”, Management research and practice, 3(1), pp.62-71.

. Shephard, R.W., Fare, R., (1974) “The law of diminishing returns”, In Eichhorn, W., Henn, R., Opitz, O., Shephard, R.W. (Eds.) Production theory, Heidelberg, Berlin, Springer, pp.287-
318.

. Stepniak, M., Goliszek, S., (2017) “Spatio-temporal variation of accessibility by public transport-the equity perspective”, In The rise of big spatial data, Springer, Cham, pp.241-261.

. Tang, Y., Zhong, D., Zha, X., Na, L., (2018) “Principal Component Analysis of Fatal Traffic Accidents Based on Vehicle Condition Factors”, 11th International Conference on Intelligent
Computation Technology and Automation (ICICTA), Changsha, China, pp. 315-317 (doi: 10.1109/ICICTA.2018.00078).

. Tsekeris, T., (2017) “Domestic transport effects on regional export trade in Greece”, Research in Transportation Economics, 61, pp.2-14.
. Tsiotas D., Polyzos, S., (2018) “The complexity in the study of spatial networks: An epistemological approach”, Networks and Spatial Economics, 18(1), pp.1-32.



References

Tsiotas, D. (2017a). Links between network topology and socioeconomic framework of railway transport: evidence from Greece, Journal of Engineering Science and Technology
Review, 10(3), pp.-175-187.

Tsiotas, D. (2017b). The imprint of tourism on the topology of maritime networks: evidence from Greece”, Anatolia: An International Journal of Tourism and Hospitality Research,
28(1), pp.52—-68.

Tsiotas, D., (2019) “Detecting different topologies immanent in scale-free networks with the same degree distribution”, Proceedings of the National Academy of Sciences, 116(14),
pp.6701-6706.

Vyas, S., Kumaranayake, L., (2006) “Constructing socio-economic status indices: how to use principal components analysis”, Health policy and planning, 21(6), pp.459-468.
Walpole, R. E., Myers, R. H., Myers, S. L., Ye, K., (2012) Probability & Statistics for Engineers & Scientists, ninth ed., New York, Prentice Hall Publications.

Wold, S., Esbensen, K., Geladi, P., (1987) “Principal component analysis”’, Chemometrics and intelligent laboratory systems, 2(1-3), pp.37-52.




% IR
T p—— L

THANK YOU FOR YOUR ATTENTION

g = = P T Bk

=k w 1R - ke

T -.l.l‘;_*'T.:"Il".'_ T T

L RS ]

. PR AUTREY TS T ] R R T e ————

i I H IN :

: T "

L | ]
r- 3
SLTL 1) S (AR T S ————




"THINK TANK

T B e, Kmrd m o BongdoynSpppmgamT




