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Abstract: Road network connectivity determines the accessibility of urban activities for pedestrians,
while streetscape characteristics have an impact on route attractiveness. Methods used to measure the
influence of connectivity and streetscape characteristics on walking behavior differ substantially, while
trip purpose is a key factor. This paper explores the respective contributions of network connectivity
and streetscape features to explain leisure walking and utilitarian trips on 740 street segments in
Santarém (Portugal). The indicators cover the most commonly used factors in walkability indexes,
such as density, diversity, design, and accessibility. The streetscape features measure imageability,
enclosure, human scale, transparency, and complexity. The walking trip information was collected
via survey. The results show that connectivity measures have a greater overall explanatory power for
both trip motives. However, the findings highlight the need to consider a variety of design indicators
to explain walking behavior due to the higher explanation power of the model with two types
of indicators.
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1. Introduction

Urban design and the form of the city shape various aspects of individual routines
and behavior [1]. Mobility patterns, influenced by urban characteristics [2,3], impact
air quality, car accidents, physical activity levels, and are linked to non-communicable
diseases [4—6]. Recognizing the significance of these issues for city sustainability and health,
international documents emphasize the need to develop and design cities supporting
sustainable transportation modes [7,8]. Active travel, encompassing walking, cycling, and
public transport, is crucial to mitigate negative impacts on individual health resulting from
mobility patterns.

The evaluation of built environment supports for pedestrian movement are assessed
through the concept of walkability [9,10]. For example, the walkability index proposed
by Frank et al. [10]. combines density, diversity, and design. Density indicates proximity,
diversity enhances opportunities, and design, complex to measure, incorporates connectiv-
ity indicators. While connectivity measures dominate the literature, streetscape features,
such as the imageability, enclosure, human scale, transparency, and complexity [11], impact
individual perceptions.

In fact, the design dimension is the most complex and is related to street design
characteristics and influences walking behavior, shaping individual perceptions of urban
qualities [12,13]. These perceptions impact street attractiveness, crucial for walking trips
across diverse motives [14-16].
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The trip motive influences the mode selection and utilitarian and leisure trips differ
significantly in their responses to built environment aspects [17]. Understanding these dif-
ferences is crucial for effectively transforming the built environment to enhance walkability.

The influence of the built environment on mobility is explored by the Behavioral
Model of the Environment (BME), as presented by Lee and Moudon [18] and Moudon and
Lee [19]. The BME offers a theoretical and conceptual framework for understanding the
interconnectedness of the built environment with mobility and the shaping of accessibility.
This model is structured around three key environmental components: the origins and des-
tinations of trips, the route characteristics of trips, and the attributes of the area surrounding
the origins and destinations. Notable examples encompass topological measures, which
concentrate on the attributes of the network surrounding the origins and destinations,
implicitly revealing the features of an area around the measurement point. The literature
on walkability lacks an exploration of these three key environmental components, focusing
mostly on residence surroundings. Additionally, most of the literature proposes walkability
indexes based on objective data and treats the design component as a network topological
measure. The recent concept of the 15-minute neighborhood follows a similar approach,
considering accessibility to key daily activities but ignoring the attractiveness dimension
related to streetscape features.

This paper explores the relative contribution of design, measured by connectivity
indicators and streetscape features, in explaining walking trips for utilitarian and leisure
purposes. The connectivity measures describe the topological characteristics of street
networks and are used in most of the walkability indexes to describe the design dimension.
The evaluation is made at street segments considering the trip origins and destinations.
Streetscape features are measured by indicators operationalized by Ewing and Purciel to
describe street design characteristics that influence an individual’s perception, utilizing
the existing literature and new methodologies with 3D models. Linear regression models
compare the explanatory power of connectivity measures and streetscape characteristics
for leisure and utilitarian walking trips.

2. Background

Travel behavior has been extensively studied in recent years. Concerns about sus-
tainable development and the impact of mobility options on climate change and air qual-
ity, which exacerbate public health risks, lead to an increased interest in active travel.
Changes in the built environment that support walking have been measured by concepts
like walkability [12,20]. However, the indicators and methods to measure the walkability
conditions that shape walking behavior are not consensual.

In the research of travel behavior, several aspects of the built environment were identi-
fied as important in influencing modal choices. Rynning [21] categorized three elements
that determine the conditions of modal choice and mobility behaviors for urban travel:
urban structure, land use, and mobility systems at the city scale. The neighborhood scale
introduces a fourth category: urban features [21]. The first three dimensions, urban struc-
ture, land use, and mobility systems, are highly interrelated and interdependent. Changing
one will influence the remaining two, which can induce a shift in mobility patterns. The
extent to which the travel pattern changes will depend on the context and the significance
of the change [21].

The urban structure is the most immutable dimension of the city and remains more
or less the same throughout time. One way to evaluate the influence of urban structure
on travel behavior is based on D dimensions. According to Ewing and Cervero [3], travel
behavior is influenced by the density, diversity, and design of the city. For Rynning [21],
the first three Ds result from urban structure, land use, and the organization of the mobility
infrastructure. The urban structure defined by Rynning [21] matches the design dimension
in Cervero’s [3] D dimensions. This dimension is frequently determined by connectivity
measures. In fact, in a literature review, one out of the four types of methodologies identified
to evaluate active accessibility [22] is entirely focused on the topological aspects of the
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built environment, utilizing methodologies like Space Syntax and different connectivity
measures. Moreover, in the remaining three groups of methodologies, the design dimension
is frequently described using connectivity indicators.

The walkability literature reports two main approaches to measuring the design
dimension. One seeks to measure the connectivity of the pedestrian [22,23], and this
approach is commonly used in most walkability indexes that use objective data. A highly
connected network minimizes distances between different points in the overall network,
and increases the number of alternative routes for a pedestrian. On the other hand, a poorly
connected network has a tree-like structure, with many cul-de-sacs; here, the difference
between the actual walking distance and the as-the-crow-flies distance is high [24-27].
Studies that have developed aggregate walkability indexes often report that connectivity is
twice as influential as the other dimensions, illustrated by the walkability index developed
by Frank et al. [28]. Nevertheless, this is not always the case. For instance, the evaluation
of walkability reported in Grasser et al. [29] gives the same weight to all dimensions. In
either case, it should be noted that connectivity is insufficient to account for the complexity
of walking conditions perceived at the street level, as it ignores features that make a route
attractive and interesting for pedestrians [26].

In fact, the walking movement has a biological dimension, and it is intimately related
to the biological and individual sense of the place. For pedestrians, human scale is crucial,
since, at this distance, the pedestrian can see details, touch signs, and use their sense
of smell [13]. Different authors define the human-scale conditions as the atmosphere of
public spaces, and this has an important role in encouraging active transport, social contact,
or other health-promoting behaviors [13]. The five qualities identified as important to
this atmosphere and as determinants of walkability, which are imageability, enclosure,
human scale, transparency, and complexity [11], were later expanded to include legibility,
linkage, and coherence [30]. The evaluation of urban street features using these qualities
requires onsite data collection, usually obtained through street audits [31-33]. Trained
auditors visit street segments and evaluate predefined features that influence the eight
urban design qualities. Several protocols define the methods and characteristics to be
collected by trained auditors. Of these, the protocol defined by Ewing and Clemente [30]
is used most often. The method identifies 51 streetscape characteristics deemed relevant
for walking, and operationalizes them as measures of the five initial determinants of
walkability (imageability, enclosure, human scale, transparency, and complexity).

The five determinants of walkability act mostly on the individual perception of the
built environment. In fact, these perceptions have a higher influence on walking as a modal
choice than other types of travel modes. The influence of the built environment also
depends on the individual’s personal context [13]. Moreover, the built environment charac-
teristics also influence the individual’s perception of itself, socio-economic conditions, and
notion of happiness and wellbeing [34-36]. This influence re-enforces the importance of
urban design qualities beyond a well-connected road network to the promotion of individ-
ual wellbeing. Empirical studies like that developed by Jan Gehl show the complexity of
collecting these street elements that create attractive streets and public spaces [37].

The main problem with measuring urban design qualities is that data collection is
resource-intensive, which not only increases costs, but also limits the ability to compare
regions. In order to overcome this limitation, Purciel et al. [38] developed a set of GIS
measures to evaluate the five urban design qualities proposed by Ewing and Handy [11].
Significant correlations were found between results obtained using these GIS indicators,
and those obtained from a conventional urban audit. More recently, Yin [39] introduced
a set of tridimensional indicators to evaluate the same five qualities. The author developed
walkability indicators using a variety of data sources, including audits, Google Street View
images, and GIS measures. The study found a significant correlation between the new
indicators and the number of pedestrians.
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Still, the relative contribution of the connectivity characteristics and streetscape
features for walking trips is not clear. This is an important point, as it is more or less
feasible to improve the built environment at different scales. Changes in urban features
are easier and cheaper to implement, while it is difficult to change the urban form
of a neighborhood [15,16,40].

Regardless of the use of connectivity measures or streetscapes features, it is well-known
that the impact of urban characteristics on travel is a function of the trip’s purpose [41],
which can be classified into two main groups: utilitarian and leisure. As these two types
of trips differ substantially in terms of duration, frequency, and distance [16,42], it is
interesting to investigate the different influence that the built environment has on them. For
example, the literature suggests that leisure trips are highly influenced by the availability
of private recreational facilities and their characteristics [12,16,43]. In contrast, utilitarian
trips are mostly influenced by the proximity of the destination, and the public transport
supply [17]. Research has concluded that over 90% of public transport journeys include
at least two walking trips [13]. Additionally, research shows that the network layout
(connectivity) influences access to transit stops by shaping the catchment area. The type
of urban structure determines which sections of the catchment area are actually accessible
by foot [30].

The walkability literature embraces two types of approaches: a more quantitative
one using the three Ds approach, and a more qualitative approach involving the evaluation
of streetscape features by auditors on the streets, mostly using the protocol defined by
Ewing and Clemente [30]. The walkability literature has seen more research employing
the three Ds approach. Several walkability indexes use this approach to measure the
design dimensions through connectivity indicators. The literature shows the importance of
considering streetscape features to explain walking behavior; however, this evaluation is
relatively scarce, mostly due to the cost involved. The work of Purciel and Yin introduces
an interesting approach to evaluate qualitative streetscape features in an objective manner
using a digital representation of the city and objective data. This paper builds upon the
extensive work of walkability indexes and the innovative work of Purciel and Yin to explore
this application in the Portuguese context. This research considers the three dimensions of
the BME, evaluating the characteristics of street segments at the origin, destination, and
along the estimated route.

3. Materials and Methods

The methods applied aim to explore the relative contributions of connectivity measures
and streetscape features in explaining walking trips. Section 1 describes the characteristics
of the case study. Section 2 outlines the approach applied to evaluate the built environment
characteristics at the street segment level. Section 3.3 explains the selection of the built
environment indicators used in most of the walkability indexes developed in the literature,
following the three Ds approach, but expanded with the evaluation of accessibility mea-
sures [44]. Section 4 describes the application of Purciel and Yin’s indicators to evaluate
the streetscape features suggested by Ewing and Handy [11]. This chapter also includes
the development of other indicators to measure these streetscape features. The last sec-
tion describes the statistical methodology applied to explain walking trips for leisure and
utilitarian purposes, considering the two types of approaches described previously.

3.1. Case Study

The context of this study is Santarém. This low-density, medium-sized Portuguese
city (106.05 habitants/km?) [45] has been shaped by a particular topography (Figure 1).
The historical center is located on a plateau that is at a higher altitude than the more recent
urban development. Because of this key characteristic, the analysis was restricted to the
city center in order to control for the impact of the topography on walking behavior. The
medium-sized city context has complex challenges for active travel, related to the lack of
public transport and uncomplicated car use (low traffic and parking availability). This
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is particularly important, because, in Portugal, small and medium-sized cities constitute
a total of 121 cities, where 1.8 million inhabitants reside (17% of total population) [46]. The
novelty of this context requires the testing of several indicators suggested in the literature.
This justifies the testing of different density, diversity, design, and accessibility measures on
the statistical modeling.
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Figure 1. Santarém, Portugal.

3.2. Data Collection

The scale of analysis is the 740 street segments defined by the topological rules used
to create a network. The segments are located in the historical center of Santarém. These
segments are a selection from a wider sample and were chosen because they are on a similar
elevation plane, eliminating the influence of slope on walking trips. Moreover, they are the
most central locations in Santarém. This study only uses quantitative and objective data,
collected from different sources, including field collection.

Walking trip data were collected through a survey that was run in the context of the
Integration of Land Use and Transportation in medium-sized cities (InLUT) project with
the goal to evaluate the impact of the built environment on travel behavior [46]. The survey
collects individuals’ socio-economic information, travel options (car ownership, public
transport tickets, etc.), and daily trip diary.

Following the most relevant literature, data were aggregated per street segment rather
than taking whole streets as units of evaluation [47]. Indicators were measured for each
building, then averaged for each street segment. Setback distances were measured from the
entrance of the building that was closest to the street segment. If there were no buildings
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on a segment, the endpoints and midpoints of the segments were used as base-points to
evaluate 3D characteristics of street segments, rather than points closest to the buildings on
each street.

3.3. Urban Structure the Three Ds Approach

Table 1 describes variables utilized in the evaluation of each dimension for the
740 street segments. Most data were calculated using ArcGIS toolboxes previously de-
veloped for the InNLUT project, evaluated for a 500 m buffer from each building, then
aggregated as described above. A distance of 500 m is typically used to define the bespoke
neighborhood, which has the highest influence on daily activity, including walking [48].
Each dimension was captured by several indicators that were analyzed to evaluate their
contribution to walking behavior in the specific context of Santarém, a medium-sized city.
The indicators are described in detail below. This approach is the most common in the
development of walkability indexes.

Table 1. Variables and descriptive statistics.

Street Segments Descriptive Statistics (N = 740)

Variable Description Source Year Unit Min Max Mean Skew  Kurtosis
Density
Densl Housing density (Dwellings per ha) (@8] 2013 number  1.38 76.65 34.39 0.10 -0.19
Dens2 Building Density (Buildings per ha) 1) 2013 number  1.60 29.73 13.01 -0.07 -1.38
Dens3 Gross Floor Area Ratio (Index) 1) 2013 index 0.08 1.64 0.84 -0.27 -0.55
Dens4 Housing gross floor area ratio (Index) @ 2013 index 0.03 0.93 0.46 0.21 -0.50
Denss ~ Services and retail gross floor area 6) 2013 index 0.0 0.79 0.38 0.09 -1.33
ratio (Index)
Diversity
Divl Percentage of single family buildings ) 2013 % 444 5841 23.03 1.50 2.87
(% of buildings)
Div2 Percentage of residential dwellings ) 2013 % 4361 9554 7075 015  -135
(% of dwellings)
Div3 ~ lercentage of area occupied by activities (1) 2013 % 004 1783 757 0.37 126
(% of area of each activity)
Div4 Urban complexity (Index > 0) 1) 2013 index 1.81 2.65 2.45 -0.82 5.88
Design—Connectivity
Conl Node density (Nodes per ha) 1) 2013 number  0.26 4.15 2.37 -0.11 -0.77
Con2 Pedestrian shed ratio (Index ]0-1] ) (@8] 2013 index 0.12 0.67 0.44 -0.53 -0.28
Con3 Straightness (ratio) 1) 2013 ratio 0.54 0.96 0.75 -0.51 1.24
Con4 Average link length (meters) 1) 2013 meters 33.81 99.01 46.16 1.40 2.52
Design—Streetscape features
Dsgl Mean of square meter of green spaces for ) 2013 meters 000 2686602 874209  0.79 -0.32
each building in segment
Dsgz ~ Mean oflong sight line views of major (1) 2013  number 000 3.0 0.38 171 3.18
landscape for segment
Dsg3 Mean of buildings constructed before 1945 2) 2011 % 0.00 100.00 27.39 0.85 -0.51
Dsga*  oum of the number of buildings with (1) 2013 number 000 775 0.94 143 3.97
identifier in each segment
Percentage of rays not interrupted by o
Dsg5 buildings of topography (Proportion sky) (1) 2013 %o 0.00 1.00 0.16 0.94 0.88
Dsg6 E“’p"mon of segment surrounded 6)) 2013 % 0.00  100.00 7528 <109  -0.22
y walls
Dsg7 ~ ‘\verage of uninterrupted view to (1) 2013 number 000 600 0.83 1.79 3.44
major landscape
Dsg8 Mean building height for each segment 1) 2013 meters 0.00 31.50 10.50 1.40 1.19
Dsgy ~ Lroportion of segment occupied by O 2013 % 000  100.00 2386 128 0.44
activities with windows
Dsgl0*  Total of buildings in each segment 1) 2013 number  1.00 6.32 1.96 1.55 3.85
Dsgll  umber of building with ) 2013  number  0.00 7.00 1.09 118 1.19

non-rectangular shape
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Table 1. Cont.

Street Segments Descriptive Statistics (N = 740)

Variable Description Source Year Unit Min Max Mean Skew Kurtosis
Acessibility
Accl Distance to the closest transit stop (meters) 1) 2013 meters 10.51  1085.02 363.34 0.63 -0.24
Acc2 Transit supply in the closest transit stops o) 2013 number 2000  133.00 8422 064  -0.10
(total supply per day) ’ ’ ’ ’ ’
Acc3 Transit frequency (Supply per day by ) 2013  number 000  107.67 32.76 0.58 ~0.68
public transit stop)
Acc4 Distance to the closest activity (meters) 1) 2013 meters 0.01 602.72 79.46 246 7.52
Accs Average distance to 3 closest Q) 2013 meters 443  609.08 10490 224 6.09
activities (meters)
Accb Number of activities (integral number) @ 2013 number  7.50 1520.67 598.12 0.45 -1.31
Acc? Commercial continuity (number of ) 2013 number 043  11.43 630  -002  -152
activities per 100m)
Walking
WalkT *  Total shortest walking trips 3) 2013 number  0.00 18.81 5.78 0.65 0.20
Walky »  lotal shortest walking trips for ®) 2013 number 000 1691 493 0.74 0.60
utilitarian purposes
Walkp,*  otal shortest walking trips for ®) 2013 number 000  11.58 2.88 0.79 0.93

leisure purposes

* Square root transformation; (1) Authors using CM Santarém Data; (2) Instituto Nacional de Estatistica, population
census 2011; (3) Survey.

3.3.1. Density

Density, especially population density, influences the availability of transport infras-
tructures and the number of services and facilities [21,49]. The design of the city influences
density values, not only in terms of population density, but also in terms of the number
of buildings and activities. In that way, five types of density were evaluated, ranging
from housing density (Densl) to overall building density (Dens2) and the density of
activities (Densb).

3.3.2. Diversity

The density of population and activities can lead to a greater diversity of activities and
services [21,49]. However, this may not be true for the medium-sized city context. To test
this assumption, four diversity indicators are calculated based on detailed maps of building
footprints and types of activity. The percentage of single-family buildings (Div1) describes
the area occupied by detached houses. The percentage of residential buildings (Div2)
captures all housing. Div3 captures the non-residential percentage of the area. Finally, the
mixed-use indicator (Div4) evaluates the mixture of uses dedicated to different activities.

3.3.3. Design—Connectivity Measures

The structure design of the city defines the space distribution for the public and
private space, and it has been measured by several connectivity measures [22]. Connectivity
measures evaluate the road centerline network and include four indicators. The first is
node density (Conl), which represents the density of nodes with more than three links
within the 500 m network buffer. The second is the pedestrian shed ratio (Con2). This
calculates the difference between the area defined by the 500 m circular buffer and the
pedestrian catchment area (calculated with ArcGIS Network Analyst 10.6). Straightness
(Con3) considers the distance that can be covered, as the crow flies, within the 500 m buffer.
Mean link length (Con4) evaluates the length of street segments in the road network for all
segments in the buffer.

3.3.4. Accessibility

Accessibility to activities is important for the individual’s daily routine. Moreover,
public transport is an important destination as part of a trip sequence. All the trips start with
a walking trip, and this is especially important for public transport trips. Following this
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assumption, accessibility to activities and public transport infrastructure were measured.
The distance to the closest transit stop (Accl) captures the distance in meters to the closest
bus stop. Acc2 evaluates the daily public transport supply at the closest transit stop. Acc3
evaluates total public transport supply in the 500 m buffer. Acc4 captures the distance to
the closest activity. Accb is the mean distance to the three closest activities. Acc6 is the
number of activities within the 500 m meter buffer. Finally, Acc7 evaluates commercial
continuity. This was assessed as the number of activities in the network, divided by the
network distance.

3.3.5. Walking Trips

The dependent variable was the number of walking trips passing through streets in
the study area. Walking trips were obtained through a travel survey of 1100 individuals
(over 16 years old) living in Santarém. This survey captured walking trips, lasting over
five minutes, made the previous working day (Monday and Friday were excluded, as trip
patterns differ on these days, due to, for example, students returning home from studying
outside the city). Interviews were taken door-to-door, and the survey was run in May
2013, thereby capturing mobility during a normal working/school week in mild weather.
Interviewees reported a travel diary collecting the origin and destination of their trips and
their motives; if a trip was combined with different purposes, like picking up groceries
when returning home, this was recorded as two trips if it was more than five minutes long.
Routes were estimated using ArcGIS Network Analyst 10.6, selecting the shortest option.
Motives were subdivided into eight general groups, which were then classified as utilitarian
or leisurely. Utilitarian trips included traveling to work or school and back, chauffeuring
other family members, and traveling for meals because many individuals go home to have
lunch. Outings for personal reasons were also considered as utilitarian trips. Leisure travel
included shopping or recreation, along with outings for exercise, including running and
walking. A total of 1788 trips were recorded. Most, 1344 (75%), were utilitarian, and only
444 (25%) were for leisure.

3.4. Urban Design Qualities

As described previously, urban street features are very important for walking because
they influence the individual’s perception of the built environment’s attractiveness [15].
This paper does not evaluate individual perception, instead, it evaluates the streetscape
feature that can shape this perception. The streetscape feature, important for individuals’
perceptions, was systematized in five dimensions by Ewing and Handy [11] and it includes
imageability, enclosure, human scale, transparency, and complexity. The five dimensions
proposed organize different streetscape features and several authors have developed
methods and tools to evaluate it, including onsite collections, surveys, and, more recently,
automated image classification.

The streetscape feature evaluation was built on the audit protocol assessment defined
in the Ewing and Handy [11] study. The evaluation of the streetscape features was per-
formed using the five dimensions of this protocol, and extends the work of Purciel et al. [38]
and Yin [39], with some modifications that are described in the following sections. Table 2
systematizes the proposed indicators in Ewing and Handy” work [11].

3.4.1. Number of Courtyards, Parks, and Plazas on the Block Face

Ewing and Handy [11] measured this indicator by counting the number of courtyards,
plazas, or parks with a side that faced each unit block. In this paper, GIS data were used
to calculate the total area covered by parks and green spaces (in m2) within the 500 m
catchment area of each building and took the mean per street segment.
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Table 2. Streetscape features given in Ewing and Handy [11].
Urban Design Qualites and Streetscapes Features Defined
by Ewing, & Handy (2009) Source Code  Present Study
Imageability
Number of parks, courtyards and plazas on the block face Green areas—InLUT Data base 1 GIS
Number of major landscape features Green areas—InLUT Data base, Open 2 3d model
street maps
Proportion of historic building frontage 2011 CENSUS data (Construction year) 3 GIS
Number of buildings with identifier Activities—InLUT Data base 4 GIS
Number of buildings with non-rectangular shapes Buildings footprints—InLUT Data base 5 GIS
Presence of outdoor dining - 6 not calculated
Number of people Survey—InLUT Data base 7 Survey
Noise level - 8 not calculated
Enclosure
Number of long sight lines visible in three directions 3D model including the data of major 9 3d model
landscape features
Proportion of street segment with street wall (observer side Activities—InLUT Data base 10 GIS
of street)
g;‘c;izzttl)on of street segment with street wall (opposite side Activities—InLUT Data base 1 GIS
Proportion sky (ahead, beyond study area) 3D model 12 3d model
Proportion sky (across, beyond study area) 3D model 13 3d model
Human Scale
Number of long sight lines visible in three directions 3D model 9 3d model
P.roportlon o.f s‘Freet segment with windows (observer side Activities—InLUT Data base 14 GIS
first floor building facade)
z;‘(;i(;zc;)o? of street segment with active uses (observer side Activities—InLUT Data base 18 GIS
Average height of buildings weighed by building frontage Buildings footprints and 15 GIS
(observer side of street) height—InLUT Data base
Number of small planters (observer side of the street) - 16 not calculated
Number of pieces of street furniture - 17 not calculated
Transparency
P.roportlon o.f st.reet segment with windows (observer side Activities—InLUT Data base 14 GIS
first floor building facade)
Proportion of street segment with street wall (observer side Activities—InLUT Data base 10 GIS
of street)
Proportion of street segment with active uses (observer side Activities—InLUT Data base 18 GIS
of street)
Complexity
Number of buildings (both sides of street) Buildings footprints—InLUT Data base 19 GIs
Number of basic building colours (both sides of street) - 20 not calculated
Number of accent building colours (both sides of street) - 21 not calculated
Presence of outdoor dining (observer side of street) - 6 not calculated
Number of pieces of public art (both sides of street) - 22 not calculated
Number of people (observer side of street) Survey—InLUT Data base 7 Survey
16

3.4.2. Proportion of Historic Building Frontages

Ewing and Handy [11] measured this indicator by dividing the total length of the
historic building frontages (pre-World War II buildings) by the total length of each block
face. The 2011 Census recorded the total number of pre-1945 buildings on a per-block basis;
consequently, the mean number of buildings in neighboring blocks per building point was
used, and then the mean for each street segment was calculated.

3.4.3. Number of Buildings with Identifiers

Ewing and Handy [11] define this measure as the number of buildings per block
face with a sign indicating their use. In the present research, point-of-interest information
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provided by the city council (recorded in the InNLUT project’s database) was used and uses
that commonly require signage (e.g., stores, cafes, and bars) were identified, but other
activities such as schools, vacant stores, and administrative functions were excluded. This
method gave the number of buildings with identifiers for each street segment.

3.4.4. Proportion of Street Walls

Ewing and Handy [11] measured the proportion of street walls as the total length of
block face taken up by buildings or other boundary elements, divided by the length of
the block. The present paper used the length of building edges that touched the sidewalk
and remained within a changing buffer for each street segment. An additional 3.5 m was
added to the buffer (the distance from the closest building edge to the street segment), as
this distance is considered to be the maximum within which visual and social interaction
between the building’s inhabitants and people in the street is possible [37,50]. The result is
the percentage of each segment adjacent to boundary elements (see Figure 2).

d is the buffer distance from the road
centreline based on the distance to the
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Figure 2. Proportion of street wall calculation (authors).

3.4.5. Mean Building Height

Ewing and Handy [11] defined this measure as the approximate height of each build-
ing, calculated by multiplying the number of floors per building by the mean height of
each block face. For the present paper, building height was calculated by multiplying the
number of floors by 3.5, but did not weigh each building’s height value based on its facade
length. The value for the street segment was calculated as the mean height of all buildings
in the segment.

3.4.6. Facades with Windows to Total Facades Proportion

Ewing and Handy [11] made a visual estimate of the percentage of facades with
windows compared to the total facade area on the ground floor of buildings per block
face. Like buildings with an identifier, buildings that were likely to have facades were
determined. Their total length was divided by the total of all building facade lengths per
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street segment. The result is the percentage of the street segment occupied by windows
(see Figure 3).

35m d
—h—

——

d is the buffer distance from the road
centreline based on the distance to
the closest building plus 3.5 meters.

The street wall is calculated as the
length of the street front inside the
buffer for each site, divided by two

windows facade considered - left

windows facade considered - right

o
—

B LRI Tl R i R N S e e I

Facades Left+Facades Right
Per Facades = 2 X 100

Street segment length

Figure 3. Calculation of the proportion of building facades (authors).

3.4.7. Total Number of Buildings per Block Face

The number of buildings with direct access to each street segment was computed.

3.4.8. Visibility of Major Landscape Features

This measure requires counting all landscape features when walking along the street;
examples include mountains, water bodies, or greenery. For this measure, a 3D digital
model of the city was used. Starting from building access points from each street segment,
eye-level points were created by elevating them to 1.5 m above ground. Then, a ray-casting
method was used to send rays to grids of points on landscape elements such as green areas
and the Tagus river. Based on the unobstructed rays reaching each landscape element, the
number of landscape elements visible from each point were computed. Finally, the mean
values for all points was calculated per street segment (Figure 4).

3.4.9. Proportion of Visible Sky

Ewing and Handy’s [11] method requires the auditor to estimate the percentage of
visible sky in three directions from several points along a block face in their frame of view.
Again, utilizing the 3D city model, a view frame in four directions was created that was
168 m from points of view that were 1.5 m above ground to simulate eye level for each
building point, following the criteria of Purciel et al. [38]. The next step was casting rays
to a grid of points in the view frame and calculating the percentage of rays that were not
interrupted by buildings or topography (see Figure 5).
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Figure 4. Model to calculate the visibility of major landscape features. The ray-casting lines in green.

Figure 5. Model to calculate the proportion of visible sky. In green color, the casting rays to a grid of
points in the view frame.

3.4.10. Number of Long Sightlines

In Ewing and Handy’s method [11], the auditor is directed to look in three directions
from several points along a block face, and count the instances where the sightline is
uninterrupted. Using a 3D model, 300 m rays were sent out in four directions from the
building base points at 1.5 m above ground level and instances were counted where they
were not interrupted by buildings or topography (see Figure 6).



Urban Sci. 2024, 8, 24 13 of 23

Figure 6. Number of long sightlines. In green color, the 300 m rays in four directions from building
base points at 1.5 m above ground level.

3.4.11. Number of Buildings with Non-Rectangular Shapes

The building footprints were used to capture non-rectangular buildings. Further-
more, it was assumed that buildings with more than six vertices on the facade had
a non-rectangular shape. The present paper approach takes into account the fact that
facades of one building can be different on different streets (see Figure 7).

zémd

Buildings with more than six
vertices count as buildings with a
non-rectangular shape.

Buildings with a facade with more
than six vertices, but outside the
buffer or not on the street front are
not counted.

In this example, only one
building is considered to have a
non-rectangular shape.

windows facade considered - left

windows facade considered - right

- e m m@Em e = @ D = PO =GP = o P = o= o om

Figure 7. Method to identify non-rectangular buildings (authors).

3.5. Statistical Analyses

Descriptive statistics for all considered indicators and dimensions are presented in
Table 1. Motives for walking were tested using a multiple regression analysis based on
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models of utilitarian and leisure trips. The regression models to explain the walking
trips were tested with three models: one using connectivity measures, another for using
streetscape feature measures by GIS and 3D indicators, and a third model that combined
all indicators. Multicollinearity was evaluated with the variance influence factor (VIF),
adopting the assumption that values above 10 are impossible to use [51], most variables
have a VIF value lower than 5.

4. Results
4.1. All Trips

Table 3 presents the results for the three multiple linear regressions for all walking
trips (1788) considering the three models.

The first model, using connectivity measures, explains 55% of the variance (adjusted
R? = 0.549). The density, diversity, and connectivity dimensions have variables that are
significant at p < 0.001. These results confirm the importance of the thee Ds’ dimensions
(density, diversity, and design) and accessibility to explain walking behavior, with statisti-
cally significant results for each dimension.

The second model, which was based on streetscape features, explained 48% of the
variance (adjusted R? = 0.483), which is 7% less than the first model. The streetscape
features diversity and accessibility to public transport are found to be important indicators
to explain walking trips.

The third model evaluated both connectivity and streetscape features. This model
explained 60% of the variance (adjusted R? = 0.599), which is 5% higher than model one
(the connectivity model) and 12% higher than model two (streetscape features). The joint
model shows that all the considered dimensions have indicators significant enough to
explain walking trips.

4.2. Utilitarian Trips

The results for the three models of utilitarian trips (1344), which make up 75% of the
trips, are presented in Table 4. The adjusted R? values are similar to the results for all
the trips. However, they are lower in the third model. Similarly, these values are lower
in model two compared to the same model for all the trips. These changes suggest that
streetscape features are less relevant in explaining utilitarian trips.

In model one, using connectivity measures, the coefficient values increase for the
density indicators. In the diversity dimension, the indicator remains statistically significant,
but values decrease compared to all the trips. As for connectivity measures, the behavior
is very similar to all the trips. In the accessibility dimension, the statistically significant
variables are the same as for the overall sample.

In model two, using streetscape features, the housing density is statistically significant
(Div 1, p =0.137, p < 0.001). The same is true for diversity, concerning the percentage of
single-family buildings (Div 1, § = 0.191, p < 0.001) in the diversity dimension. The results
for the accessibility dimension are similar to the results for the overall sample.

In model three, for the connectivity and streetscape features, the density and diversity
variables display a similar behavior. For the connectivity measures, the results are similar
to those for the overall sample. As for the streetscape features, the pattern of results is
similar to the overall sample. The major difference is the statistical significance of the mean
building height (Dsg8, = 0.115, p < 0.001). Finally, in the accessibility dimension, the
values are very similar to the results for all the trips.

4.3. Leisure Trips

The results of the models for the leisure trips (444, 25%) are illustrated in Table 5. The
explanatory powers of the three models are quite different. The adjusted R? is lower than
for all the trips and utilitarian trips.



Urban Sci. 2024, 8, 24 15 of 23
Table 3. Multiple linear regression models—total walking trips (n = 1788).
Model 1 Model 2 Model 3
Connectivity Streetscape Features Connectivity & Streetscape

Dimension Type B SE B VIF B SE B VIF B SE B VIF

Density

Densl  Housing density (Dwellings per ha) GIS 1.588 0.138 0.398 ¥+ 1.534 0.342 0.181 0.086 2578 0.963 0.176 0241%% 2873

Denss ~ oervices and retail gross floor area GIS —70441 15879  —0257** 4345 20.099 17.203 0.073 4959 27982  17.688 ~0.102 6.184
ratio (Index)

Diversity

. Percentage of single family buildings (%
Divl of buildings) GIS 0917 0.208 0.149 *** 1.467 1.499 0.224 0.243 1.654 1212 0.208 0.196 *** 1.679
Div4 Urban complexity (Index > 0) GIS 13.263 22942 0.023 2.093 —27.133 23395 —0.048 2116 9.494 22267 0.017 2.262
. Percentage of residential dwellings

biv2 (% of dwellings) GIS

Design—Connectivity

Con2 Pedestrian shed ratio (Index ]0-1] ) GIS 198.357 27.281 0.380 *** 3.522 182.500 29.190 0.350 *** 4.625

Con3 Straightness (ratio) GIS 187.382 40116 0.183 % 1.982 181072  39.897  0.177** 2249

Design—Streetscape features

Dsgl Mean of square meters of green spaces for - -1q ~0.001 0.000 —0.149* 2926 —0.002 0000  —0207** 2999
each building in segment

Dsgz  Mean oflong sigh line views of major 3D ~0.308 4388 ~0.003 2407 —1790 4046 ~0.018 2414
landscape for segment

Dsg3 Mean of buildings constructed before 1945 GIS —0.070 0.094 —0.033 2.530 —0.199 0.089 —0.094 ** 2.659

Dsga+  oumof the number of buildings with GIS 14.096 2231 0.247 **+ 1.921 12998  2.065 0.228 *** 1.941
identifier in each segment

Dsgs ~ Lercentage of rays not interrupted by 3D 22.266 25.419 0.049 3883 48279  24.051 0.106* 4101
buildings of topography (Prop. sky)

Dsg6 Proportion of segment surrounded by 3D 0.017 0.069 0.010 1.991 0.022 0.064 0.013 1.999
street wall

Dsg7 ~ Average of uninterrupted view to 3D ~3.012 2282 ~0.056 2292 -1975 2107 ~0.037 2304
major landscape

Dsg8 Mean building height for each segment GIS 1.658 0.322 0.207 *** 2.022 1.166 0.300 0.145 *** 2.067

Dsg9 Proportion of segment surrounded by GIS 0.027 0.071 0.015 1854  —0.034  0.066 —0.018 1.877
buildings windows of activities

Dsgl0*  Total of buildings in each segment GIS —5.367 2.285 —0.079 ** 1.427 —1.511 2.201 —0.022 1.563

Dsgll ~ umber of buildings with GIS 5.952 1.616 0.127 **+* 1.493 2585 1516 0.055 1.551
non-rectangular shape

Accessibility

Accl Distance to the closest transit stop (meters) ~ GIS —0.099 0012  —0386** 2603 —0.120 0013  —0466** 3127  —0.098 0013  —0382** 4048

Accy  ransitsupply in the closest transit stops g ~0.270 0068  —0.125** 1278 0247 0073  —0115** 1428  —0287 0067  —0.133** 1436
(total supply per day)

Acc3 Transit frequency (Supply per day by GIS —0.045 0.074 —0.023 1.865 —0.077 0.077 —0.040 1.974 0.043 0.072 0.022 2016

public transit stop)
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Table 3. Cont.

Model 1 Model 2 Model 3
Connectivity Streetscape Features Connectivity & Streetscape

Dimension Type B SE B VIF B SE B VIF B SE B VIF
Acc4 Distance to the closest activity (meters) GIS —0.064 0.026 —0.095 ** 1.996 —0.044 0.029 —0.066 2.359 —0.027 0.027 —0.041 2.437
R? 0.435 0.426 0.515
Adjusted R? 0.427 0.411 0.501
F-Ratio 56.082 *** 28.133 *** 36.262 ***
Df 10.000 29.000 21.000

*p < 0.05; ** p < 0.01; *** p < 0.0001.

Table 4. Multiple linear regression models—utilitarian trips (n = 1344).

Model 1 Model 2 Model 3
Connectivity Streetscape Features Connectivity & Streetscape
Dimension Type B SE [§] VIF B SE §] VIF B SE [ VIF
Density
Densl Housing density (Dwellings per ha) GIS 1.183 0.108 0.381 *** 1.534 0.169 0.143 0.054 2578 0.637 0.140 0.205 *** 2.873
Denss ~ Services and retail gross floor area GIS —65584 12503  —0.308** 4345 5.563 13.620 0.026 4959  —30256 14115  —0.142* 6.184
ratio (Index)
Diversity
Divl g/erf)?gtjiglsifé Z‘)ngle‘famﬂy buildings GIS 0.603 0.164 0.125 1.467 1.065 0.177 0.222 #*+ 1.654 0.847 0.166 0.176 1.679
Div4 Urban complexity (Index > 0) GIS 19.392 18.064 0.044 2.093 ~13939 18523 —0.031 2116 14175  17.768 0.032 2262
Div2 Percenta‘ge of residential dwellings (% GIS
of dwellings)
Design—Connectivity
Con2 Pedestrian shed ratio (Index ]0-1] ) GIS 145.290 21481 0357 3522 136028 23293 0335 4.625
Con3 Straightness (ratio) GIS 143.986 31588 0.181* 1.982 140.147 31837  0.176* 2.249
Design—Streetscape features
Dsgl Mean of square meters of green spaces  51q ~0.001 0000  —0153* 2926  —0.001 0000  —0210** 2999
for each building in segment
Dsg2 Mean of long sigh line views of major 3D ~1.261 3474 ~0.016 2407  —2367 3228 ~0.030 2414
landscape for segment
Dsg3 Mean of buildings constructed GIS —0.081 0.075 —0.049 2530  —0.177  0.071 —~0.108* 2659
before 1945
Dsgd*  oum of the number of buildings with GIS 9.007 1767 0203* 1921 8191 1648 0185 1941
identifier in each segment
Dsgs ~ Lercentage of rays not interrupted by 3D 16.107 20126 0.045 3883 35362 19.192 0.099 4101

buildings of topography (Prop. sky)
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Table 4. Cont.
Model 1 Model 2 Model 3
Connectivity Streetscape Features Connectivity & Streetscape
Dimension Type B SE B VIF B SE B VIF B SE B VIF
Dsg6 Proportion of segment surrounded by 3D 0.043 0.055 0.032 1.991 0.046 0.051 0.034 1.999
street wall
Dsg7 ~ ‘\verage of uninterrupted view to 3D ~2.296 1.807 —0.055 2292 —1501 1681 —0.036 2.304
major landscape
Dsg8 Mean building height for each segment GIS 1.400 0.255 0.224 *** 2.022 1.028 0.239 0.165 *** 2.067
Dsg9 Proportion of segment surrounded by GIS 0.001 0.056 0.001 1854  —0.044 0053 —0.031 1.877
buildings windows of activities
Dsgl0*  Total of buildings in each segment GIS —3.700 1.809 —0.070 * 1.427 —0.829 1.757 —0.016 1.563
Dsgll ~ umber of buildings with GIS 3.973 1.279 0.109 ** 1.493 1.425 1.210 0.039 1.551
non-rectangular shape
Accessibility
Distance to the closest transit
Accl GIS —0.077 0009  —0.383** 2603 —0.094 0010  —0469** 3127  —0078 0011 —0.389 % 4048
stop (meters)
Acc2 Transit supply in the closest transit GIS ~0.266 0053  —0158** 1278 0248 0058  —0.148** 1428  —0278 0054  —0.166** 1436
stops (total supply per day)
Acc3 Transit frequency (Supply per day by GIS —0.043 0.058 ~0.029 1.865 —0.065 0.061 —0.043 1.974 0.025 0.057 0.017 2.016
public transit stop)
Acc4 Distance to the closest activity (meters) GIS —0.054 0.021 —0.104 ** 1.996 —0.042 0.023 —0.081 2.359 —0.029 0.022 —0.056 2437
R2 0.422 0.407 0.490
Adjusted R2 0414 0.391 0.476
F-Ratio 53.271 *** 25.9681 *** 32,912 **+*
Df 10.000 19.000 21.000
*p < 0.05; ** p < 0.01; *** p < 0.000.
Table 5. Multiple linear regression models—leisure trips (n = 444).
Model 1 Model 2 Model 3
Connectivity Streetscape Features Connectivity & Streetscape
Dimension Type B SE B VIF B SE [§] VIF B SE B VIF
Density
Densl Housing density (Dwellings per ha) GIS 1.588 0.138 0.398 *** 1.534 0.342 0.181 0.086 2,578 0.963 0.176 0.241 **+* 2.873
Dens5 Services and retail gross floor area GIS —70.441 15879  —0257** 4345 20.099 17.203 0.073 4959  —27982  17.688 ~0.102 6.184
ratio (Index)
Diversity
Divl Percentage of single family buildings GIS 0917 0.208 0.149 *** 1.467 1.499 0.224 0.243 *** 1.654 1212 0.208 0.196 *** 1.679

(% of buildings)
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Table 5. Cont.
Model 1 Model 2 Model 3
Connectivity Streetscape Features Connectivity & Streetscape
Dimension Type B SE B VIF B SE B VIF B SE B VIF
Div4 Urban complexity (Index > 0) GIS 13.263 22,942 0.023 2.093 —27.133 23395 —0.048 2116 9494 22267 0.017 2262
. Percentage of residential dwellings
Div2 (% of dwellings) GIS
Design—Connectivity
Con2 Pedestrian shed ratio (Index ]0-1]) GIS 198.357 27.281 0.380 *** 3.522 182.500 29.190 0.350 *** 4.625
Con3 Straightness (ratio) GIS 187.382 40116 0.183 % 1.982 181072  39.897  0.177** 2249
Design—Streetscape features
Dsgl ~ Mean of square meters of green spaces g ~0.001 0.000 —0.149* 2926 —0.002  0.000  —0.207** 2999
for each building in segment
Dsgp ~ Meanof long sigh line views of major 3D ~0.308 4388 ~0.003 2407 —1790 4046 ~0.018 2414
landscape for segment
Dsg3 Mean of buildings constructed GIS ~0.070 0.094 ~0.033 2530 0199 0089  —0.094* 2659
before 1945
Dsgd+  oumof the number of buildings with GIS 14.09 2231 0.247 **+* 1.921 12998  2.065 0.228 *** 1.941
identifier in each segment
Dsgs ~ Lercentage of rays notinterrupted by 5y, 22.266 25.419 0.049 3883 48279  24.051 0.106 * 4101
buildings of topography (Prop. sky)
Dsge | roportion of segment surrounded by 3D 0.017 0.069 0.010 1.991 0.022 0.064 0.013 1.999
street wall
Dsg7 Average of uninterrupted view to 3D ~3012 2282 0056 2292  —1975 2107  —0037 2304
major landscape
Dsg8 Mean building height for each segment GIs 1.658 0.322 0.207 *** 2.022 1.166 0.300 0.145 *** 2.067
Dsgg ~ [roportion of segmentsurrounded by g 0.027 0.071 0.015 1854  —0.034  0.066 ~0.018 1.877
buildings windows of activities
Dsg10 * Total of buildings in each segment GIS —5.367 2.285 —0.079 ** 1.427 —1.511 2.201 —0.02 1.563
Dsgl1 Number of buildings with GIS 5.952 1.616 0.127 **+* 1.493 2.585 1.516 0.055 1.551
non-rectangular shape
Accessibility
Accl Distance to the closest transit GIS ~0.099 0012 —0386**  2.603 ~0.120 0013  —0466™* 3127 0098 0013  —0382** 4048
stop (meters)
Acc2 Transit supply in the closest transit GIS ~0.270 0068  —0125%* 1278 —0.247 0073  —0115** 1428  —0287 0067  —0.133** 1436
stops (total supply per day)
Ac3  Transitfrequency (Supply per day by GIS —0.045 0.074 —0.023 1.865 —0.077 0.077 —0.040 1.974 0.043 0.072 0.022 2016
public transit stop)
Accd  Distance to the closest activity (meters)  GIS —0.064 0.026 —0.095* 199 —0.044 0.029 —0.066 2359  —0.027  0.027 —0.041 2437
R2 0435 0.42 0515
Adjusted R? 0.427 0.411 0.501
F-Ratio 56.082 ** 28.133 #+* 36.262 **
Df 10.000 29.000 21.000

*p < 0.05; % p < 0.01; ** p < 0.0001.
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In model one, using connectivity measures, the diversity and the connectivity values
have a similar pattern with all the trips. In the density dimension, the services and retail
gross floor area ratio lose statistical significance when comparing with the utilitarian trips.
The accessibility dimension varies the most—in both the overall sample and utilitarian
trips—with the reduction in coefficient values.

In the case of model two’s streetscape features, unlike the overall sample, the differ-
ent density indicators are statistically significant. In the diversity dimension, the urban
complexity (Div1) remains statistically significant. Although the values for the accessibility
dimension are similar to those for model one, they are clearly different from the same
model for all the trips and utilitarian trips. Here, the coefficients are lower, and only the
distance to the closest transit stop is statistically significant ($ = —0.424, p < 0.001).

In model three, using connectivity and streetscape features, the results for the den-
sity, diversity, and connectivity dimensions are similar to the entire sample. Within the
accessibility dimension, the distance to the closest transit stop remains the only statistically
significant variable (Accl) (8 = —0.339, p < 0.001).

5. Discussion

The results show that the models using the connectivity indicators have a slightly
higher adjusted R? than the models that use the streetscape indicators to explain the
utilitarian walking trips and the walking trips in general. On other hand, the models
combining the connectivity and streetscape indicators have a higher adjusted R? for the
different trip purposes. Nevertheless, the different indicators have different importances
considering the trip purposes.

Looking in detail at the differences between the impact of the indicators in relation
to the trip motives, even though the overall pattern is similar, a slight difference can be
identified with respect to the leisure trips. Here, the coefficient values of the density
indicator decline, and the density of the services loses statistical significance. Moreover, the
accessibility measures become less important. The results for the leisure trips highlight the
reduced importance of the service and retail density. Access to public transport is important
for utilitarian trips, but less important for leisure trips.

Analyzing the three models and the two trip motives, the connectivity measures were
found to be the most stable. The accessibility shows the greatest variance and is less signifi-
cant with respect to leisure trips. The streetscape model has the lowest explanation power of
the models when comparing with the connectivity measures and the combined indicators.

The results reinforce the significance of the connectivity measures in explaining
walking [52]. Better connectivity increases walking route options, and expands the build-
ing frontages that can provide street-level activities [25,53]. Nevertheless, the streetscape
features are crucial for defining the attractiveness of the street-level activities. Changing
the streetscape is more feasible than altering the urban form, and it can have an impact on
street appeal, thus increasing the number of people who walk [15,16,54]. The evaluation
of streetscape features and their impact on urban design qualities helps us to better un-
derstand the built environment, and can explain a significant amount of the variance in
walking behavior. Moreover, streetscape features are significantly different from connectiv-
ity measures, which raises the question of the validity of connectivity measures as a proxy
for design qualities when evaluating walkability conditions. Finally, the streetscape can
improve the quality of the urban environment and the walking experience, but appears to
have a lesser influence on walking in general [40].

The results suggest that streetscape features have a lesser influence on walking in
general; however, their contribution to the quality of the urban environment has an im-
pact on individuals” walking experiences [13-16]. This positive or negative experience
defines individual travel satisfaction, which contributes to the creation of captive users
in different travel modes [55,56]. The satisfaction of the walking experience contributes
to the maintenance of travel habits, especially for walking. Streetscape features play an
important role in an individual’s perception of built environments. The improvement of
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this streetscape’s features can contribute to a better perception of the built environment by
creating higher street attractiveness. Nevertheless, these perceptions will depend on the
individual’s personal context, which is defined by their past and personal conditions [13].

The higher importance of the connectivity measures to explain walking trips supports
the importance of use connectivity measures for walkability indicators. This also reinforces
the importance of placing more importance on connectivity measures to create these walk-
ability indexes [28]. However, the necessity of evaluating these streetscapes to explain
walking behavior is reinforced by the higher explanation power of the model with the two
types of indicators. This paper fulfils the gap in the research on walking behavior, evaluat-
ing the three dimensions described by the Behavioral Model of the Environment [18,19],
considering the estimated origin, destination, and the route characteristics.

The results make an important contribution to the research by providing tools and
methods to evaluate the streetscape features that influence individuals” perceptions. The
application of the suggested tools can be made at different scales of analysis, identifying
environments that are more human- and walking-friendly and that support more sus-
tainable, and generally healthier, modes of transportation. The tools and indicators can
be used and tested in the development of new walkability indicators, including not only
the network topological aspect but also the street design characteristics that have been
shown to be important in influencing walking behavior. This evaluation can be used to
define a strategic approach to promote the use of sustainable modes of transportation and
individuals” wellbeing where there are worse built environment conditions, which present
a higher risk of deprivation [57].

The proposed indicators and methods have a few limitations. First, these indicators
do not capture data on individuals” perceptions for walking trips or travel satisfaction.
Secondly, the indicators used do not evaluate aspects such as safety and security used
in most of the audit measures found in the literature and that are important for specific
groups and contexts [14,58]. Thirdly, the walking route data utilized are estimates based
on the shortest routes between origin and destination points on the street network, rather
than actual routes. This limitation can lead to a bias overestimating the importance of the
connectivity measures. Nevertheless, the models evaluate the contribution of the real street
segment characteristics of the origins and destinations of trips. Further research on the
dataset could involve an exploration of the relative contribution of street segments of origins
and destinations as suggested by the Behavioral Model of the Environment [18,19]. The
approach employed to assess walking trips simplifies the complexity of daily routines by
treating each origin and destination as a separate trip. However, the choice of transportation
mode is determined by all the trips taken throughout the day. Thus, a single trip can
significantly impact the decision for all subsequent trips within the day, such as dropping
children off at school.

Nevertheless, this study offers some insights for further research. For example, future
work could evaluate streetscape characteristics” capacity to predict perceptions, which can
be tested with new virtual reality tools [59]. The results point to the importance of the
accessibility of public transport in increasing the number of people walking; however, the
quality of the trip experience was not evaluated. This paper also provides insight into
the means to improve the walkability indices that are used extensively in the literature.
Particularly, it suggests the introduction of new indicators that can be used at different-
scale evaluations.

6. Conclusions

In conclusion, this paper presents a new approach for the improvement of methods
and indicators used in the evaluation of the built environment conditions that influence
walking behavior. Firstly, it challenges the applicability of the theoretical model of Ew-
ing and Handy [11] in a low-density and urban Portuguese context. Secondly, through a
case study, it is proposed that connectivity measures have a greater explanatory power
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than models based on evaluating streetscape features. However, the joint evaluation of the
connectivity and streetscape performs best.

In this paper, the importance of accessibility for walking is highlighted, especially
for utilitarian trips. The results confirm the significance of the urban form assessed by
connectivity measures, which are used in most of the walkability literature to explain
trips with different motives. Nevertheless, the introduction of streetscape features into an
evaluation can help in further explaining walking. The results emphasize the importance
of the streetscape characteristics’ influence on a range of walking activities; a finding
particularly valuable given that it is easier to improve smaller-scale built environment
features than changing the urban form.

The new measures enable the evaluation of indicators at different levels of analysis
and without the requirement of onsite audits. Such approaches become more relevant
as more data regarding streetscape features relevant for measuring the walkability of
built environments become available for an expanding range of geographies every day.
Moreover, the increasing adoption of automated and Al-supported methods to measure and
evaluate built environment characteristics provides new tools and data to understand the
impact of built environment characteristics on individuals’ routines. This new information
can be used to evaluate the results of urban interventions and planning policies. Future
work could investigate the contribution of streetscape features to different walkability
indices, using the newly proposed indicators. There is research yet to be performed for
validating walkability measures based on perceptual indicators such as safety, comfort,
and attraction, looking at walking as both a mode of travel and a recreational activity. The
proposed indicators can be used in the development and calibration of new walkability
indexes developed for European contexts, suggesting the great potential of the indicators
combined in these indexes.
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