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Abstract: The planning of greener, more accessible, and safer cities is the focus of several strategies
that aim to improve the population’s quality of life. This concern for the environment and the
population’s quality of life has led to the implementation of active mobility policies. The effectiveness
of the mobility solutions that are sought heavily depends on the identification of the main factors that
favor their use, as well as how adequate urban spaces are in minimizing existing difficulties. This
study presents an automated geographic information system (GIS) decision support tool that allows
the identification of the level of suitability of urban transportation networks for the use of active
modes. The tool is based on the determination of a set of mobility indices: walkability, bikeability,
e-bikeability, and active mobility (a combination of walking and cycling suitability). The indices
are obtained through a spatial multi-criteria analysis that considers the geometric features of roads,
population density, and the location and attractiveness of the city’s main trip-generation points. The
treatment, representation, and study of the variables considered in the analysis are carried out with
the aid of geoprocessing, using the spatial and network analysis tools available in the GIS. The Model
Builder functionality available in ArcGIS® was used to automate the various processes required to
calculate walking, cycling, and e-biking travel times, as well as the mobility indices. The developed
tool was tested and validated through its application to a case study involving the road network of
the urban perimeter of the medium-sized city of Covilhã, Portugal. However, the tool is designed to
be applied with minimal adaptation to different scenarios and levels of known input information,
providing average or typical values when specific information is not available. As a result, a flexible
and automated GIS-based tool was obtained to support urban space and mobility managers in the
implementation of efficient measures compatible with each city’s scenario.

Keywords: active mobility; walkability; bikeability; e-bikeability; spatial multi-criteria decision
analysis; model builder; geographic information system (GIS)

1. Introduction
1.1. Framework

Several European cities (Amsterdam, Barcelona, Bremen, Copenhagen, Edinburgh,
Ferrare, Graz, Strasbourg, etc.) have demonstrated the importance of promoting the use
of more sustainable and environmentally friendly modes of transport, such as walking,
cycling, and the use of public transport and hybrid or hydrogen vehicles. These cities have
implemented policies that encourage the use of public transport, cycling, and car-sharing, as
well as policies that restrict the use of private cars. These changes have promoted economic
growth, accessibility to business and commercial centers, and the improvement of the
quality of life of the population [1]. In this context, soft transport plays a very important
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role in the development of national and international transport and urban policies. Low-
speed modes of transport, such as walking, cycling, skateboarding, inline skating, and
other similar modes, take up little space on public roads and do not emit gases into the
atmosphere. These alternatives represent more sustainable mobility, also called active
mobility, as they contribute to reducing the negative impacts of transport and promote the
well-being and health of citizens [2,3].

The integration of active modes into a city’s mobility system brings individual benefits
for the users of the active modes and collective benefits for the local community in general.
Individual benefits include reductions in the proportion of the family budget spent on
cars and medical services (because of regular physical activity); the prevention and mitiga-
tion of some health conditions, such as obesity, cardiovascular disease, and osteoporosis,
and the promotion of self-esteem; a reduction in sedentary lifestyles and stress; and a
reduction in noise, pollution, and hours lost in traffic jams [2,4–6]. The collective bene-
fits include reduced energy dependency and space requirements for the circulation and
parking of vehicles; increased attractiveness and competitiveness of local communities; the
democratization of mobility; better accessibility to urban services (commerce, leisure, work,
school); the promotion of sociability; reductions in greenhouse gas emissions and noise
pollution; the conservation of non-renewable resources; fewer road accidents involving
motor vehicles; and reductions in new road infrastructure and road congestion [2,4,5,7].

In the context of European mobility policies and strategies, the European Union (EU)
argues that one of the challenges to be faced in the field of transport is the growth of soft
mobility, or mobility with reduced emissions, given that the current transport context
causes, directly or indirectly, various environmental damages [8]. Since 2005, Europe has
favored investment in sustainable urban mobility, with a focus on the 2013 package, which
aims to reaffirm the Sustainable Urban Mobility Plans (SUMPs) [9]. These are described
as “strategic plans designed to meet the mobility needs of people and businesses in cities
and surrounding areas for a better quality of life” [10–12]. In 2018, the Partnership for
Urban Mobility Final Action Plan established four working groups [13]: governance and
planning, public transport, active mobility and public space, and new mobility services
and innovation. This plan includes a set of EU partnerships to achieve the objectives of
the European agenda in the field of soft mobility. In the active mobility and public space
realm, the lack of European guidelines regarding infrastructure that catalyzes active travel
(walking and cycling) is mentioned. The plan also warns of the lack of ideal conditions for
walking and cycling, namely, the existence of “incomplete networks, unnecessary detours,
inadequate surfaces, non-existent or poor signage, insufficient pedestrian crossings or
their inconvenience, and waiting times at traffic lights”. Still, in the European context, the
concept of the ‘15-minute city’, which can be defined as a city that meets the needs of its
inhabitants within a 15 min walking or cycling radius [14], stands out. This concept gained
prominence during the re-election campaign of Anne Hidalgo as Mayor of Paris. One
of the campaign measures was to enable residents to meet their daily needs by walking
or cycling [15].

Regarding the Portuguese context, a set of “National Guidelines for Mobility” was
established in 2012 [16]. These guidelines define the National Mobility Strategy and indicate
the instruments and plans for its implementation, reflecting on eleven points, of which the
following stand out: to define and guarantee an adequate level of accessibility offered by
the transport system to all citizens; to establish an efficient configuration of the accessibility
system; to improve the quality of life of citizens by reducing the negative impacts of
mobility (social, environmental, and economic); and to create good conditions for non-
motorized modes of transport, in particular for pedestrians. With the emergence of the
Strategic Urban Development Plans in 2019, an increase in investment in the promotion of
soft modes, in particular cycling [17–20], has been noticeable. By 2030, Portugal aims to
have a cycle network of approximately 7660 km [20]. At the municipal level, Sustainable
Urban Mobility Plans (PMUSs) aim to change the patterns of transport planning through
cooperation between public administration and the private sector. However, its preparation
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is not mandatory, and Portugal is the only country in southern Europe without legislation
in this field [21].

1.2. Objective and Structure of the Article

The objective of this work is to define an approach to obtain an active mobility index
that reflects the suitability of existing road network infrastructures for pedestrian and
bicycle mobility (conventional and electric bicycles) in commuting trips. Another objective
is the application of this index in a GIS environment, including the automation of the
process using ArcGIS Model Builder. The process of automating the different stages using
the object programming functionality available in GIS programs has significant advantages
in terms of the time spent on analyses and the flexibility and replicability of the models
developed. The authors’ literature review revealed that there is no approach that combines
pedestrian and cycling suitability indices and that automates the process using Model
Builder. This makes the approach presented innovative and useful for network managers,
as it allows for isolated and/or aggregated assessments considering more than one mode
of transport.

This article is organized into four sections. Section 1 presents the importance of
promoting active modes of transportation, the main EU and Portuguese strategies for
sustainable urban mobility, and the aim of the work. The main approaches and variables
used in the determination of walkability and bikeability indices and the use of the ArcGIS
Model Builder functionality in the field of transportation are also presented. Section 2
presents the variables used and the methodological steps considered in the process of
obtaining the proposed active mobility index for each segment of a road network. The
approach is then applied to a case study in Section 3 (road network of the urban perimeter
of the municipality of Covilhã), and Section 4 presents the main results obtained and
discusses future work.

1.3. Walkability and Bikeability: Approaches and Variables

Due to its growing importance and relevance, active mobility is a topic that is fre-
quently discussed in academia. In the context of pedestrian mobility, recent studies by
Glazier et al. [22], Reyer et al. [23], Koschinsky et al. [24], and Nogueira et al. [25] are
examples of methodologies that attempt to evaluate the suitability of infrastructures for this
type of mobility. For cycling mobility, recent studies include those developed by Arellana
et al. [26], Tran et al. [27], Schmid-Querg et al. [28], and Santos et al. [29].

As far as the use of GISs is concerned, this technology can provide valuable information
to support decision making in the context of active mobility. It can also objectively support
and improve the measures that may be implemented. Spatial multi-criteria analysis,
implemented in GISs, allows the development of decision-making tools, in which the
influence of each variable can be quantified. Furthermore, the result can be shaped and
adapted according to the characteristics and objectives of the organizations involved in
the mobility management. This approach allows the integration of spatial data and the
knowledge and vision of those involved in managing and promoting mobility [30]. This has
been used to calculate pedestrian and cycling road network suitability [22,23,25,29,31,32],
which is translated by the global indices of walkability and bikeability. In general, data
collection, spatial and network analysis, spatial multicriteria analysis, the standardization
of values, and calibration are the stages in the process of calculating walkability and
bikeability indices. An overview and key characteristics of studies addressing walkability
and bikeability using GISs are presented in Tables 1 and 2.

Table 1 shows that the main scientific fields in which studies on walkability indices
are published are public health and transportation, with both areas focused on urban
space characteristics. In the field of public health, several studies have reported positive
associations between level of walkability and walking. Most of these studies attempt to
measure the degree of walkability of urban spaces based on the transportation and urban
planning literature, in order to relate it to aspects of public health, such as obesity, diabetes,
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cardiometabolic diseases, or mental health. On the other hand, promoting non-motorized
transport has recently become a common feature among urban planners seeking to achieve
sustainable transport. In this sense, studies in the field of transportation show efforts to
develop walkability indices that show the status of walkability for specific urban zones.
The first studies were mainly conducted in the USA and Australia, with more recent ones in
Europe and other countries. In view of the purpose of this study, all analyzed studies used
GISs to record, organize, combine, analyze, and visualize walkability variables and results.

Out of the 14 studies included in the review, 6 reported the use of the additive method
to combine variables [22,33–37], 4 applied linear regression [38–41], 3 applied multicriteria
spatial analysis with one of the previous methods [23,25,31], and 1 applied principal com-
ponent analysis [42]. The normalized distribution of variables (z-score) [36,38,40,41] and
the reclassification of variables into deciles [33–35] were the most used methods to obtain
the variable weights to be considered. The spatial units adopted to determine walkability
vary between area units, usually defined according to administrative divisions [23,33–35],
and they include census tracks [22,35,36,42] and road or sidewalk segments [25,37,39],
essentially depending on the availability of data.

According to the review, the studies on bikeability are more recent and fewer in
number than those on walkability, and they tend to be published in the scientific field of
transportation. Out of the 11 studies reviewed, 4 took place in the US and South America,
4 in Europe, and 3 in Asia. Most studies aim to assess the existing conditions for cycling,
considering local characteristics, perceptions of the cycling environment, and the use of
bicycles. The aim is to obtain a measure that can be presented in the form of a map of the
most and least cycling-friendly areas.

Given the scope of the work presented, all the selected studies used spatial analysis
within GISs, with the spatial units being the city [43], a specific grid size [32,44,45] or, in
most cases, the street segment [26–29,46–48]. Regarding the methods used to combine
the variables considered to determine the bikeability index, most of the studies used
additive models applied in a GIS environment. Out of the 11 studies, 2 used the weighted
regression method [44,46], 8 used the weighted linear/additive method [26–29,43,45,47,48],
and 10 used spatial analysis.

Given the similarity of the variables usually considered when analyzing walkability
and bikeability indices, they are analyzed together here. Walkability and bikeability vari-
ables can be categorized from a geometric, spatial, or land-use planning point of view. The
first category refers to the presence of a dedicated infrastructure and to the characteristics
of the road, such as the street connectivity and the width of the roadway, bicycle lane, or
sidewalk. It aims to understand the feasibility of building, including, or sharing cycle
traffic, as well as the suitability for pedestrians. To a greater or lesser extent, all studies in-
cluded this type of variable. Spatially, digital terrain models (DTMs), and thus topography
or slope [25,27,29,32,41,44,45,47,48], and population or residential density, are also very
relevant categories that have been considered in most studies [22,23,25,29,31–38,40–42].
The former are essentially considered in bikeability studies and the latter in walkability
studies. From a planning and land-use perspective, most of the aspects to be considered
are available and do not require field data collection, such as the location of facilities con-
sidered as major trip-generation points. All walkability studies included a variable related
to land use and most bikeability studies included this as well. When assessing walking
and cycling potential, it is important to identify the main trip-generation points, such as
shopping areas, educational facilities (schools, universities), health facilities (health centers,
hospitals) and transport interfaces (bus stops and stations, railway stations), as well as
their main connections. It is also important to identify urban areas of mixed use (historic
centers, shopping streets) and other leisure centers. Most studies also considered the local
perspective through census or other official data and the analysis of surveys issued to
local citizens.
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Table 1. Literature review on walkability index.

Citation
Year
Study Category

Method Spatial Unit Variables Used in the
Analysis Case Study

[38]
2005
Public Health

Multiple linear regression.
Weight considered through
variables with normalized
distribution (z-score).
Local perspective considered
through characteristics of
357 citizens.

1 km grid.
Road intersection,
density, residential
density, land-use mix.

Atlanta,
United States
of America

[33]
2007
Public Health

Additive method.
Each variable reclassified into
deciles to provide a standard
score from 1 to 10.
Local perspective considered
through a survey issued to
2650 citizens.

Districts (each with
approximately
250 households).

Residential density, road
network connectivity,
land use, net retail area.

Adelaide,
Australia

[31]
2011
Public Health

Multicriteria spatial analysis
including the evaluation of
spatial autocorrelation of data
using GISs.
Local perspective considered
through a survey issued to
733 citizens.

Street network buffers
of 50 m around street
center lines that extend
along the network 400,
800 and 1600 m from
geocoded home
addresses.

Facilities density, median
pedestrian route
directness, density of
parks, intersection
density, number of cul de
sacs, average speed limit,
highway density,
residential density,
population density.

Four metropolitan
cities,
United States
of America

[42]
2012
Public Health

Principal component analysis.
Factor analysis used to identify
index candidate variables and
weights.
Local perspective considered
through survey data from
Census of Canada,
Transportation Tomorrow
Survey, and the Canadian
Community Health Survey.

Census tracks.

Population density,
residential density,
availability of walkable
destinations (sum of
retail stores, services,
public recreation centers
and schools), road
network connectivity.

Toronto,
Canada

[34]
2013
Public Health

Additive method (based on [49]).
Variables’ values reclassified into
deciles with a scale from 1 to 10.
Walkability measure obtained
with available official data.

Two Australian
administrative spatial
units: Collection
District (CD) and
State-Derived Suburb
(SSC).
Three road buffer
walkable built
environments: 500 m
(5–7 min walk), 1000 m
(10–12 min walk), and
1600 m (15–18 min
walk).

Intersection density,
dwelling density, land
use, net retail area.

Adelaide,
Australia
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Table 1. Cont.

Citation
Year
Study Category

Method Spatial Unit Variables Used in the
Analysis Case Study

[39]
2014
Transportation

Sum of 12 weighted regression
sub-models.
Note: no statistically significant
regression model was yielded
for sub-model 7; thus, it was not
considered.
Sub-models weighted in
proportion to the walker
perception survey results.
Sub-models:
For sense of safety: 1. Pedestrian
crossing affected by traffic speed;
2. Pedestrian crossing affected
by facilities; 3. Walking on the
sidewalk affected by nearby
traffic. For sense of security
(from crime): 4. Existence of
others; 5. Affected by visibility at
night; 6. Visual surveillance from
nearby buildings.
For comfort: 7. Sidewalk level of
service and continuity;
8. Buffering negative
environmental effects; 9. Sense
of street scale and enclosure. For
convenience: 10. Ease of
pedestrian crossing; 11. Easy
access to local stores. Visual
interest: 12. Visual variety;
13. Visual attractiveness.

Road segment or route
(combination of
segments).

Age, pedestrian crossing
coverage rate, average
number of through-traffic
lanes, commercial use of
adjacent buildings,
average ground-level
luminosity, existence of
on-street parking,
average width of buffer
zone, percentage of
walking-conducive
commercial areas,
average building width,
residential use of
adjacent buildings,
gender, average number
of upper-level
windows/500 ft, average
building height, existence
of sidewalk, street
enclosure index II (3.3),
average pedestrian-level
façade transparency, type
of on-street parking,
percentage of first-floor
residential uses, fence
coverage rate, percentage
of sidewalk faced with
building façades, type of
sidewalk pavement,
average number of street
trees/500 ft.

California,
United States
of America
(in a station area)

[23]
2014
Public Health

Multicriteria analysis with
additive method.
Aggregation of the standardized
variables with double weighting
for the connectivity index.
Local perspective considered
through the geo-referenced
household survey data collected
by Verband Region Sttuttgard
(regional authority).

Sub-districts (each with
approximately 500
households).

Connectivity index or
intersection index,
Shannon’s entropy index
(level of mixed land use),
floor area ratio (intensity
of shopping
opportunities),
household density index.

Stuttgart,
Germany

[22]
2014
Public Health

Additive method.
Variables equally weighted.
Local perspective considered
through survey data collected by
Canada census, Statistics
Canada, DMTI Spatial Inc.
Enhanced Points of Interest, City
of Toronto, and the Ministry of
Education.

800 m geographic
buffers around
dissemination blocks’
residentially weighted
centroids.
Dissemination block is
the smallest geographic
unit for which census
population and
dwelling data are
available.

Population density,
residential density,
availability of walkable
destinations (sum of all
retail, service, and
recreation centers, and
school destinations),
street connectivity.

Toronto,
Canada
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Table 1. Cont.

Citation
Year
Study Category

Method Spatial Unit Variables Used in the
Analysis Case Study

[35]
2016
Public Health

Additive method (based on [49]).
Variables’ values reclassified into
deciles with a scale from 1 to 10.
Three walkability models were
developed for each spatial unit,
differing in the land uses
included in the analysis.
Walkability measure obtained
from Census and Whitehall II
Study sample data (sample size
of 10,308).

Three spatial units of
contiguous
administrative areas:
21,140 output areas,
633 census area
statistics, and 33 local
authorities.

Residential dwelling
density, street
connectivity, land-use
mix.

London,
United Kingdom

[40]
2018
Transportation

Linear regression analysis.
Weight considered through
variables normalized
distribution (z-score).
Individual models by trip
purpose: job, educational,
shopping, and all trips.
Information about the Rasht
Household Travel
Survey—RHTS—was used.
Local perspective considered
through a survey that was
randomly distributed among
more than 5000 households.

112 Traffic Analysis
Zones—TAZs (defined
by the Rasht
Household Travel
Survey—RHTS).

21 street design variables,
4 diversity indices
(entropy,
Herfindal–Hershman
index, mixed-use index,
job–population balance),
population density,
destination accessibility
indices (aerial distance to
Central Business District
(CBD) and network
distance to CBD).
Criteria studied for the
trip share: job,
educational, shopping,
and all trips.

Rasht,
Iran

[36]
2018
Public Health

Additive method.
Weight considered through the
normalized distribution of
variables (z-score).
Local information obtained from
census data.

Census tracts
(neighborhoods).

Residential density, street
connectivity,
destination-based
entropy index.

Porto,
Portugal

[37]
2019
Public Health

Additive method.
Variables’ weights defined based
on the results of surveys
conducted with 66 experts. The
sum of the weights equals 1.
Official open access data
provided by Madrid City
Council (National Institute of
Statistics, Municipal
Cartography, National Land
Registry, General Directorate of
Sustainability and
Environmental Control and
Municipal Register)

Sections of the
sidewalk.

Population density,
diversity of business
activities, connectivity,
noise, sun/shade.

Madrid,
Spain
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Table 1. Cont.

Citation
Year
Study Category

Method Spatial Unit Variables Used in the
Analysis Case Study

[25]
2021
Transportation

Spatial multicriteria analysis
with weighted linear method.
Variables’ weights defined based
on the opinion of 15 urban
mobility experts and local
authorities.
Sub-variables’ weights defined
by the stated preferences of
275 citizens (survey).

Road segment.

Population density,
location, and
attractiveness (service
areas) of the main
trip-generation points,
road hierarchy, slope, and
cross-section geometry.

Covilhã,
Portugal

[41]
2023
Transportation

Multiple linear regression.
(based on [38])
Weight considered through the
normalized distribution of
variables (z-score). Double
weighting for the intersection
density variable.
Walkability measure obtained
with available official data.

100 m grid.

Geometrical
characteristics of
sidewalks (length and
slope), intersection
density, Shannon’s
entropy index (level of
mixed land use), floor
area ratio index (FAR—
ratio of commercial
building area to total
commercial land use area)
and household density.

Seoul,
Republic of Korea

Table 2. Literature review on bikeability index.

Citation
Year
Study Category

Method Spatial Unit Variables Used in the Analysis Case Study

[46]
1998
Transportation

Weighted regression. Road segment.

Presence of a bicycle lane or
paved shoulder, bicycle lane or
paved shoulder width, curb lane
width, curb lane volume, other
lane(s) volume, 85th percentile
speed of traffic, presence of a
parking lane, type of roadside
development (residential or
other type), combined
adjustment factor for truck
volumes, parking turnover,
right-turn volumes.

Olympia, Austin,
and Chapel Hill,
United States of
America

[44]
2013
Transportation

Weighted regression.
Variables’ weights defined
using a multilevel logistic
regression.
Variables’ information
obtained from surveys, focus
groups, and expert
knowledge of local users
(914 participants).

50 m grid.
Infrastructure factor,
topographical factor, security
factor, environmental factor.

Cali,
Colombia

[45]
2015
Transportation

Additive method.
Variables’ values reclassified
into deciles with a scale from
1 to 10. Variables’ information
from 278 bike trips was used
in the study.

100 m grid.

Cycling infrastructure, presence
of separated bicycle pathways,
main roads without any parallel
bicycle infrastructure, green and
aquatic areas, topography,
land use.

Graz,
Austria
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Table 2. Cont.

Citation
Year
Study Category

Method Spatial Unit Variables Used in the Analysis Case Study

[32]
2017
Transportation

Spatial analysis.
Factor analysis used to
perform the variables’ weight
distribution.
Local perspective considered
through a survey issued to
231 citizens.

10 m grid.
Residencial density, mixed land
use, topography, safety, types of
infrastructure.

Curitiba,
Brazil

[43]
2020
Urban Planning

Additive method.
Based on Copenhagenize
Index.
Variables’ values rated with a
scale from 1 to 4.
Local perspective considered
through a survey issued to
406 city center citizens.

City.

Advocacy, bicycle culture,
bicycle facilities, bicycle
infrastructure, bike-sharing
programs, gender split, modal
share for bicycles, modal share
increase since 2006, safety
perception, politics, social
acceptance, urban planning,
traffic calming, bonus points
(awarded for particularly
impressive efforts/results
towards re-establishing the
bicycle as a feasible, acceptable,
and practical form of transport).

Shanghai,
China

[26]
2020
Transportation

Weighted additive function.
Discrete choice model used to
estimate variable weights
based on users’ perception
results from ranking surveys
issued to 336 bicycle users.

Road segment.

Directness and coherence,
comfort and attractiveness,
traffic safety, security, climate,
presence of bicycle
infrastructure, cost of the trip.

Barranquilla,
Colombia

[27]
2020
Transportation

Additive method with spatial
analysis.
Four sub-indices are
considered: accessibility,
suitability, perceptibility,
prevailing air quality in the
vicinity of cycling routes.
Variables’ weights: air quality
evaluated by varying weight
from 0% to 12.5% to 25%, and
all other three sub-indices
with the same weights of
33.3%, 29.2%, and 25%.

Road segment.

For accessibility—points of
interest (POI): leisure, transport,
commercial, daily routine.
For suitability: slope, sinuosity,
bike route.
For perceptibility: greenery,
crowdedness, outdoor enclosure.
For air quality: PM2.5
(particulate matter), BC
(black carbon).

Singapore

[28]
2021
Transportation

Weighted overlay of linear
criteria in GIS.
Weights of 50% for bicycle
infrastructure, 25% for speed
limit, and 25% for bicycle
parking (variables rated with
a scale from 1 to 10).
Variables’ weights defined
based on interviews
conducted with active
local cyclists.

Road segment
and intersection.

Existence and type of bike path,
speed limit, parking facilities for
bicycles, quality of intersection
infrastructure for bicycles.

Munich,
Germany
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Table 2. Cont.

Citation
Year
Study Category

Method Spatial Unit Variables Used in the Analysis Case Study

[29]
2022
Transportation

Spatial multicriteria analysis
with weighted linear method.
Variables’ weights defined
based on the opinion of eight
urban mobility experts and
local authorities.
Sub-criterion’s weight defined
from the citizens’ stated
preferences survey issued to
92 participants.

Road segment.

Population density, service areas
of trip-generation points, road
hierarchy, slope and
cross-section geometry, type of
bicycle (conventional and
electric).

Covilhã,
Portugal

[47]
2023
Transportation

Additive method.
Combination of 13 variables
that translate four subindices:
safety, comfort, accessibility,
and vitality. Variables’ weight
defined using principal
component analysis (PCA).
Use of spatio-temporal
open-source big data from
Digital China Innovation
Contest 2021, Geospatial Data
Cloud, China Unicom, Baidu
Map, Ecology and
Environment Agency,
European Centre for
Medium-Range Weather
Forecasts, and Copernicus.

Road segment.

Safety variables: wind speed,
road slope, precipitation.
Comfort variables: temperature,
sky view index, green view
index, trajectory sinuosity, air
pollution.
Accessibility variables: average
speed of trajectory, public
transportation accessibility,
commercial accessibility.
Vitality variables: number of
trajectories, crowdedness.

Xiamen,
China

[48]
2024
Transportation

Additive method.
Indicator selection and model
parametrization performed by
iterative refinement and
adjustment based on the
scientific literature,
knowledge of local experts in
planning, and user feedback.
Variables’ value within 0–1
with weighted average
computed across all
indicators.
For steep gravel segments, an
increased weight for slope
and surface was considered.
Use of open and globally
available data sets.

Road segment.

Road category, bicycle
infrastructure, maximum speed,
gradient, type of pavement,
designated bicycle route.

Salzburg,
Austria
Wuppertal,
Germany

In all cases, assessment through these indices is used by decision-makers to evaluate,
prioritize, and plan not only the effective implementation of walking and cycling policies,
but also projects that aim to improve accessibility and the uptake of active transport.

1.4. Process Automation with ArcGIS Model Builder

GIS technology allows processes to be automated using the drag and drop functionality,
such as via the Model Builder tool available in the ArcGIS software or the Graphical Modeler
in Quantum GIS (QGIS) software. These types of models are produced by a sequence of
geoprocessing tools, in which the result (output) of one tool can be used as the input for
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another tool, thus following a sequence of processes [50]. There are few examples of process
automation in the transport sector using Model Builder. It is mainly used to speed up
intermediate processes in order to accelerate the achievement of results. Therefore, it is more
useful when calculations need to be reproduced repeatedly. However, the development
of models does not require the creation of specific tools and can only be used as a means
to obtain results for a given study [51–53]. As the present study aims to use the ArcGIS
Network Analyst functionality and to develop a tool based on Model Builder, Table 3
presents an analysis of studies from this perspective.

Table 3. Literature review on ArcGIS Model Builder in transport studies.

Citation
Year Study Case Study Model Builder

Function
Network Analyst
Extension Use

Model Builder
Tool-Based

[54]
2007

Cost map for woody
biomass transport Denmark Intermediate

processes No No

[55]
2010

Transit- and car-based
accessibility

Tel Aviv,
Israel Model Yes Yes

[51]
2011

Supply and demand for
public transport

Almada,
Portugal Model Yes No

[52]
2016

Economic impacts of
unplanned road closures

Queensland,
Australia Model Yes No

[56]
2018

Walking accessibility to
public transport

Naples,
Italy

Intermediate
processes Yes No

[57]
2018

Elderly community center
accessibility Taiwan Model Yes No

[58]
2019

Road accessibility in rural
areas

Warmia and
Mazury, Poland

Intermediate
processes Yes No

[37]
2019 Walkability index Madrid,

Spain
Intermediate
processes No No

[59]
2019

Sustainable urban
transport performance

Jakarta,
Indonesia

Intermediate
processes No No

[53]
2020

Planning and
management of vehicle
recharging infrastructure

Kelowna,
Canada Model Yes No

[60]
2020

Effect of terrain relief on
transport cost 9 Chinese cities Intermediate

processes No No

The performed review revealed that Model Builder is mainly used in the field of
transportation for the acceleration and structuring of certain procedures that are part of a
larger process [37,54–56,59,60]. However, in the studies analyzed, structuring a complete
model using Model Builder in order to achieve a certain result is also common, although it
does not presuppose the applicability of the tool to other realities [51,53,57]. Applications
of Model Builder range from determining accessibility [55–58] to locating equipment [53]
and calculating cost maps [54,60] or walkability [37], among others. Although European
case studies dominate, all continents are represented in the analyzed studies.

The fact that the studies are concentrated in recent years shows that the use of Model
Builder in transportation is beginning to be seen as an asset that can be exploited. However,
the Network Analyst extension is not always used or replicated with this functionality. The
literature review showed that the topic of active mobility is still underexplored in terms of
the use of the Model Builder functionality or similar tools. Despite this, important themes
regarding the study of walkability and bikeability have been addressed [37,57].
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2. Method

The methodology developed is intended to be the basis of a decision support tool that
municipalities can use to better understand the mobility characteristics of their territory
and to make sustainable decisions on where to implement active mobility measures and
allocate human and financial resources. The methodology is based on Spatial Multi-Criteria
Analysis, a decision support technique that allows the comparison of different scenarios
using multiple spatial criteria. Spatial multi-criteria analysis is technologically easy to
apply and can be automated in a GIS environment.

Based on the literature review, population density, attractiveness of trip-generation
points, and road/pedestrian network characteristics (hierarchy, gradient and cross-section)
were selected as variables and aggregated in the multi-criteria analysis to obtain active
mobility indices using the weighted linear combination method. In addition to the analysis
of the literature, the choice of variables also considered the availability of official and free
input data. The result of the data aggregation was a set of indices that can be used to
assess the suitability of a road network for walking and cycling: walkability, bikeability,
e-bikeability (based on electric bicycles), and two combined walking and cycling indices,
one called Active Mobility 1, which considers walking and conventional cycling, and
the other called Active Mobility 2, for walking and e-cycling. The universality of the
variables, as well as the flexibility in defining their weights for specific local conditions
using survey information, allows the proposed approach to be applied to cities with
different characteristics, including those outside Portugal.

The process of obtaining the active mobility indices involves several stages of verifi-
cation and construction. The flowchart in Figure 1 shows the developed process, which
is divided into three main stages: preparation of the input data (Stage 1), application of
the GIS tools to implement the model (Stage 2), and analysis of the results (Stage 3). The
objective (outputs) is to classify road network segments according to their suitability
for active modes of transport (walking and cycling) on a 0–100 scale. Summarized
descriptions of the main activities considered at each stage of the process are presented
in Sections 2.1–2.4.

2.1. Stage 1: Preparation of Geographic and Alphanumeric Input Data

The first stage consists of collecting and processing vector and raster geographical
information: road network, urban perimeter (study area), administrative division of the
territory into statistical subsections (census tracks), location of trip-generation points
and digital terrain model (DTM). To ensure connectivity between sections and a rigorous
representation of the existing network, road network information in vector format
requires careful handling. The absence of certain types of road segments (footpaths,
tracks, stairs, pedestrian lifts, etc.) and the identification of different elevation levels
(e.g., viaducts, footbridges) are examples of common situations that need to be checked
and dealt with.

The use of data available online (freeware) makes the method affordable and, in most
cases, there is no need to collect additional data in the field. As far as alphanumeric data
are concerned, this form of data is mostly freely available on official websites, such as
those providing national or regional statistics. Raster data (DTM) can be collected online
or provided by municipal organizations. Vector information (road network and location
of facilities) can be imported from various online databases, such as Geofabrik or Open
Street Map.
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2.2. Stage 2: GIS Model (Spatial Multicriteria Analysis)

The methodology proposed is based on spatial, network, and multicriteria analysis.
The first two types of analysis allow the calculation and presentation of the service areas of
trip generators in terms of acceptable walking and cycling times, as well as the population
density of the study area. Pedestrian travel time is determined using the expression
developed by Tobler [61] for walking speed (Vw) (see Expressions (1) to (3)). In the case
of stairs, the speeds given by Fruin and Strakosch [62] are used, i.e., 1.8 km/h when
descending and 1.6 km/h when ascending. The speeds of lifts and funiculars for pedestrians
can be measured on site. Finally, the conventional and electric cycling time is determined
using speed expressions (Vbc and Vbe ) that were developed in this study through trendline
analysis applied to the data collected by Flügel et al. [63] (see Expressions (4) and (5)).

Tm =
L

Vm
× 60 (1)

Vw = 6 × e−3.5×| dh
dx +0.05| (2)

dh
dx

= S = tan θ (3)

Vbc = −25, 657S4 + 7990.5S3 − 198.27S2 − 102.56S + 17.513 (4)

Vbe = −84, 821S4 + 4819.7S3 + 341.54S2 − 69.808S + 18.269 (5)

Note: Expressions (4) and (5) are valid for −0.09 < slope < 0.09. For −0.09 > slope > 0.09,
speeds corresponding to −0.09 and 0.09 must be used.

where
Tm is the travel time of the mode m in minutes;
m is equal to w for walking, bc for conventional cycling, and be for electric cycling;
Vm is the speed of mode m in km/h;
L is the street segment length in km;
dh is the elevation difference between the start and the end point of the street segment
in meters;
dx is the street segment length in meters;
S is the street segment slope (decimal value);
θ is the angle of the slope.

In the multi-criteria analysis, weights are assigned to each of the considered facilities’
categories (commerce, education, leisure, health, public services, transport, and tourism)
to represent their attractiveness. Weights are also assigned to the variables in the analysis.
The maximum travel time and weights are defined based not only on the results of surveys
conducted with the local working population, but also on a panel of experts. For the
three modes of transport, journeys with a maximum duration of 20 min were considered.
Thus, the approach is tailored towards the needs of the study area and, consequently, its
inhabitants. At this stage, map raster conversion is performed for the three variables, the
pixel values are normalized (on a scale of 0 to 100) and the variables are combined using
the weighted linear method, resulting in the following four active mobility indices:

1. The walkability index, which refers to the attractiveness and suitability of an urban
area for walking.

2. Two bikeability indices (for conventional and electric bikes), which reflect the comfort,
safety, attractiveness, and suitability of an urban area for cycling.

3. Two combinations of the previous: the Active Mobility 1 (walking and conventional
cycling) and Active Mobility 2 (walking and e-cycling) indices.

Expressions (6) to (11) present the model formulation.

TGPm = ∑n
j

wn × jn
n

(6)
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PD =
RP
A

(7)

Pm_nor_i =
(Pi − Pmin)

(Pmax − Pmin)
× 100 (8)

Ii_m = (pTGP × TGPnor + pPD × PDnor)× NSi (9)

IAM_1 = pw× Ii_w + pbc× Ii_bc
(10)

IAM_2 = pw× Ii_w + pbe× Ii_be
(11)

where

TGPm is the value of the trip-generation point variable for mode m (w for walkability, bc for
conventional bike, and be for electric bike) (pixel, not normalized);
n is the number of sub-variables (number of facility categories, such as health, educational,
services, etc.);
j is the score assigned to the service areas, and it represents the level of demand for walking
or cycling (defined as a function of travel time, 0–100);
wn is the n sub-variable’s weight (defined from the inhabitants’ stated preferences survey,
0–1);
PD is the value of the population density variable in inhabitants/ha or inhabitants/km2

(pixel, not normalized);
RP is the resident population of a considered urban area (pixel, inhabitants);
A is the urban area under study in ha or km2; the A unit should be chosen according to
the administrative territory division dimension that is considered (for example, neighbour-
hoods (ha) or parishes (km2));
Pm_nor_i is the normalized pixel value for TGPm_nor or PDnor (0–100);
Pi is the not-normalized pixel value for TGPm or PD;
Pmin and Pmax are the variable (pixel) minimum and maximum values (not normalized);
Ii_m is the network suitability index for pixel i on a 0–100 scale by transport mode m (very
high: 80 < Ii_m ≤ 100; high: 60 < Ii_m ≤ 80; medium: 40 < Ii_m ≤ 60; low: 20 < Ii_m ≤ 40; and
very low: 0 < Ii_m ≤ 20 suitability);
pTGP and pPD are the weights assigned to the trip-generation points and to the population
density variable, defined by a panel of experts (0–1);
TGPnor is the value of the trip-generation point variable (pixel, normalized, 0–100);
PDnor is the value of the population density variable (pixel, normalized, 0–100);
NSi is the value of the road network characteristics variable for street segment i (0 for
segments not adequate for walking or cycling, 0.75 for segments without a sidewalk that
are adequate for walking, 1 for segments with a sidewalk that are adequate for walking,
and 1 for segments adequate for cycling);
IAM_1 is the active mobility index, which is determined considering the walk and conven-
tional bike modes on a 0-100 scale (very high: 80 < Ii_m ≤ 100; high: 60 < Ii_m ≤ 80; medium:
40 < Ii_m ≤ 60; low: 20 < Ii_m ≤ 40; and very low: 0 < Ii_m ≤ 20 suitability);
pw, pbc, and pbe are the weights to be assigned to the contribution of each mode to active mo-
bility suitability, being defined by the panel of transportation experts and local authorities
(0–1);
IAM_2 is the active mobility index, which is determined considering the walk and electric
bike modes.

The results obtained are then converted back into a vector format, so that the indices
can be assigned to each segment of the considered road network on a 0–100 scale (very
high: 80 < Ii_m ≤ 100; high: 60 < Ii_m ≤ 80; medium: 40 < Ii_m ≤ 60; low: 20 < Ii_m ≤ 40; and
very low: 0 < Ii_m ≤ 20 suitability).

2.3. Stage 3: Outcomes and Their Evaluation

The third and final stage is to collect and evaluate the results in order to identify
the road and pedestrian network segments suitable for active mobility, as well as where
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conditions can be created to encourage the uptake of active modes. This stage allows the
expected results to be compared with the observed results, which may contradict or confirm
the initial expectations of the network managers. At this stage, the sensitivity analysis of the
model is carried out, evaluating the results obtained for different combinations of weights.
This leads to the calibration of the model based on the experience of mobility experts and
network managers (expert panel). The results are then presented on maps showing the
different levels of suitability for each segment of the road/pedestrian network for walking,
cycling (conventional and electric), and for a combination of the two. The results of the
active mobility indices are translated into vector files (lines) and thematic maps. In these
maps, the road network segments are classified into six classes of suitability for active
commuting: not suitable (segments excluded based on the considered restrictions), very
low (0–20), low (20–40), reasonable (40–60), high (60–80), and very high suitability (80–100).

2.4. Automation of the Spatial Analysis Model in GIS

To facilitate the application of the proposed methodology by urban space managers,
as well as its replicability in other urban spaces, the process was modelled in the ArcGIS
Model Builder tool and tested using a case study to analyze the suitability of the existing
road and pedestrian network of the city of Covilhã for active mobility. Figure 2 shows
a simplified view of the first tool model (top of the figure) and the interface that allows
the calculation of walking and cycling (conventional and electric) travel times. Figure 3
presents a simplified view of the second tool model (top of the figure) and part of the
tool developed for the calculation of the walkability, bikeability, e-bikeability, and active
mobility indices.

Although not fully readable, Figures 2 and 3 give an idea of the significant number of
processes involved and the complexity of the models. Details of the models developed for
the tools are available from the authors on request.
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3. Case Study

To validate the proposed approach and demonstrate the model’s ability to identify the
active mobility potential of urban transport infrastructures, the methodology was applied
to the pedestrian and road network of the urban perimeter of the municipality of Covilhã,
Portugal. Additional network elements not included in the available vector data, such as
lifts, funiculars, stairs, and pedestrian and cycle paths, with some integrated into parks and
green spaces, were added to the network. Furthermore, the choice of a hilly city made it
possible to validate the applicability and interest of the approach for different scenarios
and topographic characteristics.

Table 4 shows the weights considered for the trip-generation point variable and sub-
variables, defined on the basis of preferences expressed by the active surveyed population
of Covilhã (275 responses for walking and 92 for cycling) and the opinions of an expert
panel (panel of 15 experts for walking, 8 for cycling, and 13 for active mobility—walking
and cycling combined). Figures 4–7 show examples of the maps obtained for trip-generation
point attractiveness, population density, and road and pedestrian networks. Examples of
the results obtained for the walkability, bikeability, e-bikeability, and active mobility indices
are shown in Figures 8–11.
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For the scenario that was considered representative by the network manager (i.e., that
was assigned a weight of 70% for the attractiveness of trip-generation points variable, 30%
for the population density variable, 40% for the walkability index, and 60% for the bike-
ability and e-bikeability indices), it was found that 16.0%, 26.0% and 40.9% of the network
length had a reasonable to very high suitability for pedestrian mobility, conventional and
electric bicycle use (respectively), and 23.5% was found reasonable to very suitable for
active mobility. The latter corresponds to the aggregation of pedestrian and electric bicycle
use, which is considered more representative for this case study as Covilhã is a hilly city
(see Table 5).

Table 4. Service area scores and sub-criteria weights (facility category).

Trip-Generation Point Service Areas Trip-Generation Point Sub-Variables

Travel Time (Minutes)
Score

(0–100)
Facility Category

Weight for Walk Mode

Weight for Walk Mode
[25]

Weight for Bike Mode
(Conventional and Electric)

[29]

0–5 100 Transportation 0.71 0.69
5–10 75 Health 0.68 0.70

10–15 50 Educational 0.75 0.79
15–20 25 Services 0.62 0.68
+20 1 Commercial 0.63 0.71

Tourism 0.60 0.80
Culture 0.54 0.73

Recreation 0.65 0.82
Sport 0.58 0.78
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Table 5. Summary of results.

Suitability

Index Network
Length

Not
Suitable Very Low Low Reasonable High Very High

Walkability km 0 286.95 47.84 51.62 12.06 0.06
% 0 72.00 12.00 12.95 3.03 0.01

Bikeability km 173.10 65.02 55.38 57.42 45.54 0.32
% 43.62 16.39 13.96 14.47 11.48 0.08

e-Bikeability km 77.67 80.14 76.68 81.33 80.28 0.68
% 19.57 20.20 19.32 20.50 20.23 0.18

Active Mobility 1
(walk + bike)

km 0 241.06 99.66 39.87 16.02 0.16
% 0 60.75 25.12 10.05 4.04 0.04

Active Mobility 2
(walk + e-bike)

km 0 178.77 124.60 61.48 31.77 0.16
% 0 45.06 31.40 15.49 8.01 0.05

4. Discussion and Conclusions

This study presents an automated GIS tool based on a proposed methodology for the
identification of the most suitable transport network segments for walking and cycling
regarding commuter journeys. The aim is to help decision makers that are responsible
for urban spatial and mobility planning to support and develop solutions that encourage
the use of active modes of transport. The proposed methodology uses the location and
attractiveness of trip-generation points, population density, and the characteristics of
the road and pedestrian network (namely, road class (road hierarchy), road slope, and
the presence of sidewalks) as variables to be considered in the analysis. The proposed
methodological process starts with the collection and processing of the publicly available
data needed for the analysis, followed by the preparation and validation of the road and
pedestrian network, which consists of operations that are carried out in a GIS environment.
Network and spatial multi-criteria analyses based on a weighted linear method are then
applied. This type of approach is well suited to the analysis and combination of the
variables under consideration, as it can provide a measure of the suitability of the existing
transport network for walking and cycling. The use of available and reliable data and



Urban Sci. 2024, 8, 206 23 of 26

automating the process using the Model Builder tool in a GIS environment makes it easier
to apply the approach to different scenarios with minimal adaptation and to obtain results
quickly in an automated, scalable, and reproducible way.

To validate the approach, the proposed methodology was applied to a case study that
involved the city of Covilhã, located in the central region of Portugal. Based on studies
and surveys conducted with specialists and managers of the network under study, the
weights to be assigned to the variables considered were determined: 70% for the trip-
generation point attractiveness variable and 30% for the population density variable. For
the road/pedestrian network variable, restrictions were defined considering the active
mode analyzed (presence of sidewalks for walking and road slopes for cycling). The
application made it possible to illustrate the whole process of obtaining and processing
data, as well as the definition of their respective weights.

The results show that, as expected, the areas with the highest concentration of facilities
and population have the greatest potential when analyzing walkability (higher index
values). However, due to the unfavorable slope of the road network in some of these
areas, part of it is classified as ‘not suitable’ for the use of conventional bicycles (43.3% of
the analyzed network), but this is not so significant when it comes to the use of electric
bicycles (19.6%). On the other hand, the network segments with reasonable to very high
suitability represent 16.0% for walking, 26.0% for the use of conventional bicycles, and
40.9% for the use of electric bicycles (for a maximum travel time of 20 min). The analysis
of suitability for active mobility, which combines walking and cycling, shows that this
index increases as the importance of cycling over walking increases. When comparing
the results of the active mobility index for ‘walk + conventional bicycle’ and for ‘walk +
electric bicycle’, the suitability of the network increases when the use of electric bicycles is
considered. As Covilhã is a hilly city, this analysis is particularly interesting for this case
study. Considering different combinations of weightings of the two modes, we found the
following: with 60% for walkability and 40% for e-bikeability, the increase in the percentage
of network length with reasonable to very high suitability was 7.3% compared to the use
of the bikeability index; with a combination of 50% walkability and 50% e-bikeability, the
increase was 8.3%; and with 40% walkability and 60% e-bikeability, the increase was 9.4%.
More favorable results for the use of electric bicycles compared to conventional bicycles are
to be expected.

In conclusion, the results obtained allow urban space and mobility managers to
identify the urban areas with the best mobility characteristics and those with potential
for improvement, supporting intervention solutions aimed at promoting different active
transport modes together or separately.

The difficulties encountered in the development of this study included the lack of
geo-referenced information on the presence of sidewalks, which had to be collected, and the
limitations of the Model Builder tool, which appears to have been designed for smaller and
less complex models. For future work, it is suggested to consider different topography sce-
narios, to make the data pre-processing fully autonomous (as it is still time-consuming), and
to test the automation of the process using the Python programming language. Improve-
ments are also sought to include other modes of soft transport, the width and condition of
paths and sidewalks, user safety, and accessibility for people with reduced mobility. Local
authorities can play a crucial role in collecting and reviewing this information over time to
effectively support strategic decisions on sustainable urban mobility.
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