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ABSTRACT - A safe and accessible pedestrian network is essential to an equitable and
sustainable urban mobility system. The importance and benefits of pedestrian-friendly urban
environments has been widely addressed in transport research, yet most studies focusing in
pedestrian accessibility use available street network datasets that do not represent effectively the
pedestrian environment. In some cases the use of street centrelines can provide a rather good
approximation to pedestrian accessibility measures. However, in the context of transportation
planning and policy, the use of street centrelines fails to address critical pedestrian concerns, such
as road crossing opportunities and accessible infrastructure for all. The variety of street envi-
ronments and their impact on pedestrian behaviour raises some issues related with network
typologies and their representation. In this paper we present and discuss issues arisen from the
manual digitization of areas of a case study in Lisbon, Portugal, demonstrating significant
differences in the layout of the pedestrian network when addressing different urban contexts.
A detailed pedestrian network dataset was built, covering 6 different urban settings, comprising
data on formal and informal pedestrian crossings and traversable/inaccessible pathways. Results
show that “regular” street layouts are plain in their structure and therefore likely suitable for
automated digitization, whilst less conventional street and crossing arrangements or areas with
ample public spaces show a network complexity level that still requires human interpretation.
The aim of this study is to encourage the discussion on the harmonization of digitization spe-
cifications for geographic datasets that can enable realistic analysis of pedestrian accessibility.
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RESUMO - A REDE PEDONAL DIGITAL EM CONTEXTOS URBANOS COMPLE-
XOS: UMA PRIMEIRA DISCUSSAO EM TORNO DE ESPECIFICAGOES TIPOLOGICAS.
A existéncia de uma rede pedonal acessivel e segura é essencial para um sistema de mobili-
dade urbana equitativo e sustentavel. A importancia e os beneficios de espagos urbanos
amigos do pedo tém sido consistentemente salientados na literatura e na pratica. No entanto
a maioria dos estudos relacionados com acessibilidade pedonal utilizam conjuntos de dados
geograficos que nao representam de forma realista o espago pedonal. A analise da
acessibilidade pedonal tem-se baseado em suportes digitais que representam o eixo das vias,
que, em certos casos, possibilita uma boa aproximagao das condi¢oes de acessibilidade. No
entanto, no contexto do planeamento urbano e das politicas de acessibilidade, as andlises
baseadas na utilizacdo de eixos de via ndo permitem avaliar de forma eficaz as condigdes de
acessibilidade pedonal em aspectos criticos como a acessibilidade para todos ou a travessia
de pedes. Em ambientes urbanos complexos, a variedade tipoldgica dos elementos que cons-
tituem a rede pedonal levanta questoes no ambito da modelagao digital do espago pedonal.
Neste artigo ¢ apresentada uma proposta de digitalizagdo manual da rede pedonal, sendo
discutida a variedade de aspectos tipologicos associados a digitalizacdo de diferentes
ambientes urbanos em Lisboa. Foi realizada uma digitalizagdo de detalhe da rede pedonal
de seis casos de estudo, abrangendo tanto a rede formalizada como a rede nao formal. Os
resultados demonstram que a complexidade tipoldgica presente em certos ambientes urba-
nos requer um esforgo de interpretagao humana, sugerindo que a digitalizagdo manual de
redes pedonais podera ser mais eficaz que alternativas automatizadas. Este estudo pretende
iniciar e encorajar uma discussdo em torno da harmonizagao de especificagdes para a repre-
sentagdo digital da rede pedonal que permitam o desenvolvimento de dados geograficos
para analise realista da acessibilidade pedonal.

Palavras-chave: Acessibilidade pedonal; rede pedonal; estrutura urbana; Sistemas de
Informagao Geografica.

RESUME - LE RESEAU PEDONAL NUMERIQUE DANS DES CONTEXTES URBAINS
COMPLEXES: UN PREMIER DEBAT SUR LES SPECIFICATIONS DES TYPOLOGIES. Le
réseau piétonnier accessible et sécure est essentiel & un systéme de mobilité urbaine équitable
et durable. Limportance et les avantages des environnements urbains favorables aux piétons
sont largement pris en compte dans des études urbaines et de transport. Cependant, la plupart
des études portant sur l'accessibilité des piétons utilisent des ensembles de données de réseau
routier disponibles qui ne représentent pas efficacement lenvironnement piétonnier. Dans
certains cas, l'utilisation de lignes centrales des rues peut fournir une assez bonne approxima-
tion des mesures d’accessibilité pour les piétons. Toutefois, dans le contexte de la planification
et de la politique des transports, l'utilisation des axes centraux des rues ne permet pas de
répondre aux préoccupations des piétons, telles que les possibilités de franchissement des
routes et lexistence d’infrastructures accessibles a tous. La diversité des environnements et leur
impact sur le comportement des piétons soulévent des problemes liés aux typologies de réseau
et a leur représentation. Cette étude présente une proposition de numeérisation manuelle du
réseau piétonnier, abordant les divers aspects typologiques associés a la numérisation de diffé-
rents environnements urbains a Lisbonne. Une numérisation détaillée du réseau piétonnier de
six études de cas a été réalisée, couvrant a la fois le réseau formel et le réseau non formel. Les
résultats démontrent que la complexité typologique présente dans certains environnements
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urbains nécessite un effort d’interprétation humain, en suggérant que la numérisation manuelle
des réseaux de piétons pourrait étre plus efficace que des solutions automatisées. Cette étude a
pour objectif dengager et dencourager une discussion sur I'harmonisation des spécifications
de la représentation numérique du réseau piétonnier permettant le développement de données
géographiques en vue d’une analyse réaliste de I'accessibilité des piétons.

Mots-clés: Accessibilité piétonne; reseau piétonne; structure urbaine; Systemes
d'Information Géographique.

RESUMEN - LA RED PEDONAL DIGITAL EN CONTEXTOS URBANOS COM-
PLEJOS: UNA PRIMERA DISCUSION EN TORNO DE ESPECIFICACIONES TIPOLO-
GICAS. La existencia de una red peatonal accesible y segura es esencial para un sistema de
movilidad urbana equitativo y sostenible. La importancia y los beneficios de los espacios
urbanos amigos del peatén han sido consistentemente resaltados en la literatura y en la
practica. Sin embargo, la mayoria de los estudios relacionados con la accesibilidad peatonal
utilizan conjuntos de datos geograficos que no representan de forma realista el espacio pea-
tonal. El analisis de la accesibilidad peatonal se ha basado en soportes digitales que repre-
sentan el eje de las vias, que, en ciertos casos, posibilita una buena aproximacion de las
condiciones de accesibilidad. Sin embargo, en el contexto de la planificacion urbana y de las
politicas de accesibilidad, los andlisis basados en la utilizacion de ejes de via no permiten
evaluar de forma eficaz las condiciones de accesibilidad peatonal en aspectos criticos como
la accesibilidad para todos o la travesia de peatones. En entornos urbanos complejos, la
variedad tipoldgica de los elementos que constituyen la red peatonal plantea cuestiones en
el marco del modelado digital del espacio peatonal. Este documento presenta un analisis
manual de la red peatonal propuesto, y discute la variedad de aspectos tipoldgicos asociados
con la exploracion de diferentes entornos urbanos en Lisboa. Se realiz6 una digitalizacion de
detalle de la red peatonal de seis casos de estudio, abarcando tanto la red formalizada como
la red no formal. Los resultados demuestran que la complejidad tipoldgica presente en cier-
tos ambientes urbanos requiere un esfuerzo de interpretaciéon humana, sugiriendo que la
digitalizacion manual de redes peatonales puede ser mas eficaz que alternativas automatiza-
das. Este estudio pretende iniciar y alentar una discusion en torno a la armonizacion de
especificaciones para la representacion digital de la red peatonal que permita el desarrollo
de datos geograficos para un analisis realista de la accesibilidad peatonal.

Palabras clave: Accesibilidad peatonal; red peatonal; estructura urbana; Sistemas de
Informacién Geografica.

I. INTRODUCTION

The study of pedestrian space in urban environments has been increasingly attrac-
ting the attention of practitioners and researchers from areas such as urban planning and
management, transportation engineering, or public health. Pedestrian-related geodata
are essential in the understanding of walking behaviour (Kang, Scully, Stewart, Hurvitz,
& Moudon, 2015) and, in turn, adding behavioural reality to geographic modelling raises
a challenge (Kwan, Murray, O’Kelly, & Tiefelsdorf, 2003).
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There are numerous applications that call for the development of dedicated pedes-
trian network models. These include the calculation of pedestrian accessibility to facili-
ties to the assessment of local walkability (Moura, Cambra, & Gongalves, 2017), the
inventory and management of the pedestrian infrastructure (Li et al., 2018), and the sup-
port for pedestrian navigation services and route planning (Karimi, Zhang, & Benner,
2014). Some of these applications require more detail and geo-spatial accuracy than
others. In some cases, such as mapping or infrastructure inventory, the pedestrian
network can be represented by attribute fields attached to standard centreline geometry.
Applications that relate to walking behaviour, such as calculating the coverage of a facility
or planning a walking route require additional pedestrian crossing data. Pedestrian navi-
gation services, in particular those oriented to guide people with disabilities, require even
more detailed information on the layout and on the accessibility of the pedestrian network
links (Neis & Zielstra, 2014; Tajgardoon & Karimi, 2015).

In order to represent more realistically pedestrian mobility the conventional appro-
ach based on street centrelines needs to be improved, as it mainly serves the motorized
vehicle drivers’ point of view (Ballester, Pérez, & Stuiver, 2008). In fact, urban environ-
ment network datasets that include pedestrian routes do not usually exist, being rarely
available or collected (Beale, Field, Briggs, Picton, & Matthews, 2006; Chin, Van Niel,
Giles-Corti, & Knuiman, 2008). The pedestrian network can be significantly different
from standard street networks as it can incorporate both formal and informal paths,
composed by a variety of path segment and crossing types that include sidewalks, pedes-
trian bridges and tunnels, signalized and un-signalized pedestrian crossings, among
others (Chin et al., 2008; Ballester et al., 2011). Current research has provided evidence
on the substantial accuracy issues of using a street network for the representation of
walking travel (Chin et al., 2008; Tal & Handy, 2012; Lundberg & Weber, 2014), yet there
is a noticeable gap in the literature addressing the challenges, methods and best practices
for the assembly of the pedestrian network (Karimi & Kasemsuppakorn, 2013).

Several approaches to the construction of the pedestrian network dataset have been
proposed. These range from the manual digitization of sidewalks or other pedestrian
facilities over aerial or satellite imagery where sidewalks and footpaths are discernible
(Gaisbauer & Frank, 2008; Kasemsuppakorn & Karimi, 2008), to the application of geo-
processing analysis using available data as a basis to automatically generate the pedestrian
network. Automated methods include buffering the street centrelines (Karimi & Kasem-
suppakorn, 2013) or using the geometry of city blocks (Ballester et al., 2011; Li et al.,
2018). Other supporting data could also be used, such as in the processing the traces of
collaborative pedestrians carrying a satellite positioning device such as a GPS receiver
(Kasemsuppakorn & Karimi, 2013). While automated generation methods can be regar-
ded as less resource intensive compared to the standard manual digitization, they still
present significant limitations. Manual inspection and editing is still required to correct
aggregation errors, which can be time consuming.

Manual digitization on the other hand is a common approach to the generation of
pedestrian network datasets. The main advantage of this approach is the ability to
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represent fine-grained pedestrian networks, in terms of geometry and attributes, pro-
viding robust network analysis capability. The main drawback associated with manual
digitization is related to the resources needed (human, time) to build large-scale
networks. Setting up a brand new dataset for a pedestrian network may involve a cum-
bersome amount of work and is a time-consuming activity. If there is some regularity
of the network layout, in terms of geometry and/or attributes, it may be possible to
incorporate some degree of automation in the process, by using existing datasets that
support the edition of network features, thus reducing the workload of manual digiti-
zation. To date, the generation of tailored pedestrian networks has been usually used in
research studies and limited to rather small neighbourhood sized areas (Beale et al.,
2006; Tal & Handy, 2012; Karimi & Kasemsuppakorn, 2013; Lundberg & Weber, 2014;
Kang et al., 2015).

There has been growing interest in the use of user-generated geographic content to
complement the traditional approach of collection of geographic information by agencies
or organizations (Jiang & Thill, 2015). Volunteered Geographic Information (VGI) is a
concept that refers to such data sources, in which a community of volunteers contributes
to produce and distribute georeferenced information on Internet platforms (Goodchild,
2007). One of the leading free access geo-information platforms is OpenStreetMap
(OSM), which provides global map coverage relying on the contribution of more than
1 million registered volunteers (Neis & Zielstra, 2014).

The OSM project provides a comprehensive guide to the representation of the pedes-
trian network. The guidelines call for the representation of sidewalks as a text attribute of
the road network geometry. This way, pedestrian crossings are not represented, being
assumed the pedestrians can cross the streets at any location. Hence the OSM approach
does not realistically represent the urban walking environment, where walking is cons-
trained by the existence of other transport modes, namely motorized traffic. There have
been proposals to overcome this limitation, namely as The Open Sidewalk initiative
(OpenSidewalks, 2016) who proposed an alternative OSM pedestrian network standard,
or the Warsaw OSM community who digitized the city pedestrian network using sepa-
rate features to represent sidewalks and crossings.

Despite the increasing digitization effort in many cities, with very heterogeneous
coverage rates, reliable pedestrian network data is still missing in proprietary datasets or
in free access geo-information platforms. This work proposes an urban pedestrian data
model based on an inventory of network components that could be used by either insti-
tutional or volunteered authoring of geographic information enabling a coherent repre-
sentation and analysis of the pedestrian environment. Our goal is to provide researchers
and practitioners with a set of possibilities to consider when digitizing pedestrian
networks, calling for specificities of some of its components that require further discus-
sion. The next section identifies an inventory of pedestrian network typologies and cor-
responding issues related with their digitization within an operational methodology. Sec-
tion 3 uses examples from the city of Lisbon that illustrate the variety of the composition
of the pedestrian network. The results are discussed in the final section.
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II. MODELLING AND REPRESENTING THE PEDESTRIAN NETWORK

Using a standard street network for the estimation of pedestrian accessibility and
connectivity measures may result in biased results, as centrelines do not effectively model
pedestrian movement, (Chin et al., 2008; Tal & Handy, 2012; Parker & Vanderslice, 2011).
Modelling the pedestrian network requires a simplified representation of reality, where
both the physical features of the walking environment and the walking behaviour that has
to be represented must be considered. The urban environment is a complex space com-
posed of a variety of physical features and associated functions. In its most simple repre-
sentation, the pedestrian network could be composed of sidewalk links and crossing
links. There are other typologies that compose the richness of the pedestrian environ-
ment (e.g. squares, open spaces, stairways) and that can work as a pathway for some and
as a non-traversable barrier for others.

We hereby identify an inventory of pedestrian network typologies to better represent
the realm of the pedestrian environment. Some typologies are easier to identify than
others and some of them may not exist in other urban contexts. Concomitantly, other
typologies not identified in our case study may be common in different cities and coun-
tries and naturally, local observation of particular urban settings enables the establish-
ment of specific typologies for the links. A preliminary discussion stage should consider
the levels of formality, detail and functionality that better define the distinct features
occurring in the pedestrian space. We define two levels of representation: 1) the formal
pedestrian network, combining standard sidewalks and formal crossings; 2) the detailed
pedestrian network, regarding non formalized crossings and additional pathway typolo-
gies such as pedestrian paths in open and green spaces.

1. Formal Network typologies

The “Formal Network” comprises distinguishable and discernible pathways and cros-
sing features.

1.1. Formal Pathways

Sidewalk: A sidewalk is often considered as a separate path, at a side from the road,
usually paved and raised. Sidewalk morphological attributes vary amongst cities. The
issue is if a sidewalk that is not raised, paved or at the side of the street is still a sidewalk,
or, if a sidewalk that is practically unsuitable for people to walk can be still considered a
sidewalk (fig. 1).

Paved streets: In these streets there is no physical separation of the sidewalk from the
roadway. The separation between vehicle and pedestrian space occurs by means of diffe-
rentiating the pavement colour or texture (fig. 2). Shared streets: Similar to the paved
streets but have no specific spatial separation.
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Pedestrianized streets: This type of street link is for exclusive pedestrian use and can
be represented by a single sidewalk centreline (fig. 3). However we found cases where the
street is a pedestrian street by means of regulatory traffic signals — no through traffic
allowed - but not in terms of its configuration, maintaining segregated sidewalks from
the roadway (fig. 4). In such cases we opt to adapt the representation to the actual walking
behaviour, therefore using a single centreline link.

Local access streets: Following the same rationale as above, we have identified local
access streets, where the traffic volume is very low and people tend to walk in the roadway
albeit the presence of sidewalks or, more often, given the existence of impractical
sidewalks (fig. 5).

Stairs and steps: Stair streets are common in the historical (older) neighbourhoods of
cities like Lisbon, mainly in hilly environments and, albeit easing the access for most peo-
ple, they are inaccessible for wheelchairs or baby strollers. Their identification is therefore
crucial for accessibility analysis. However, while some sidewalks are fully composed of steps
and are simple to classify, others only have steps on a small portion of its extent.

1.2. Formal crossings

The most common and easily identifiable crossing typologies are the formal cros-
sings, such as zebra or pelican crossings and traffic light signalized crossings. Their repre-
sentation can be relatively straightforward, whilst the representation of informal cros-
sings requires further attention, as discussed later in the section.

Refuge islands: Refuge islands are portions of pavement that connect crossings. They
can be used to provide a safe waiting area to cross road sections or to guide pedestrians
to crossing areas.

Overpasses and underpasses: Often used to overcome a transportation infrastructure such
as a railroad or a major road and often have stairs. In order to meet accessible design stan-
dards some overpasses and underpasses are composed of ramps or have escalators or lifts.

2. Detailed Network Typologies

The “Detailed Network” comprises the representation of unmarked pathways and
crossing features that are somehow overlooked in other pedestrian network digitization
approaches.

2.1. Unmarked pathways

Squares and plazas: The representation of squares and plazas is challenging as they
are in practical terms open spaces offering freedom of movement. On one hand their
representation as polygons is unsuitable for network analysis and on the other hand defi-
ning only their boundaries by sidewalk links does not unveil all path possibilities. One
way to overcome this issue is to delimit the square borders and set straight connections
in between (fig. 6)
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Parks and open spaces: In a similar way, we opt to represent parks and open spaces
with their boundaries and a set of connectors between possible access points. Some parks
do have formal paths and may require a more detailed representation.

Fig. 1 - Unsuitable sidewalk. Fig. 2 — Paved street.

Fig. 1 - Passeio impraticdvel. Fig. 2 - Rua com pavimento em calgada.

Fig. 3 - Pedestrian street. Fig. 4 - Pedestrianized street (traffic restriction).

Fig. 3 - Rua pedonal. Fig. 4 - Rua pedonalizada por restrigdo de trdfego.

Fig. 5 — Local access street. Fig. 6 — Local square/open space.

Fig. 5 - Rua de acesso local. Fig. 6 - Praga.

Colour figures (1 to 6) available online | Figuras a cores (1 a 6) disponiveis online.

Source for all figures: Google Street View
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2.2. Informal pedestrian crossings

Pedestrian crossings are critical to accessibility analysis and underline the neces-
sity of using a pedestrian network instead of a centreline street network. The first issue
deals with the formality of pedestrian crossings and its layout in the urban street
network. When a pedestrian reaches the end of a sidewalk link usually continues the
journey either by turning to the adjacent sidewalk thus contouring the block; by cros-
sing straightway, carrying on the same direction; or by crossing to the opposite side of
the street. In order to minimize conflicts with other road users, pedestrian crossings
are sometimes signalized by horizontal and/or vertical signs, that alerts car drivers
and guides the pedestrian to a particular crossing location, that is to say to a formal
crossing.

In most situations, crossing the street in the designated locations is convenient for
the pedestrian, as it provides the necessary negotiation terms with other road users in
order to reduce conflicts allowing for a safe crossing. In other situations, the designated
locations are not convenient for the pedestrian as they may imply a significant detour
or waiting time, often resulting in jaywalking. Finally, there are cases where formal
crossings simply do not exist in some urban contexts, either because such areas were
developed prior to the existence of the automobile or because the existing traffic and
pedestrian volumes do not justify the presence of a formal crossing.

The representation of informal pedestrian crossings is therefore a challenge,
namely for accessibility analysis, route planning and navigation. If informal crossing
possibilities are not represented at all, we might be considering blocks as islands where
pedestrians are stranded, namely in low traffic residential streets. On the other hand,
if all informal crossing possibilities are represented we might be considering that peo-
ple (including children and seniors) can cross wide, heavy traffic streets where they
are not meant to.

In our case study we were able to observe various intersection configurations
which were prone to different interpretations and representations, disclosing the need
for setting digitization rules to produce uniform, realistic and parsimonious pedes-
trian crossing representations. Figure 7a represents the network formal crossings.
Figure 7b illustrates the adopted rules for placing informal crossings.

We suggest informal crossings to be placed at an intersection when in presence of
single lane, one way streets, assuming relatively low traffic volume and speed, favou-
ring a safe pedestrian crossing. Informal crossings are suggested to be placed at an
intersection when in presence of two way streets and at a distance higher than 50m
from a formal crossing (the Portuguese road regulations states that it is illegal for the
pedestrian to cross the road if the nearest formal crossing is in a 50-meter vicinity).
Informal crossings are not considered suitable features for streets that have three or
more traffic lanes.
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Fig. 7 - Existing formal crossings (a); Additional informal crossing placement (b). Colour figure
available online.

Fig. 7 - Travessias pedonais formais existentes (a); Colocagdo de travessias pedonais informais (b).
Figura a cores disponivel online.

III. APPLICATION

In this section we describe the application of the digitization methodology to six
cases with distinct urban characteristics in Lisbon, Portugal, highlighting the differences
in the composition of the pedestrian network. The six cases are located in different dis-
tricts and were selected in order to represent key variables of different urban planning
and development stages or approaches. We looked for key urban development characte-
ristics, for instance, development prior to the automobile advent vs. auto-centred city;
formally planned vs. non-programmed development; incipient public space vs. abundant
public space. In total, 223.8km of pedestrian network features were digitized using the
proposed typology catalogue. The digitized pedestrian networks cover the following six
districts (fig. 8):

- Arroios: Located in central Lisbon, it is a mixed use area with predominant
residential occupation formed by 4-6 story buildings. Its urban development
began in the early 20th century, while major progresses occurred between 1919
and 1945. It is composed by a mix of regular and irregular street pattern of one
to two lane road space. It is a hilly setup with a noticeable lack of open spaces
and green areas. Digitized network length (DNL): 35.3km.

— Avenidas Novas: Located also in central Lisbon, this district resulted from a
planned urban intervention in the late 19th century. It is a mixed use area
formed by medium rise buildings, today with a significant office occupation.
The street design incorporated the French boulevard style, being characterized
by a regular grid of large avenues with tree alignments in the medians. DNL:
61.5km.
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Benfica Alvalade Parque das Nagoes

Fig. 8 - Street patterns of selected cases. Colour figure available online.

Fig. 8 - Malha urbana existente nos casos de estudo. Figura a cores disponivel online.

- Belém: Located by the Tagus River, it is a major historical and touristic landsite
composed mainly by monuments, museums and parks. It has a substantial
presence of pedestrian areas. DNL: 31.7km.

- Benfica: This area resulted from a city expansion but in a rather unplanned
manner. It is located close to the city boundaries and until mid-20th century
this was mainly farmland. Real estate development was very intense between
1960 and 1990, led by private developers in response to a rapid population
growth, namely due to migration from rural areas to Lisbon. As a result, the
blocks are seldom regular and the buildings are not aligned. A great deal of
open spaces is assigned to car parking. DNL: 19.9km.
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- Alvalade: This area resulted from a planned city expansion that took place in the
mid-20th century (starting in 1945). It was designed in a so-called “neighbour-
hood-cell structure”, where all necessary facilities (schools, sports fields, green
areas, markets, public services) were located within a walking distance from the
households. Such structure allowed a coherent and centrifugal traffic assignment,
where local access streets refrain through traffic, benefiting pedestrian access and
walking. There buildings are usually surrounded by green areas and are accessed
by pedestrian pathways. DNL: 23.2km.

- Parque das Nagoes: Located in the north-eastern part of Lisbon, by the Tagus
River, this is a relatively recent urban expansion, established in the context
the 1998 International Exhibition. It is a planned urban development incor-
porating the “Barcelona model” design features: ample public spaces and
parks, high standard landscaping, and pedestrian and bicycle recreational paths.
DNL: 52.2km.

A summary of the extension of the digitized network typologies is presented in
tables I and II. Table I shows the composition of the digitized pedestrian network in
terms of the relative length of the considered typologies. Standard sidewalks form the
majority of the pedestrian network, representing from 60.7% to 79.1% of its length
(M=73.2; SD=11.1). Concomitantly, approximately 20 to 40% of the pedestrian network
in the studied cases is composed by other elements. Pedestrian crossings constitute an
essential component of the network but their length is naturally shorter compared to
pathway links, standing for 4.3% to 10.9% of the total formal network (M=7.0; SD=2.6).
The latter is the case of Avenidas Novas, where the urban fabric is arranged by large
avenues (4 to 8 traffic lanes).

The canonical pedestrian network, combining standard sidewalks and formal cross-
ings, forms the bulk of the pedestrian network in all cases. This is particularly expressive
in a regular grid pattern (Avenidas Novas, 90.1%) and still very significant in less regular
patterns (Alvalade, 84.3%; Arroios, 85.4% and Benfica, 86.2%). In the case of areas with
ample public spaces, the share of standard sidewalks and formal crossings is noticeably
lower (Belém, 64.4% and Parque das Nagdes, 64.9%). The formal pedestrian network,
which comprises other discernible pathway and crossing types, represents more than
90% of the length of the walkable links in most studied cases. A lower proportion of for-
mal links is found only in the case of Belém (75.5%), where people can walk through
parks and open areas. The relevance of informal walkable links seems to be more related
to the presence of certain features than to the sheer length of the informal network. This
is the case of informal crossings. Informal crossings represent, in general, less than 5% of
the network. However, in at least one area (Arroios) the number of informal crossings is
higher than the number of formal crossings. This is due to the fact that most streets in this
area have relatively low traffic volumes and, as their crossing does not pose a safety con-
cern, the city’s traffic department does not consider necessary to formally represent the
pedestrian crossings.
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Table I - Proportion of pedestrian network typologies by length.

Quadro I - Propor¢do de tipologias da rede pedonal, por comprimento.
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Pedestrian Network Typologies

Digitized Network Length (%)

Alvalade Arroios Av.Novas Belém Benfica Pq. Nagoes

Sidewalk 79.1 81.4 80.9 60.7 80.0 57.3
Local access, shared space 0.0 5.7 0.0 5.6 1.7 2.3
Pathways  Pedestrianized street 3.8 0.8 0.0 3.6 1.0 235
Stairways 0.7 1.7 0.5 0.9 0.7 0.4
Total Formal Pathways 83.6 89.6 81.4 709 834 83.4
F 1
orma Crosswalks 48 3.1 34 37 49 6.0
Network
Signalized intersections 0.5 0.9 5.8 0.2 1.3 1.6
Overpasses 0.0 0.0 0.1 0.2 0.0 0.0
Crossings
Underpasses 0.0 0.0 0.0 0.1 0.0 0.0
Refuges, islands 0.2 0.3 1.7 0.3 2.4 0.5
Total Formal Crossings 5.5 4.3 10.9 4.6 8.6 8.2
Total Formal Network 89.1 93.9 92.3 75.5 92.0 91.6
Parks 2.2 0.2 2.7 16.0 0.7 1.1
Through building lots 6.1 0.4 0.2 0.0 0.3 0.0
Pathways Unpaved 0.1 0.0 0.0 0.0 0.7 0.0
Open space (parking lots,
green areas) 0.0 0.8 1.1 5.0 1.7 5.6
Detailed
Network Total Detailed Pathways 8.4 1.5 4.0 21.0 3.4 6.8
Informal crossings type I
(1 lane, 1 way streets) 2.6 44 3.4 2.5 0.6 0.8
Crossings  Informal crossings type IT
(2 lane, 2 way streets) 0.0 0.2 0.3 1.1 4.1 0.9
Total Detailed Crossings 2.6 4.6 3.7 3.6 4.7 1.6

Table II - Proportion of pedestrian network typologies by features.

Quadro II - Proporgdo de tipologias da rede pedonal, por arcos.

Pedestrian Network Typologies

Digitized Network Features (N)

Alvalade Arroios Av.Novas Belém Benfica Pq.Nagoes

Total Formal Pathways 296 959 1144 283 223 484
Total Formal Crossings 108 243 1184 121 107 476
Total Detailed Pathways 80 41 183 138 22 87
Total Detailed Crossings 57 275 377 120 46 54
Proportion of Formal Pathway features (%) 78.7 95.9 86.2 67.2 91.0 84.8
Proportion of Formal Crossing features (%) 65.5 46.9 75.8 50.2 69.9 89.8
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IV. DISCUSSION AND CONCLUSIONS

We found two major differences in terms of the pedestrian network composition
within a complex urban environment. One is related to the existence of public open spa-
ces. The proportion of standard sidewalks tends to be higher than other typologies in
areas with a lower offer of public space, whilst the pedestrian network of areas that have
prominent public spaces encompasses other pathway typologies, namely pedestrian stre-
ets, plazas or paths in parks and gardens. The other is related to the inexistence of formal
crossings. The proportion if non-marked, informal crossings, was found to be very rele-
vant in most cases. The identification of pedestrian network links has required image
interpretation which was not free of subjective judgement, especially in such areas. Set-
ting up objective and uniform digitization guidelines was a critical step in order to assure
a common level of detail to all cases.

We have identified a series of pathway typologies and analysed the composition of
the pedestrian network within six distinct urban settings. We found that the canonical
pedestrian network (sidewalks and formal crossings) formed up to 90% of the network of
a regular grid street pattern but only up to 66% of the network of districts presenting a
large proportion of open areas. While other pathways typologies may not be abundant in
number or length, they may be important links for pedestrian accessibility. Tal and Handy
(2012) compared the network analysis capability of a standard street centreline network
with a pedestrian network, finding that using a richer typological catalogue had an ave-
rage increase of 12.2% in the area covered by a 5 minute walk (“pedshed”) around schools
and retail centres. Moreover, realistic accessibility analysis and navigation applications
require a correct representation of crossing opportunities. On one hand, considering the
existence of crossings at each and single intersection may overestimate accessibility con-
ditions. On the other hand, considering only formalized crossings may underestimate
accessibility conditions. The correct representation of pedestrian crossings and different
pathway typologies seem to require a level of interpretation that is still absent in semi-
-automated methods.

Semi-automated network generation methods have been tested successfully only in
regular grid patterns, which is a very common pattern found in cities worldwide. Still,
these methods require quality assurance and quality control. The time required for visual
inspection, quality control and manual editing may compromise the effectiveness of such
methods in complex urban setting. For instance, Li et al. (2018), reported an average time
of manual editing of 1,3h/mi? (0.5 h/km?).

Areas with less regular street patterns, areas with heterogeneous layout or areas with
ample public spaces, which include parks and recreation areas that do not have a base
feature in ancillary data, need to be constructed following other methodologies to obtain
a realistic representation of the pedestrian environment. With time, we expect other digi-
tization methods to be able to overcome the presented issues in order to produce reliable,
cost-effective, pedestrian networks suitable for a large application range, although city-
-wide digitization would occur once with further developments thereon.
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A future development could be related to the potential of VGI in the production and
maintenance of large datasets. Currently, large amounts of pedestrian related data can be
produced at virtually no cost, but the reliability of the data is not assured. Dedicated digi-
tal datasets that represent effectively the pedestrian space are crucial for the quality of
accessibility and walkability analyses and in the development of pedestrian navigation
services. As demonstrated in other studies (Neis & Zielstra, 2014; Mobasheri, Sun, Loos,
& Ali, 2017) the application of OSM data for these purposes is still very limited. The har-
monization of digitization procedures and raising awareness and engagement for pedes-
trian data collection could overcome present issues.

We found that, for the city of Lisbon, building a network enclosed by a 1km? tile
required, in average, 6 labour hours. This includes digitization as well as quality assurance
and quality control. According to these figures it could be expected that the manual digi-
tization of the whole city (100km? 547 733 inhabitants) could be performed either by an
individual in approximately 4 months or by a team of 4 people in approximately 1 month.
We found these figures to be acceptable when considering the geometric and topological
coherence and completeness of the digitized network, noting that the time estimation did
not include the inclusion of additional feature attributes and that it can be completed as a
whole, city-wide. Further urban developments will require corrections, like any other
urban components.

This paper points out some representation issues found when manually digitizing
distinct urban settings. A relevant issue is related to the variety of components that may
be included in the network, ultimately relating to the necessary degree of detail required
for certain applications. Another critical issue is related with the representation of pedes-
trian crossings. Albeit not very significant in terms of proportion, informal crossings are
crucial to represent pedestrian behaviour correctly. Failing to represent them correctly
may result in serious bias: for example, stranded pedestrians if informal crossings are not
part of the network, or unrealistic crossings if they are erroneously placed.

Various approaches have been proposed as an alternative to the traditional, relatively
time consuming and expensive method of manual digitization. Truth is all approaches
have their significant issues, namely in terms of reliability. At this stage, manual digitiza-
tion can produce more reliable and detailed networks, suitable for a broader application
spectrum.
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