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ABSTRACT

This study aims to identify the parameters of the urban morphology that are related to
pedestrian traffic accidents, contributing to the literature enrichment. Usually, road
accidents are examined as a problem within the road network separately as a single
event, while they may be directly connected to the way the surrounding area is formed.
Therefore, network analysis was used to identify the relation between the structure of
the urban area and the traffic accidents as an outcome of human movement.
Specifically, traffic accidents that involved pedestrians were analysed to identify the
influence that urban planning might have on them.

The capital city of Greece, Athens, was chosen as the case study and data of 1318
pedestrian accidents through the years 2008-2017 were analysed. Statistical and spatial
analysis was used to categorise and classify the road segments based on the severity
and the frequency of traffic accidents involving pedestrians. GIS techniques were used
to identify those specific areas that present the highest concentration of accidents in
both frequency and severity. The results showed that most of the areas concentrating a
high number of accidents were located in the very city centre and were persistent
through the years. The methodology used for analysing those areas aims in confirming
the correlation between the accidents and the way the surrounding area is structured.
Therefore, the land use was categorised in transportation data, traffic data and locations
related to education and alcohol consumption, which have been reported by previous
studies to correlate with pedestrian accidents. Bivariate analysis and Geographically
Weighted Regression were used in order to identify the effect of the built environment
on the accidents. It was found that there is a correlation between pedestrian traffic
accidents and alcohol consumption, mostly in the city centre. In addition, traffic points
such as crossings, stops, traffic signals; and transportation points such as bus stops, are
related to accidents as well. On the contrary, the education institutes did not show a
high correlation with accidents. Finally, an emergency dashboard was created with the
aim of presenting a new idea of a real-time platform that can be used by different local
and governance services to manage efficiently different incidents that occur in the
cities.

Keywords: Spatial analysis, Network analysis, traffic accidents, built environment,
pedestrians, dashboard.

Vii



IHEPIAHYH

O ocvveydg av&avopevog TANBvoudg Tov TOAE®V, £XEL EMPEPEL TO TEAELTOLN YPOVILL TNV
GUECT) OVAYKT 7YoL €VPECT) AVCEMV Ol OMOIEC EMIKEVIPOVOVIOL TEPIGGOTEPO GTO
nePPAALOV KOl TOVG AVOPAOTOVG APNVOVTAG TEPIGCOTEPO YMPO Y10 EMAOYEC LETOPOPADV
PUMKOTEP®V TTPOG TO TEPPAALOV Kot TNV VYEiR, OT®MG TO TOOMANTO Kot To Tepmatnpo. Ot
Buooipeg kot “€umveg” TOLEIS £xouv MG oTOY0 TV a&lomoinomn g EEumvng teyvoloyiag
TPOKELUEVOD VO, avOTTOEOVY TEYVIKEG TPOCTUGING TOL TEPIPAAAOVTOC Kol Vo, BEATIOGOVY
mv mowdtnra {ong Tov katoikmv tovg. o va emtevybel avtd, motdc0, Yperdlovio
PLLIKEG OALOYEC OTOV TPOTTO GYEOACUOD TMV TOAE®MY Ol OMOiEg HEYPL TPOTIVOG ElYAV G
enikevtpo 10 avtokivnto. H odikn] acepdieln, Opwg moapapével €va kbpto {ftnpo ce
ToyKOGUo eminedo 1o omoio ypNnlel GQUEST OVTILETOMION. XVUEOVO HE TPOCEATO.
OTOTIOTIKA oTowElol To Tpoyoio atvynuoto cvveyiCovv va amotelobv KOpo outio
Bavdarov. EmmAéov, o1 mefol wg ot o gvdAmtol ¥pfoTeg TOL 001KV dkTHOVL gival ekeivol
Y10 TOVG OTTO10VG TTPETEL VAL AAPAVOVTaL TOL TEPIGGOTEPO. LETPO. AGPOAELNG.

H mapovoa epyasio éxel wg 61dY0 TV avOADOT 0SIKAOV ATLYNUATOV TV TECOV Kol TOV
TPOGOOPIGHO TV TOPAUETP®Y TOV SoUNUEVOL TEPIPAAAOVTOG o1 omoiot oyetilovtot pe
oavtd. o v enitevén 10V okomoh awTOV YpNooTOMONKAY OUPOPES TEXVIKEG
avdAivong o tepifaiiov I'ewypapucod Zvomuatog [TAnpopopidv (I'XIT).

H épevva emkevipobnke otV oTOTIOTIKY KOl YOPWKN ovAAvon oedopévov 1318
atuynuateov teldv Ta oroia iyov copupel petagd tov 2008-2017 oty mTpwtedovoa TG
EAAGoag, v ABnva. To yoptkd mpdtumo Tov Qoavorévoy eEETAGTNKE TOGO GLUVOAKAL,
000 Kot €0KA ava Katnyopio atuynuUdtOv avdioyo pe v cofapdtnto Tov 0d1KoD
OTUYNLLOTOC.

Ot teyvikég I ypnopomomOnkay yio Tov TPoGOOPIcHO TV CUYKEKPIUEVMOV TEPLOY DV
OV TOPOVGIALOVY TN LEYOADTEPT GLYKEVIPMOOT ATVYNUATOV TOGO GE GLYVOTNTO OGO Kot
oe oofapotra. [T ocvykexkpyéva, ypnoporombnke m avdivorn OSwktHov Yoo TOV
TPOGIOPIGHO TOV TUNUATOV TOV 0S1KOD OIKTOHOL TOL TOPOVCIALOVY TNV UEYIAVTEPN
OLYKEVIPMOT atuyNUatev meldv kot yopokmmpilovior ©¢ emkivouvo TUNUATO, TOV
TUMUATOV ekelvov pe Alya atvynpato 1 kot kKobBoiov atvynuata. H avdivon oot
TPOYLOTOTOWONKE Ko S10(POVIKA TPOKELEVOD VO OVOOELYTOVV T TUNLOTO TOV 0OTKOV
SIKTVOV TTOV TTOPOVGIALOLV SLaYPOVIKOTNTA 1) £VTAGT), ATOTEAOVV VN £6Tia 1] TOAMA £6TiN
atoynuatov. Ta amoteAéopato £3€ov OTL Ol TEPIGGOTEPEG OO TIC TMEPLOYES TOL
GLYKEVTIPOVOLV HEYEAO aplBud atvynudtov telov Ppiokoviav 6To KEVIPO TG TOANG Kot
Ntav emipoves pe v mépodo tov etdv. H peBodoroyia mov ypnoyomoleiton yio v
avdALoN AVTOV TOV TEPLOY®V 6TOYEVEL otV emPePaimon g cvoyétiong Hetald Twv
ATVYNUATOV KOl TOV TPOTOL e TOV 0Toio gival Sounuévn 1 yopw meployn. 2g €K TOVTOVL,
N ¥PNoN YNG Katnyoplomombnke ce dedopéva PETAPOPAs, 0edopéva KUKAOPOPTIaG Kot
tomofeciec mov oyetiCovion pe TNV EKTAIOELOT KOl TNV KATOVAA®GT OAKOOA, T omoia
&xovv avaeepbel and mponyodueveg peréteg 01t cvoyetilovtar pe arvynuota melov. H
SWeTAPANT avdAvon Kot 1 YEOYPOEIKE oTaOGHEVN TOAVOPOUNGN XPNCILOTO oKV
Y. vo. TPOcOOPIoTEL 1 EMIOpACT TOL JoUNUEVOL TEPPAAAOVTOS GTOL OITUYNLLOTOL.
Awmotddnke 0Tt VTApyel ovoy€Tion UETaED  Tpoyoimv  atvynudteov meC®v Kot
KOTAVAA®ONG aAKOOA, Kupiwg 610 KEvipo TG mOANC. EmmAéov, onuela kvkAogopiog
Ommg dPdoelg, oTAcES, CNUOTO KLKAOQOPIOG Kol onueion PETOPOPAS, OMMG OTAGELS
Aewopopeiov, oxetiCovror pe ta atvynuato. Avtifeto, T KTodEVTIKE WOpVOUATO OV
napovciocay LVYNAN ovoyxétion pe ovtd. Télog, Omuovpyndnke évag mivokog
TAPOKOAOVONOTNG EKTOKTMOV TEPICTOTIKAOV LE OTOYO VO TOPOLGLUCTEL [l véa 10€a
TAOTQOpUOG, M omola TapakoAovdel oe mPaAyUATIKO Y¥POVO O1APOP TEPICTATIKG GTNV
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TOAN KOl YPNCUOTOIEITOL OO TOTMIKEG VINPEGIES Y10 TV OMOTEAECUOTIKNY SloyEipion TV
TEPLOTOTIKDV.

AéEerg KAg1o1d: arvynuato Te(MVv, OTATIOTUKN GVAAVGY, YWPIKN OVOADGH, aVvaAvan OIKTOOU,
VEWYPOPIKG TTOOUITUEVH] TTOAIVOPOUNTT, OOUNUEVO TEPIPOLLOV, TIVOKAS TOpaKoloDOnons
EKTOKTOV TEPIOTATIKMOV.
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Chapter 1 — Introduction

1. INTRODUCTION

The rapid growth of our societies has led to complex forms of urbanism. However, these
last years, transportation planning is taking a U-turn to more sustainable, environmentally-
friendly planning, providing more space for healthy transportation options (i.e. walking,
cycling). Especially now, the trend toward alternative travel methods has been deeply
supported and inspired by the pandemic situation. Many big cities around the globe are
taking different measures for banning vehicles from certain areas like city centres. This
prospect of car-less and careless cities seems to be an envision of more nature-friendly
cities rather than just a pandemic trend. Due to the disadvantage, the pedestrians have
towards the other means of transport when involved in traffic crashes; it is of great
importance to improve the road safety for pedestrians in particular.

Road safety is of the most important factors that traffic planners take into consideration
while building road networks. However, given the fact that road planning influences urban
planning in general, it is unavoidable that urban forms have an impact on road safety.

This thesis purpose is to identify whether there is a connection between traffic accidents
and the built environment. Specifically:

The Second Chapter refers to the different research that has taken place globally to
approach similar issues and provide knowledge in the object of this diploma thesis. First of
all, reference has been made to the studies that analyse urban morphology and how urban
planning may affect road safety. As a consequence, related concepts are mentioned with
special reference to network analysis and the way it is related to accidents. In addition,
different types of accidents are described providing statistics on their frequency and
severity. Moreover, pedestrian’ characteristics were described along with their behaviour
and movement within the road network. Finally, reference is made to similar studies.

In the Third Chapter, the methodology followed for approaching this issue is introduced.
Firstly, the case area of the research is presented, analysing the characteristics which are
considered important for the further process. In addition, the methodology refers to the
procedure followed, as well as the technique and tools used to proceed and collect the
results of the analysis. Finally, reference has been made on data collection, quality and
organisation.

The Fourth Chapter includes the data analysis. The statistical analysis conclusions are
presented, configuring the identity of the sample. Furthermore, the results of spatial and
network analysis are presented and visualised. Lastly, the main conclusions of the chapter
are captured, and a dashboard containing collision data is presented with the aim of
developing a platform that manages the different types of incidents in real-time.

In the Fifth and final Chapter are listed the conclusions of the research as well as the
factors of the built environment that have been identified to play a significant role in
pedestrian accidents. Moreover, some suggestions have been made for future research.



Chapter 2 — Theoretical Background

2. THEORETICAL BACKGROUND

2.1.  Introduction

The demand for more environmentally friendly, sustainable and resilient cities is now
higher than ever before. Climate change was the major problem of our societies, and
efforts to save the planet have started long ago. However, the Covid-19 pandemic set even
higher demands making it crucial for the countries to have smarter cities for their residents.
This means that first of all, cities have to make changes to their urban infrastructure,
ensuring that their further development is placed on the right foundations. One thing found
during the pandemic is the demand for more space for safe walking. All these years
planning was car-centred providing wider, bigger roads and parking areas for cars making
pavements disappear in certain areas of the cities. As this pattern tends to change, it is to be
considered how the improvements of urban planning are beneficial as well as safe for
pedestrians. While many studies deal with urban morphology and road safety, very little
has been written about the connection these two subjects might have.

This chapter refers to the different studies written about urban morphology and planning.
In addition, studies about road safety are mentioned along with research that has connected
these subjects. Furthermore, different ways and methods used for analysing such subjects
are listed, with special reference to studies that used network analysis as an approach.
Studies about pedestrians’ characteristics and movement behaviour are critical in
understanding their role in the general network. Finally, statistics about accidents are
provided, along with their severity and frequency.

2.2. Urban Morphology and Smart Sustainable Cities

Cities are living organisms that adapt and evolve in the transformation processes and
characteristics of each era. Hillier (2012) refers to them as complex socio-technical
systems that consist of two sub-systems: the physical that contains buildings linked by
streets, roads and infrastructure, and the human consisting of movement, interaction and
activity. The two sub-systems continually influence one — another and share a dependent
relationship (Attig, 2019). During the past century, globalisation, population growth and
fast-changing and developing technologies had a massive impact on the societies’
functionalities. The problems that today’s cities face are inextricably linked to concerns
about planet sustainability, citizens’ well-being and financial sustainability.

The concepts of “sustainable” and “smart” cities have been introduced many years ago,
and the studies about them have increased a lot during these years. While sustainability is a
concept that describes the need for more environmentally friendly cities, the meaning of
“smart” has not been quite clear (Hollands, 2008; Angelidou, 2015; Ahvenniemi et al.,
2016). More specifically, Hiremath et al. (2013) and Ahvenniemi et al. (2016) define
sustainability as a balance that is achieved between the development of the urban areas
while protecting the environment and taking into consideration social infrastructure and
transportation, employment, income, shelter and basic services. The development of
environmental assessment tools and frameworks helps the built environment and transport
to achieve sustainability goals. On the other hand, the term “smart” city lacks a universally
accepted definition (Li et al., 2019). The existing literature refers to them as characterised
by a mix of technological development, with a focus on electronic and digital technologies
(Komninos, 2008), or as a rather complex system (Portugali, 2000; Li et al., 2019).
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Lately, cities have been shifting from sustainability frameworks to smart city goals
(Ahvenniemi et al., 2016). The focus is mainly on providing new, modern technologies
that make cities “smarter”, rather than focusing on environmental sustainability indicator
measurements. Smart cities lack environmental indicators, but the general goal is to
provide technologies that improve sustainability. To limit the gap between sustainable and
smart cities, Ahvenniemi et al. (2016) propose the redefinition or further development of
smart cities frameworks and the use of impact indicators along with output indicators that
can measure the assessment of smart cities. They also propose the use of the term “smart
sustainable cities” in order to define the cities of the future.

The technologies used in smart cities can have a significant impact on the management of
public transport, safety, utility management, waste management, traffic, parking and the
environment (Carter et al., 2020).

Figure 2.1: Smart cities (www.forbes.com)

2.2.1. Urban and Transportation Planning

Urban morphology studies the forms and types of human settlements through time. It aims
to understand the way that urban forms of cities have transformed over time, the spatial
patterns they have in different scales and define their physical characteristics (Chen, 2014).
While studying the complexity of human settlements as individual entities, conclusions can
be drawn on the way they interact and correlate as a whole (Oliviera, 2016).

In large cities, the urban spatial structure appears to be getting more complex due to the
population growth, the increasing amounts of income that enable individuals to live more
diverse lifestyles and the engagement to travel more. The impact of these trends has visible
effects on urban activity and development, as cities appear to have a more polycentric
structure (Zhong et al., 2014)
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In a study of 1999, Miller mentions that the transportation problems are radically different
from those faced in the past century, as the increase in the transportation system
congestions is unavoidable (Downs 1992, Hanson 1995). New methodologies to address
the problem should be developed, as the old ones will not work (Giuliano, 1995).

However, the situation nowadays remains quite difficult. Individuals are still relying
mostly on cars for their transport, due to lack of alternative options in the cities. The
number of vehicles continually grows, and the problems due to the traffic jam remain high
in the road networks, making a negative impact on public transport as well. Apart from the
huge problems of urban nuisance and pollution, cars remain one of the main causes of
death due to the high percentage of road accidents.

Greece, in particular, has a continually increasing number of cars and their use compared
to other means of transport, is dominant. The public means of transport fail to manage the
ever-increasing traffic (Liogka, 2020). The most common issues that occur are traffic jams,
lack of car parks, a high percentage of road accidents and difficulties in using sustainable
means of transport like cycling and walking. These issues raise concerns about road safety.

2.2.2. Road Safety

Many studies and research have focused during the years on road safety, especially during
the last decade where the urge for more sustainable transportation and urban planning
increased. Most of the research focuses on the identification of the vulnerable locations of
the network that tend to concentrate most accidents and create the so mentioned hotspots.
The most complex locations tend to be identified in urban areas, mostly due to the many
land uses that coexist at the same location. Geographic Information Systems (GIS) are very
much used for such analysis purposes, due to their advanced methods and tools of spatial
and statistical analysis, along with advanced visualisation of the results.

Many methodologies and tools exist that can be used in spatiotemporal analysis, and the
choice depends on the study purpose. Molla et al. (2014) used the Kriging method for the
identification of the road accident hotspots in North Dakota during the period 2001-2010.
Their geostatistical and tracking analyst model, based on single linkage method clustering,
spotted the counties with the highest accident-prone and concluded facts about traffic
safety improvements.

In addition, studies like those of Steenberghen et al. (2003), Anderon (2007),
Prasannakumar et al. (2011) and Ivan and Haidu (2012), have tried to identify the most
vulnerable areas of the network, using methods like kernel density estimator, mean centre,
or standard deviational ellipse to highlight the distribution of the fatalities and collisions.
Specifically, lvan and Haidu (2012), while analysing accidents that occurred in a
Rumanian city from 2010 to 2012, used the mean centre as well as standard deviation and
standard deviational ellipse, which showed that the accidents were concentrated along the
main road of the city network.

Prasannakumar et al. (2011) used Moran’s I method of autocorrelation, Getis-Ord Gi
statistics as well as Kernel density for the assessment of spatial clustering of different types
of accidents and hotspots spatial densities in a South Indian city. Their dataset was
indicated to be clustered, and their results were effective, as could be used for the traffic
management and reductions of accidents of the city.
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Moreover, Erdogan et al., 2017, while analysing data from accidents that occurred in a city
of Turkey, used Kernel Density Analysis to calculate the density of the accidents along the
city highway. It was found that the accidents’ percentages were higher during weekends,
the evening hours are the most dangerous, and most fatalities occur during midnight.

Other studies like those of Noland and Quddus (2004), Erdogan (2009) and Hong et al.
(2016) have used regression for the correlation of the road accidents to other variables.
Those who performed their analysis in GIS, used geographically weighted regression,
while the variables used are related to the road network characteristics, the number and
type of vehicles, and different other socio-economical characteristics of the case area.

Attig (2019) used space syntax analysis to investigate the difference between a
conventionally used street segment model and a natural street model for measuring traffic
accidents and crime. He concluded that the model of the natural street shows better
proximity to the events and is a viable method for understanding the human interactions
with the physical environment.

Many pieces of research and studies have been conducted in Greece about road safety,
using a wide range of methods. Yannis et al. (2017) used lognormal regression for the
analysis of 59.316 accidents that had occurred in Greece. They developed many different
models on the severity of the accidents for the different kinds of vehicles used. Moreover,
they examined three different types of accident severity, the number of fatalities
normalised by the total number of vehicles involved, the number of severe injuries
normalised by the total number of vehicles involved, and the number of slight injuries
normalised by the total number of vehicles involved. They concluded that parameters like
weather conditions influence the severity of the accidents no matter the vehicle used.
Moreover, the accidents that occur during night hours, as well as those during bad weather
conditions, are more likely to be more severe, while the type of collision has a constant
influence on the severity.

Machairas (2017) analysed the fatalities of road accidents that had occurred during the
period 2011-2015 in the country of Greece on a prefecture scale and the Attica region on a
municipality scale. To identify the parameters that correlate with the fatalities, he used
ordinary least squares (OLS) and geographically weighted regression (GWR). The
conclusion showed that parameters like type and characteristics of the road network,
economy and land use were highly correlated with the accident fatalities. It was also
concluded that the main parameters found in country scale analysis were not the same as
those found in the Attica region.

Other studies like the one of Melidoniotis (2013) were concentrated in a specific area of
Greece. This study analysed the road accidents in Crete from 2001 to 2012, using spatial
analysis methods like Moran’s I, Regression, co-Kriging and Interpolation, to identify the
hotspots of the network and the risk parameters. Among the conclusions, the study showed
a tendency in the increase of incidents in the following years, while the month that most of
the fatalities occurred was found to be June. The most dangerous hours of the day were
12.00-18.00 and 18.01-00.00. Finally, the highest percentage of persons involved in
fatalities were males, with the age average being 39 years old.

During another study, Liogka (2020) used spatial analysis and space syntax analysis for the
accidents that had occurred in Athens, Greece, between the years 2008 — 2017. She
examined the spatial pattern of the phenomenon by analysing the data into different
categories, depending on the severity of the accident, the road user type and network
classification, while space syntax was used for the investigation of the relationship
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between the spatial configuration of urban network and the traffic accidents. Space syntax
analysis showed a correlation between syntax choice radius of 5000m and the different
types of accidents, as the radius is correlated with vehicles movement. The study also
identified the roads within the traffic network, where the accidents are more likely to occur
regardless of the network user type (e.g., driver, pedestrian etc.).

Finally, Kostellou (2020) used three different methods for processing accident data from
accidents that occurred in Athens between 2011-2015. The methods used were those of
explanatory data analysis, spatial autocorrelation and unsupervised classification. She
concluded that regardless of the method used, the most problematic areas where most
accidents occurred were located in the municipalities of the metropolitan area of Athens.

2.2.3. Network Analysis for transportation and the built environment — Similar approaches

Network Analysis is widely used for transportation research. Most of the studies, however,
focus on analysing data of vehicles’ crashing. Some studies have also tried to correlate
network analysis with the built environment, but due to the complexity of pedestrian
movement, research is only focused on specific methodologies and factors that might have
the highest impact. Most of the studies use Kernel Density Estimation in order to identify
the density of accidents’ locations, while some others prefer Network analysis and
concentrate mostly on the problematic segments of the network. Anderson (2006)
compared three different methodologies used for measuring road accidents hotspots. She
concluded that network analysis and census tracks are more network based and used for
determining the specific problematic segments of the network. Kernel density on the other
hand, can determine the spread of the risk of an accident.

Additionally, Dai and Jaworski (2016) examined the influence of built environment on
pedestrian crashes with a network-based approach. They used data of a period of seven
years of accidents that occurred in Georgia, United States. Hotspots were located with a
network-based kernel density technique, while bivariate and binominal models were
utilized to examine the built environment influence. The results showed that a high density
of pedestrian accidents was spotted near public transit stops and areas with more public
transit users. They emphasized the need for more extensive prevention campaigns in the
problematic areas, as well as planning more pedestrian-safe environments in the future.

Moreover, Mohamed et al. (2012) used clustering regression techniques to determine
factors of the built environment that influence pedestrian-vehicle crashes. They concluded
that factors like pedestrian age, driver age, vehicle type, driver alcohol involvement,
lighting conditions and several other built environment characteristics had a high influence
on fatal crashes.

Saelens and Handy (2008) with a review on previous research aimed at conclusions about
correlations between the built environment and walking. They found differences in the
relation between the environment and the type of walking. Positive relations were found
between walking for transportation and density, distance to nonresidential destinations and
the mix of land uses; equivocal findings were identified as far as network connectivity,
parks and open space, and personal safety are concerned, while recreational walking did
not appear to have clear results.

Other studies relate the severity of traffic accidents with both built environment
characteristics and pedestrian characteristics (Aziz et al., 2012; Mohamed et al., 2012).
Aziz et al. (2012) found that older individuals are more likely to be fatally injured. They
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also examined many built environment variables but found that only network connectivity
and transit access influence non-fatal injuries and were negatively associated with minor
injuries. Their study underlined the need of considering environmental characteristics
while planning for pedestrian safety.

Finally, Zahabi et al. (2011) investigate the effects of road design, speed limit and factors
on the injury severity levels of pedestrians along with the built environment. They
concluded that accidents occurring at intersections near educational institutes have a lower
pedestrian severity. Furthermore, factors like the presence of major roads, darkness,
median income, mixed land use and park presence within 10 meters show an increase in
pedestrian collision severity.

In order to better understand the correlations between the built environment and pedestrian
accidents, it is of utmost importance to examine how pedestrians react and move through
the road network and the built environment.

2.3.  Pedestrians

When it comes to road safety, pedestrians are the more vulnerable users of the traffic
network and show a very high percentage of road accidents and fatalities. There are many
factors to be considered that affect road users’ safety, but as the biggest percentage of car
accidents that occur involve pedestrians, an attempt to lower pedestrian accidents number
would have a greater impact on road accidents in general (Andrikopoulou, 2019). Tomai
and Kavouras (2004) refer to humans as spatially referenced” objects” that continually
interact with space. Thus, it is essential to understand pedestrians’ behaviour and reactions
to the built environment and network changes.

Figure 2.2: Pedestrians as vulnerable road users
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2.3.1. Pedestrians’ characteristics and movement behaviour

As this study aims at identifying the parameters of the built environment that affect
pedestrian accidents, it is crucial to refer to related studies that have focused on the
investigation of pedestrians’ movement and their behaviour while walking, and factors like
speed, network parts preferred to cross, as well as the characteristics of their route.

Figure 2.3: Pedestrian multi crossing (www.google.com)

Since the 90’s many countries have developed different types of transport policies and
attempts to promote walkability as a means of transport. These attempts aim in limiting the
use of vehicles as a means of transport, to reduce congestions and environmental problems,
as well as to extinguish health problems related to obesity. Although many studies during
the years have focused on pedestrian movement and behaviour, this has not been an issue
when it comes to the design of traffic models and stimulation. According to Batty (2001),
pedestrian movement is ignored firstly due to the origin of transport planning, which was,
and in many countries still is, car-focused, and secondly due to the traffic analysis scale
that includes a very high number of people that move in different zones, making detailed
analysis difficult.

Deamen (2004) classified pedestrian behaviour in three different levels, the strategic, the
tactical and the operational. On the strategic level, the pedestrian decides which activities
to perform and whether they can be accessed by walking. On the tactical level, short-term
decisions are made that lead to fulfilling the goals set at the strategic level. The activities
are carried out in different orders, and the borders between these two levels are not quite
clear (Andrikopolou, 2019). Finally, the operational level includes instant decisions that
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affect pedestrian walkability, speed, or their behaviour and decisions of movement in
general (e.g., stopping and waiting before crossing the road). The operational level
decisions are affected by the choices made on the strategic and tactical levels. A fast-
walking pedestrian (operational level), following a route without traffic signals (tactical
level) aiming to walk to his destination (strategic level), is an example that clearly
describes the coexistence of these three levels (Andrikopoulou, 2019).

All these factors affecting pedestrian’s movement are very crucial for urban and
transportation planning. A study conducted in 1963 by Buchanan et al., determines the
road network conditions that have an impact on a pedestrian road crossing, the delays that
might occur due to traffic jams and even the sidewalk width that correlates with the delays
of pedestrian traffic levels. Other studies during the past years are focused on the
improvement of simulation models for pedestrian movement. Although they have rapidly
evolved, it is still more to be done. Pedestrian movement models include different types of
analysis, while in most of them, pedestrians are modelled as individual entities described
by their special characteristics. The data quality resulting from these models depends on
the quality of the behavioural data of the entities.

Other factors that are important and have to be considered are the decisions about the route
beginning and destination, as these are quite different from the decisions made in the case
of vehicles, respectively. The route choices in the case of the pedestrians have a higher
degree of freedom, while the vehicles are restricted from the network and the traffic rules.
On the other side, the route length of vehicles is not as restricted as in the pedestrians’
case. Pedestrians’ characteristics are more complex in many aspects compared to those of
vehicles and other means of transport. Their speed and movement directions, the distance
between other pedestrians and the distance from vehicles while deciding about network
crossing are highly correlated with factors like land use, weather conditions, day and hour,
as well as other demographic characteristics.

Moreover, studies in pedestrian movement behaviour concluded that their movement
characteristics are defined quite differently as far as it concerns roadside walking and road
crossing, respectively. It is referred that the average speed of movement on the roadside
depends on the presence of other pedestrians, meaning that the pedestrian density
correlates with pedestrian speed. Other factors that affect pedestrians’ speed are age,
gender, route type and destination, hour and day (Ishaque et al., 2007).

Additionally, Hoel (1968) and Harrell (1990) refer to weather conditions like low
temperatures that have an impact on pedestrians’ movement. These studies concluded that
the movement speed increases during very low temperatures.

Other environmental factors that have an impact on pedestrians’ speed and movement are
related to conditions of the built environment (e.g., large roadsides, pedestrian crossings,
under or overground walkways, etc.).

The pedestrians’ speed differs in the case of road diffusion, while it is correlated with
characteristics and factors like age, gender, route type, physical condition, free space
between vehicles, crossing types and traffic signals. Moore (1953) refers that pedestrians
that tend to cross the road at small gaps between vehicles increase their speed. In addition,
Cohen (1995) concluded that males tend to choose road crossing in smaller gaps between
the vehicles rather than females regardless of their age, except from the group age of 31-45
where the differences were minimal between the genders. In any case, the crossing speed
depends on the risk that the pedestrian is willing to take while crossing in small gaps. Thus,
pedestrians crossing in smaller gaps face higher risk and therefore develop higher speeds.
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Other behaviours of pedestrians are straightly related to the built environment and other
parameters and information that might affect the concentration. Alsaleh et al. (2017)
mention that the distraction at pedestrians is on the same level as the other users of the
transportation network, especially due to the high usage of electronic devices. The results
of walking under distraction are similar to those of driving under distruction (Hyman et al.,
2010; Sarkar et al., 2011; Andrikopoulou, 2019). Finally, during the EC SafetyNet project
between the period 2005-2008, in-depth data were collected from the accidents in six
European cities, and a database was formed with detailed information that included among
others, the causation. One of the conclusions of data analysis was the fact that missed
observations, decision errors and inadequate plans are a result of distraction in pedestrian
accidents. Figure 2.1 shows the results of the project with the most frequent links between
causes and pedestrians. The links are found to be 101 in total.

Table 2.1: Ten most frequent links between causes-pedestrians (SafetyNet Accident Causation Database
2005-2008/ EC, Date of query: 2010)

Links between causes Frequency

Faulty diagnosis - Information failure (between driver and traffic 16
environment or driver and vehicle)

Observation missed - Inadequate plan 10
Observation missed - Distraction 10
Observation missed - Temporary obstruction to view 10
Inadequate plan - Psychological stress 5
Inadequate plan - Insufficient knowledge 5
Decision error - Distraction 4
Inadequate plan - Distraction 4
Inadequate plan - Under the influence of substances 4
Observation missed - Faulty diagnosis 3
Others 30
Total 101

Walking under destruction results in many problems on road safety, increasing the risk of
road accidents.

PAY | B
ATTENTION |5
WHILE
WALKING

YOUR FACEBOOK
STATUS UPDATE
CAN WAIT.

)
Figure 2.4: Walking and electronic device usage (www.gooogle.com)
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2.3.2. Road safety and pedestrians

Road safety is a current issue faced in every country and especially in every big, busy city
like Athens. Road accidents that occur every year prove that road safety must be
considered first. The last statistical reports on accidents in Europe showed that Greece had
a decrease in the trend of accidents that lead to injury or death, while there are still
countries having positive trends with Spain in the first place.

Spain -
Romania 1
Latvia 1
Luxembaourg 1
Czechia
Estonia 1
Germany
Hungary 1
Bulgaria 1
Austria
European Union 1
Switzerland 1
Iceland -
Slovakia 4
France A
Belgium A
Sweden
Italy
Denmark 4
Slovenia 4
Poland 1
Croatia 1
Greece -
Finland
Norway -

-50 =25
Figure 2.5: Trend in the number of crashes leading to injury or death. | Mobility and transport (europa.eu)

]
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Furthermore, data on trends of fatalities showed that Greece is in second place among
European countries with a high percentage of 45% decrease in the fatalities, while the
Netherlands shows an increase in the tendency of the accidents leading in fatalities (figure
2.6).
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Figure 2.6: Trend in the number of fatalities | Mobility and transport (europa.eu)

Figure 2.7 shows Greece among some selected European countries and their relative
number of fatalities throughout the years.
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Figure 2.7: Relative number of fatalities by selected countries 2010-2019 | Mobility and transport (europa.eu)
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As mentioned previously, pedestrians are the most vulnerable users of the network, and
they face a high risk of severe injury or fatality while involved in accidents. Moreover, the
number of pedestrian fatalities during collisions is constantly increasing, making it clear
that the safety measures for pedestrians are insufficient. Despite all, 21% of road fatalities
in Europe are pedestrians (European Road Safety Observatory, 2018). Figure 2.8 shows the
percentage of total road fatalities between 2007-2016 compared to the number of
pedestrian fatalities during the same period. Many studies have been conducted to raise the
problem and suggest solutions, but still, more has to be done as far as pedestrians’ safety is
concerned.

10.000 14 - 30%
8000 - - P
= - 20%
6.000 A
- 159
4.000 A
- 10%
2.000 A we— Number of pedestrian ;
fatalities - 5%
Percentage of ©tal
road fatalities
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Figure 2.8: Number of pedestrian fatalities and percentage all road fatalities, EU, 2007-2016 (Care database,
data available in May 2018)

During the study of 2016 World Health Organisation (WHO) concluded that the number of
pedestrian’s injuries was as high as 25million, while the number of fatalities was 625.000
(World Health Organisation, 2016). Other studies showed that the number of pedestrians’
accidents during this decade has increased compared to a general number of road
accidents. Studies in the USA showed that the percentage of pedestrians’ fatalities had
increased to 16% compared to other groups fatalities, while it is confirmed that every 1,5
hours, a pedestrian fatality occurs (NHTSA, 2018). In addition, the higher percentage of
pedestrian accidents includes individuals of age >65. Some of the factors that affect the
casualties are the time that pedestrians need to spend crossing the network, and the
distance walked. In 2004 the Surface Transportation Policy Project mentioned that 8,6% of
the routes are done through walking. Results from the same project showed that in every
100million miles of pedestrian routes, the loss index was 15 times higher than the
equivalent of drivers. Figure 2.9 shows the diurnal pattern in the number of fatalities by
transportation mode for the European Union (2019). Pedestrian fatalities appear to have
higher percentages during the afternoon hours, and in any case, they have higher
percentages of fatalities compared with bicycles, mopeds and motorcycles.
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Figure 2.9: Diurnal pattern in the number of fatalities by transport modes for the European Union 2019 |
Mobility and transport (europa.eu)

Table 2.2 shows the number of pedestrian fatalities in the countries of the EU during the
period 2010-2019. Greece shows to have had a reduction in the fatalities until 2017;
however, this has changed during 2018 and 2019 where the fatalities have increased.
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Table 2.2: Annual number of pedestrian fatalities by country 2010-2019 | Mobility and transport (europa.eu)

country 2010 2011 2012 2013 2014 2015 201eé 2017 2018 2019
Belgium 108 115 117 109 107 94 81 95 74 92
Bulgaria 174 149 135 108 156 164 118 157 123 154
Czechia 168 176 163 162 130 150 130 129 142 111
Denmark 44 33 31 34 22 27 36 20 30 30
Germany 476 614 527 561 527 545 500 489 464 421
Estonia 14 26 29 23 26 24 22 10 12 11
Ireland L 47 29 31 41 31 35 - - -
Greece 179 223 170 151 125 128 149 118 146 145
Spain 471 380 370 37 336 367 389 351 386 381
France 485 519 489 465 499 466 553 480 468 476
Croatia 105 71 72 69 73 61 67 56 65 61
Italy 621 589 576 551 578 602 570 600 612 534
Cyprus 13 13 10 8 10 16 14 15 8 -
Latvia 79 60 62 70 71 63 55 51 50 40
Lithuania - - - 96 109 81 - - - -
Luxembourg 1 6 6 5 3 7 8 4 3 2
Hungary 192 124 156 147 152 148 152 170 165 144
Malta - - - - - 5 8 7 2 -
Netherlands 62 65 64 51 50 60 44 64 50 49
Austria 98 87 81 82 71 84 73 73 aj 69
Poland 1236 1408 1157 1140 1116 915 868 873 803 793
Portugal 195 199 159 144 145 146 123 130 163 -
Romania 868 747 728 726 697 649 717 733 690 729
Slovenia 26 21 19 20 14 16 22 10 13 15
Slovakia 126 - - - - - 80 55 72 80
Finland 35 41 29 34 36 32 29 27 25 15
Sweden 31 53 50 42 52 28 42 37 34 27
EuropeanUnion 5952 5986 5441 5308 5246 4998 4966 4870 4763 4668
Iceland 2 4 2 1 0 1 2 0 0 1
Norway 24 16 22 18 18 12 15 11 13 13
Switzerland 75 69 75 69 43 58 50 a7 43 37

When it comes to the number of pedestrian fatalities by age group, statistics of 2019
showed that the most vulnerable age group in Greece was that of the ages >65 years, and
the second group with a high number of fatalities is one of 25-49 years. The group with the
lowest fatalities was the age group 15-17 years (table 2.3)
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Table 2.3: Number of pedestrian fatalities by age group and by country for the last available year | Mobility
and transport (europa.eu)

Country Year Unknown <15 15-17 18-24 25-49 50-64 65+ Total
Belgium 2019 4 6 1 7 26 13 35 92
Bulgaria 2019 2 7 2 1 28 33 81 154
Czechia 2019 1 3 3 9 34 17 44 111
Denmark 2019 0 0 0 3 7 3 17 30
Germany 2019 0 22 6 27 68 63 235 421
Estonia 2019 0 1 0 0 2 2 6 M
Ireland 2016 0 2 1 1 11 6 14 35
Greece 2019 8 b 1 5 35 24 66 145
Spain 2019 5 12 2 12 72 61 217 381
France 2019 0 11 10 32 102 74 247 476
Croatia 2019 2 b 0 0 13 11 29 61
Italy 2019 5 8 3 18 90 94 316 534
Cyprus 2018 - 0 - 0 1 2 5 8
Latvia 2019 3 1 0 0 15 14 7 40
Lithuania 2015 1 1 1 5 20 19 34 81
Luxembourg 2019 - 0 0 1 1 0 0 2
Hungary 2019 1 4 0 9 31 38 61 144
Malta 2018 - 0 0 1 0 0 1 2
Netherlands 2019 1 3 0 3 8 5 29 49
Austria 2019 0 6 0 5 9 9 40 69
Poland 2019 8 15 9 41 192 230 298 793
Portugal 2018 - 2 3 6 20 43 89 163
Romania 2019 8 33 9 6 153 220 300 729
Slovenia 2019 - 0 1 0 3 2 9 15
Slovakia 2019 1 2 1 3 16 28 29 80
Finland 2019 0 0 0 b 2 6 15
Sweden 2019 0 2 0 1 8 - 12 27
EuropeanUnion 2019 50 153 53 197 971 1017 2227 4668
Iceland 2019 0 0 0 0 0 0 1 1
Norway 2019 0 0 0 0 2 2 9 13
Switzerland 2019 0 2 1 1 7 2 24 37

Moreover, 13 European countries have been collecting injury data from the accidents and
organising them in the EU Injury Database. The reports can provide information on the
casualties attending hospital, the length of stay there, the nature and type of body part
injured and probably the long-term consequences of injuries.

Figure 2.10 shows that 45% of the pedestrians that were involved in accidents needed
medical health and hospitalisation, while figure 2.11 shows that the average number of
hospitalisation days has an average of ten days for pedestrians and eight days overall.
These facts confirm the vulnerability of these road users toward the other groups.
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Figure 2.10: Percentage of non-fatal accidents that were admitted to hospital by transport type
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Figure 2.11: Average length of hospitalization of non-fatal road accidents by type of transport

Many studies have been conducted to analyse pedestrian accidents in particular related
with the network characteristic, and some of them, like Schuurman et al. (2009), tried to
connect them with the built environment. Specifically, the study of Schuurman et al.
(2009) analysed combined data of pedestrian accidents in Vancouver during the period
2000-2005 and 2001-2006, from each data source, respectively. They found the locations
of the hotspots, which were concentrated mainly in the city centre and downtown streets.
Among 32 locations, 21 of them were found to be near bars, and 11 of them had high
alcohol establishment density. They concluded that countermeasures were absent in most
of the hotspots. Additionally, the risk of pedestrian injury was highly associated with bars’
presence. Finally, proposes about possible locations for new signalised pedestrian
crosswalks were made.

Another study was conducted by Benedek et al. (2015) in a Romanian city to not only
identify the hotspots of the road network but also link them to the social background of
road traffic crash occurrence. Kernel Density estimation was used to determine the hotspot
locations, while the street segments were divided into four categories ranking the road
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hazard from low to high. From the pedestrians’ perspective, the study reflected a different
conclusion, as the most vulnerable group with higher crash involvement was women of
ages 11-25.

Another interesting study is that of Blazquez and Celis (2012) in Santiago, Chile. They
analyse data of child pedestrian crashes, which is a topic that not many studies have been
able to analyse. Their Spatio-temporal analysis includes data during the period 2000-2008
and identifies seven critical areas with high risk for child pedestrians. The methods used
were those of Kernel density and Moran’s I index. A positive spatial autocorrelation was
found on factors like time of day, straight road sections and intersections and missing
traffic signs, whereas, for crashes related to age attribute, the pattern was found to be
random

2.3.3. Pedestrians risk management measures

In order to prevent pedestrian accidents, cities and local authorities are continually taking
different measures and finding solutions not only for the improvement of the traffic
network but also for the built environment to be more pedestrian-friendly. Generally,
deaths and accidents that involve pedestrians may be reduced by taking measures like:

\ Reducing speed limits in certain areas

\ Taking caution of street lighting

\ Wearing bright reflective clothes

\ Planning for more uninterrupted footpaths

\ Designing crash-friendly car fronts for minimising injuries.

Road architecture can also have a huge impact on the limitation of collisions. Figures 2.12
and 2.13 display changes in the environment that aim in limiting the vehicles’ speed and
lead to more comfortable walking zones.

Figure 2.12: Road architecture solutions for more pedestrian-friendly cities
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Figure 2.13: Changes in road architecture and design to pedestrian-friendly solutions

In addition, countries have been taking active measures through programs and projects in
favour of pedestrians. The European Commission, in particular, has continuously
supported new developments in road safety through subsequent framework projects and
other safety initiatives. Some of them involve long-lasting projects, which are mentioned

below:
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e Aprosys

This Integrated Project on Advanced Protection Systems (APROSYS) aimed to improve
passive safety for all European road users in all relevant accident types and accident
severities, by introducing and developing new technologies. The project focused on
scientific and technological development in the field of passive safety (crash safety), which
concerns in particular human biomechanics, vehicle and infrastructure crashworthiness and
occupant and road user protection systems. More specifically, the project aimed at
introducing

v" New mathematical models of the human body,

v New knowledge and tools for intelligent safety systems,

v Enhancement of virtual testing technology,

v New test methods,

v Advanced protection systems for injury reduction in most relevant accident types.

About the protection of the vulnerable road users, the APROSIS aimed to develop
evaluation methods and advanced protection systems for cars, multi-purpose vehicles and
sport utility vehicles, as well as to introduce test methods for vehicle front end to assess
pedestrians, developing vehicle-based pedestrian and pedal cyclist safety technologies and
material models for laminated materials.

e \Watch over

O/\S
WATCH-OVER

COOPERATIVE VULNERABLE ROAD USERS

This project started in January 2006 and successfully ended in December 2008. It was co-
funded by the European Commission Information Society Technologies to design and develop
a cooperative system to prevent accidents involving vulnerable road users (pedestrians,
cyclists and motorcyclists) in urban and extra-urban areas. It was based on a communication
system between the vehicles’ onboard module and the vulnerable road users that were
equipped with the Watch-Over module. The relative position of the user vs the drivers is real-
time detected while the appropriate information to the driver is given only in perilous
situations. Furthermore, feedbacks are given to the road user with visual or acoustic warnings

(HMI).
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Figure 2.14: WATCH-OVER: Vehicle-to-Vulnerable road user cooperative communication and sensing
technologies to improve transport safety (watchover-eu.org)

¢ VOICE

VOICE is an activity of ETSC whose main purpose is the protection of vulnerable road
users (pedestrians, cyclists) by raising awareness of their needs. The aim is to acknowledge
the responsibility and to implement drastic measures that are necessary for the protection
of these users.

Finally, within the context of smart management, cities around the world have begun to
implement different ways, like Light Detection and Ranging (LiDAR), to monitor traffic as
an action to protect pedestrians and cyclists, especially during night hours. LIiDAR sensors
can be installed in key locations, like intersections and particular road locations, to collect
traffic data autonomously. These data, when processed, can provide useful information
about pedestrian movement and traffic density, identify speeding vehicles and then
compare by the time of day, day of the week to identify patterns and make predictions for
the future. All these conclusions can help urban and transportation planning to improve
policies and traffic safety (Becker, 2021).

Figure 2.15: LiDAR technology in help of traffic management (www.lidarnews.com)
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3. METHODOLOGY

3.1. Introduction

This chapter refers to the methodology followed for analysing the factors of the urban
morphology that affect pedestrian safety and, therefore, lead to accidents. Methods
presented were followed for the segmentation of the data collected. Methodology
constitutes a valuable scientific tool, which determines the given approach to the
examination of the phenomena. The current thesis aims to analyse the Spatio-temporal data
of the pedestrian accidents in the city of Athens and correlate them with the urban
morphology and land use through GIS network analysis tools. The analysis requires an in-
depth understanding of the case area to determine the factors that might affect it.

This chapter outlines the specific characteristics of the case area and refers to the parts of
the methodology used along with the variables needed for the analysis. In addition, there is
a brief description of the tools, methods and techniques used during the network analysis.
Finally, data collection and use are mentioned for a better understanding of the sample.

3.2. The case area

(@Geﬂy‘l‘n“\ages’x = w0 | ‘ / YRR B X e g ’
Figure 3.1: An aerial view of Athens, as the sun sets behind the city's most famous ancient landmark, the
Acropolis(Source: https://www.dailymail.co.uk )

Athens is the capital and the largest city of Greece. According to the European Statistical
System (ESS) — Eurostat, Athens is the 6th most overpopulated capital of the European
Union, with a population of nearly 3.000.000 citizens in Greater Athens and an area of 400
km?. The Athenian road network consists of major highways, boulevards, paved roads and
the demand amounts to 8.900.000 routes on a typical daily basis. Cars are the main means
of transport, and the number of private cars in Athens reaches approximately 3.000.000
vehicles.
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The city of Athens was chosen as the case area since it is the biggest and most populated
city in Greece. Its population density compared with the land area makes it quite
interesting to examine. Moreover, the road network of Athens is quite complicated, as it
consists of many central arteries running through the city and connecting it with the
surrounding areas. The most common problems that occur due to this fact are traffic jams,
road accidents, reduced space of car parks and difficulties in using other eco-friendly
means of transport, like cycling and walking. These issues lead to air and noise pollution,
high energy usage, high economic costs and life degradation. The reduced movement space
for pedestrians raises safety issues during their interactions with the vehicles using the
same network.

The city of Athens dominates the Attica region and is located at the very centre of it (figure
3.2).
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Figure 3.2: The city of Athens in ArcMap
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The population of the Municipality of Athens, which constitutes a small administrative unit
of the city, was recorded as 664,046 citizens by the 2011 census, while the land area of the

city is 38.96 km?. It is divided into seven local communities, which include the historic
centre of the city and the surrounding neighbourhoods (figure 3.3).
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Figure 3.3: Athens city local communities
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Table 3.1 shows the areas that are located in each of the seven local communities and their
population, as found during the census of 2011.

Table 3.1: Athens city communities

1t AC-Central area  Syntagma, Omonia, Monastiraki, Plaka, Kolonaki, 75.810
Lykavittos, Exarcheia, Koukaki, Ilisia, Makrygianni

2"d AC-North East  Pangrati, Zappeion, Mets, Kynosargous, Gouva, 103.004

area Neos Kosmos, Dourgouti
34 AC-North West  Asteroskopeio, Petralona, Thission, Rouf, Votanikos 46.508
area

4" AC-West area  Kolonos, Akadimia Platonos, Kolokynthou, Profitis 85.629
Danaiil, Sepolia, Nirvana

5t AC-North West  Kato Patisia, Probona, Agios Eleftherios, Patisia, 98.665
areas Rizoupoli

6" AC- North areas  Plateia Amerikis, Plateia Attiki, Kypseli, Nea 130.582
Kypseli, Ano Kypseli

7t AC- North East  Nea Filothei, Ampelokipoi, Goudi, Kountouriotika, 123.848
Erythros Stavros, Girokomeio, Polygono, Gkyzi

3.3.  Analysis Techniques

As previously stated, it is important that before proceeding in the main analysis, the sample
is understood in-depth and that the accidents are organised based on the categories that are
to be examined. Therefore, the analysis consisted of three main parts:

= Statistical Analysis
= Spatial Analysis
= Network Analysis

3.3.1. Statistical Analysis

Statistical analysis is the science and study of the collection, organisation, analysis,
interpretation, and presentation/visualisation of data. It is the first and very important step
of the identification of the population used in the study. It can be defined as Descriptive
and Inferential Statistics.

The first one outlines the population data characteristics in consideration to what is
observed in the sample by describing it numerically or graphically. Categorical data can be
described by frequency and percentage, while numerical descriptors, like standard
deviation, are useful for continuous data types.

The second one uses patterns of the sample data to draw inferences, taking into
consideration randomness. Inference can include interpolation or extrapolation of spatial
data or time series.
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For the purposes of this study, the statistical analysis took place in ArcGIS Pro and Excel.
ArcGIS Pro offers the option of using the data attributes to create different types of charts,
including line charts, bar charts, scatter plots, QQ plots, histograms etc. An ArcGIS Pro
chart is defined by the chart class, which can also be used to define the chart title, axes and
other properties. The chart class is a parent class for additional classes in the arcpy.charts
modules.

Using both Excel and ArcGIS Pro charts, the data was studied and processed statistically
and quantity in categories and was visualised and presented in tables and charts.

3.3.2. Spatial Analysis

The main aim of Spatial Analysis is to detect patterns of space and identify and model the
interactions of these patterns to understand the representation of space and processes
efficiently (Fischer, 2006).

Explanatory data analysis is used to determine patterns within a sample, outliers and
trends. Techniques like these are effective for highlighting particular features and detecting
relationships within the sample. As an extension of exploratory data analysis, exploratory
spatial data analysis deals mostly with the aspects of space (Haining, 1990; Fischer 2006).

When referred to GIS, spatial analysis and transportation (GIS-T), Miller (1999) mentions
the first one as a vehicle that disseminates spatial analysis tools to transportation
researchers.

Spatial Analysis took place in GIS software. Due to licence restrictions, both ArcMap and
ArcGIS Pro were used. More specifically, the techniques and tools used are described as
follows.

= Spatial pattern

A spatial pattern is used to identify the spatial distribution of pedestrian accidents. The
spatial pattern describes the way a group of variables is spatially arranged (Photis, 2009).
However, the researcher should take into consideration the fact that the spatial patterns are
identified in maps, which are statical spatiotemporal captures (Koutsopoulos, 2009).
Furthermore, the area extension and boundaries, as well as the projection system, are to be
considered during a spatial pattern analysis. The spatial pattern can be captured in three
different types:
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clustered

.
L]

Figure 3.4: Basic types of spatial patterns

v" Random pattern

If a random pattern occurs, there is no meaning in analysing it further as it indicates
that the probability of a variable’s appearance in a random location is the same and
the location of a variable is not related to the location of another variable of the
same distribution.

v Regular pattern

Regular patterns are usually spotted in competitive processes with the purpose of
the variables to have a significant distance between them. This pattern indicates
that the distribution’s density of the variables is equal.

v" Clustered pattern
A clustered pattern appears when the variables exist close to one another,
facilitating the transfer of properties.

One of the most commonly used methods for determining the spatial pattern is Nearest
Neighbor Analysis, which focuses on the distance between the data points. It is possible to
first calculate the expected mean centre from the nearest neighbour distances for a random
pattern, while it has to be compared subsequently with the real-observed value of the
distribution. The expected mean value of the distances between every point and its nearest
in the case of the random pattern is calculated by the equation:
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“a=3a

For N: the number of points and A: the case study area

The observed mean centre of the distances each point has from its neighbour is calculated
using the equation:
N

dn = d;
m= N

i=1
For di: the distance of each point from its nearest

The spatial pattern is determined by the quotient dII / da. This quotation’s values can
have a range from 0 to 2149 which stands for the regular pattern (Clark and Evans, 1954).
In the case of a random pattern, the given value is 1 as the expected mean distance is equal
to the observed value. However, the Nearest Neighbour Analysis shows the tendency of
the phenomenon and does not determine the spatial pattern. It is very important to
determine the exact boundaries of the study area which is highly correlated with the spatial
pattern determination. Specifically, a certain point group that is located in a specific area
with a random pattern, doesn’t necessarily have the same pattern with a larger area that
contains the previews one (Clark and Evans, 1954).

= Kernel density

Kernel Density Estimator was used to identify the denser areas, depending on the severity
of the accidents. This method uses the density of near variables to calculate the
characteristics of the area capturing the real essence of space; rather than focusing on
specific areas, it identifies the characteristics of the whole neighbourhood (Porta et al.,
2009)

=  Mean Center

The mean centre, which is the main indicator of spatial centrality, was calculated for every
group of accidents depending on the year they occurred and their severity. Every spatial
point feature i has its coordinates x;i and yi, which for the mean centre are described by the
following equations. These functions calculate the coordinates of the centroid of all the
points of the sample that have the same weight.

n
f_Zixi _ _ Xiyi
n ! y n

In case the points, of which the mean centre is calculated, do not have the same weight
then it is calculated by the following equations:

- . S . [ . P;
X=X xifi , Y=2XLyifi, fi=sm75"
i=1"1
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*fi is the relative weight, and P; is the i points’ weight

If we use the mean centre as a number, described by its coordinates, it makes no significant
sense. On the contrary, it is a very important indicator when it is graphically presented on a
map along with other geographical distribution points. The mean centre is a location that
represents a concentrated distribution on a map, providing important information to the
researchers (Koutsopoulos, 2009). The mean centre is used to study the temporal changes
of a factor and can be used as an indicator for the comparison of distributions of the same
phenomenon for the same spatial unity. The locations of the mean centres at a specific time
provide important spatial information about the area studied. In addition, it is possible that
the same mean centre can result from two different geographical distributions (Photis,
2009). The mean centre does not change due to a shift or permutation of the coordinate
system.

= Spatial Autocorrelation — Global Moran’s I and Local Moran’s 1

Spatial autocorrelation defines the relation between the values of a single variable and is
related to the geographical arrangement of the area where the variables are detected. It
detects the data similarity in a specific area, the degree of the autocorrelation of the spatial
phenomenon, the autocorrelation between the variables, the type and strength of the
interdependence (CIliff, A. and Ord, J.K., 1981). Thus, spatial autocorrelation is an
evaluation of the correlation of the variables, referred to their spatial location, while it
assesses whether a spatial plan exists in case of the variables being interrelated (Photis,
2009).

Spatial autocorrelation affects data distribution as the values of a variable tend to have a
more centralized distribution. In a positive autocorrelation, the similar variables are
gathered together, while in a negative autocorrelation, the dissimilar variables are (Photis,
2009). In cases of positive autocorrelation the entities operate at the same intensity, while
when a negative autocorrelation occurs, areas that interrupt the phenomenon can be
identified, which can be superior or lagged compared to the general area.

Many spatial autocorrelation indicators can be used depending on the research (Cliff and
Ord, 1981; Goodchild, 1986; Chou, 1997). This study uses Global Moran’s I for the
categories of the pedestrian accidents with a yearly weight, to identify the spatial pattern
through the years that the accidents occurred, and determine whether the pattern in the
accidents’ locations is random, regular or clustered.

Global Moran’s I measures the correlation between adjacent observations in a spatial
arrangement. Global Moran’s I indicator is calculated as the quotient of spatial covariance
with the total variation and it can take values from -1 to 1 (Moran, 1950). Positive values
stand for positive spatial autocorrelation, while the opposite stands for negative values. The
zero value indicates that the autocorrelation is neither positive, nor negative, and the
pattern is random. Moran’s I refers to all the study areas. During 90’s it was mentioned that
a catholic indicator consists of local autocorrelations (Anselin, 1993; Anselin, 1995). Thus,
it is important to use the local indicators in order to identify the specific concentration
areas and their sizes. Local Moran’s I, which is a local autocorrelation indicator, is
described by the following equation (Anselin, 1995):
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X;

I = %2];1 * wi, j(x; — X)*
*xi: descriptive feature of entity i
X:the mean value
wi,j: the spatial weight between i and j entities
n: the number of entities
and S; is determined by the following equation:

n
z. iU
§? = —’n -~ 11 — X2

Local Moran’s I indicator is a local autocorrelation index and has been widely used in the
geographical analysis for finding the areas of variables’ concentration and their
categorization in regular or clustered (Knight et al., 2018). The positive value of | shows
that the entity is surrounded by other entities with similar values, meaning that the entity is
part of a cluster. The negative value of I, on the other hand, shows that the entity is
surrounded by entities with dissimilar values, and the entity is considered a spatial outlier.
Local Moran’s I can be interpreted through the values of Z-score or p-value, which can
indicate a high-value cluster (HH), low value (LL), and spatial outliers of high values
surrounded by low ones (HL) and the opposite (LH).

In the case of the pedestrian accidents, Local Moran’s 1 can spot the locations with the
highest values through time, indicating that in those locations accidents have currently
occurred. Locations with the lowest values can spot the accidents that have occurred many
years ago, and the spatial outliers indicate that the locations are hotspots for often
accidents.

3.3.3. Network Analysis

During recent years Geographic Information Systems (GIS) and Network Analysis, have
had a rapid development and use due to their scientific and methodological advances. The
main purpose of GIS is to process geographic information, which is characterised by
geographic location. Longley et al. (2001) mention that location is the most important and
valuable asset of GIS, offering the ability to map compositions, and link different kinds of
data that refer to the same space.

Network Analysis is part of GIS-T, which refers to geographic information science and
systems with regards to transportation problems (Fischer, 2006). GIS-T requires new data
structures than those of standard GIS, in order to represent the complexity of transportation
networks effectively; thus, they perform different network algorithms.

A network can be considered as pure when it is characterised by its topology and
connectivity or as flow when it is described by its topology and flow characteristics. Bell
and lida (1997) refer to the transportation network as a flow network consisting of
vehicles, people movement and goods (Fischer, 2006).

The transportation network is usually represented by nodes and links, which represent
respectively points of space, as well as possible time and pieces of transport infrastructure.
Links can be undirected or directed towards the movement.
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3.3.4. Geographically Weighted Regression

Regression Analysis is a statistical process that is used for the estimation of the correlation
between a dependent variable with one or more independent variables. It is especially
useful as it connects the changes of the dependent variable by changing one of the
independent variables, while the rest of them remain constant. Linear Regression is the
simplest case of the least-squares method where there is the dependent variable Xi and
only one independent variable Yi. Geographically Weighted Regression (GWR) is used in
spatial analysis, allowing the examination of the local fluctuations in spatial processes. It
was firstly introduced by Fotheringham, Charlton and Brunsdon in 1996 (Andrikopoulou,
2019).

For the purpose of this study, Geographically Weighted Regression was used with
pedestrian accidents selected as the dependent variable and the independent variables those
of the categories of the points of interest. It is calculated with the definition of a circle
around each remark of the dependent variable and the regression model is calculated from
the remarks found inside the circle. The radius of the circle was chosen as the minimum
walking distance.

3.4. Data collection methodology

Data collection is the most critical part of every research as it determines the quality and
defines the results of the project. The data must be collected from accurate sources, that
ideally also provide metadata to ensure quality and reduce errors. It is also one of the most
challenging parts, as, although the amount of the available data is continually growing, it is
not always possible to collect them either due to privacy restrictions or due to the fact that
they are not free.

In this case, the collection was based on data available from competent bodies, which were
processed and organised in specific datasets to consist of a proper database for the analysis.
More specifically, the data was collected from the Hellenic Statistical Authority, which is
responsible for the accidents’ data collection and organisation of the digital records in
Greece. The purposes and uses of the data may vary due to the differences in the services
that might be using them. Therefore, the way they are organised and stored might not be
appropriate for every kind of analysis. The spatial analysis also requires that the data are
correctly stored in certain databases that can be analysed properly.

The database collected for the purpose of this thesis was previously used for analysis and
therefore had already been processed through the process of Geocoding (Liogka 2019).
This process uses the addresses of the locations where the accidents occurred and
corresponds them to their exact coordinates. Errors might occur during Geocoding as it is
completely automated. Therefore, some points might require manual corrections. The
database available required the correction of approximately 15 points (figure 3.4).

More specifically, the dataset contains 1328 pedestrian accidents that occurred in the city
of Athens during the years 2008-2017. The Hellenic Statistical Authority collects these
data from the Hellenic Traffic Police, digitises and organises them in geodatabases. This is
the basic source for collecting accident data in Greece as the Traffic Police is the only
Authority to collect information when an accident takes place. The research about road
accidents takes place every month and reviews the number of accidents that occurred in
every municipality by organizing the accidents based on their severity and type (e.g.
pedestrians, drivers, etc.). Broader research takes place every year, as well. Data collection
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and organisation is also done monthly. The basic factors registered are the accident
location (address), road type, road condition, involved person identification and
information. Accident data are released ten months after their collection.

Figure 3.4 shows the pedestrian accidents, as they were organised in a personal
geodatabase for use in the ArcGIS software. As shown, the database contains information
about the exact address where the accident took place, the year when they occurred, the
severity, the number of persons involved and the mode, which in this study consists only of
pedestrians. The severity of the accidents takes three different values: slight, serious, fatal.

Field: ] Add [E Calculate | Selection: E?E Select By Attributes .QEE‘ Switch

4 Shape® OBJECT -  Year_ Address Murnber_  City FullAddres lon lat Casualty Mode | Persons
Point 3| 2008 ATIAZ TAYKEPIAT 22 AGHNA AMALZTAYKEPIAL 22 A.. |37,98012 2370827 Ehoppd TpoupoTiog MNelog 1
Point 4 2008 ATIAL NAYPAZ 26 AGHNA ATAZ AAYPAZ26,A0.. 3801826 2373991 Ehappd TpoupoTiag Melog 1
Point 5 2008 AMQCY MEAETIOY 36 | AQHNA AMOY MEAETIOY,36,A.. |37,99996 12373573 Ehoppd TpoupoTiag Melog 1
Point 6 | 2008 ATlIAZ MAPAZKEY.. 21 ABHNA ATMAZ MAPAZKEYHEZ2.. 2 |23,73142  Ehouppd TpoupaTiog MNelog 1
Point 7| 2008 ATOY ®ANOYPIOY 32 AQHNA AMOY QANOYPIOY,32.. 23,751 | Ehauppa Tpoupartiog Melog 1
Point 8 | 2008 ATlAZ OEKNAZ 11 AGHNA ATMAZ QEKNAL11,AQ.. 2372463 Ehoppt TpoupoTiog Melog 1
Point 9 | 2008 AINANGY 10 AGHNA AINANOY,10,ABHNA |38, 8 |23,73247 |Ehagppd TpoupoTiog MNelog 1
Point 10 2008 AINOY 16 AGHNA AINOY,16,AOHNA 23,7367 |Mekpog MNelog 1
Point 11| 2008 AIOADY 10 ASHNA AIOAOY,10,ABHNA 3797545 (2372743 Ehouppt TpoupOTiog Mzlog 1
Point 12 2008 AIZOQMOY 16 AGHNA AIZQMOY,16,A0HNA 37 23,72373 Ehouppd TpoupOTiag Melog 1
Point 13 | 2008 AIZXINOY 37 AGHNA AIZXINOY,37AGHNA  |37,97008 2373084 Ehoppd TpoupoTiog MNelog 1
Point 14 2008 AKAAHMIAZ 96 AGHNA AKAAHMIAL 96, AOHMA 3798502 2373172 Ehappd TpoupoTiag Melog 1
Point 15 | 2008 AKOMINATOY 63 AGQHNA AKOMINATOY,63,A0... |37,98902 2372398 Ehoppd TpoupoTiog Melog 1

I Point 16 | 2008 AKPOTHPIOY 3 AGHMNA AKPOTHPIOY,3 A@HNA 3795102 23,72507 Ehcuppd TpoupaTiog Melog 1

Figure 3.5: Pedestrian accidents’ database

In addition to the accident locations, network data was collected, as well as background
data of the city of Athens, for better visualisation and map compositions. Furthermore,
three-point data sets were used for the network analysis and the correlation of the landuses
to the accidents. The first one was the data set with the points of interest, comprised of
different types of landuses. This was a large dataset downloaded from open street maps
and obtained information on the locations and types of landuses that are spotted in the city
of Athens. The other two datasets consisted of traffic and transportation data, which were
considered to be important for this type of analysis, and they were analysed along with the
points of interest (figure 3.5).
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4. DATA ANALYSIS

This chapter includes the analysis methods used to process the available data as well as the
conclusions of the analysis. First of all, the statistical analysis provides all the information
needed to better understand the sample. In addition, space analysis methods were used to
identify the locations of the high incidents’ rates (hotspots), which were mapped using
Geographic Information Systems (GIS). Network Analysis was used to determine the
walkability from interest points, and identify the potential influence of certain land uses
around the hotspots. Bivariate maps and Geographically Weighted Regression were used to
specify the possible correlation. Finally, the analysis results were presented through maps
and a dashboard.

4.1.  Statistical Analysis - Sample Characteristics

As stated in the previous chapter, data collection was made by the Hellenic Statistical
Authority. It consists of 1318 pedestrian accidents of different severity that took place in
the city of Athens from 2008 to 2017. As shown in table 4.1, 1208 accidents were of slight
severity, 80 were considered as serious, while 30 were fatal. The table also shows the
accidents categorised by the number of persons involved as well as the number of
accidents per year.

Table 4.1: Sample ID

Sample characteristics Accidents

Occured 1318
Severity

Slight 1208

Serious 80

Fatal 30

Persons Involved

1 1241
2 68
3 7

4 2

No of accidents per Year

2008 182

2009 182
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2010 179
2011 173
2012 131
2013 98
2014 98
2015 97
2016 97
2017 81

Figure 4.1 shows the change in the number of accidents over the years, while figure 4.2
shows the change in percentages. During the years 2008 — 2012 the number of accidents
continued to remain high. In 2012 there was a reduction in this number which continued
until 2013. The percentage of pedestrian accidents fell below 8% and remained like this for
the next years.

Change in data counts over Year

2009 2010 20M11 2012 2013 2014 2015

Year
Figure 4.1: Change in data counts over Years (2008-2017)
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Percentage of accidents over Year

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

Year
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Figure 4.2: Change in percentage of accidents over Years 2008 - 2017

The decrease in road accidents came firstly as a result of the crisis in Greece, where the
number of cars was reduced reportedly by more than 58% in 2011 (Hellenic Statistical
Authority, 2011). In addition, after 2010, many efforts were made by the Public
Authorities to decrease road fatalities. Efforts included infrastructure improvements,
changes in legislation, education schemes and campaigns. As a result, Greece was recently
awarded the 2021 Annual Road Safety Award of the European Transport Safety Council
for achieving a reduction by 50% in road fatalities during the period 2010-2020 (ETSC,
2021).

Figures 4.3 and 4.4 show charts of the categorised severities over the years and their
comparison each year, respectively. 2010 shows higher percentages in serious accidents
than the other years, while fatalities were higher in 2013. Slightly injured accidents seem to
follow the general pattern of the sample, which is considered normal as they represent the
biggest percentage of it.

Accident severity over Year

Shght
* Serious

Fatal

2008 2009 2010 2011 2012 2013 2014 2015 2016

Year

Figure 4.3: Accident severity through the years 2008-2017
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Comparison of severity by Year

Slight
_ M Serious

M Fatal

2009 2010 201 2012 2013 2014 2015 2016 2017

Year
Figure 4.4: Stacked chart of accidents severity through the years 2008-2017

The last chart (figure 4.5) shows the persons involved in the accidents during the years.
Accidents that involved four persons are spotted through the years 2008-2010. Accidents
involving three persons have remained at the same levels since 2009. Furthermore,
accidents, where two pedestrians were involved, ate spotted during all the available data,
while they had two peaks in 2010 and 2016. Finally, the accidents with one pedestrian are
high in percentage until 2011, fell below 90 in 2013 and below 80 in 2017.

Persons involved in accidents over Year

2008 2009 2010 2011 : 3 2014 2015 2016

Figure 4.5: Chart or persons involved in each accident through the years 2008-2017

4.2.  Spatial Analysis

Statistical analysis methods cannot always describe complex spatial relations between data.
In this case, Geographic Information Systems and Spatial analysis are used to define the
complex relations between different features (Photis, 2010). However, spatial analysis of
pedestrian accidents cannot be determined as an isolated phenomenon without examining
the road network and the urban environment.

During the analysis, the ArcGIS platform was used. ArcGIS Pro was used mostly for the
visualisation and map processing, while ArcMap’s use was necessary as well, primarily
due to the restrictions of the software in trial and student use versions. Firstly, accident
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locations were categorised into groups based on the year they occurred (figure 4.6). As
expected, most of the accidents are concentrated on the main roads of the city centre.
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Esri, HERE, Garmin, METI/NASA, USGS

Figure 4.6: Pedestrians’ accidents location over Years

In addition, they were also categorised based on their severity. To visualise the accidents
by their severity throughout the years, the “small multiple” of maps in figure 4.7 were
composed in ArcGIS Pro.
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Figure 4.7: Small- multiples map of pedestrian accidents in Athens during the years 2008-2017
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The map of figure 4.8 shows the concentration of the accidents in every local community
normalised by the population of each of the seven communities. In order to compose this
map, the layer of the local communities was enriched with the population number as stated at
the National Statistics service from the census of 2011.

Casualties per Local Community
normalized by population

-

Standard Deviation Error
[] <-0.505td. Dev.
[ -0,50- 0,50 5td. Dev.

0 1 2 Km [ 0,50- 1,5 5td. Dev.

L T B 5245t Dev.

Figure 4.8: Standard deviation error of pedestrian accidents’ density per population in the local communities of
Athens

Moreover, the map of figure 4.9 shows the population density of each local community
normalized by each area, respectively.
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Population density of Athens

Local communities population per area

Population / Shape_Area

Low Density
0 1 2Km . High Density

BT s e B e

Figure 4.9: Population density per area of the local communities

As spotted, the 1% community has a higher density in accidents despite having a lower
population number than the other. The results are better understood on the bivariate map of
figure 4.10, which shows the concentration of pedestrian accidents vs the population per
area. The 6™ community appears to have the highest number of population and accidents,
as well.
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Pedestrian accidents vs Population

normalization : area

Sth AC

AccidentsVSPopulation

Figure 4.10: Bivariate map of pedestrian accidents and population density per local community

Space-time cube analysis was used to determine the pattern of the areas where more
accidents took place. Space cube analysis takes into consideration the trends of accidents
through the years and determines whether a hotspot is a new one or has been in a specific
area through the years of the examination. Figure 4.11 shows the parameters used for this
analysis. Through Geoprocessing, the Create Space Time Cube By Aggregating points
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Tool was used. This tool requires a time field. It is necessary that during the data
processing, the date is stored as such in a specific field of the attribute table and not as text;
otherwise, the analysis will not run properly. The time step interval was set as one year due
to the sample we had at our disposal. The aggregation shape type was set as a Hexagon
grid, and the distance interval was set as 200 meters which is a normal average distance to
take into consideration about pedestrian movement.

Geoprocessing v X%
(€) Create Space Time Cube By Aggregati... ()

Parameters Environments )]

Input Features

Accidents over Year -

Output Space Time Cube
O\ Thesis\data\time_cube.nc

Time Field
date_ -

Template Cube

Tirne Step Interval
1| ['ears -

Tirne Step Alignment
End time M
Aggregation Shape Type
Hexagon grid v
Distance Interval

200/ |Meters -
Summary Fields Y_,'

i -

= Run -
Figure 4.11: Space-Time Cube tool

At the end of the analysis, the software shows by default a message with detailed statistics
about the analysis. It is pointed out that it has been a statistically significant decrease in
accidents over time (figure 4.12).

* Messages
Min ¥ 4199764 ,1455
Max X 431239,8952
Max Y 4289064 ,1455
Rows 46
Columns 5@
Total bins 23000
--====------- Oyerall Data Trend - COUMT -------------
Trend direction Decreasing
Trend statistic -3,7878
Trend p-value o,80a2

Figure 4.12: Space-Time Cube tool results
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Figure 4.13 shows the patterns of pedestrian accidents in Athens as processed through the
space-time cube.

Kritik]
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NASA, USG)
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( . Zografos
e - Kentro
. 6 Athens (@ .‘

Kallithea & 2 =
/ . ’ Vyronas
|- 12 Hot Spot B consecutive cold spot
X - | ‘A
Nea Smyrni O
Agios s
Dimitrios
Hisforical Hot Spo

Palaio [m] ievr Cold Spot jlioupoli Pl S e
Faliro Esrl, HERE, Garmin, METI/NASA, USGS

Figure 4.13: Space-time cube

The results indicate that there are sixteen persistent hotspots in the city, with thirteen of
them gathered in the very centre of Athens, around Omonia square and the area of
Exarcheia. In addition, there are three intensifying and two consecutive hotspots in the
northern part of the city. This pattern was created using the parameters below.
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Geoprocessing - x|
© Emerging Hot Spot Analysis (&) 1:
Parameters Environments .:?:; {

Input Space Time Cube
O\ Thesis\data\spacetimel.nc

Analysis Variable
COUMNT -

[ PP £

Output Features
spacetimel_EmergingHotSpotAnalysis3

Conceptualization of Spatial Relationships

Fixed distance

Meighborhood Distance
200| |Meters -

Mumber of Spatial Neighbors

Meighborhood Time Step
1

Polygon Analysis Mask

Define Global Window

Individual time step

Figure 4.14: Hotspot analysis parameters

We can change the spatial relationship and use k nearest neighbour instead of a fixed
distance. In this case, the results are as shown in picture 4.15 and the parameters as shown
below. Notice that in this case, three new hotspots have appeared in random locations,
while there are six persistent and fifteen sporadic hotspots.

~ | Geoprocessing -1 x
Ll‘ © Emerging Hot Spot Analysis &)
Parameters Environments @

Input Space Time Cube

O:\Thesis\data\spacetimel.nc
Analysis Variable

COUNT -
TThTTTmTT E'‘”Irrrl'ﬂrw-l'l of Results --------- 1. Output Features
HI:IT |:|:I|_:I time_cube_EmergingHotSpotinalysisT

New 3 @ Conceptualization of Spatial Relationships

' K nearest neighbors -
ECFIS'EE.IJtlI.E' 3 IEI Number of Spatial Neighbors
Intensifying 8 g 8
Persistent ] 8 Neighborhood Time Step
Diminishing 8 8 !
S“Drad" - 15 A Polygon Analysis Mask

- -

Oscillating @ @ Define Global Window
Hii-tl:r:_':ﬁ-_ 5] 5] Individual time step -

Figure 4.15: K nearest Hotspot analysis parameters
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' Figure 4.16: K nearest Space-time cube

In addition, every accident was projected to the nearest road segment in order to find the
exact affected location of the network. The Snap tool was used to project the accidents in
their nearest road. Near tool was used to see how far each accident was from the road
segments. After analysing the crashes, it was decided that a 10m distance was appropriate
as a mean distance for the tolerance needed at the Snap tool. Once the points were
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allocated on a road, the Spatial Join tool was used (figure 4.11), and the road network was
examined in segments, and the summary of accidents was calculated in every segment
through the year, determining the locations with the higher amount of accidents (hotspots).

Road segments with a high number of collisions per year are spotted in the city centre near
Omonia square, especially on roads Peiraios-Stadiou-28h Oktovriou and Athinas, near
Ampelokipoi around the junction Alexandras Avenue — Vasilissis Sofias Avenue and
through all the Vassilissis Sofias Avenue, at Vasilissis Amalias Avenue, Suggrou Avenue
as well as 28h Oktovriou street. This analysis spots that some road segments on the south
part of Athens are high in accidents as well, which was not shown by the space-time cube
analysis. Segment analysis may be used along with hourly/day data to create different
maps for the days of the week, to see the traffic and crashes difference daily. In this case,
the only data available provide information about yearly crashes making this analysis
impossible.

Nea lo

Agioi
Anargyroi

Esri, HERE, Garmip
NCREMENT P, ME

eristeri Galatsi

Sepolia

Zografos

Kentro

Athens

Kallithea

Road segments

“rast 23 n
Nea Smyrni Crash Count

Agios
Dimitrios
6-8
Palaio Ilioupoli

: Esri, HERE, Garmin, METI/NASA, USGS
Faliro

Figure 4.17: Road network segments and hotspots
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Kernel density (figure 4.18) was also used to verify the high-density areas where the most
accidents occurred through the years. Kernel Density analysis showed two very high-density
areas, one in central Athens and one on the East around the area of Ampelokipoi. Four high-
density areas were spotted around the city centre, on the East, around Alexandras Avenue
segments and on the segments connecting the city centre and North Athens.

Kernel Density

Pedestrian accidents

Athens Road Netwaork
Kernel Density Estimation
Value

P c.oo042

R

Figure 4.18: Kernel Density estimation of pedestrian accidents in Athens
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Figure 4.19 shows the results of Kernel Density estimation of slight severity accidents. As
expected, the results are nearly the same as those of the whole sample, as the slight severity

accidents have the highest percentage of the sample.

Kernel Density

Pedestrian Slight severity accidents

Athens Road Network

Kernel_Slight

Value
P 0.00045

i O

Figure 4.19: Kernel Density estimation of slight severity pedestrian accidents in Athens

In figure 4.20 are shown the results of Kernel Density estimation for the group of accidents
with fatal/ serious severity. Central east network appears to concentrate most of the accidents
of such severity, specifically along Alseksandras Avenue and Vasilissis Sofias Avenue.
Another high-density location with severe accidents is spotted in the north part of the city
near Galatsi.
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Kernel Density

Pedestrian Fatal/Serious severity accidents

Athens Road Network
Kernel Fatal/Serious Severity
Value

P 555683205
- o

Figure 4.20: Kernel Density estimation of fatal/serious severity pedestrian accidents in Athens
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4.2.1. Mean Centre

Statistical analysis can be performed using geostatistical indicators such as mean centre. At
this point, the mean centre is used to observe its change of location through the years.
Figure 4.21 shows Athens city centre as well as the accidents’ mean centre which is
located near the first. In addition, mean centres of the accidents of each year are displayed.
Their locations are spotted to be, in general, very close to the average mean centre. There
is @ movement of the mean centre towards northern Athens on 2013-2014, towards north-
west on 2015-2016, while 2011-2012 mean centre shows a movement towards the south
part.

Alhens Gity Cenfer

0 ©

Mean Center per Year

P

0000000000

1

1

1

1

1
2015
201
201

Mapping the Globe Ltd, Esr

T
m

RE, Garmin, INCREMENT P, METI/NASA,

Figure 4.21: Pedestrian accidents’ annual mean centre

The following three figures show the mean centres of the accidents as they are categorised
by their severity. The categories of fatal and serious severity have a distribution of their
own which is different from that of the whole accidents. On the contrary, the distribution
of the slight severity accidents has the same pattern as that of the whole sample. This
occurs because the slight severity accidents are those that cover the biggest percentage of
the sample (figure 4.24). Fatal accidents were mainly located near the city centre. During
2010 and 2011, the fatal accidents mean centre moved slightly South, in 2016 it moved to
the West part, while 2017 shows a considerable move to the North-East part of the city
(figure 4.22).
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Finally, the mean centre of serious severity accidents was located mainly near the city
centre, except for 2017 when it is shown to be located in the Northern parts of the city.
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Figure 4.22: Pedestrian accidents’ annual mean centre — Fatal severity
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Annual Mean Centre

Severity: Serious

2015
o
2013
O
®
C)2010 ﬂ?
2016
< 2009 e
O
2011
o
0 0,25 0.5 Km
N TieC R, g (O

2012
2014
o

Q

®

2017
[e)

Athens City Center

Accidents Mean Center

Year_

O00O00O0O0DO0O0O

Esri, HERE, Garmin

2008
2009
2010
2011
2012
2013
2014
2015
2016
2017

INCREMENT P, METI/NASA, USGS

Figure 4.23: Pedestrian accidents’ annual mean centre - Serious Severity

-52-



Chapter 4 — Data Analysis
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Figure 4.24: Pedestrian accidents’ annual mean centre — Slight Severity

Along with the mean centre, the elliptical distributions of accidents per year were
calculated as shown in figure 4.25.
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4.2.2. Local Moran’s |
Global Moran’s I results

Spatial autocorrelation indicators are also used to determine the spatial pattern of the
sample points. Many different techniques are used in geography, but the most common are
the quadrat analysis and the nearest neighbour analysis. Using the nearest neighbour
analysis, a determination of the accidents’ patterns was performed. Results from the values
Z-score, P-value and the indicator Nearest Neighbour Ratio are shown in Figures 4.26 and
4.27. To run this technique, the Euclidean distance method was used in the city of Athens.
Results show a clustered pattern with a p-value=0 and z-score=-24.

Average Nearest Neighbor Summary

Nearest Neighbor Ratio: 0,651100
Z-s5core: -24,232017
p-value: 0,000000

Significance Level Critical Value
(p-walue) (z-score)

0.01 = -2.38

0.05 -2.58 - -1.96

0.10 -1.96 - -1.65
-1.65-1.65
1.65-1.96
1.96 - 2.58
=2.58

0.10
0.05
0.01

BR0000N

«—

Significant

|

(Random)

Significant

N

Clustered Random Dispersed

Given the z-score of -24.232012, there is a less than 1% likelihood that this clustered pattern
could be the result of random chance.

Figure 4.26:Average Nearest Neighbour results

Average Nearest Neighbor Summary
Observed Mean Distance: 55,9864 Meters
Expected Mean Distance: 85,9874 Meters
MNearest Neighbor Ratio: 0,651100
Z-score: | -24,232012

p-value: 0,000000

Figure 4.27: Average Nearest Neighbour summary
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Average nearest neighbour analysis was additionally conducted for the subcategories of the
accidents, and the results are as shown below (Table 4.2). The overall sample is clustered
in general and through each year. The results are the same for the sub-group of slight
severity accidents, while the sub-group of fatal/serious severity accidents show a clustered
pattern only on the overall sample of the group. Though each year, its pattern is random

and, in 2014, dispersed.

Table 4.2: Average Nearest Neighbour analysis results

Pattern Clustered Clustered Random
Ratio 0,849740 0,864480 1,216506
Z-score -3,878020 -3,350366 1,604157
P-value 0,000105 0,000807 0,108679
Pattern Clustered Clustered Random
Ratio 0,867954 0,902814 0,928832
Z-score -3,407938 -2,388225 -0,561358
P-value 0,000655 0,016930 0,574554
Pattern Clustered Clustered Random
Ratio 0,778450 0,785068 1,039504
Z-score -5,670596 -5,168456 0,346319
P-value 0 0 0,729103
Pattern Clustered Clustered Random
Ratio 0,777461 0,834406 1,093183
Z-score -5,599648 -3,982031 0,690420
P-value 0 0,000068 0,489930
Pattern Clustered Clustered Random
Ratio 0,820952 0,821462 1,208048
Z-score -3,920460 -3,725928 1,378750
P-value 0,000088 0,000195 0,167972
Pattern Clustered Clustered Random
Ratio 0,805338 0,783587 0,940772
Z-score -3,686599 -3,883788 -0,358311
P-value 0,000227 0,000103 0,720110
Pattern Clustered Clustered _
Ratio 0,777151 0,839230 1,442200
Z-score -4,220406 -2,917816 2,392733
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P-value 0,000024 0,003525 0,016723
Pattern Clustered Clustered Random
Ratio 0,769184 0,797367 1,079077
Z-score -4,348936 -3,718217 0,338270
P-value 0,000014 0,000201 0,735160
Pattern Clustered Clustered Random
Ratio 0,657504 0,669393 1,133810
Z-score -6,453153 -6,066475 0,572405
P-value 0 0 0,567048
Pattern Clustered Clustered Random
Ratio 0,837228 0,833157 0,937370
Z-score -2,802540 -2,836947 -0,169444
P-value 0,005070 0,004555 0,865447
Pattern Clustered Clustered Clustered
Ratio 0,651100 0,680273 0,783429
Z-score -24,232012 -21,259048 -4,345384
P-value 0 0 0

Anselin Local Moran’s I results

Subsequently, autocorrelation index Anselin Local Moran’s 1 was performed, and the
results are shown in a map (figure 4.28), where every point shows the importance of other
similar values near it. The index is used to spot the significant locations of the network
with accidents in the past, now or shows a timelessness. The index was performed for all
the samples, the slight severity accidents group and the fatal/serious severity accidents
group. Results were similar for the first two categories and different for the third one
(figure 4.30), with the first two appearing to have a clustered pattern, while the third one

has a random one.
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Spatial Autocorrelation Report

Moran's Index: 0,040216 significance Level Critical Value
z-score: 2,851422 = (prvalue) (z-scare)
) 0.01 pgmm <-2.58
p-value: 0,004352 005 [ -2.58--1.96
010 [ -1.96--1.65
—~- [ -1.65-1.65
0,10 [ 1.65-1.96
0.05 [ 1.96-258
0.01 W >258
{—' (Random) |—)
Significant Significant

Clustered

Given the z-score of 2.851422, there is a less than 1% likelihood that this clustered pattern
could be the result of random chance.

Global Moran’'s I Summary
Moran's Index: 0,040216
Expected Index: -0,000759
Variance: 0,000207
Z-score: 2,851422

p-value: 0,004352

Figure 4.28: Anselin Local Moran’s I summary of the whole sample
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Spatial Autocorrelation Report

Significance Level
(p-value)

0.01

0.05

010

010
0.05
0.01

Moran's Index: 0,034539
Z-score: 2,496265 3
p-value: 0,012551

fgooonn

|

(Random)

—

Significant

Significant

Critical Value
(z-score)
=-2.58
-2,.58 --1.96
-1.96 — -1.65
-1.65 - 1.65
1.65 - 1.96
1.96 - 2,58
= 2.58

Given the z-score of 2.486266, there is a less than 5% likelihood that this clustered pattern

could be the result of random chance.

Global Moran's I Summary
Moran's Index: | 0,034539
Expected Index: -0,000829
Variance: 0,000201
Z-score: 2,496266

p-value: 0,012551

Figure 4.29: Anselin Local Moran’s I summary of slight severity accidents
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Spatial Autocorrelation Report

Moran's Index: -0,027056 Significance Lewvel Critical Value
7-score: -0,238219 3 (p-value) (z-scare)
. 0.01 == = -2.58
p-value: 0,811711 0.05 358 - -1.96
010 [ -1.96--1.65
- ] -1.65- 1.65
010 | — 1.65 - 1.96
0.03 = 1.96 - 2.58
0.01 EE =258
.1—' {Random) l—)
Significant Significant

Given the z-score of -0.238219, the pattern does not appear to be significantly different than
randorm.

Global Moran's I Summary

Moran's Index: -0,027056
Expected Index: -0,009174
Variance: 0,005635
Z-score: -0,238219

p-value: 0,811711

Figure 4.30: Anselin Local Moran’s I summary of fatal/serious severity accidents

The following three figures (4.31, 4.32, 4.33) display the outliers as displayed from the
Anselin Local Moran’s I for the three different groups of accidents.
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Figure 4.31: Local Moran’s I whole accidents sample
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Figure 4.32: Local Moran’s I fatal and serious severity accidents
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Figure 4.33: Local Moran’s I slight severity accidents
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4.3.  Network Analysis of pedestrians’ walkability
Building the network

To perform network analysis on ArcGIS, it is required to use the Network Analyst
Extension. In addition, it is needed a solid road network which does not consist only of just
any line data set. The road network is built using a line data set in the Build Network tool.
During this process, all necessary nodes are created for the intersections and connectivity
(figure 4.34). Lastly, the analysis requires a data layer of points called facilities, which in
this case are the locations of the accidents. The network analysis is needed to better
understand the walkability of pedestrians in the network. It is difficult to stimulate
pedestrian walkability as it is difficult to predict the persons' reactions in different
situations and the exact routes they are going to perform. However, it is possible with the
network analyst to generate the zones that a pedestrian can reach through walking by either
selecting a certain distance from a start point or the time frame within which he will be
walking.

:l - : Snapping= O H
| E'g 7

i Build Network Dataset

Build the active network dataset. If
the network dataset was already
built, then source features that
participate in it were edited, this
button will rebuild only the dirty
areas. Thus, rebuilding is typically
rnuch faster than the initial build.

Creating the service areas

Whether you work on ArcGIS Map or ArcGIS Pro, the steps are the same. To create a new
service area, the new service area tool should be selected from the Network Analyst (figure
4.35). The table of contents opens a service area analysis window. This will also appear at
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the network analyst window along with six network analysis classes: Facilities, Lines,
Polygons, Point Barriers, Line Barriers and Polygon Barriers (figure 4.35).

Network Analyst
ary  Share Service Area
N e
W Bo B
Spatial Clip Feature  Raster
Join 7| Analysis~ Analysis
H Portal

? = X

() Eriola (Eriola UK) - (@ &

ol ) E K< a1
e p) B 7]
[: (o~_9 gl O W ik
Suitability Visibility Exploratory | Network Business Geostatistical Data Raster  Function

Modeler Analysis 30 Analysis » [ Analysis=® Analysis+  Wizard  Interop~ | Functions~  Editor

Network Data Source

greece\gis_osm_roads_free_1_ND
2 0:\master\2nd\fiutis\
Network Layers: gis_osm_roads_free_1_ND

Analysis Layers: Service Area 2 Data Source

New Network Analysis Type

Service Area

Generate drive-time polygons.

L Route

Find the shortest path between stops.

PR L

Figurél4.35: Service area generation

Table Of Contents =
% :@ 8| = Metwork Analyst o x
= = layers ~ || Service Area e
= L Service Area:{ FES98EF3-BO4D-4424
=0 Facilities (1318)
. Error IEI Pﬂlrgﬂl'ﬁ [3}
() Located
() Unlocated 1 250 - 300
= Point Barriers B 100 - 250
9 Error B 0-100
oﬂestriction .
) Added Cost Lines (74829)
= [ Lines = Point Barriers (0)
DTUHEES _ Restriction (0)
=] ine Barriers
= R estriction Added Cost (0)
—mScaled Cost = Line Barriers (0)
= M Polygons Restriction (0)
. Scaled Cost (0)
500 = Polygon Barriers (0)
= Polygon Barriers Restriction (0)
nﬂestriction
5ca|ed Cost Scaled Cost (0)

Figure 4.36: Network Analyst contents
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Adding facilities

Figure 4.37 shows how the facilities (accidents’ locations) were added to the network.
With a right-click on the Facilities load locations option is shown at the menu. There are
some extra options to configure before loading the facilities, such as setting the title of the
network, whether the departure will be on the left side of the road or the right one, etc.
However, most of these options are mainly to be considered when the network is being
designed for vehicles” movement.

Bl F-cilitics (13 15) DR A REE=] Loy 3|
- Polygons ( e Area{FES9BE|
[ 250 - 50 cilities
I 100 - 25 Error
. 0-100 Located
Lines (748 Unlocated
- Point Barri % Delete All int Barriers
Restric| Selection Error
Added Restriction
— Line Barric E Open Attribute Table Bdded Cost
Restric “» Export Data.. es
Scaled | ¢ > Zoom To Layer Lines
- Polygon B4 ) e Barriers
Restric H Find Address... Restriction
Scaled | Load Locations... ccaled Cost
Recalculate Lacation Eialde  w_livgons
Af Propert Load Locations
Load records, features, graphics,
or other network analysis objects
into the active network analysis
class.

Figure 4.37: Loading the facilities

Setting up service areas

After the facilities are loaded, there are some settings to be considered in order to solve the
network. Firstly, the distances that are to be checked from the location of the accidents
should be set in a normal length considering the distance a pedestrian can walk. Also, as
the analysis will involve land uses and services near the accidents, the distance of the
impact should be considered as well.

The service area properties open a new window with different settings for the network.
Figure 4.38 shows the settings used for the impedance, which in this case was the length in
meters. In addition, the brakes used are 100m, 250m, 500m considering the fact that the
network is set for pedestrian movement. There are no restrictions as the pedestrians can
move easily in any direction.

Polygon generation settings (figure 4.39) are configurations done about the output of the
polygons. Three kinds of polygons can be generated. The generalised, which are quickly
generated with reasonable accuracy, the detailed, which have more accuracy but need more
time to build, and the trim polygons, which have trimmed down edges. There are also
options to create overlapped, merged, generated rings and disks from the overlap type.
Finally, the line generation tab was checked, as it is vital to determine the reachable areas
by the impedance parameter. The service area lines are more representative than the
service areas as it shows exactly how far a facility can reach.
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Layer Properties
Line Generation Accumulation Attribute Parameters Metwork Locations
General Layers Source Analysis Seftings Polygon Generation
Settings Restrictions
Impedance: L.;-_-ngﬂq (Meters) o | Cloneway
Default Breaks: | 100; 250; 500 |
[Juse Time:
Tire of Day: any
Day of Week: Today
Specific Date: 11/ 62021
Direction:
(®) Away From Fadility
() Towards Fadility
U-Turns at Junctions: Allowed ~
Use Hierarchy
Ignore Invalid Locations
About the service area analysis layer
Figure 4.38: Setting service area properties
Layer Properties ]

Line Generation
General

Generate Palygaons

Polygon Type
(®) Generalized
() Detailed

Trim Polygons:

Accumulation

Layers

[ 50

Meters

Exduded Sources

[ gis_osm_roads_free_1

About the service area analysis layer

Attribute Parameters

Source Analysis Settings

Multiple Facilities Options
(") Qverlapping
Create polygons for each facility. These
palygons may overlap.
()Mot Overlapping
Allocate polygons to the dosest fadlity.
(®) Merge by break value

Join polygons of multiple fadlites having the
same break values.

Owerlap Type

@ Rings
Do notinclude the area of the smaller breaks.
Create the polygons going between
consecutive breaks,

() Disks

Create the polygons going from the fadility to
the break,

Figure 4.39: Polygon generation properties
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p - ArcGIS Pro Feature Layer Metwork Analyst
Edit Imagery Share Appearance Labeling Data Service Area
m Mot Using Time Standard Precision
- z - Dissolve
Polygons
and Lines= || Rings
[F} Date and Time Cutput Geometry
Layer Properties: Service Area
General MName
Metadata Custom
Source Description
Collection of network dataset settings that define actions that are allowed on
Travel Mode the network and how the actions can be performed.
Type
*"’ =
Walking X
* Costs
v Restrictions
These are the available restrictions of the network data source. Choose the
restrictions to apply to this network analysis layer.
Attril P
rl
[ ] oneway Prohibited
Learn more about travel mode settings
| oK | | Cancel
- e [*] v
Oan I AR
Figure 4.40: Selecting walking as travel mode
Solving the network

After setting all the parameters of the analysis, the network can be solved. The map of
figure 4.41 shows the generated polygons that were created by the criteria set in the
previous steps. As shown, most of the areas are reachable within 100meters walking

distance.

e e —m—— ——

Metwork Analyst -

B .
-

] - o [

gis_osm_roads_free_1_MD

w
" m

Solve i L &

~ B W

Run the current analysis.
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Network Analyst

Service areas of walkability from pedestrians' accidents

IS S g 0 e W

Figure 4.41: Network analyst generation of service areas within 100m, 250m, 500m walking distance

4.4.  The build environment Influence

To determine the build environment parameters that might correlate with the locations
where most of the pedestrian accidents occur, three-point data sets were used. The first one
was the data set with the points of interest, which is consisted of different types of land
use. This was a large dataset downloaded from open street maps and obtained information
on the locations and types of land use that are spotted in the city of Athens. After studying
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the dataset, it was decided that not all of the land uses could be linked with the accidents.
Previous research was mainly studying the link between entertainment type of land uses or
retail etc. Uses like benches or atm were decided to be of no impact; therefore, they were
exempted from the analysis (figure 4.42).

% Add Preset - F‘r'\?l F\T'li:' F\T'll_” Attributes |"EH1| [®) 1

| Add G Select By Attributes > x P U
te Infograg
Input Rows ]
yer _ . Ingquiry
intpois -
I Selection type
o } = S i
Remowve from the current selection -
Expression 4
4 &
e £ Load & Save X Remove
o
& o
3 v saL @D &
fclass = 'archaeclogical' And fclass = 'atm' And = 3
fclass = 'artwork' And fclass = 'bench® And fclass = & Ak
St
| 'butcher' And fclass = "beauty_shop’ m ™
ilate Invert Where Clause
id
45897
458598
45900
19699
02952
BETI0
10702
22067
11110 | n oK
5 poly || ok |
42407
REINT WA | et mamtea Art Knlanali mallzns

Figure 4.42: Points of interest database clearance

The points of interest related to alcohol consumption and educational institutes used in the
analysis are shown in the chart of figure 4.43. Furthermore, traffic and transportation-
related data (figure 4.44 and 4.45) were considered to be important for this type of
analysis, and they were analysed along with the points of interest. Groups of points that
share the same characteristics were formed as they were considered to have the same
impact.
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Alcohol consumption categories

beverages nightclub

Type
Figure 4.43: Chart of Alcohol consumption related points of interest

Traffic data categories

Crossing traffic_sig...

Figure 4.44: Chart of traffic data

Transport data categories

bus station bus_stop railway_hal... railway sta.. tram_stop

Type
Figure 4.45: Chart of transportation-related data

Figure 4.46 shows the points of interest and the transport data points, which were labelled
and symbolised to better visualise the results.
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4[| Transport

fclass

bus_station
bus_stop
railway_halt

railway_station

om0

taxi

tram_stop

ai‘f'f Y:/ 71:\ :

Figure 4.46: Symbology application on pbints of interest

As mentioned above, the network analysis was conducted in three different zones
regarding the distance from the pedestrian accidents’ locations. The points of interest were
firstly measured in each zone (table 4.4).

Table 4.3: Points of interest in the 3 zones of analysis

Distance from No of No of No of No of
accident educational Traffic alcohol Transport
location (m) institutes points consumption points Sum %
locations
Zone 1 (0-100) 23 1675 81 393 2172 | 48,1
Zone 2 (100-250) | 47 1228 206 365 1846 | 40,9
Zone 3 (250-500) | 39 255 29 108 431 9,6
(>500) 10 27 1 23 61 1,4
Sum | 119 3185 317 889 4510 | 100

Additionally, the elliptical distributions of the four categories of the points of interest were
calculated and visualized on the maps of figures 4.47, 4.48, 4.49 and 4.50. The differences in
the distributions of each feature per category are shown as follows. Universities, colleges and
tram stations have the smallest distributions and the mean centre of tram stations is located in
the southern area of the city.
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Figure 4.47: Distribution of Alcohol consumption locations
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Figure 4.48: Distribution of traffic-related data
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Figure 4.49: Distribution of schools
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Figure 4.50: Distribution of transport-related data

Bivariate maps were composed to determine whether there is a correlation between the points
of interest groups, as presented above, and the pedestrian accidents. Figure 4.50 displays the
relation between pedestrian accidents and the locations of alcohol serving shops (bars, pubs,
nightclubs, beverages). The relation is displayed through the colour schemes. The yellow
colour scheme refers to pedestrian accidents and the blue one to the alcohol consumption
services. The other colours show the correlation of the two groups with the red colour
showing the areas of high alcohol consumption and high-density accidents. In order to
compose the map, both features were normalised per area. The areas that show a correlation
between the highest rates in accidents and alcohol consumption are spotted mostly in the city
centre, through Syggrou Avenue, Peiraios street near Rouf near Ampelokoipoi and on the
North Near Patisia.
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Bivariate Map

Pedestrian Accidents - Alcohol Consumption

Accidents vs Alcohol

Accidents Densify
B Alcohol Consumption Density

Figure 4.51: Bivariate map of the relation between pedestrian accidents and alcohol consumption
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Figure 4.51 displays the bivariate map of the relation between pedestrian accidents and means
of transport. It shows that the accidents relate to the means of transport mostly in the city
centre but shows high connection through all the city as well.

Bivariate Map

Pedestrian Accidents - Means of Transport

| [
_ I | i V | |
E-;i
I:J Accidents vs Means of Transport
¥ Accidents Density
Transport Points Density
% W%
T 7 Y e I A 1y T | R AR

Figure 4.52: Bivariate map of the relation between pedestrian accidents and public means of transport
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Figure 4.52, with the map of the correlation between pedestrian accidents and traffic-related
points, indicates higher values of connection between the two features in most of the areas,
and especially in the city centre.

Bivariate Map

Pedestrian Accidents - Traffic points

] Accidents vs Traffic points
= Accidents Density

Traffic Points Density

Figure 4.53: Bivariate map of the relation between pedestrian accidents and traffic related points
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The map of figure 4.53 indicates a few locations with a high correlation between
pedestrian accidents and educational institutes.

Bivariate map

Pedestrian accidents - Educational locations

_

Accidents vs Schools

Accidents Density

Schools Density

T e A | 0

Figure 4.54: Bivariate map of the relation between pedestrian accidents and Educational Institutes

Figures 4.55 and 4.56 show the results of Bivariate Local Moran | analysis for alcohol
consumption location points and traffic points concerning pedestrian accidents. As far as
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alcohol consumption points are concerned the high-high areas mostly concentrated in the city
centre while low alcohol consumption and low in accidents areas are mostly found in the
northern parts.

Cluster Analysis

Alcohol Consumption - Pedestrian Accidents

Alcohol Consumption-Accidents
I Hich-High Cluster

w-High Outlier
- Low-Low Cluster

AN 0 U T [ A et Not Significant

Esri, HERE, Garmin, METI/NASA, USGS

Figure 4.55: Outliers (Alcohol consumption points — pedestrian accidents)

As per traffic points, the high-high areas are found in the east and south-east areas and
some northern parts of the city.
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Cluster Analysis

['raffic Points - Pedestrian Accidents
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Low-High Outlier
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N 0 W DA [ O et 1 Not Significant

Esri, HERE, Garmin, METI/NASA USGS

Figure 4.56: Outliers (Traffic points — Pedestrian accidents)

Geographically Weighted Regression was performed to determine the local variations of
the spatial distributions of the correlations found in the previous steps. Figures 4.57-4.60
show the results for each point category.
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Geographically Welghted Regressmn
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Figure 4.57: GWR (Pedestrian accidents — Schools)
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Geographically Welghted Regressmn
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Figure 4.58: GWR (Pedestrian accidents — Traffic related points)
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Figure 4.59: GWR (Pedestrian accidents — Transport related points)
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Geographically Weighted Regression

Accidents-Alcohol GWR
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Figure 4.60: GWR (Pedestrian accidents — Alcohol consumption related points)

Moreover, ten locations with the highest density of accidents were observed from google
maps and street view, to better understand the conditions of the built environment where
the accidents took place. The locations were chosen from the segmentation and the space
cube analysis because these analyses showed the high in accident density location and their
pattern through time. Thus, eight of the areas were characterized as persistent and two of
them, in the Northern parts of the city, were characterised as intensifying.
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Figure 4.61: Athinas Street next to Omonia square (source: google maps,
https://goo.gl/maps/75Zw52DETkx98J4U9)

Athinas street appears to be a persistent location concentrating a lot of accidents through the
years. Pedestrians are spotted jaywalking through the segments of the street while there are
several crossings. Jaywalking is commonly used in Greece in general, while the area is known
for being overcrowded during daily hours. Athinas is a two-laned — two directions street,
located near many shops and the city market.
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» P. Tsaldari - Peiraios Street (near Omonia square)

Figure 4.62: P. Tsaldari - Peiraios Street near Omonia Square (source: google map, ,‘
https://goo.gl/maps/JPvYPMa5Pdvugh7p7)

Peiraios Street near Omonia Square is a very busy segment with pedestrians and vehicles
through all the hours of the day. It is a two-laned one direction street at its part near Omonia
square surrounded by many shops. It was found to be a persistent hotspot for accidents
through the years. Traffic signals and crossings are located at the segment. Jaywalking is very
much spotted.
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» 28™M Oktovriou

= : N
Figure 4.63: 28" Oktovriou and Gladstonos (source: google maps https://goo.gl/maps/X7AwccNSTgSKQg577)

28is Oktovriou is a 3+1 lanes street with one traffic signal at the junction with EI Venizelou
street and crossings. Jaywalking in many parts of the street is often.
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» P. Tsadari - Peiraios Street (near Kerameikos)

Figure 4.64: P. Tsaldari - Peiraios street near Kerameikos (source: google mpas,
https://goo.gl/maps/CplBUB73s4yHXKe76)

Peiraios street near Keramikos with 2+2 direction lanes with traffic lights and crossings,

-90-


https://goo.gl/maps/Cp1BUB73s4yHXKe76

Chapter 4 — Data Analysis

» Vasilissis Amalias Avenue (near Syntagma square)
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Figure 4.65: Vasilissis Amalias Avenue near Syntagma square (source: google maps,
https://goo.gl/maps/L8jZcH7BEdGSgBUO7)

Vasilissis Amalias Avenue near Syntagma square has 4+1 lanes separated by the tram line.
There are crossings and traffic lights through its segments.
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> Aleksandras Avenue and Vasilissis Soflas Avenue junction
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Figure 4.66: Aleksandras Avenue and Vasilissis Sofias Avenue junction (source: (joogle maps,
https://goo.gl/maps/8nZ8pXM1KNQ2s7p76)

Aleksandras Avenue and Vasilissis Sofias junction and nearby segments. Spotted as a
persisting hotspot. Crossings and traffic lights are located mostly at the junction while
jaywalking is often spotted in many parts of the segments (figure 4.66). Both Avenues have
two directions separated by an islet.
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> Aleksandras Avenue
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Flgure 4.67: Aleksandras Avenue (source: google maps, https://doo.qI/maps/vszthtASGGGQvPS)

Alseksandras Avenue is, in general, spotted to have many hotspots at different parts. A
persisting hotspot is located near the Apostolos Nikolaidis Stadium. At the specific location,
there are 3+3 lines on the Avenue separated by an islet. Traffic lights and crossings are

located at the junctions.
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> 28is Oktovriou and Galatsiou Avenue
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Figure 4.68: 28is Oktovriou and Galatsiou Avenue (source: google maps,
https://goo.gl/maps/KokR3PFn8ijS53Em9)

28is Oktovriou and Galatsiou Avenue junction is located in the northern part of the city of
Athens. This is also found to be a persisting location for pedestrian accidents. There are traffic
lights and pedestrian crossings at the location while the area is mostly residential with very

few shops.
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,Figur4.69: Kypselis Street (source: google maps, https://qoo.qI/maps/vQJ99hPZi8dthRA)

Kypselis street near Kypselis square appeared to be an intensifying hotspot. The area has a
high percentage of the population, while it has a mix of land uses. Crossings are located near

the Square while jaywalking is a permanent situation.
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Figure 4.70: Syggrou Avenue (source: google maps, https://g00.gl/maps/dC7FZSX69H7f6Shi6)

Finally, Syggrou Avenue near Syggrou-Fix metro station is an intensifying hotspot. The
Avenue has 3+3 lanes and both traffic lights and crossings are located in the segment.

It is suggested a more specific study on these areas to capture specific patterns on the
movement of both pedestrians and vehicles to apply measures for the improvement of the
situation. Vehicles tend to be the dominants of the network and there is a mentality of not
giving the priority to the pedestrians. On the other hand, jaywalking is another mentality that
causes delays on the network and even incidents. Additionally, other factors like the lighting
conditions or speed factors should be taken into consideration.
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45. Dashboard creation

Road accidents are part of emergency events in the area, and they need to be addressed
promptly not only for the safety of the persons involved but also due to the problems they
cause in the network traffic. The emergency events in each area are treated separately from
the services in charge, as they lack a common operating system that works in real-time.
The dashboard built for this study can be a basic dashboard for a real-time operating
picture that shows the incidents in Athens.

In order to proceed with the dashboard creation, it is firstly needed to decide the features
that will be displayed. In this case, the features displayed will be the pedestrian accidents,
the police stations in the city of Athens, the fire stations and the hospitals. All the features
should be displayed in a web map; therefore, they were all shared as web layers in ArcGIS
Online (figure (4.70)
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Figure 4.71: Sharing the data as a web layer

To use ArcGIS online, an account should be created and use a trial version of it or purchase a
license. After being published in ArcGIS Online, the layers can be added to a Web Map.
Along with the mentioned layers, the World Traffic Service layer was added as well. This
layer is a real-time traffic layer that is informed with real-time traffic data, which are
important for calculating the time needed by an ambulance, for example, to arrive at the
accident’s location (figure 4.71).

In addition, some configurations must be made in each layer about the attributes that will be
displayed during the selection of the features and that the time refreshing intervals of each
layer are set (figure 4.72). Time refreshing intervals can be set only for the Traffic layer, as
the other layers, in this case, are static. For the Traffic layer, the intervals were set every
Sminutes.
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When all the configurations and settings are completed, the map can be shared as a web
app and specifically a dashboard. Sharing options change depending on whether someone
is interested in sharing only with his organisation, or everyone.
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Figure 4.74: Sharing the online map as a dashboard

Once the dashboard is created, many settings are available to create its style. There are
options on layer visibility, Basemap switching, searching options, theme changing, adding
charts or indicators, etc. After trying among different options the dashboard of figure 4.20
was created, which shows the basic map in the centre with all the previously described
layers, a serial and pie chart on the left and an indicator of the number of accidents since
2008. The serial chart shows the number of accidents per year, while the pie chart shows
the percentages of the severity categories. The dashboard is published and publicly shared
in the link below.

Athens pedestrian accidents (arcgis.com)

Home ¥ @ Athens pedestrian accidents ‘~ ola

« Annual pedestrian accid...

Athens pedestrian accidents

Petroupoli

Esri, Intermap, NAS, sri, HERE, Garmin, M| JSGS | Esri, HERE Powered by Esri

Figure 4.75: Athens pedestrian casualties’ dashboard
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5. CONCLUSIONS

Pedestrians are the more vulnerable users of the traffic network and show a very high
percentage of road accidents and fatalities. When it comes to road safety, many factors should
be considered that might affect road users in general, but as pedestrians are involved in the
biggest percentage of car accidents that occur, an attempt to lower pedestrian accidents
number would have a greater impact on road accidents in general. This thesis aims in
analysing pedestrian accident data that occurred during the period of 2008-2017 in the city of
Athens and attempt to identify correlations between the built environment and the accidents.
The Spatio-temporal analysis took place in a GIS environment with the use of different
methodologies and tools. The results showed different patterns of accidents within the city.
Additionally, the hotspots where most pedestrian accidents occur through the years were
identified and spatial correlation techniques were used to specify any connection between the
accidents and the surrounding environment.

5.1.  Analysis Conclusions

Spatial analysis results identified a high density of pedestrian accidents in Athens city centre.
More specifically, the accidents’ density was compared to the population in each local
community of Athens. It was found that the 1% local community has the highest density of
pedestrian accidents with a low population density, while the 6™ local community has the
highest rates in accidents and population density as well. The pedestrian accidents, therefore,
may be related to the percentage of the population in an area.

Subsequently, with the use of Space-time cube analysis, the patterns of the areas where more
accidents took place were determined. The results indicate that there are 16 persistent hotspots
in the city, with 13 of them gathered around the road segments of the city centre and areas the
area of Exarcheia. In addition, there are three intensifying and two consecutive hotspots in the
northern part of the city. In addition, network analysis took place in network segments where
the accidents were projected to spot the road segments with the highest number of pedestrian
accidents through the years, determining the hotspots of the road network. Road segments
with a high number of collisions per year are spotted in the city centre near Omonia square,
especially on roads Peiraios-Stadiou-28is Oktovriou and Athinas, near Ampelokipoi around
the junction Alexandras Avenue — Vasilissis Sofias Avenue and through all the Vassilissis
Sofias Avenue, at Vasilissis Amalias Avenue, Suggrou Avenue as well as 28is Oktovriou
road. This analysis identified some road segments on the south part of Athens high in
accidents as well, which were not shown by the space-time cube analysis. When used along
with hourly/daily data, segment analysis can create different maps for the days of the week to
see the traffic and crashes difference daily.

Furthermore, Kernel density was also used to verify the high-density areas where the most
accidents occurred through the years. This analysis showed two very high-density areas, one
in central Athens and one in the East around the area of Ampelokipoi. Four high-density areas
were spotted around the city centre, on the East, around Alexandras Avenue segments and on
the segments connecting the city centre and North Athens. Kernel density was also performed
separately for the groups of accidents of slight severity and fatal/serious severity, respectively.
The results from the first groups showed similar results with the whole sample as this group
has the highest percentage in the sample. The fatal/serious severity group showed high-
density areas through Aleksandras Avenue and Vasilissis Sofias Avenue, Near Omonia square
and Northern of the city near the area of Galatsi.
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Bivariate maps were composed to determine whether there is a connection between the
pedestrian accidents and the different groups of interest points that were examined. As for
alcohol consumption services, the result showed that the areas with a correlation of the
highest rates in accidents and alcohol consumption are spotted mostly in the city centre,
through Syggrou Avenue, Peiraios street near Rouf near Ampelokoipoi and on the North near
Patisia. The traffic-related points and the means of transport were identified as having a high
correlation with the accidents in most areas of the city and particularly in the city centre.
Finally, educational institutions show a low correlation with the accidents and the areas that
show a high correlation are dispersed.

Lastly, ten hotspot areas, eight persistent and two intensifying were examined to better
understand the conditions at each of them. Traffic and transportation points were found in the
surrounding areas and a mix of land uses in general. Field research is suggested for a more
specific study to capture patterns in the movement of both pedestrians and vehicles and to
apply measures for the improvement of the situation. There is a mentality on behalf of the
drivers to not give priority to pedestrians. On the other hand, jaywalking is another mentality
that causes delays on the network and even incidents. Therefore, apart from the land use and
other factors of the built environment, a socio-economic study should be taken into
consideration, to suggest improvements with educational programs as well as accident
prevention measures. To conclude, there is also a need to consider more drastic changes in the
built environment and solutions that provide paths or areas more walking-friendly, with more
greenery, shades and wider pedestrian paths.

5.2.  Future Research

This thesis studied a sample of 1318 pedestrian accidents through the period 2008 — 2017.
The data available was only limited to information about the year that the accident occurred,
their exact location, the severity and the persons involved. However, this information is not
enough for detailed studies. Further analysis might be conducted with data that can specify
the day of the week and the hour of the day that the accidents occurred. These might provide
more information and have a different correlation with the built environment. Accidents that
happen during night hours usually tend to be more related to alcohol consumption, whereas
morning hour accidents can be more related to school hours or business hours. In addition,
data about the education level or age groups of the population in a specific area might also be
related to traffic accidents. In this case, different types of methodologies and analyses can be
used as well. Furthermore, with regards to the specific problematic locations that this study
identified, a further and more detailed analysis can be performed to track the reasons that
these areas tend to be constantly connected with accidents. Suggestions should be made for
concrete solutions, as interventions to the built environment might lead to reductions in
pedestrian injuries. Additionally, educational programs along with prevention measures
should be considered as a solution on this occasion.

Moreover, it would be interesting to analyse a wider area of the Attika region to determine the
patterns in different built environments. Likewise, the same study can be conducted on a
country scale to identify the differences between the cities of Greece. Pedestrian accidents are
complex and multifaceted due to the various factors that can cause them. Therefore, other
studies can additionally consider factors like network traffic load and traffic jams in specific
locations, the road type, pedestrian and driver condition, as well as vehicle condition, lighting
conditions, weather conditions, etc., and identify the patterns of pedestrians’ maneuvers on
comparison to other cities.
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Lastly, the dashboard that was developed during this study contains information about the
pedestrian accident’s locations and hotspots and locations of services such as hospitals and
police stations of the city. A real-time layer of the World Traffic Service is provided as well,
and its information is rendered every 5minutes. This dashboard can be the basis of a
dashboard that provides real-time data from incidents through the city and the available
services that can respond each time and occasion. The World Traffic service layer would be
of help for the calculation of the time needed to respond to each incident. It would also be
helpful on the reports of each incident and the determination of the services needed to the
response.
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