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ABSTRACT

This paper describes a GIS-based integrated approach to assess a
pedestrian network by combining multi-criteria and space syntax. The
analysis combines pedestrian attributes with street connectivity and
both factors were evaluated by a group of experts. The approach was
adopted in the city of Oporto. Results show that the city centre offers
various conditions; however, overall they are poor for pedestrians.
Moreover, the streets which scored best are not integrated into the
network. The described approach can potentially be replicated in
other cities in terms of improving the walkability and promoting
sustainable urban mobility.

Introduction

Walkability is seen as one of the most important concepts for sustainable urban development
and sustainable mobility (Forsyth and Southworth 2008). The personal, social, economic and
environmental benefits of walking, both as a leisure activity and a mode of transport, are
well-documented: walking reduces traffic congestion and pollution; it is beneficial to indi-
viduals’ health and well-being; it has health-economic benefits; it affects real estate prices;
and improves the sociability and vitality of urban spaces (Bahrainy and Khosravi 2013; Kim,
Park, and Lee 2014; Lee and Talen 2014; Longo et al. 2015).

For these reasons, encouraging people to walk has been included in various policies and
has become a main issue for urban planners during recent decades. For example, the White
Paper on Transport (EC 2011) and the Sustainable Urban Mobility Plans launched by the
European Union are focused on encouraging walkability in cities.

Actions to promote walkability have mainly concentrated on making this form of travel
easy and attractive by: improving the general quality of built environments (Kim, Park, and
Lee 2014); providing walking facilities (Koh and Wong 2013; Li, Gao, and Yin 2013; Longo et
al. 2015) and green areas (Panagopoulos, Duque, and Dan 2016); and by enhancing the
physical and functional linkage between urban spaces (Kasemsuppakorn and Karimi 2013;
Babiano 2016). Understanding the factors that influence walkability and pedestrians’ per-
ceptions enables planners to build more walkable and liveable cities. As some authors show,
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conditions provided to pedestrians influence their decision to walk, as well as aspects such
as the walking distance, walking time and satisfaction of walking (Kim, Park, and Lee 2014).

This paper describes a GIS-based integrated approach to assess a pedestrian network in
the city centre of Oporto by using multi-criteria and space syntax analysis. The multi-criteria
analysis (MCA) was performed by using four criteria and nine sub-criteria that mostly influ-
ence walkability. The criteria selection was supported by an extensive literature review and
by experts’ evaluations. Space syntax was used to evaluate street connectivity. Results of
multi-criteria and street connectivity were normalized using fuzzy logic, namely by devel-
oping sigmoid and linear functions to compare them. The outcome led to ranking streets
according to their walkable conditions and a map showing the network and level of con-
nectivity between them. By combining nine sub-criteria with street connectivity, this paper
makes an innovative contribution to the literature on walkability and provides urban plan-
ners and developers with a useful tool. As the approach identifies the less walkable streets
and the problems in their linkages, results can be used by urban planners to improve walk-
ability and, consequently, liveability, making cities more sustainable.

This paper is organized as follows. The next section presents the theoretical framework,
focusing on key aspects linked to pedestrians. The following section explains the method-
ology adopted in the study. There is then a brief description of the city of Oporto. Next, the
results are presented and discussed. The last section summarizes the final remarks.

Literature review

Opting to walk and which route to take are different but related decisions because they are
influenced by some of the same factors. Individuals’ decisions about where and whether to
walk are highly complex and typically entail considering multiple factors, including distance
and time to walk, perceived ease, comfort, safety, security, convenience, proximity and attrac-
tiveness of the route, and are influenced by age, gender, ethnicity, income, household size,
car ownership, built environment, route characteristics, among others (Agrawal, Schlossberg,
and Irvin 2008; Koh and Wong 2013; Nasir et al. 2014; Ferrer, Ruiz, and Mars 2015; Babiano
2016).

The literature on factors affecting walking has significantly increased over the last two
decades. The built (or physical) environment is one of the most analyzed topics (Cervero et
al. 2009; Walford et al. 2011; Nasir et al. 2014; Ferrer, Ruiz, and Mars 2015; Lamiquiz and
Dominguez 2015). It corresponds to the physical context in which people spend their time
(home, neighbourhood, school) and includes factors related to urban design, land use, walk-
ing facilities, traffic safety, aesthetics, access to facilities and slopes (Ferrer, Ruiz, and Mars
2015). A physical environment influences perceptions such as safety, security and comfort,
which consequently determine satisfaction and the decision to walk (Bahrainy and Khosravi
2013; Nasir et al. 2014; Peiravian, Derrible, and ljaz 2014; Gilderbloom, Riggs, and Meares
2015).

Land use is an important factor influencing pedestrians’ satisfaction and distribution in
urban spaces (Bahrainy and Khosravi 2013; Lamiquiz and Dominguez 2015; Lerman and
Omer 2016). Various studies show that mixed land uses and commercial areas increase pedes-
trian movements (Lamiquiz and Dominguez 2015; Lerman and Omer 2016). There are cor-
relations between residential areas, population density and pedestrian movements
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(Christiansen et al. 2014; Peiravian, Derrible, and ljaz 2014; Lerman and Omer 2016), as well
as between land use and distance. In fact, areas with mixed land use, allowing for multiple
activities to be located close to each other, reduce the distance to be travelled (Maleki, Zain,
and Ismail 2012; Azmi and Ahmad 2015).

Accessibility is another factor which has been extensively analyzed. Accessibility can be
described as people’s ability to reach a certain place making an acceptable effort (Geurs and
van Wee 2004). The concept has particular connections with land use regarding the quality
and spatial distribution of opportunities provided at each destination. It also has connections
with modes of transport considering the disutility for an individual to cover the distance
between an origin and a destination (Geurs and van Wee 2004). Walking to access other
modes of transport, mainly public transport, is very common and encouraged in many coun-
tries (Cubukcu et al. 2015). Sung et al. (2015) found that shorter distances to public trans-
portation increased street-level walking. Besides public transport, access to facilities, such
as shops and stores (Koh and Wong 2013), amenities, such as schools (Christiansen et al.
2014), green areas (Panagopoulos, Duque, and Dan 2016), mixed-use areas (Cubukcu et al.
2015), among others can also be considered. Advanced transport technological solutions,
such as real-time passenger information systems, can also improve accessibility (Velaga et
al. 2012).

Urban design comprises various perceptual qualities that may affect the walking envi-
ronment (Bahrainy and Khosravi 2013; Wey and Chiu 2013; Kim, Park, and Lee 2014; Garcia
and Lara 2015). Although difficult to define, Ewing and Handy (2009) proposed the following
five qualities: imageability, enclosure, human scale, transparency and complexity. These
criteria have been used to create urban design quality indexes to explore aspects of the
physical environment considering facets directly relevant to people’s feelings towards aes-
thetics and structure in urban areas (Walford et al. 2011). Aesthetic quality has also been
linked to walking as a means of transportation (Adkins et al. 2012; Ferrer, Ruiz, and Mars
2015). Aesthetics includes sensorial effects and stimulus that pedestrians can experience
creating pleasant walking experiences (Ferrer, Ruiz, and Mars 2015). Thus, the physical envi-
ronment, urban design and aesthetics are interdependent factors which result in adopting
appropriate planning policies.

Slopes are also an important factor, as small positive increments in slopes decrease travel
speeds while increasing energy use and travel (Lundberg and Weber 2014). If a route has
steps or upward slopes, pedestrians may avoid that way. However, a slight downward slope
will help walking as less effort is needed (Koh and Wong 2013).

The natural environment is also an important factor, which influences walking (Lundberg
and Weber 2014; Panagopoulos, Duque, and Dan 2016). Comfortable conditions, including
temperature, green space, sunlight, shade and wind are important for walking (Koh and
Wong 2013). Green spaces not only direct pedestrian flow in wide streets, improving pedes-
trians’ perception of privacy and safety regarding car traffic, but also benefit the urban
environment.

Street connectivity is seen as having an important impact on walking and on defining
how streets are networked (Bahrainy and Khosravi 2013; Azmi and Ahmad 2015). Street
connectivity can be understood as the directness and availability of alternative routes and
can be defined as the number of intersecting streets per land-area unit (Azmi and Ahmad
2015; Garcia and Lara 2015). High street connectivity is typically found in areas with denser
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street networks. A higher number of road intersections provide more potential routes for
walking, greater accessibility and shorter distances to destinations (Azmi and Ahmad 2015).
Therefore, street connectivity has been considered in many walking indexes (Millward,
Spinney, and Scott 2013; Kim, Park, and Lee 2014; Lee and Talen 2014; Peiravian, Derrible,
and ljaz 2014; Gilderbloom, Riggs, and Meares 2015; Lerman and Omer 2016). Nonetheless,
some research also shows that high street connectivity can lead to more street crossings,
which incur safety risks for pedestrians and longer waiting times because of signalling (Ferrer,
Ruiz, and Mars 2015). Thus, conveniently designed pedestrian crossings should be provided
to encourage walking and to keep obstacles to a minimum.

This paper describes a GIS-based integrated approach to assess a pedestrian network by
combining multi-criteria and space syntax. This tool is often used in spatial planning to help
decision makers (Ramos and Fonseca 2016), including approaches to improve walkability
and pedestrian accessibility (Bleci¢ et al. 2015) and to create walking indexes (Millward,
Spinney, and Scott 2013; Christiansen et al. 2014).

Case study: the city of Oporto

Oporto is the second largest city in Portugal. The city is located in the northwest of the
country, and according to the last census (SP 2012) it has a population of 237,559 inhabitants.
It is also the second biggest Portuguese metropolitan area with approximately 1.7 million
inhabitants. The urban morphology of Oporto is significantly shaped by the Douro River and
by the topography. The city started as a small medieval settlement on a hill and developed
along the Douro River. The historic centre of Oporto developed under organic forms and
narrow streets shaped by the rough terrain between the river and the city centre. In 1996,
based on the outstanding universal value of the urban fabric and its many historic buildings
bearing remarkable testimony to the development over the past thousand years, the historic
centre of Oporto was classified by UNESCO as a World Heritage Site. The classified site is
basically defined by the medieval walls having an area of approximately 90 hectares.

The pedestrian network described in this paper consists of the historic centre of Oporto
and the neighbouring urban areas (Figure 1). The selected area has 262 hectares and corre-
sponds to 7% of the city surface, integrating spaces with different urban functions, land use
and densities that are linked by streets with different characteristics in terms of slopes, width,
visual dimension, landscaping, etc. These different features provide a considerable variety
of conditions for pedestrians, creating a varied and multifunctional space.

Data and methods

The methodological procedures adopted in the study will be described as follows: (1) general
purpose and method; (2) criteria selection; (3) description of the data collection, weights
assignment and aggregation method; and (4) assessment of the pedestrian network.

General purpose and method

The main steps of the study are shown in Figure 2. The first one was to define a general tool
to analyze the walkability and connectivity of the pedestrian network. The MCA was adopted
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Figure 2. Steps followed to assess a pedestrian network.

because it evaluates different alternatives by using a number of qualitative and/or quanti-
tative criteria with different weights (Ramos and Fonseca 2016). By using MCA, the streets
can be ranked according to their walkable conditions, identifying the more and less walkable
ones. This tool is often used in mobility studies (Longo et al. 2015), including in soft modes

such as walking (Socharoentum and Karimi 2016).
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Criteria selection

The factors or criteria selected in this study were based on a literature review and the involve-
ment of a group of experts. This group consisted of 41 experts in urban and transportation
planning, such as civil engineers, geographers, urbanists and architects, namely PhD stu-
dents, researchers and lecturers from the Universities of Porto (30) and Minho (11). The
experts were found by contacting the urban planning departments at both universities.
These research centres accepted the invitation to participate in the study. As promoting
walking is a point on policy agendas, a growing number of urban planning experts have
become interested in enhancing walkability (Kim, Park, and Lee 2014). Furthermore, involving
experts isacommon process in MCA with the aim of improving the analysis (Moura, Cambra,
and Gongalves 2017; Taleai and Amiri 2017). Weighting also requires a suitable way to make
trade-offs between the criteria, having a direct influence on ordering the alternatives and,
consequently, the results. In this approach, a quantitative weight method was used to define
the relative importance of the criteria following the experts’ vision.

Thus, the experts’ participation was focused on two main issues considering the specific
conditions found in the city of Oporto: (1) the criteria definition and (2) weighting and pri-
oritizing the criteria. Their involvement followed a collaborative decision support system by
filling in an online participation form —an expert survey. The purpose of the survey and range
of questions were previously explained in individual working sessions. The survey that was
carried out in 2015 was previously structured and based on a semi-closed question format
and consisted of two main parts containing 12 questions. The first part was related to select-
ing the criteria and sub-criteria with more impact on walking. The survey included a list of
sub-criteria and criteria to be selected by the experts according to their perception. Experts
could also add new sub-criteria not included in the given list. Nonetheless, they largely
confirmed the options given as only very few comments were added. For example, only
three experts suggested including safety in the study, demonstrating that this factor is not
critical in Oporto. In the second part, experts were invited to assign weights (prioritization)
reflecting the importance the criteria selected have on walking. Based on this work, the
following four criteria and respective nine sub-criteria were included in the study (Table 1).

Table 1. Weights assigned to the sub-criteria using pairwise comparison matrix.

Criteria Pairwise of sub-criteria  Experts’ evaluations Sub-criteria Weights

Urban function Land use 26.4% Land use 0.264
Population density 73.6% Population density 0.736

Physical environment  Visual dimension 72.5% Visual dimension 0.498
Human scale 27.5%
Visual dimension 60.4% Slopes 0.273
Slopes 39.6%
Human scale 50.0% Human scale 0.229
Slopes 50.0%

Accessibility Public transportation 57.6% Public transportation 0.576
Intelligent transporta- 42.4% Intelligent transportation 0.424

tion systems systems
Natural environment ~ Green spaces 56.5% Green spaces 0.565

Microclimatic conditions 43.5% Microclimatic conditions 0.435
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(1) The physical environment is one of the most analyzed topics in pedestrian studies,
as mentioned in the literature review. In the study, it consists of three sub-criteria.

(a)

Slopes: slopes are one of the most effective factors influencing walking, affecting
travel speed, energy required, difficulty and potential of walking (Guo and Loo
2013). Many walkability indexes and studies were developed considering slopes
in relation to other factors (Guo and Loo 2013; Kasemsuppakorn and Karimi
2013; Lundberg and Weber 2014). Furthermore, slopes have a direct influence
on the physical environment and characteristics of the paths (Willis, Manaugh,
and El-Geneidy 2013).

Visual dimension: this attribute is related to various urban dimensions that
influence pedestrians’ satisfaction of walking, including building design, her-
itage preservation, visual richness, aesthetic dimensions, quality of spaces,
among others. Visual dimension is considered as having a significant impact
on the walking experience by various authors (Bahrainy and Khosravi 2013; Guo
and Loo 2013; Wey and Chiu 2013; Lundberg and Weber 2014; Garcia and Lara
2015).

Human scale: this is related to size, texture and articulation of physical elements
that match the size and proportions of humans and correspond to the speed at
which humans walk (Ewing and Handy 2009). Human scale is highly dependent
on physical aspects, including street furniture, building details, distance to walk,
etc. Itis a relevant factor for walking (Bahrainy and Khosravi 2013; Phillips et al.
2013).

(2) Urban function is also a widely used criterion in pedestrian studies, especially con-
cerning the impact caused by the population and land use in walking. For Leduc and
Kann (2013), urban functions can be categorized as part of built-up areas (residential,
industrial/business, transport areas) and non-built-up areas (agricultural and green
areas, water bodies, etc.).

The sub-criteria considered were:

(a)

Population density: this is one of the most used attribute because the popula-
tion distribution and characteristics influence (and are influenced) by many
factors: land use, location of services and activities, public transportation, traffic
generation, etc. Population density was included in the studies carried out by
Christiansen et al. (2014); Peiravian, Derrible, and ljaz (2014); Lerman and Omer
(2016).

Land use: this is an attribute also widely used in pedestrian studies (Manaugh
and Geneidy 2011; Bahrainy and Khosravi 2013; Millward, Spinney, and Scott
2013; Kim, Park, and Lee 2014; Lamiquiz and Dominguez 2015; Lerman and
Omer 2016) because it has a significant impact on the population distribution
and their movements. As mentioned in the literature review, mixed land uses
and commercial areas have a strong impact on pedestrian movements. The
literature relating urban function with land-use conversion has been widely
discussed (Zhou et al. 2016). Urban land is the spatial carrier of urban function
and urban land use conversion brings about changes to urban functions.
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(3) Accessibility is also a widely used attribute in pedestrian studies and is considered
the first level in the hierarchy of walking needs. Accessibility can be understood as
the opportunity to access different activities/facilities in a given location, includ-
ing components such as distance, characteristics of pavements, slopes, etc. In this
study, accessibility considers the distance to public transportation facilities and the
technological service provided by them as the other issues are included in other
criteria, namely in the physical environment and urban function. The sub-criteria
considered were:

(@) Public transportation: this attribute has been used by many authors to study
and measure accessibility (Wey and Chiu 2013; Cubukcu et al. 2015; Garcia and
Lara 2015). In fact, walking is the most used mode to access public transpor-
tation and is one of the travel modes used by people between an origin and a
destination. In this study, walking distances to public transport were 400 metres
to the bus stops and 800 metres to the light rail stations. These distances are
recommended for this type of studies (Millward, Spinney, and Scott 2013; Kim,
Park, and Lee 2014).

(b) Intelligent transportation: this is related to systems that provide real-time infor-
mation for passengers at bus-stops, inside buses and the Internet on websites
and mobile applications. It includes systems to improve the security provided
to pedestrians namely by detection systems. This is innovative and not usually
included in pedestrian studies.

(4) Various studies show that natural environment is a criterion that shapes walking
(Lundberg and Weber 2014; Helbich et al. 2016). The two following sub-criteria were
included in the analysis.

(@) Green spaces: urban greenery clearly benefits the climate and urban environ-
ment. Key benefits include improving the thermal comfort, air quality, reduction
in urban noise and wind speed (Ng et al. 2012; Capri et al. 2015; Panagopoulos,
Duque, and Dan 2016). Green spaces also have a positive impact on the urban
landscape, which also influences walking (Vojnovic et al. 2006).

(b) Microclimatic conditions: these are related to climate characteristics in the
urban canopy layer between the building rooftops and ground surfaces, e.g.,
the pedestrian level (Ng et al. 2012). Nevertheless, the quantitative relationship
among the thermal comfort of pedestrians, microclimate variables and walk-
ing attitude at the scale of the street network is still an issue that needs more
investigation (Capri et al. 2015).

Data collection and analysis, weights assignment and aggregation method

After the criteria and sub-criteria were selected by the experts, the next step was to collect
data concerning the conditions provided by the streets. Geographic data related to the
streets, buildings, parks, etc. were collected, as well as statistical data concerning the pop-
ulation and buildings. All the streets were visited and analyzed, especially to collect the
remaining missing data.
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The next step was to develop the MCA in order to prepare and evaluate all the sub-criteria
and criteria by using the fuzzy method in GIS. As the data from the criteria was expressed in
different quantitative and qualitative scales, the values had to be normalized so that they
could be compared. The process was implemented through fuzzy logic with linear normal-
ization, a common approach used in MCA and decision problems (Forés, Bovea, and Belis
2014).The fuzzy theory is based on a fuzzy membership grade (possibility) that ranges from
0.0to 1.0, indicating a continuous increase from non-membership to complete membership.
The calculation was estimated by using the following sigmoidal function:

X = Xuin =0 - f(Xi) =0
f(Xi) = Xmin <X <Xmax = f(Xi) = (1

X=X = f(x)=1

X. - Element of the network (i=1, 2,..., n)

X - X of elements of the network

Determining the importance of the criteria and sub-criteria for walking was the next step.
The analytic hierarchy process was used to assign the weights given by the 41 experts (Table
1). Converting the experts’ opinions into values was done by using a pairwise comparison
matrix. As shown in Table 2, the sub-criteria and criteria weights were calculated by perform-
ing different pairs of combinations.

According to the final weights, the criteria mostly valued by the experts were the natural
environment and accessibility. These results are in accordance with other pedestrian studies
where natural environment (Capri et al. 2015; Socharoentum and Karimi 2016) and accessi-
bility (Cervero et al. 2009; Millward, Spinney, and Scott 2013; Garcia and Lara 2015;
Gilderbloom, Riggs, and Meares 2015; Lamiquizand Dominguez 2015) are seen as having a
central role in decisions and the satisfaction of walking.

The final step of this stage was the aggregation that consists of incorporating the weights
assigned by the experts to the sub-criteria and criteria. The method used was the Weighted
Linear Combination (WLC), because it is an analytical approach that can be used when
dealing with multi-attribute decision making (Silva 2015). In the WLC, the combination

Table 2. Weights assigned to the criteria using the pairwise comparison matrix.

Criteria Partial weights Criteria Final weights
Physical environment 57.1% Physical environment 0.1794
Urban function 42.9%

Natural environment 61.3% Urban function 0.1990
Physical environment 38.7%

Physical environment 35.7% Accessibility 0.3102
Accessibility 64.3%

Urban function 44.4% Natural environment 03114
Accessibility 55.6%

Natural environment 67.3%

Urban function 32.7%

Accessibility 53.7%

Natural environment 46.3% Sum 1.000
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resulted in applying the weights obtained by the pairwise combination to the conditions
offered by the streets. Ranking prioritizing the walkable conditions provided by the streets
is obtained by summing the results of each of the criteria. The higher the score, the more
walkable the street is. WLC allows for a complete trade-off between the various criteria,
meaning that a street with one very bad condition can be compensated by having other
strong qualities. The WLC was performed on GIS and was calculated by using Equations (2)
and (3).

n

j=12,..,9 Sk(Xi) = C‘k(xi) Wi (2)

i=0

S, (x) - Assessment of element X, for all the sub criteria j of criteria k
n

k=1,2, ..., 4 T(x,) =Z Se(x;) wy (3)
i=0
T (x) - Assessment of all the criteria k for element X; of the network

Assessment of pedestrian network

This paper argues that assessing a pedestrian network requires a street connectivity analysis.
In fact, connectivity measures the degree to which dense and diverse urban activities are
accessible. The principle is that in order for streets to be walkable, they must be connected.
Even if a street provides good conditions for walking, it must be linked with other streets
and spaces, otherwise people hardly go there on foot. In the study, connectivity was accessed
with space syntax by using the DepthmapX software. Space syntax was adopted because it
has various advantages compared to more simple street connectivity measures such as
passive graphic notions, namely for calculating movements in network-configured human
settlements and functional connectivity in networks (Tianxiang, Dong, and Shoubing 2015).
The DepthmapX software performs a set of spatial network analyses designed to understand
social processes within the physical environment (Jeong and Ban 2016). Based on the graph
theory, the connectivity of a node can be defined as the number of other nodes directly
connected to it. The analysis performed with space syntax shows a street connectivity rang-
ing from 1 to 14 (Table 3). Higher space syntax values correspond to streets with many
connections (nodes) and vice versa. These values were then normalized between 0.0 and
1.0 by fuzzy logic and inserted in the GIS database. A WLC was calculated again to obtain
the final scores by using a weight of 0.5 for the criteria evaluation and 0.5 for street connec-
tivity, as suggested by the experts. The result is an assessment of the pedestrian network,

Table 3. Normalization of the connectivity.

Space Syntax Normalization in GIS Space Syntax Normalization in GIS
1 0 8 0.5390
2 0.0769 9 0.6159
3 0.1540 10 0.6929
4 0.2310 1 0.7700
5 0.3080 12 0.8469
6 0.3850 13 0.9240
7 0.4620 14 1.0000




JOURNAL OF URBAN DESIGN e 33

showing the streets most suitable for walking, reflecting not only the conditions provided
to pedestrians, but also their connectivity.

Results

The results considering the performance of the streets in the four criteria are presented in
Figure 3." Green paths correspond to the streets with the highest scores while the red ones
are those that rank the worst. In an individual analysis, natural environment is the criteria
with the most favourable situation. It is the only criterion where 50% of streets scored greater
than 0.50, with more streets connected in some spatial continuities from the Douro River
crossing the city centre to the peripheries of the delimited area. This is the result of the green
spaces widespread around the city and the trees and shrubs planted on pavements. Physical
environment obtained a slightly lower result, observing that 47% of the streets have a score
above 0.50. Particularly in the historic centre, near the river, there are many roads which
score poorly due to slopes, derelict buildings and narrow streets. Urban function performs
much more poorly, with only six streets ranked in the highest class. Globally, only 12% of
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Figure 3. Walkability level of the streets considering the four criteria individually.
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the streets analyzed scored above 0.50 in this criterion, reflecting a reduced diversity of land
use and population density, mainly in the historic centre. However, the criterion that per-
formed worst was accessibility, with only 5% of the streets scoring above 0.50. This is mostly
due to the lack of intelligent information systems related to public transportation in the
streets and the distribution (and distance) of bus stops around the city.

The ranking combining the four criteria was obtained from GIS analysis by overlaying the
four layers and by applying the weights of Table 2. By analyzing the results presented in
Figure 4, two main conclusions can be obtained. First, none of the streets analyzed obtained
a final classification above 0.71. The length of the streets best ranked is of 664 metres, cor-
responding to 1.4% of the total length of the streets analyzed. Considering that street ranking
can range between 0 (very poor) and 1 (very good) and as only 18% of the street lengths
analyzed scored above 0.5, the conditions provided to pedestrians can be classified has
being globally poor. In fact, this type of assessment scale is very common in multi-criteria
research (Ramos and Fonseca 2016; Ward et al. 2016).

As described in the Data and methods section, besides the four criteria, street connectivity
was also included in the study. The final map showing the connectivity level is presented in
Figure 5. Results show the non-existence of a network of highly scored streets in this area.
The streets that scored best are widespread around the urban space without connectivity
and continuity. The streets best connected are located in the central area around Bolhdo
and Avenida dos Aliados. On the other hand, the streets with lower levels of connectivity
are located in part of Ribeira and Boavista and mostly included secondary streets of local
access.

-

Tk

= — !

Street ranking / bd
—— 0.0- 0249 -1
0.25 - 0.499

050-0749 ¢ 250 500m
—o075-100 L1 ]

Figure 4. Street ranking considering the four criteria.
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Figure 5. Street ranking considering street connectivity.

The final street ranking was achieved by combining the same weight (0.5) with the criteria
and the connectivity evaluations (Figure 6). In comparison to Figure 5, the inclusion of con-
nectivity slightly improved walkability. Nonetheless, the conditions provided to pedestrians
are globally low as only 20% of the total street length scored above 0.50 (Table 4). The highest
score obtained (0.77 near S. Bento Station) is significantly lower than 1.0. The streets well
ranked are mostly located in the city centre (Baixa), namely in Aliados, Bolhdo and S. Bento
Station. On the other hand, a significant number of streets were poorly ranked, having scores
less than 0.25. These streets are widespread around the whole area, mainly in Ribeira and
Boavista. In many cases, they link highly scored streets, creating passing areas with fewer
conditions for pedestrians. This also explains the lack of a network of pedestrian roads in
the centre of Oporto providing similar and continuous conditions for pedestrians. As Figure
6 shows, there are only a few of the relatively well ranked streets that are continuously con-
nected. There are streets with acceptable or good conditions, but others are short or inter-
rupted by streets providing poor conditions. This can obviously discourage people from
walking. On the other hand, these results can be very useful to improve the conditions
provided by the streets and the pedestrian network, because less walkable streets and seg-
ments are identified. In some cases, the streets have unfavourable conditions for pedestrians
that cannot be changed, such as the slope of some streets in Ribeira. Nevertheless, there are
many streets where the conditions can be improved by implementing actions related to
accessibility, urban rehabilitation, greening and urban landscaping. Providing pedestrian
infrastructure and implementing policies to discipline traffic and car parking are important,
not only to improve walkability but also to create a network of pedestrian streets. Thus, the
approach and results obtained can be very helpful to guide urban and transportation plan-
ning actions to improve walkability.
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Table 4. Disaggregated results of final street ranking.

Pedestrian classes Number of street segments Total length (m) Percentage (total length)
0.0-0.249 120 12614.0 26.9
0.25-0.499 217 25059.4 534
0.50-0.749 82 9187.6 19.5
0.75-1.00 1 72.0 0.2

Discussion and final remarks

Identifying and assessing a pedestrian network is challenging mainly in large areas with
multi-functionality and different urban and natural characteristics. The approach described
in this paper was applied to the Oporto central area with the purpose of assessing a pedes-
trian network. The approach was supported in a GIS multi-criteria analysis where nine sub-cri-
teria and four criteria were selected and weighted according to a panel of 41 experts. Street
connectivity was also included in the approach by using space syntax. To obtain the final
ranking, all the values were normalized and overlaid.

The approach was very useful in identifying how walkable the streets are and to under-
stand their linkages and spatial arrangement. These rankings can be used to identify existing
problems and propose solutions. Results clearly show that a significant number of streets
are not very attractive for pedestrians in the Oporto central area. In fact, the area analyzed
does not have a pedestrian network with high walkable levels. On the contrary, various paths
present changeable conditions, with discontinuous and irregular streets which can encour-
age car usage. Results also show a lack of a pedestrian network in this area. The streets
exhibited scores significantly lower than 1 (the maximum score achieved was 0.77 in only
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one street segment) while the others scored globally above 0.50. There is some connectivity
between streets which scored reasonably (0.50-0.749) around the S. Bento Station and
Avenida dos Aliados, but in the remaining area, the connections and conditions provided
for pedestrians are poor. On the other hand, the results clearly identified the streets with
more problems. This assessment is helpful in supporting urban planning decisions aiming
at improving walkability and the network connectivity. Some of the problems identified
arise from adopting planning policies that gave pedestrians little consideration in the past.
As Li, Gao, and Yin (2013) highlight, the pedestrian mode was often the last aspect to be
considered in urban planning. During recent decades, cities have mostly been planned for
cars and not for pedestrians. However, as nowadays walking and cycling are becoming more
important, cities must also be planned with accessibility as a key criterion of the planning
and design process (Vojnovic et al. 2006).

During recent years, the Oporto entities have implemented various urban planning pol-
icies for it to become a smart sustainable city, including making mobility more sustainable.
For example, some streets, such as Rua das Flores, were recently converted into exclusive
pedestrian zones. The city has also adopted many other urban policies having a directimpact
on walkability. The physical and functional rehabilitation of the historic centre is perhaps
the most visible policy. Rehabilitation makes cities more pleasant to walk in, having a direct
impact on the built visual dimension, human scale, land use, population density and public
transportation services. Built rehabilitation is important as many researchers found that
people were much more likely to walk to work if it was feasible, safe, comfortable and visually
appealing (Vojnovic et al. 2006). In functional terms, the city centre has been invigorated as
a consequence of the increase in tourism during the last few years. Several studies also show
that commercial activities are related to greater pedestrian movement (Bahrainy and Khosravi
2013; Lamiquiz and Dominguez 2015; Lerman and Omer 2016). The green areas found in
the central area of the city and along some streets (Avenida dos Aliados, Palacio de Cristal,
Restauracao, Praca dos Martires da Patria, etc.) are also positive. In fact, green spaces are
linked to higher walkable scores, creating more attractive walking environments and having
a positive impact on the microclimatic conditions found at the pedestrian level (Lwin and
Murayama 2011; Adkins et al. 2012; Capri et al. 2015).

Nonetheless, the multi-functionality and different densities found in the centre of Oporto
are critical points. Although some streets are exclusively pedestrian and have a strong com-
mercial function (Santa Catarina, Cedofeita and Flores, for example), the population density
is relatively reduced in these areas. This problem shows an unbalanced land use. It is a space
for commerce and services, but where the population density is relatively low, meaning that
probably part of the pedestrians do not live there. Building rehabilitation can be essential
to attract more inhabitants to these areas. Enhancing coverage using public transport, espe-
cially bus stops with suitable intelligent transportation systems, is also important to reduce
car dependency and make urban mobility more sustainable. As some studies show, utilitarian
pedestrians are the most frequent users of public transportation services (Kim, Park, and Lee
2014; Garcia and Lara 2015). If the distance to walk is too long and no information is provided,
people will be encouraged to use private vehicles.

Finally, there are some aspects that could be improved in future developments. It will be
particularly important to support the weighting process in a larger and representative sam-
ple. In fact, in identical approaches, some authors such as Taleai and Amiri (2017) adopted
a combined system involving not only a group of experts, but also non-experts, such as
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residents to strengthen the approach. Including other criteria/sub-criteria could also be
relevant because there are still some components such as safety that were not included in
the analysis. Some authors, such as Agrawal, Schlossberg, and Irvin (2008), show that besides
minimizing time and distance, safety is a secondary factor influencing route choice, as well
as the attractiveness of the route and the quality of the pavements. In addition, in Oporto
safety was not perceived by the experts as being critical, but the inclusion of this criterion
could be important in other cities. By using specific criteria included in the database, the
approach has the potential to be upgraded and included in smart navigation systems and
applications for pedestrians. Similar systems were developed with the aim of encouraging
walkability when pedestrians encounter unfamiliar environments (Fang, Qingquan, and
Shaw 2015). Traditionally, pedestrian navigation is based on the guidance of pedestrians
walking between identifiable origins and destinations. By using the MCA, this application
can be used by pedestrians to identify paths between a specific origin and destination with
different characteristics: flat paths, green paths, paths crossing heritage areas, commercial
zones, etc. As urban areas are becoming more complex, the system could provide an inte-
grated response in real time meeting the physical and psychological needs of pedestrians.
Moreover, in order to confirm the results, the described approach needs to be properly
validated. The literature on walking models shows that, depending on the researchers’objec-
tives, various methods have been used to test the reliability of such procedures. For Moura,
Cambra, and Gongalves (2017), the lack of an organized set of validation methods for walk-
ability assessment tools is a challenge when the assessment results are interpreted and
applied in urban and transport planning. Nonetheless, three main methods have mostly
been used: (1) pedestrian counts relating walkability scores to pedestrian flows. For example,
this method was used by Yin et al. (2015) and by Yin (2017); (2) street surveys, linking walk-
ability scores to people’s perception of the conditions provided. For example, this method
was used by Kelly et al. (2011) and by Sung et al. (2015); and (3) home-based surveys, relating
walkability scores to people’s travel routines and lifestyle to understand the pedestrian per-
sonal characteristics. For example, this method was used by Millward, Spinney, and Scott
(2013) and by Moura, Cambra, and Gongalves (2017). One of these methods could be used
in the future to test the described approach. The first option consists of counting the pedes-
trians to confirm whether the better ranked streets have more people walking. Alternatively,
pedestrians can be asked about their perception of walking on the streets of Oporto, iden-
tifying the most and least walkable streets. The intention is to present the results of this
validity testing in a future study.

Considering its replicability and potential in terms of urban planning and technological
application, the approach described in this paper has high potential to improve walkability
in cities and to design pedestrian networks towards a more sustainable pattern of urban
development.

Note

1. The figures can be viewed in colour in the online version of the journal at https://doi.org/10.
1080/13574809.2017.1343087
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