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Ill. Abstract

This work addresses the problem of informational needs for urban proximity policies through
empirical research. Urban proximity has emerged in the planning literature as a key strategy for
sustainable urban development. In short, it is a strategy of facilitating urban configurations that
minimize the need for travel and ensure access to basic urban functions, promoting local

walking (or cycling) to achieve targets such as non-polluting mobility and healthy lifestyles.

Understanding which characteristics conform these urban configurations is informative for
planning having local walking in mind. In this work, combinations of these characteristics will
be reviewed and explored in the Metropolitan Region of Madrid, by examining walking travel
behavior at varying short distances and purposes. Trip distance, built environment features like
density, diversity, design, or destination accessibility, and demographic attributes, are rather

consensually believed to exert significant effects on local mode choice.

This way, the research context of this work is the empirical study of local mode choice in
relation to the built and social environment. Mode choice has been empirically approached
through utility theories of consumer choice, formalized as linear models that correlate built
environment metrics with travel mode decisions, controlling for social and trip characteristics,
and accounting for their spatial nature. This tradition has helped policy makers evaluate the
return of investing in improving conditions for local walking. However, their complexity and

limitations often lead to subjective modelling which can hinder their informational validity.

The present work addresses two main questions. On one hand, it presents a scoping review
which focuses on recent empirical studies dealing with urban proximity, but also situates them
in the broader context of the study of mode choice and the built and social environment. This
way, the state of the art both in the goals of proximity policies, and their associated research
support, is addressed. On the other hand, the present work presents an empirical study of the
case study of the Metropolitan Region of Madrid, leveraging recent methodological advances in
the field. This study underpins the opportunity to experiment with new ways of exploring
patterns of association between walking, and the social and built environment, in a context of

growing demand for “urban proximity” policies. To do so, it leverages machine learning




. . . . . ,
approaches to predict walking against other modes, exploring accuracy and predictors

importance across an array of combinations of distance and purpose controls.

The empirical experiment addresses a subset of trip data that balances availability and detail, and
attempts to capture the philosophy of urban proximity policies which focus on residential areas:
travel survey data on home-based trips is analyzed, applying filters that include trip distance
thresholds ranging from 600 to 1,500 meters and non-work purposes. A broad portfolio of
social and built environment metrics is prepared and tested for modeling in multiple
configurations and grouping strategies which help cross-validating the reliability of the final
models, and evaluates different possible scenarios of data availability. The analysis is based on
feature selection, which are workflows for attaining well specified machine learning models,

removing sources of bias, selecting relevant features, and controlling overfitting.

Results suggest that even small changes in distance thresholds exert a great impact in all the
model performance metrics; some purposes were the most easily predicted, sociodemographic
variables are slightly more important overall, though some questions on their endogeneity to
transport arise. Among built environment predictors, average building age, along with other
street layout characteristics, pervasively obtain fairly accurate predictions too. While the effects
of proximity thresholds and purpose have been proven very sensitive for the models, the sets of

characteristics suggested are sometimes misleading, and still need further inspection.

Policy implications of the results rest in the fact that activities like Care and Study are very
predictable in local active proximity, both using socioeconomic characteristics (such as
household size and structure, driving license status, or activity status), configurational metrics
that differentiate regional structure and typologies of urban tissue (captured through measures
of road network centrality and mean age of buildings), and accessibility to specific purposes.
These metrics are fairly easy to obtain and compute, could help perform accurate predictions on
policy impacts, and adds nuances to the complex phenomenon of local travel beyond the more
extended accessibility metrics. Other purposes struggle in the generalization of the problem,
commonly overfitting, yet also pointing at similar characteristics that increase the accuracy of

the models: household size, centrality measures, and accessibility to specific purposes.

As a general conclusion, the proposed approach shows promising signs of being able to identify
important features of the social and built environment in understanding local active travel for
purposes relevant to proximity policies, yet many questions remain unanswered regarding

methodological aspects and informational power.




IV. Resumen en espanol

Este trabajo aborda el problema de las necesidades informativas para politicas de proximidad
urbana mediante investigacién empirica. La proximidad urbana ha surgido en la literatura sobre
planificacién como estrategia clave para el desarrollo urbano sostenible. En resumen, es una
estrategia que promueve configuraciones urbanas que minimicen la necesidad de
desplazamientos y garanticen el acceso a funciones urbanas basicas, promoviendo los trayectos a

pie (o en bicicleta) para alcanzar objetivos como la movilidad no contaminante y estilos de vida

saludables.

Entender las caracteristicas de estas configuraciones urbanas es informativo para la planificacién
local en materia de caminabilidad. En este trabajo, se revisan y exploran combinaciones de estas
caracteristicas en la Regién Metropolitana de Madrid, analizando el comportamiento de los
viajes a pie en distancias cortas y con distintos propdsitos. La distancia del viaje, las
caracteristicas del entorno construido (como densidad, diversidad, disefio o accesibilidad a
destinos) y los atributos demogrificos son elementos que, de manera bastante consensuada, se

considera que influyen significativamente en la eleccién del modo de transporte local.

De este modo, el contexto de investigacién de este trabajo es el estudio empirico de la eleccién
del modo de transporte local en relacién con el entorno construido y social. La eleccién del
modo de transporte se ha abordado empiricamente mediante teorfas de utilidad basadas en la
eleccién del consumidor, formalizadas como modelos lineales que correlacionan métricas del
entorno construido con la eleccién modal, controlando caracteristicas sociales y del viaje, y
considerando su naturaleza espacial. Esta linea ha ayudado a evaluar el retorno de invertir en
mejorar las condiciones para la caminabilidad. Sin embargo, su complejidad y limitaciones a
menudo conducen a una modelizacién subjetiva que puede comprometer su validez

informativa.

El presente trabajo aborda dos preguntas principales. Por un lado, presenta una revisién
exploratoria que se centra en estudios empiricos recientes sobre proximidad urbana, pero
también los sittia en el contexto mds amplio del estudio de la eleccién del modo de transporte y
el entorno construido y social. De esta manera, se aborda el estado del arte tanto en los objetivos

de las politicas de proximidad como en su respaldo investigador asociado.




Por otro lado, este trabajo presenta un estudio empirico del caso de la Regién Metropolitana de
Madrid, aprovechando avances metodoldgicos recientes en el campo. Este estudio respalda la
oportunidad de experimentar con nuevas formas de explorar patrones de asociacién entre los
desplazamientos a pie y el entorno social y construido, en un contexto de creciente demanda de
politicas de proximidad urbana. Para ello, se aprovechan enfoques de machine learning para
predecir los desplazamientos a pie frente a otros modos, explorando la precisién y la importancia

de los predictores en diversas combinaciones de controles de distancia y propdsito.

El experimento empirico trata de equilibrar la disponibilidad y detalle de la informacién
disponible, y capturar la filosoffa de politicas de proximidad centradas en 4reas residenciales: se
analizan datos de encuestas de viajes con origen en el hogar, aplicando filtros que incluyen
umbrales de distancia de viaje entre 600 y 1.500 metros y propdsitos no laborales. Se construye y
prueba un amplio espectro de métricas del entorno social y construido para su modelizacién en
multiples configuraciones y estrategias de agrupacién, lo que ayuda a validar la fiabilidad de los
modelos finales y evalta distintos escenarios posibles de disponibilidad de datos. El andlisis se
basa en la seleccién de caracteristicas (feature selection), que son flujos de trabajo para obtener
modelos de machine learning bien especificados, eliminando fuentes de sesgo, seleccionando

caracteristicas relevantes y controlando el sobreajuste.

Los resultados sugieren que incluso pequefios cambios en los umbrales de distancia tienen un
gran impacto en todas las métricas de rendimiento del modelo; algunos propésitos (como los
cuidados o el estudio) son mds fécilmente predecibles; las variables sociodemogrificas son
ligeramente mds importantes en general, aunque surgen dudas sobre su endogeneidad respecto
al transporte. Entre los predictores del entorno construido, la antigiiedad media de los edificios,
junto con otras caracteristicas de configuracion de la trama urbana, obtienen predicciones
bastante precisas de manera persistente. Si bien los efectos de los umbrales de proximidad y el
propésito han demostrado ser muy sensibles para los modelos, los conjuntos sugeridos a veces

son contraintuitivos y aiin requieren interpretacién, y futura inspeccién.

Las implicaciones de los resultados en la capacidad informativa para politicas de proximidad
giran en torno al hecho de que algunos motivos de desplazamiento mds relevantes para las
mismas, como los cuidados o el estudio, son predecibles a través de métricas sociodemograficas
(como la estructura y tamafo del hogar, la ocupacién, o la tenencia de permiso de conducir),
configuracionales (métricas de centralidad de red, o época del tejido urbano), o de accesibilidad

especifica a equipamientos relacionados. Estas métricas son razonablemente ficiles de computar,

1




y afiaden matices a la complejidad de la movilidad local, mds all4 de los estudios de accesibilidad.
El resto de motivos de los viajes muestra persistentes problemas de sobre ajuste y mala

y
generalizacién, atin también apuntando a combinaciones similares de caracteristicas del entorno

social y construido como palancas a la precisién de los modelos.

Como conclusién general, la aproximacién propuesta muestra algunos signos prometedores
para la identificacidn de caracteristicas del entorno social y construido, relevantes para
comprender la movilidad local activa para propdsitos importantes en politicas de proximidad.
Pese a ello, muchas preguntas siguen sin respuesta en lo concerniente a la metodologfa para

extraer conclusiones y su poder informativo.
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1. Introduction

One of the strategies the EU has pursued for achieving sustainable and smart urban mobility is
facilitating “active-modes” through “land-use proximity”, an approach which some state
members’ strategies simply describe as “facilitating urban proximity”. Urban proximity, as a
wider concept, has been mostly addressed as a particular case of residential-centered and
local-range geographic accessibility, with recent epistemological, methodological, and empirical
discussion. The concept stems from planning trends such as the Compact City, Accessibility
Planning, the Walkable City, or the 15-Minute City, which have become quite popular among
scholars and policy-makers worldwide. Despite its popularity, the way in which this “urban
proximity” can alter individual travel behavior still needs clarification and further empirical
investigation to better inform the public debate. This work is an outcome of that particular

reflection.

For every pizza ovdered over the Internet there is a pizza baked, delivered, and consumed in
the material world, and for every telecommuter working out of her electronic cottage in the
woods there is a plumber who needs to have access to the very material block in ber sewer line.

Helen Couclelis (Couclelis, 1996)

Planning instruments are still devoted to urban expansion, development, sectoral, or logistic
strategies. We do not have neither tools nor knowledge to rebuild the complexity of daily
urban life (...) that fundamental substrate of diverse economies and innovations which feeds
on proximity, not on. mobility, and ties everything together.

Fernando Roch (Farifia Tojo, 2016)
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1.1 Motivation

Over the past 30 years, the EU has pursued sustainable and smart mobility through key policies
spanning from the Green Paper on the Urban Environment to the Sustainable and Smart
Mobility Strategy (SSMS) or the New Urban Mobility framework.

Aimed at cutting transport emissions by 90% by 2050, the SSMS ofters a roadmap for the
transition to sustainable mobility across member states. In the SSMS, urban mobility plays a
central role as it accounts for an important share of Greenhouse Gasses (GHG) emissions, but
also displays the greatest transformative potential due to its higher concentration. (European
Commission, 1990; 2020). The New Urban Mobility (NUM) framework, covered in
documents like the European Strategy for Low-Emission Mobility and the Urban Mobility
Package, guides the creation of Sustainable Urban Mobility Plans to meet mobility goals, and

offers guidance to local adaptation of the SSMS core principles (European Commission, 2021).

The general line in which sustainable mobility is conceived in these local-scope documents
revolves around city strategies for the shift towards low-carbon systems. In the NUM
framework and the Climate Neutral Cities Mission, for instance, one can differentiate an
energy-approach (principles to reduce fossil fuels and overall energy consumption, such as zone
restrictions or Electric Vehicle incentives), a transit-approach (systems efficiency, coverage, and
reliability of local and regional public transportation), and an active-modes approach, aiming at
facilitating active travel through the provision of adequate conditions, reducing overall travel

and shortening travel distances as a strategic development line.

Some member states and local planning strategies go further in this last strategy and point in the
direction of urban development that naturally promotes the adoption of low carbon modes for
local mobility, namely the idea of facilitating “urban proximity” (Ramirez-Saiz et al., 2022;
Biittner et al., 2022).

Urban proximity, as a strategy for achieving sustainable mobility, revolves around the reduction
of traveled distances and travel needs by design (Banister, 2008; 2011; Holden, 2020). On scale

and speed premises, this strategy goes beyond a transportation problem and deals with the
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nature of streets as the scenario of urban vitality (Jacobs & Appleyard, 1987; de Terdn, 1996).
On motivation and interaction premises, the strategy is closely connected to socio-spatial
dynamics such as identity building (Urry, 2002); on spatial premises, urban proximity deals with
the implications of design in urban vitality and place-making (Montgomery, 1998). Policy-wise,
it diverges from mobility-oriented policy traditions (aimed at systems and infrastructure for
faster modes) and focuses on land use and design (inherent to the tradition of spatial planning),
aware of the need for being targeted to diverse individuals and groups (Farifia, 2019; Silva et al.,
2023). This way, policy-making through proximity faces the complex problem of dealing with
both urban and transportation issues, expecting to obtain outcomes in both, and the different

individual agents involved.

Though the political direction of urban proximity seems reasonable, the complex mechanisms
that tie together travel, society, and the built environment are not a new, nor a consensual field
of knowledge. A scientific legacy exists around questions on the mechanisms by which the built
environment influences general travel behavior (Ewing & Cervero, 2001; 2010; Stevens, 2017;
Aston, 2020), and local travel behavior (Handy, 1992; 2017; 2020).

Upon review of recent literature on proximity as a built environment condition affecting travel
behavior, different categories of studies can be found: a lively epistemological debate and its
connection to practice, descriptive and/or methodological studies, and a trend of empirical
efforts to understand the mechanisms by which proximity can trigger the desired outcomes.
This work focuses on this last approach, reviewing research directions and methodological
limitations, contributing to framing the study of proximity through the association of

characteristics that affect local travel behavior, their relevance, and informative power.

The Metropolitan Region of Madrid is proposed as a case study for empirical experimentation.
The region is a densely populated compound that -policy wise- mirrors the debate on
national-level agendas in Spain, which are already promoting proximity as one of their levers to
achieve a number of goals of sustainable development. This region also poses an opportunity for
its large data availability regarding travel and the social and built environment, which enables a

consistent and detailed level of analysis in a large and diverse urban set.
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1.2 Objectives

The main two objectives of this thesis are learning about urban proximity by looking at local
walking travel through a conceptual lens (reviewing epistemological and scientific implications),
and an empirical experiment in the Metropolitan Region of Madrid (through predictive

modeling) lens, in association through social and built features which can be targeted by policy.

—> Objective 1: To understand the current political and epistemological set in which urban
proximity is invoked as a tool to achieve several sustainability goals. To understand
empirical approaches to the idea of urban proximity as a lever to attain mobility shifts
towards sustainability, particularly by increasing the share of walking locally. To situate
these recent empirical approaches to urban proximity in the broader context of the study of
travel and the built environment, properly connecting methodological and theoretical
aspects. This goal is pursued mainly through the Background and Framework sections.

=> Objective 2: To perform an empirical experiment in line with the reviewed framework, in
order to explore the hypothetical combined effects of the social and built environment on
local mode choice. More specifically, to explore emergent ways of dealing with some of the
methodological limitations of the study of travel and the built environment. To experiment
with machine learning in the particular context of the thesis, as an emergent alternative
approach, offering a critical review of its limitations and advantages. To explore the case
study of the Metropolitan Region of Madrid in terms of proximity behavior, and expand
local knowledge on the matter. Results for this goal are mainly reported in the case study

subsections of the Framework section, the Methodology section, and the Results.
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1.3 Reading this thesis

The text has been arranged to allow two levels of reading depth. Every section contains a text
which summarizes its key takeaways. However, in order to allow for a deeper dive into the
concepts and the reviewed literature, Annex I provides extended summaries and reflections for
most sections and sub-sections. In this annex, sections display a colour code in the left margin
that indicates their topic:. Red tones indicate that the text revolves around broad ideas on the
relationship between Travel and the Built Environment; Yellow tones indicate that the detailed
text concerns the explicit exploration of the idea of Urban Proximity and. In the rest of the text,
Blue tones in the left margin indicate the exploration of the Case Study, as an illustration of
concepts and ideas. As it will be used before the detailed presentation in the Methodology

section, a brief summary provided beforehand.

=> Background: Defining Urban Proximity. Introduces the concept of urban proximity within
the planning context, discussing socio-spatial approaches, contemporary strategies like the
15-minute city, and epistemological and empirical approaches to urban proximity.

=> Framework: Travel and the Built Environment. Explores research on the relationship
between travel behavior and the built environment, outlining different research strategies
and theoretical approaches. It also defines key outcome variables, alongside influencing
characteristics, methodological approaches and data constraints.

> Methodology: Feature Selection Approach. Details the methodological approach,
including case study constraints, proposed workflow, and expectations. It specifies how
data is collected and aggregated, defines key features influencing travel behavior, and
outlines the methodological constraints of the study.

=> Results and Discussion. Presents the accuracy and composition of the final models,
particularly through permutation feature importance, and discusses the findings in relation
to the theoretical framework and expectations.

=> Conclusion. Summarizes key research outcomes, reflecting on methodological insights and
theoretical contributions, and suggests future research directions for improving the

understanding of urban proximity and travel behavior.
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1.4 Review Methodology

This review process has not been strictly linear. The work started with a review of the idea of
urban proximity throughout the history of planning, so as to understand the evolution of the
concepts in urban theory and practice, and establish a first lineage with travel behavior, in order
to guide the review of recent works. The review of recent works was guided by this first
iteration, which yielded search terms later introduced in Scopus and Google Scholar, filtered for

works published from 2010 on, and combined with the term Proximity.

This search returned works that were snowballed in search for theoretical or epistemological
inputs, on one hand, and empirical approaches, on the other. A third class of papers, the
“compliance metrics”, was a first outcome of this iteration, and an indicator of the recent
relevance of the 15-minute trend in proximity-centred works. The terms used are a basic set of
keywords that refer to the main topic and outcomes targeted by sustainable mobility strategies,
and the features commonly associated with it, in light of the first review on the context. This
way, the term Proximity was coupled with the following terms: Travel, Mode Choice, Active

Travel, Density, Diversity, Land Use Mix, Design, Accessibility, and Demographics.

In parallel, the review of the lineage on travel and the built environment also opened a wide and
complex field of research, which was studied through review, discussion and meta-analysis
works which, in particular cases, led to the review of other selected papers that emerged as
relevant. This way, the review became a “review of reviews”, attempting to search for both early

and recent works (in order to grasp the evolution of thought).

In the second search iteration, the term Proximity and the publication year filter were removed
from the search, resulting in a great number of articles, from which those review, meta-review,
and discussion works were selected. If other works were found relevant, either in the search or in
the references of these reviews, they were incorporated into the final list. Works were ordered by
scientific impact, so as to identify impactful research in the last decades, but then a snowball
effect, and a closer look to recent publications, led to the decision of completing the picture on

this topic, regardless of impact metrics.
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Thus, the methodological approach can be described as a scoping review. The first section
identifies the definitions given to the concept of urban proximity, and selects the recent
empirical works on the matter, following the loose approach of a panoramic review, suitable for
a recent academic trend with a potential conceptual diversity. The second part goes through
reviews, discussion, and meta-literature on travel and the built environment, following an
umbrella review discourse. For each of the aforementioned research components, a general
overview of trends and evidence was performed, a particular look at the recent literature on
empirical studies of urban proximity, and an illustration of the concepts through the proposed

Case Study. Figure 1 shows a diagram of the structure of this review.

Defining Urban Research Strategy
Proximity
Outcome Heuristics Data Features

L. Metrics
Epistemology

|
Compliance

l Travel and the Built Environment

Empirical Research on Urban Proximicy

Case Srudy: The Merropolitan Begion of Madrid

Figure 1: General Schema of the Review
The general schema for the review. It starts with an exploration the definition of proximity, which will later be a

common thread for the general review of research strategy components in Travel and the Built Environment,

and the Case Study
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1.5 Summary of Research Strategy

This work reviews urban proximity both from a policy and an empirical standpoint. The review
will lead to the definition of an empirical experiment around the concept, in light of the current
state of art. Before proceeding, a brief summary regarding the latter is presented, giving the more
informed reader a first conceptual understanding of the proposed experimental design, so as to

introduce the concepts extracted from the general and particular literature.

As a policy approach, the informational needs of urban proximity have been understood in this
work as ways of pointing at urban and social characteristics where there is a potential for a
modal shift towards walking locally. This potential is addressed from the definition of observed
trips in the case study, filtered by purpose and distance, capturing the “user defined” nature of
proximity. The focus is put on daily residential-centred trips, which are the main target in policy
and empirical advances reviewed. These definitions become a boolean filter for the data targeted

in the experiment, and the spatial window to calculate the built environment metrics.

The research strategy has aimed at choice modeling. It has built a predictive model which targets
two classes: walking, and all other modes. Predictions will be based on social and built
environment characteristics, controlling for varying distances and trip purposes, so as to find
whether certain metrics (or patterns of metrics), seem more informative to identify potential for
modal shift. The models have used a disaggregate travel survey, enriched by other environmental

metrics, using an isochrone spatial window, related to the proximity distance thresholds.

This work has drawn inspiration from utility and complexity theory. Hierarchically addressing
the influence of the social and built environment in travel behavior has been explored from the
former, facing theoretical and practical challenges. Also, the literature calls for experimentation
on better capturing the complex interplay between these phenomena, borrowing ideas from
complexity about emergent data behaviors rather than impositions on the form of the problem.
This work has attempted to make a contribution in the common ground of both theories, using
emergent techniques of explainable Machine Learning to test the proposed features against

mode choice. In Figure 2, a brief summary of the research strategy is presented.
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Defining Research Design:
Urban Proximity Choice Model using
Disaggregate Trips & Aggregate Built Environment Metrics

Policy approach

Qutcome Research Dhata Features
Metric Heuristics
Travel Survey Dwensicy
Utility Theory Driversity
User defined local Walking : Land Use Design
active accessibilicy Vs Cnmp]n:xit}l Microdata Accessibility
Orcher Modes Thmr}r Dcmng:r:l.phics
Daily, recurrent, Pedestrian
residential trips Machine Merwork Controls
Learning
Fearure Isochrone Trip Distance
Boolean Filter Importance Apgregation Trip Purpose

Figure 2: General Schema for Empirical Experiment Design

The general schema for the empirical experiment design. After reviewing definitions of urban proximity, a specific
filtering on the data is set, preparing the datasets for modeling. The final research strategy is selected after reviewing
possibilities on outcome metrics, heuristics, data sources and targeted features.
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1.6 Case Study and Summary of Datasets

The case of the Metropolitan Region of Madrid (Henceforth, MRM) is presented, as well as the
datasets used to represent its relevant features, as it will serve to illustrate the findings of sections
2 and 3, and become the materials for the experiment presented in sections 4 and 5. Different
definitions of the MRM exist, as classifications that target domain-driven conceptualizations. In
a first stance, the classification of MRM in the travel survey used in this work was explored. This
initial classification, however, does not have a definition beyond being “municipalities
contiguous to Madrid and a high functional relationship with it”, comprising 47 municipalities

of a diverse nature in terms of form and functional relationship

As this work is exploring local travel behavior (which, a priori, should not pose a conflict with
regional mobility, and most works on the nature of this metropolitan focus on its strong
monocentric behavior), it uses a classification which, maintaining this structural idea, defines a
tighter boundary that leaves the urban-rural fringe out, focusing on the most populated and
denser core of the region. The classification selected is the one proposed in Garcfa Ballesteros &
Sanz Berzal (2002), in the Atlas of the Community of Madrid at the edge of the XXI century.

The MRM, according to this work, integrates 28 municipalities, with a total population of
5,557,365 inhabitants as for 2017 (the reference year before the travel survey used in this work),
and a total area of 193,588 hectares. MRM includes a wide variety of urban fabrics, with a
diversity of density levels and land wuse combinations. Mixed-use town- and
neighborhood-centers coexist with residential-only suburbs and specialized centralities, resulting

in a very diverse caseload of urban tissue samples.

In Figure 3, a map of the MRM is shown, represented with the multiple elements which will
later on be used to unfold this work, and reference it to its wider geographic context. The high
availability and granularity of the data represents a great opportunity for detailed work on the

micro-scale nature of the present matter of study, yet maintaining a certain regional perspective.
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The Metropolitan Region of Madrid

Figure 3: The Metropolitan Region of Madrid
The MRM in context. Upper left, the Spanish territory highlighting (in red) the Community of Madrid. Upper
right, the Community of Madrid highlighting (in red) the MRM. Bottom, the MRM and all the spatial data layers

used in this work.
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The complete description of the datasets can be found in the Annex II. However, a brief
summary is also provided, so as to be able to reference the different data sources throughout the
Case Study exploration.

Cadastral Data - DGC

For land use data exploration, Cadastral data is. The data is available online from the Spanish Cadastral Direction
(Direccién General de Catastro, 2017; henceforth DGC). It includes a full description of built surfaces and land

uses registered at the parcel-level, and the official address assigned to each item.
OpenStreetMap - OSM

Another data source used for some land use and design metrics throughout this work is OpenStreetMap
(henceforth, OSM), the most popular crowdsourced set of spatial data, from which additional land data which is

not reported by DGC has been derived, namely green areas and pedestrian areas (Mooney & Minghini, 2017).
Public Transportation Data

The Consorcio Regional de Transportes de Madrid (Regional Transportation Consortium Madrid. Henceforth,
CRTM) is the regional authority for multi-modal operation harmonization, planning, and research. This
institution is also responsible for the publication of the travel data described below but, in this work, the spatial

data representation of the public transportation infrastructure has also been used.
Sociodemographic and economic data - INE

For socioeconomic data, the Spanish Household Income Atlas (Atlas de Renta de los Hogares Espaioles) has
been used, an open dataset maintained by the Spanish Statistics Institute (Instituto Nacional de Estadistica.

Henceforth, INE), which holds data for socio-demographic and socio-economic variables at Census Tracts.
The Household Travel Survey in the Region of Madrid -EDM2018

Travel data is obtained from the Household Travel Survey 2018 (Encuesta Domiciliaria de Movilidad.
Henceforth, EDM2018), published by the CRTM, which reports individual trips with their different stages,

information on the individual travelers, and their household.
Road Network - RCL

Finally, these sources have been blended with the MRM Street Map, a road-center line (Henceforth, RCL)
network geometry that includes the official names, validated and enhanced to sufficiently represent all possible

pedestrian routes.
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2.Background:
Defining Urban Proximity

In this section, the scope of the review is established by framing recent efforts to define urban
proximity. First, the section goes through the history of the concept in planning disciplines.
Then, those works dealing with recent definition efforts are separated, and papers focusing on
the “operational definition”, or the identification of “states of proximity compliance”, are
inspected. Finally, the review of recent empirical studies is presented, to establish the state of the

art around the idea of urban proximity as a sustainable mobility strategy.

Urban Planning can not be reduced to living, working, leisure and transportation. The
whole city must be mainly conceived as the set for active citizenship, education, and a rich

and autonomous personal life
Mumford (1961)

Most blocks should be short, this is, streets and chances for going around corners should be
frequent. (...) Just like combinations of primary uses, crowded streets constitute an efficient
element to generate diversity, just by the way they work. The means by which streets work
(attracting wide combinations of users towards them) and the results they belp achieve
(growing diversity) are closely related. The relationship is reciprocal.

Jacobs (1961)
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Following the academic and political discussion, a first attempt to define and understand the
concept of urban proximity is presented. An historical perspective and a recent policy context is
established, willing to better understand the informational needs of the political aspects of
proximity. Then, the recent epistemological debate on proximity is addressed, both as an
operational term to be targeted by policy, and as a definition of “compliance”, an emergent trend

of built environment quantification for political traceability.

Following this initial landing of the urban proximity concept, recent works of empirical nature
are reviewed. In this work, “empirical approaches” imply those works that attempt to measure
quantitative relationships between the travel outcomes targeted by policies which lever
proximity, and other features (which, though are usually referred to as built environment, are
also of a social, demographic and economic nature). Disentangling these specific works in their
different research components (their background, methods, data, results, etc) will prepare the

way to a meaningful connection with the wider literature.

The second main section of this review is the revisitation of the broad literature on travel and
the built environment, under the lessons learned from the review on proximity. This literature is
so vast that it will be addressed mainly through review, meta-review, and discussion papers along
four prolific decades of research. The main theoretical lines and research strategies that frame
empirical studies will be described, and four different relevant research components will be
introduced: The outcome metrics targeted by empirical research (those measures of observed
phenomena which are targeted by policy); the heuristics used to understand the mechanisms
that operate in the targeted phenomena; the data sources and aggregation strategies involved in
the research process and; and the features commonly associated with the outcome metrics,

through the different heuristics and theoretical frameworks.
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2.1 Planning Context

Defining urban proximity may appear tautological, as urbanization historians often view human
concentration as the foundational condition of urban settlements (see, for instance, Wirth, 1938
or Mumford, 1961), often nuanced by other dimensions of density (Glaeser, 2011), diversity
and centrality (Conn, 2014). The need to redefine proximity has emerged as a reaction to recent
global urban expansion and sprawling patterns, challenging the late 20th-century belief in the
diminishing importance of physical distance (coined as the “death of distance” elsewhere) due to
advancements in transportation and digital technology, as an alleged natural progression of
economic growth, market expansion, and social democratization (Cairncross, 2002; Couclelis,
1996; Urry, 2002). A consistent wave of criticism (and planning alternatives) to this
distance-free perspective has developed since then, exploring how proximity still matters in the

relational plane of urban life, and it is not only a matter of distance.

A context on urban proximity will be given, showing that the explicit discussion in planning was
triggered by a will of counteracting development philosophies that belittle distance through
mobility-enabled strategies, around the turn of the century. A notion of the local physical
arrangement and its role in well being has been present throughout the history of planning, and

crystalized in the concept of the neighborhood (a predecessor to the term urban proximity).

Confronted with Modern zoning, the built environment features that these “neighborhood”
approaches needed to trigger urban wellbeing were steadily pointed out. At a first stage, features
included notions of land use mix and a more human scaled design as facilitators of outcomes of
urban vitality and community building. Consecutive iterations added other features such as
compactness, walkability, or accessibility, and targeted outcomes in sustainable transportation.
In addition, current policy trends aim at detailed characteristics of those features and aim at

outcomes in health, inclusion, and environmental sustainability.
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2.1.1 Neighborhoods: a socio-spatial planning approach

Planning has implicitly dealt with urban proximity mostly through the neighborhood concept
since the inception of the discipline. Even though this concept might now be totally
incorporated into the general vocabulary, it was early planning approaches that gave the term a

meaning as a coherent unit of urban tissue.

Early hygienist models like the Linear City and Garden City prescribed both regional design
patterns, growth thresholds, and local ranges of proximity to retail, workspace (and regional
transportation for longer commutes), public institutions and -particularly emphasized- to
nature (Soria, 1882; Howard, 1898).

In these early models, tenancy and social mix strategies addressed the idea of social well-fare and
community building in proximity, but it would be the Neighborhood Unit concept (Perry,
1929) that introduced an explicit notion of a scheme for arrangement for the family-life
community. It conceived a cell-like modular arrangement that underlined curbing border-traffic
(being one of the first traffic segregation proposals), and segregating it from retail,

inner-pedestrian open space and facilities such as schools, playgrounds, and civic centers.

These early models had an implicit notion of proximity at work (Linear City drew a 300m
residential buffer around a tram line; Neighborhood Units were conceived as % mile radial
shapes), yet they also set the basis for a dilution of the tridimensional space of traditional streets
(de Terdn, 1996). The advent of the Modern Movement and car-oriented culture brought a shift
towards zoning and automobile infrastructure, diminishing attention to human-scale and

volumetric enclosing of streets, according to later authors.

This tendency prompted reactions like Mumford (1965), who highlighted the loss of organic
human-environment relations in modern suburbia; Jacobs (1961), who emphasized urban
vitality and natural surveillance triggered by land-use mix and street permeability, hindered by
zoning and the irruption of fast modes in local systems; Alexander (1965, 1979), who advocated
for a more complex understanding of urban layout and function beyond the hierarchical
Modern view; Lynch (1960) or Appleyard (1964), who criticised the loss of imageability (the set

of elements people use to understand the environment) in the modern city; or Hagestrind
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(1970), who advocated for bringing back the importance of human-centered temporal and
spatial constraints into human geography and planning. In these works, proximity is addressed

as a social question affected by urban design, and a critique to the Modern zoning paradigm.

A resurgence in neighborhood transport and urban planning concepts associated with
proximity sparked in subsequent decades: Buchanan (1988) and Gehl (1989) explored
place-making and the behavior and attachment of individuals with their immediate urban space;
the New Urbanism movement (coining many concepts such as Neotraditional Development,
Traditional Neighborhood Development, or Transit Oriented Development) (Calthrope,
1993), emerged as a reaction to the debate on urban sprawl, pointing at features such as density,
land-use diversity, street connectivity, or pedestrian oriented design, also approaching planning

from architectural implications of perspective, place-attachment and civic engagement.

These elements can be traced in posterior concepts like Smart Growth and Eco-Urbanism,
which expanded upon the themes of efficiency and sustainability beyond mobility,
community-building, and the idea of the Compact City (Pouyanne, 2004; Stevenson, 2016) as
opposed to urban sprawl. These movements address proximity as both a threshold and design
problem, expanding the earlier social critique and proposing thresholds (such as the quarter
mile to transit and retail in the postmodern planning models) and design methodologies such as

place-making. A review of neighborhood planning can be found in Sharifi et al. (2016).

3l
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Figure 4: Clarence Perry. The Neighbourhood Unit

Clarence Perry’s Neighborhood Unit Plan . From the original drawings of the idea, the many elements invoking
an idea of proximity which would later be somewhat persistent in other approaches can be found: The distance
threshold of % mile from the community center; the shopping districts in the edge, connected to main

surrounding streets; interior streets of a more pedestrian nature; and the space between the center and the border

shops spotted with -ten percent- of recreation and park space.
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2.1.2 Contemporary approaches dealing with proximity

Contemporary approaches to (or including) the idea of proximity are diverse in scope and
philosophy: Accessibility Planning is an accessibility-based practical research on mobility and
land-use planning. Its main philosophy is bringing the concept of geographic accessibility,
-traditionally achieved through mobility- as harmonization of both domains. This line of
thought emphasizes local accessibility by active mobility (which implies proximity) to
counteract negative externalities of focusing solely on fast mobility as a facilitator of activity.
Also, it explores the gaps between academic and decisional contexts, still siloed (Silva, 2017,
2019; Straatemeier, 2019; Pajares, 2019, 2021; Biittner, 2019).

Walkability -and the more general idea of the Walkable City- is a pedestrian-oriented attitude
towards urbanity in planning, but also a complex quantitative field that has been core to recent
planning tools dealing with proximity. It explores the features associated with cities in which
walking becomes the core mode of transportation, and the implementation mechanisms and
obstacles. This approach will be defined further in this work, but it is interesting to note that the
term has triggered a consistent line on walkability as a measurable characteristic affecting
pedestrian behavior (Southworth 2005; Pozueta, 2009; Speck, 2020).

The City of Care (Anzani & Scullica, 2022) and the Mobility of Care (Sdnchez de Madariaga,
2013; Sinchez de Madariaga & Zucchini, 2020) are emergent concepts associated with a
traditionally neglected subset of urban activity which deals with the care for other -dependent-
population such as children, older adults, and people with hindered self sufficiency. These
activities pose important challenges on the caretakers time budgets, and are mostly unveiled
through gendered analyses of travel diaries, in which (although context dependent) women have
been found to account for a bigger share of polygonal tours, and longer loops, to encompass
working and caregiving. In this approach, proximity is valued as one of the most suitable

strategies for alleviation of the impacts of care in time pressures (Valdivia, 2020)

The Inclusive City (Hanson, 2004; Ramirez et al., 2022) is the idea used to reflect on the needs

of the older segments of the population and those with disabilities. It deals with the design of
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urban space, but also with the very beginning and ends of trip tours, namely the adaptation of
buildings to “access for all” conditions, as well as other means of transportation. The recent
literature reflects on the advances in these situations, yet still with a limited consideration of

proximity as the strategy to facilitate travel in limited conditions.

The Healthy City (de Leeuw, 2022) is also an emergent concept that points at urban proximity
as a facilitator of well-being goals. Even though health has been a seminal target of urban
planning as a discipline, this recent iteration mostly adds the idea that conditions of proximity
can trigger a healthier lifestyle by promoting active modes for recreation and transport. Other
derived outcomes targeted by health research pointing at urban proximity intersect with the
broader strategies of sustainable mobility, such as the reduction of noise and air pollution. Place
attractiveness and attachment has been associated with better mental health, and a less sedentary
lifestyle. Also, the COVID-19 outbreak has placed local provision and access in the center of

many recent environmental health studies (Capolongo, 2021).

These concepts are common in recent proximity policy making. Regarding the actual policy
environment which directly affects the case study in the MRM, it is pertinent to understand
both a national and local level of polices which refer to urban proximity. The most relevant
policy framework for the present case study is The Spanish Urban Agenda (MITMA, 2023),

which prescribes proximity from a double perspective of health and sustainability.

In this document, Target S, named “Facilitate proximity and sustainable urban mobility”,
addresses two issues: “Facilitate land-use mix that reduces distance within the city’ and
“Prioritize as much as possible, continuous, safe, and responsible pedestrian paths, encouraging
a healthier active lifestyle (..) developing pedestrian and cycling networks, ensuring
pedestrian-friendly and safe trips, through specific policies”. In its Target 2, “Avoid Urban
Sprawl and revitalize the existing city”, other specific issues are “Defining an urban model that
encourages compactness, balance and the supply of basic services” or “Adopt planning measures
to ensure balanced territories, encouraging development at adequate density (...) incrementing
compactness if necessary, favoring higher building ratios, density, and adjusting over-sized
facilities”. Urban proximity appears in other parts of the text, all along assuming that these
formal characteristics trigger the kind of sustainable mobility expected (Farifia, 2019). In the

following subsection, the complete text of this document concerning urban proximity is
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presented, along with the metrics proposed to monitor the Spanish cities’ efforts to achieve

SDGs associated with sustainable mobility through this particular strategy.

The Spanish Urban Agenda has already served as a vehicle for interesting proximity-based local
policies in the country. Lamiquiz et al. (2024) review S spanish cities’ approach to proximity
concepts, and find consistent trends in some points: the spatial focus on the Neighborhood
scale, but also in the SuperBlock concept (popularized by recent proximity policies in Barcelona
and Vitoria-Gasteiz); the consistent leaning towards sustainable mobility planning, with the
drawback of paying less attention to land use strategies; and the lack of clear governance and
implementation strategies, in contrast with the explicit usage of the proximity concepts in the

motivation of new planning actions.

2.1.3 The 15-minute city

Finally, the most popular contemporary approach in which proximity plays a core role is the
15-Minute City concept. Initially a proposed strategy within the candidature of Anne Hidalgo
for the city of Paris, this approach gained prominence after being implemented, and hit the
mainstream during the COVID-19 pandemics (which evidenced flails in proximity supply
worldwide). The 15-Minute-City emphasizes planning around multi-accessibility (for different
modes, users, motivations and schedules) of essential services within a short distance (Moreno,
2021), that acknowledges a threshold of hyper-proximity as a boolean condition, in contrast to

measurements of accessibility.

The 15-minute trend (with other predecessors like the 20-minute neighborhood concept) has
fueled an intensification of the discussion on urban proximity. It has already been conceptually
expanded to meet different realities of implementation. For instance, a 30-Minute Territory
approach has been proposed for those non-urban or low-density regions. Also, many authors
already re-brand the concept to the X-Minute City, reflecting on the need to acknowledge a
multiplicity of thresholds for different users and purposes. The specific 15-minute threshold is

not the important idea, but the ideal of proximity and time-geography that lies behind it.

Khavarian-Garmsir (2023) sets this concept as a direct offspring of neighborhood planning

trends along the past century, inheriting many of their contributions. To Pozoukidou (2021) or
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Lamiquiz et al. (2022), the innovation of this concept is bringing forward local accessibility for
resource allocation and governance. Megahed (2024) also presented strong connections between
many contemporary sustainability goals. Bertaud (2022) or Marquet (2024) have also expressed
some academic and political backlash of the 15-minute city concept, aiming at doubts on its
viability and or frontal opposition to it as a constraint to residents’ freedom. Papas et al., (2023)
and Bittner et al. (2024) review recent policy inspired by the 15-minute city concept, finding a
great acceptance in policy makers throughout europe, but also some gaps for bottom-up
approaches to it (in terms of policy design, monitoring, and cost-effectiveness), and the

consideration of social, governance, and logistic aspects, beyond spatial re-allocation.

2.2 Definitions of Proximity

In this section, recent works on urban proximity derived from the bibliographic search are
presented. The different literature has been classified in epistemological, compliance (roughly
associated with methodological definition of proximity states), and empirical works. The review
has been constrained to papers published after 2012. The contemporary approach to proximity
can be seen as a strategy to achieve accessibility which is somewhat opposed to mobility. This
strategy assumes that certain formal parameters can trigger social travel behavior, yet this is
assumed with caution, departing from determinism, acknowledging complexity and, in

operational terms, mostly measured through accessibility in multiple user-tailored approaches.

These metric operationalizations conform to the second group of papers reviewed, those who
explore how to correctly measure “states of proximity” through complex tuning of formal
parameters, and call for objective ways of capturing the effects of proximity. The majority of
works use accessibility metrics in combination with relevant frames for user definition such as
choosing specific origin-destination pairs, and custom rules to calculate catchment areas; to later

combine the measured proximity with other social or built environment features.

This, in fact, is the common denominator of most of the works reviewed in the section
dedicated to empirical approaches. First, a certain definition of proximity is made, then a
quantitative definition is elaborated (which can take the form of travel thresholds, or daily travel
behaviors, or even a perceptual characteristic to be surveyed), and finally, other characteristics of

society and the built environment are differentiated through this “labeling” of proximity.
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2.2.1 Epistemological debate

Epistemological works address a proper definition of proximity when facing urban policy
design, and span from academic to operational inputs. The review process searched for attempts
to provide detailed nuances to the more general idea of urban proximity, especially concerning
policy implementation, social implications, and built environment characteristics. A first
conclusion is that operationally defining “urban proximity” is core to this research thread, as
most studies will attempt to either fit their data to a certain definition, or some theoretical
metric (such as accessibility), to investigate its relationship with observed travel behavior. The
debate is multi-faceted. In defining proximity, each meaning of “distance” (it can be temporal,
euclidean, geodetic, topologic), each pair of origin-destination (considering interactions), each
mode constraints (speed and navigation); and each individual ability and perception; add
unavoidable nuances to the definition. Temporal and experiential frameworks are stressed, to

account for biological, perceptive, and symbolic constraints (Marquet, 2015).

When confronted with the need to operationally define proximity for policy-making, most
works point at active accessibility as the main concept. In absence of a lack of consensus on the
elements that comprise it, this active accessibility is defined not through fixed components (of
distance, interaction, constraints, ability, etc.), but rather through arrays of possibilities
(Gil-Sol4, 2019; Biittner, 2022). In the latter efforts of wide definition by practitioners, another
interesting proposition can be seen. Proximity can be treated as a strategy for accessibility,
opposed to mobility, which exhibits a negative feedback loop or, in other words whenever

long-range mobility is enhanced, proximity is hindered (Silva et al., 2023).

In summary, authors assume the role of urban form triggering societal change, but underpin the
individual agency and ability to adapt to and transform the environment, influencing proximity
back. In the reviewed works proximity is mostly seen beyond structuralist determinism, as a
complex relationship of space, society, and individuals, in a range of combinations and
directions. The most repeated concepts point at local accessibility and the search for consensus

on the user-tailored approach, accounting for different abilities, thresholds and motivations.
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2.2.2 Compliance metrics

Possibly due to the popularity of the 15-minute city, a number of recent works attempt to
capture proximity as a measurable condition, or an identification of places or systems of places
in a way of compliance with a theoretical model. The 15-minute city envisions hyper-proximity
as the facilitator of quality of life; chrono-urbanism or linking planning to the natural pace of
life; chrono-topia or adaptation of space to time frames; and topo-philia or supporting place
attachment). Thus, according to the model’s view, a proximity compliance definition will take

into account a connection with time and activity, and the characteristics of space.

The 15-minute city uses an activity approach (live, work, supply, enjoy, learn and care,
specifically omitting transportation); and urban levers (density, proximity, functional land
use-mix, and digital ubiquity) in a time-geography like condition of a 15-minute accessible range
(Moreno, 2020; Lamiquiz, 2022; Ramirez, 2022). Also, and most important for this section, it
proposes to trace these conditions through geographic approaches (a traceability matrix), which
may have prompted these works around measuring states of proximity (see a step-by-step

implementation proposal in Biittner et al., 2022).

The idea of “compliance” is likely drawn from the traceability proposed by Moreno (2020),
which can help practitioners and citizens engage in the construction of proximity-oriented
policy. These are left out of the present empirical approach as they simply point at definitions
without further exploration of related behaviors, however, they provide a good example of
quantitative measurement of proximity. Most reviews on compliance compare accessibility
approaches to reveal the x-minute city (the current preferred term for acknowledging a variety
of thresholds and users). They reflect on ways in which a “state of proximity” can be mapped,

and point to some metric and aggregation biases, on a general basis.

The most popular trend to measure compliance with urban proximity seems to be the use of
accessibility metrics in combination with relevant frames for user definition, that involve both
the use of particular rule-sets of origin-destination and establishment of movement rules to
calculate catchment areas. In the recent literature, it is acknowledged that these metrics are
extremely sensitive to changes in the origins and destinations selected, the concept dimensions

accounted for, the modes and speeds considered, the reach thresholds and, of course, the
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measures/metrics used (Carpio-Pinedo et al., 2021; Logan et al., 2022; Papadopoulos, 2023;
Megahed, 2024).

The combination of these metrics with other social or built environment features is also
somewhat of a common ground, either as control variables for user-tailored accessibility metrics,
or as part of complex indexes of proximity or 15-minute city. Most works do focus on local
scales, though some use regional dynamics either as alternative or baseline metrics, or in the
form of regional conditions (such as distance to CBD, etc). Finally, the majority of approaches
target active accessibility (walking and cycling) for framing these compliance states (Logan et al.,
2022; Papadopoulos, 2023; Megahed, 2024).

2.2.3 Empirical studies

A definition for an empirical approach to travel and the built environment can be found in Cao
et al. (2008): “it needs to meet a significant, non-spurious, time-precedent statistical
relationship, with suggestions of causality”. Works reviewed in this section are those taking such
an approach to measure revealed outcomes of urban proximity. Particularly, the 15-minute city
model has triggered a discussion on the low amount of evidence on the effects of local

accessibility on travel behavior, the built environment, or sociodemographics (Abbiasov, 2023).

Proximity quantification in empirical research does exhibit correlation with local active travel,
with geographic variations that point at different local built environment and regional
characteristics, as well as sociodemographic variables. In empirical works around proximity,
both qualitative (as an alleged preferred behavior) and quantitative (as an observed travel
behavior) approaches are taken. A large number of different theoretical frameworks and

disciplines intersect in the literature on travel and the built environment.

In the same way as compliance studies, empirical approaches first define a threshold of study for
both proximity as a state of compliance (using one or various accessibility metrics with little
exceptions), which is then studied through travel behavior or built environment characteristics.
The idea of threshold is present, yet in these studies is extended through secondary statistical
controls of the demographic or built environment kind, which add further nuances to the

results. In most cases, the simple notion of proximity is not enough to fully predict outcomes in
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local travel behavior and, in general, results on the mechanisms at work are inconclusive or
simply labeled as complex. A summary of each of the selected works is presented. Later, Table 1

summarizes the ‘proximity definitions’ they propose.

=> Haugen (2011) surveyed three dimensions of satisfaction with proximity: preferences for
living close to everyday destinations, satisfaction with the proximity around their
residential location, and a more general residential satisfaction. This work suggests that
proximity preferences are structured by both practical and social rationales, and are largely
affected by life situations: different states of proximity matter to different people, at
different stages in a lifetime.

-> In Haugen et al. (2012), the author studied a country-wide evolution of distances to
different services and amenities in Sweden compared to actual behavior, in order to
understand if it is population or services re-allocation which changes “proximity” states.
The work reveals how a historical global decrease in access had not necessarily driven a
reduction in overall travel, mostly due to individual preferences and increased mobility
options.

> Marquet (2014; 2015) studied neighborhood-scale short daily pedestrian travel in
Barcelona, and found an uneven spatial distribution, which could be fairly explained
through differences in density and income levels.

=> Kasraian et al. (2017) positively associated metrics of proximity to and accessibility by
transport infrastructure, vicinity of urban areas, and spatial policies, to the possibilities of
land being developed in the Randstad area in the Netherlands. In this work, a suggestion is
made on the role of past and present spatial policies beyond proximity and accessibility.

=> Secarcy et al. (2018) performed a regression of mode choice of university students against
commuting distance, and found a consistent threshold behavior in active modes.

=> Gaglione (2021) aims at the geomorphological, physical (concerning both spaces and path
networks), functional (distribution and location of services), socio-economic and
settlement characteristics, to define “proximity states”. The authors define different
15-minute accessible areas based on users' willingness to walk and the characteristics
identified in each urban area.

> Li (2022) et al. tested the hypothesis that most people do not visit their closest grocery

stores, and certain demographics make users go further than others. They argue that a
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proximity threshold is not a good proxy for accessibility, and that peoples’ behaviors differ
widely by socio demographic traits, time, and type of amenity.

Gil-Sold & Vilhemson (2022) explore the gendered dimension of proximity in densification
strategies, by focusing on how women and men use nearby amenities in urban
environments varying in amenity concentration. Their results indicate that the roles of
gender and density vary with activity and gender, reflecting the dynamic relationship
between proximity, inherent qualities of the activity, and individual values and conditions.
Graels-Garrido et al. (2022) explore the spatial variations in the relationship between
mobility and the provision of local amenities, and suggest people tend to visit
neighborhoods with better access to certain classes of facilities. Locally, these and other
features change in sign and magnitude through the different neighborhoods of the city in
ways that are not explained by administrative boundaries, and that provide deeper insights
regarding urban characteristics such as rental prices.

Calafiore et al. (2022) propose a novel approach to identify where 20-minute
neighborhoods might exist within a large city region and assess how their existence aligns
with socio-spatial inequalities. They unveil spatial clusters of highly served areas as proxies
of existing 20-minute neighborhoods, and perform an equity analysis by investigating
global and local relationships between the accessibility score and socio-demographic and
environmental variables.

Bartzokas-Tsiompras & Bakogiannis (2022) construct a comparable index of walking
performance of 121 European metropolitan areas and seven amenity types, and is able to
demonstrate European-level disparities and statistically significant differences in 15-MWC
performance due to GDP per capita differences.

Knap et al (2023) underline the influence of density as a metric of regional structure,
suggesting that the definition of short active access might not be suitable for sub urban or
rural areas. They develop a metric, based on an accessibility framework and test it for
cycling mode in the Utrecht region in the Netherlands. Travel data was used to determine
input characteristics of the metric, such as the weight of destination types, which are
weighted and aggregated into a composite metric that shows relative scores as an X-minute
city. The intention of the metric is prioritizing neighborhoods to develop, set quantifiable
goals, and evaluate planning scenarios.

Poorthuis and Zook (2023) find how sub-urban areas are less prone to non-car proximity

due to regional characteristics : They simulate a scenario which they use to study the

41




Proximity Metrics

differences in reliance on cars in urban and non-urban areas; the differences in extra travel
time across the urban-rural continuum if all car-based trips were replaced by public
transport; and the effect of accessibility of goods and services on extra travel time if all
car-based trips were replaced by public transport. They argue that practical
implementations of the 15-minute city should take into account non-urban
neighborhoods, especially in terms of car reliance.

Birkenfeld et al. (2023) also surveyed local travel behavior qualitatively in a Canadian
context, finding how urban proximity ideals rarely fit any household structure, as some
non-local trips are always present in everyday travel behavior. The authors also conclude
that household structure largely affects proximity behavior. They use a two-scale
operationalization, and experiment with varying thresholds of “proximity compliance” ,
controlling by compositions of households, and find how few of them are able to conduct
all their daily travel within close proximity, even if the built environment was substantially
altered. They suggest that the x-minute city is not a one-size-fits-all model

Abbiasov et al. (2023) regress a 15-minute accessibility state against 15-minute observed
usage, finding it can explain circa 75% of the variation, also highlighting the role of spatial
policy, and finding an interesting tradeoft of experienced segregation (15-minute access
does not seem to trigger social diversity in the studied destinations).

Aristizdbal (2023) evaluate spatial-temporal coverage of economic poles in Manizales
(Colombia) through a geographic accessibility model, considering the socioeconomic
stratum of households, and apply a spatial regression model of pedestrian trips. Results
show that proximity to urban economic poles is directly correlated with pedestrian trips.
Elldér (2024) examines how key features of the built environment have influenced the
development of the 15-minute city in Swedish cities through a 25-year period
(1992-2017). The 15-minute city is operationalized as the proportion of the population in
each city that can access a range of non-work urban social functions within a short distance
from home, and show that population size has little significance, while density and mixed
land use clearly contribute to this access, particularly in cities developed before mass
motorization.

Yu & Higgins (2024) regress sufficiency and intensity of accessibility (either meeting a
minimum of accessible opportunities or measuring total accessible places) against car use
and ownership, and find high negative correlation in both cases, yet more pronounced with

intensity metrics. They calculate transportation accessibility -which they term access
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intensity-, to five categories of daily necessities using walking, cycling, public transit, and

driving; and a set of minimum access criteria to particular amenities to determine a set of

binary access or sufficiency scores. They unveil spatial patterns of expected pockets of high

and low access, and show that increases in 15-min accessibilities by walking, cycling, and

transit are associated with decreases in driving for 15-min trips when they reach sufhicient

walking access to all five categories of necessities.

Table 1

Empirical studies reviewed and their definitions of Urban Proximity

Reference

Haugen, 2011
Haugen etal., 2012

Marquet & Miralles-Guasch, 2015

Searcy et al., 2018

Kasraian et al., 2019

Graells - Garrido et al., 2021
Bartzokas-Tsiompras & Bakogiannis, 2022
Li, 2022

Gil-Sol4 & Vilhelmson, 2022

Abbiasov et al., 2022

Calafiore et al., 2022

Knap etal., 2023

Birkenfeld et al., 2023
Poorthuis & Zook, 2023
Aristizdbal et al., 2023

Yu & Higgins, 2024

Elldér, 2024

Proximity Definition - Context

Distance to everyday life needs

Trips below 5 km. (local) or below 50 km. (regional)

Active, working-day, non-work trips below 10 minutes
(derived from results) 400 m. Walking. 800 m. Cycling
Adjacent Land Use within a 1.5 km. threshold

Amenities reachable within 15 minutes walk

Visits to the nearest grocery store

Everyday life contexts: grocery shopping and leisure activities
Trips below 15 minutes walk

Services, amenities and transport within 10 minute walks
Number of accessible destinations below 15 minutes cycling

Active trips below 15 and 30 minutes thresholds (includes public
transport)

Substitution of car trips below 10 km. by public transportation
Distance and size of economic poles

Non-work everyday trips under 15 min (calculated for each mode)
for essential needs

Basic, Full or Optimal services and amenities within a 15 minute
walk (1 euclidean km.)
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2.3 An Approach to sustainable urban mobility

What are, then, the initial implications of urban proximity policies for an empirical approach?
In short, they need to be informative to the return or future functioning of their prescribed
solutions, so as to strengthen their position in the public debate. This section discusses the

review of the approach to proximity in planning research and practice for policy information.

Spatial thresholds and land-use schemes in planning history have had, among others, an
intention of serving walking distances for ideal communities. However, as mobility oriented
development never ceased to be the norm in most contexts, it was only the point in which
infrastructure expansion became unfeasible, when a land-use alternative has gained interest as a
political vector. To support urban proximity as a way towards sustainable mobility, both ideas of
facilitating modal shift (increasing active modes and public transportation) and reducing
distance traveled (by reducing the need for travel), are highlighted, as seen in Banister (2008;

2011). Empirical studies should focus on the benefits and the implications of these two changes.

This reduction is allegedly achieved by multi-dimensional arrangements of land use which
facilitate this situation. However, measures taken in this direction are often unpopular, costly,
or have spatial implications which result in interest conflicts (Marquet, 2024). An empirical
approach to proximity should aim at policy-relevant metrics to understand how (and to which
extent) each of the possible land use planning actions can drive travel change, and support the

transition with evidence.

By quantifying a nuanced relationship between urban form features (and the relationships
among them), sociodemographic characteristics, and overall travel, it should be possible to
support a wider range of different policy approaches and scenarios (Handy, 1996). Also, results
of empirical research need to be communicative enough to make their way into the public

debate, so it is desirable that outcome metrics of research are intuitive to interpretation.
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3.Framework:
Travel and the built environment

To frame the quest for empirical support of proximity characteristics to achieve their desired
outcomes, in this section, a brief history of the literature on travel and the built environment is
given. Later, different components of the research body are addressed in depth: research
strategies (a number of research strategies and particularities), research heuristics (a number of
methodological approaches and related techniques), outcome variables (an overview of the
common variables which are targeted by models), associated features (the “usual suspects” of
influence, with a rich methodological debate), and data issues (limitations, operations,

transformations, and aggregation scale).

3.1 Travel and the built environment revisited

The debate over New Urbanist claims sparked a wave of empirical research on land-use and its
implications on travel behavior (Cervero, 1991; 2002; 2006), attempting to support the built
environment characteristics listed by their advocates (which include the prior critiques to
Modern planning) with evidence on their influence in the former. The approach comprises
quantification of urban form and sociodemographic features, and their statistical association to

travel outcomes, using models inherited from transportation planning.

Earliest transportation models -named the four-step models- were first used in the 1950s and
evolved from simpler forecasts towards more grounded constructs, unveiling complex
relationships of travel and the built environment with each iteration. The basic idea at this point
was to link land use to trip generation, later assigned between zones using gravity relationships,
and to modes and routes assuming travelers’ cost rationality. (see Mitchell & Rapkin, 1954;
Hansen, 1959; Lowry, 1964; McFaden, 1973; McNally, 2008, or Orttzar & Willumsen, 2011).

A general scheme of a 4-step model is shown in Figure S.
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These assumptions evolved in particular research lines to capture underlying processes at work
on each stage, beyond notions of distance-time and mode availability as the only associated
predictors (Acheampong, 2015). One of the most significant lines of forecast improvement
involved the introduction of dimensions of the built environment in models of demand, choice,
or trip distribution. As the debate on urban sprawl in the US went mainstream, methodological
improvements generated a thread of its own, widening the scope of research (Cervero, 2006).
Around this time, the approach was already consistently termed the Land Use Interaction

Modelling (or LUTT) in transportation studies.

A vast portfolio of related characteristics have been tested since then. Predictors include notions
of density (or intensity of activity in space), diversity (also called land-use mix, the
complementarity of activity in space, facilitating interaction and short travel), accessibility
(associated to the concept of geographical accessibility or the relationship between activity
intensity and its separation, and a particular focus on transit nearness and regional structures),
or design (both in terms of movement network layout, and the finer architectural materiality of
public space) and, finally, demographic controls like age, income, or more complex behavioral or
attitudinal variables (Ewing & Cervero, 2001; 2010, Stevens, 2017).
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Figure 5: General Scheme of a 4-Step Model

General diagram of a 4-step model (after Orttzar & Willumsen, 2011). Input data aggregated to Transportation
Zones enters cach of the 4 models sequentially and feeds every next step. The traditional approach of each model is:
Trip Generation using statistical rates associated to land use quantities; Trip Distribution assuming a Gravity Model;
Modal Split assuming Utility Maximization, and Route Assignment assuming Shortest Paths. All these four models
have evolved into more theoretically grounded and complex models, but their order of application generally remains
the same in contemporary models.

This approach has been termed as the “D’s” approach, after the “branding” by Cervero &
Kockelman (1997), triggering a range of works which have further tested the influence of urban
form in travel behavior. However, it has also been recently criticized for having become a
buzzword that is not helping researchers to actually inspire policies, as the number of “D’s”
tested continues to expand, further complicating their readability (Handy, 2018). In Table 2, a

simple summary on the most commonly used “D’s” is presented.
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Table 2:
A summary of the “D’s” in the reviewed literature

The “D’s” Refers to...

Density Population, Households, Jobs, Land Use Categories (...) by Spatial Unit
Diversity Land Use and Social Mix, Spatial Complementarity, Entropy, Dissimilarity (...)
Design Street Network Configuration, Architectural Materiality, Aesthetics
Destination

accessibility Accessibility Metrics from-to relevant pairs of POIs

Distance to Transit Commonly, Gravity-Based Accessibility to public transportation

Demand Management Presence of Parkings, Level Of Service (...)

Demographics Controls / Confounders

By the late 1990s, many empirical works were reviewed by Handy (1996), who detailed some of
the seminal questions and the methodological constraints for this kind of approach, after a first
confirmation that the measurement of urban form showed a relatively low level of explanation

of travel behavior, and a high level of complexity.

This first wave of papers did not either confirm or reject the validity of approaching travel
behavior through built environment characterisation, but rather arose that a lot needed to be
explored and understood: few (if any) transparent relationships between form and travel could
yet be understood; a relevant role of social behavioral predictors was starting to emerge (calling
for cross-disciplinary knowledge) and; in general, results were not yet sound enough to predict
the travel outcomes of new development, nor comparable enough to establish robust
meta-research studies, and methodological and conceptual refinement was still needed (Crane,
2000; Stead & Marshall, 2001; Boarnet & Crane, 2001).

Later meta-research still showed mixed results. If, for instance, Boarnet & Crane (2001) claimed
how traffic calming by design was the only feature with a solid statistical association, Leck

(2006) highlighted the role of population density and land use-mix as the most relevant
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predictors of travel choice, pointing at street patterns (one of the most measured characteristics

of street design) as the weakest predictor of travel outcomes.

Ewing and Cervero (2010) argued that, though relationships of individual dimensions were low,
their combination was quite significant and, among them, destination accessibility is the one
that shows more predictive power (and as much as density, diversity, and design variables
combined). To further complicate things, endogeneity and correlation between independent
variables was commonly found in these features, making their statistical combination

theoretically weak.

These disparate results exemplified how the “reduced form” approach did not allow a simple
comparative framework, and how particular contexts, both concerning local planning and
residents behavior, are key to understand what aspect of urban form affects what aspect of travel
outcomes beyond regression, as a place-specific problem of planning, cities, and human
experience (Boarnet, 2011). Moreover, the last decades have seen a growing interest in behavioral

or activity based approaches, which highlight attitudinal, sociological, or psychological concepts
(Aston, 2021).

One of these concepts is the residential self-selection problem, or the notion that residents plan
their travel behavior before they choose neighborhood characteristics, meaning that there is
endogeneity between the travel outcomes targeted and the built environment itself. When
controlling for this issue, some researchers noted decreases in the soundness of the relationships
inspected (Cao, 2009; Stevens, 2017), yet other authors, such as Levine (2006), saw this problem

as a mechanism for actually achieving success in proximity policies.

Other behavioral approaches include the concept of lifestyle and familiar transitions (Van Acker
et al., 2016) or intentions, habits and life-course events as triggers to travel behavior changes
(Lanzini, 2017); or the role of descriptive and subjective norms, social signaling, status, and

identity, as potential co-determinants of travel behavior (Javaid, 2020).

Recent research calls for more qualitative study. Naess (2015) argues against implicit
assumptions of correlation and causality between the built environment and travel, and
proposes a study of “tendences” that the built environment can exert -but not particularly
trigger- in travel behavior. Handy (2018) argues that, even though better data and better

methods seem to “improve” the correlations of the D’s with travel behavior, they do not add
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clarity for policy information, and using more “readable” and “comprehensive” metrics, such as

accessibility, might be a wise next step.

In contrast, Aston (2021) updated the meta review by Ewing & Cervero (2010), with improved
methodologies and more diverse geographies, finding similar general magnitudes of relationship.
However, the work also reports higher elasticities for urban density and land use mix; and a

decrease in reported elasticities for measures of local access.

The most recent review found is the bibliometric search by Gao et al. (2023), which followed
this research trend for the period 1997 to 2023 and found an expansion from original studies in
the US context, towards increasing research in China and Europe. The overall most used
keywords concerning the D’s metrics are design, accessibility, residential self-selection and
density, in this order. Also, this review identified a shift from pure built environment features to
a more holistic approach with attitudinal data, as well as an interest in integrating emerging

technologies such as big data and machine learning.

Recent trends in the work by Gao et al. (2023) connect with the present review of empirical
works around urban proximity. According to this last study, together with the growing
attention to activity, behavior and technology, a clear emergence of active-modes research (also
connected to topics of sustainable mobility and GHG emissions reduction) is seen to accelerate
around the 2013-2015 period, peaking around the COVID-19 pandemic events.

Finally, other emergent topics such as last-mile delivery, particular focuses on children and older
adults’ travel behavior, or the use of data-centric approaches to the problem’s complexity, are
also well connected to the review framework. In the meta-review by Aston (2020), the use of
accessibility approaches is shown to increase up to the point of discursive dominance in the

field, consistent with the discourse in Handy (2018).

Next, the review decomposes this approach following the classifications found in an early
(Handy, 1996) and a recent comprehensive review (Acheampong, 2015). Research strategies (
theoretical frameworks of research), heuristics (methods to extract knowledge), targeted travel
outcome variables, and their commonly associated features of the social and built environment,
are all inspected for relevance in the broad field of travel and the built environment, and the

particular recent empirical approaches to proximity.
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3.2 Research Strategy

In a proximity-empirical context, the questions to ask, beyond compliance: “Can this place be
considered a proximal environment?”, can be adapted from early works reviewed such as Handy
(1996), Crane (2000) and Krizek (2003): “What aspects or combinations of aspects of urban
proximity influence travel? How many significant dimensions influence urban proximity? What

is their significance and how do they relate to each other?”

Concerning urban proximity, these questions imply that a place that can be described as a
proximal environment has differential attributes that can be measured and statistically related to
travel behavior. However, dealing with such a complex set of phenomena, many authors like
Boarnet & Crane (2001), Cao (2009), Boarnet (2011), or Naess (2015), call for taking statistical
relationships carefully, as the direction in which causality is flowing is not completely clear, and

correlation might not suffice to achieve empirical validity.

In empirical travel research, the attributes included, and the specification of the regression or
classification models are the most critical decisions. The appropriateness and credibility of
models depend on assumptions with regard to the form of the data and the structure of the
underlying behavior. In both senses, the greatest challenge may be the explicit linkage of

individual and land use measures to behavioral measures (Crane, 2000).

In the present review, the existing empirical research addresses many of these questions when
designing the different approaches. Frameworks mostly gravitate around a notion of accessibility
or threshold distances, yet in some cases other parameters such as density or diversity are
explicitly mentioned. If, as shown by the present review, the accessibility approach is core, then
it will be necessary to motivate the use of specific origins and destinations, rules of movement,

and aggregation / specification of the final indexes used.

Anyway, beyond the selection of policy or behaviorally relevant components and statistical

outcomes, questions to be answered can be as so: “Access to basic needs in proximity seems to
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trigger a certain local kind of travel behavior, but, why and how much?” In this section, a

classification of different research strategies which are helpful to obtain answers is given.

In the urban proximity review, works fall into most of the categories described by Handy (1996;
2002), Crane (2000), Ewing & Cervero (2001), Leck (2006) and Acheampong (2015), along

with the additional category of spatial analysis (not found in these reviews), and are reviewed for

relevance within the urban proximity topic and the found empirical works. Note that these

categories are not exclusionary, and mixed designs are common ground in this line of research

(Acheampong, 2015). Table 3 shows a summary of the strategies identified in the reviewed

works.

Table 3

Research strategies of the empirical literature reviewed

Reference

Haugen, 2011

Haugen etal., 2012

Marquet & Miralles-Guasch, 2015
Searcy etal., 2018

Kasraian et al., 2019

Graells - Garrido et al., 2021
Bartzokas-Tsiompras & Bakogiannis, 2022
Li, 2022

Gil-Sol4 & Vilhelmson, 2022
Abbiasov et al., 2022

Calafiore et al., 2022

Knap etal., 2023

Birkenfeld et al., 2023

Poorthuis & Zook, 2023
Aristizdbal et al., 2023

Yu & Higgins, 2024

Elldér, 2024

Research Strategy
Activity Based
Activity Based
Aggregate Analysis
Disaggregate Analysis
Aggregate analysis
Simulation Study
Aggregate Analysis
Disaggregate Analysis
Activity Based
Disaggregate Analysis
Spatial Analysis
Spatial Analysis
Activity Based
Simulation Study
Choice Model
Choice Model

Aggregate Analysis
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3.2.1 Simulation studies

Simulation studies are those works that build predictions and/or implications of alternatives
commonly based on previous assumptions of travel behavior, with limited or no prior empirical
tests (Handy, 1996), and perform a simulation when one of the assumed parameters changes.
For instance, the four-step model can be considered one of the first simulation models. In a
broad sense, the idea of being able to “interactively” inspect how changes in certain parameters

impact a whole system is what makes simulation studies different.

While not particularly suited for hypothesis testing in the travel-built environment context
(Crane, 2000), simulations provide valuable insights into the complex effects of both realms. For
example, street patterns have been a focus in micro-studies of walking and active modes (Handy,
2002; Leck, 2006), revealing how different designs impact movement and accessibility.
Moreover, simulation approaches have been used to examine travel constraints and modal
alternatives (Boarnet, 2011), also leveraging concepts from Complexity and General Systems
Theory, which employ synthetic agents to simulate interactions within transportation networks

(Acheampong, 2015). In the supplementary material, three examples of simulators are reviewed.

Simulation studies have been related to proximity and active travel modes, especially in
modeling accessibility at both regional and local scales, and trajectory studies. Simulation in
proximity considers route choice, network effects, and micro-scale urban features, helping in
creating realistic proximity catchment areas (Vale et al., 2016), advancing the state of research on
pedestrian navigation (Lee & Moudon, 2006) and urban interventions aimed at promoting
active modes (Aldred, 2019).

In the review of empirical approaches, Poorthuis & Zook (2023), is the only example of a
research oriented simulation. It focuses on the 30-minute territory concept (the regional version
of the 15-minute city) to model the time viability of substituting automobile trips above 10 km.
(observed) with a simulation of public transportation, attempting to achieve a 30-minute
constraint in rural areas to finally use both mode travel times to analyze how a local accessibility

metric fails to explain increased travel times in this hypothetical non-car scenario.
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3.2.2 Disaggregate Analysis

Disaggregate analysis focuses on individual/household observed trips and their characteristics of
influence (individual or environmental). It models the influence of the latter in the former by
assuming mechanisms of choice flowing from the built environment towards individuals, and

they have helped reveal behavioral complexities between communities (Handy, 1996).

In cases where detailed data on the built environment, travel routes, behavior, and
socioeconomic characteristics of travelers are available, this approach is useful. It allows
researchers to isolate different features and individual situations, helping to minimize the risk of
ecological fallacy (incorrectly assuming that a particular spatial extent represents the mechanisms
of effect on individuals). However, a major challenge for disaggregate analysis is balancing the
level of detail and sample size. Detailed trip data is often limited by the need for expensive
ad-hoc surveys, and while GPS data offers large datasets, it can lack critical information such as

transportation mode or trip purpose due to privacy concerns (Aldred, 2019).

Trip chaining and multi-purpose trips pose further complexities in disaggregate analysis, as the
inclusion of active phases like walking stages is often overlooked. Trip purpose is another critical
feature especially for non-work, daily activities. The labeling of trips' purpose is essential to
avoid uncertainty in analysis, and distinctions between walking and cycling for transport versus
leisure are often blurred. This can lead to confusion when trying to understand some mobility

outcomes.

In relation to urban proximity, disaggregate analysis has been widely applied to walking, cycling,
and public transportation, with a focus on fine-grained features of individuals. A key challenge
is accurately capturing the spatial features that influence choice, as many of these features
operate on a micro-scale that is difficult to measure. Research proposes many features to control
for, such as density at the origin, destination, or along the route, and these measurements vary

significantly in terms of their reported impact on trips (Saelens, Sallis & Frank, 2003).

This approach has been identified in various works. Haugen et al. (2012) extract two
cross-sections from a database of geo-located residences and workplaces, and compute euclidean

distances between them and other amenities (both from home and workplaces), in order to
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understand the variation through time. In this work, relevant places are informed in the original
data, but no detailed information on trips is present. Searcy (2018) uses a travel survey from
students in different universities targeted only at distances and mode choice. Li (2022) uses big
data on grocery store visits, but needs to join the sociodemographic data from census tracts on
trips. Birkenfeld et al. (2023) use official OD travel data and also infer missing sociodemographic
characteristics from the census tracts (testing a multilevel model to compare, and finally check
the validity of the disaggregated approach). They ultimately aggregate to the household level

which, given its scale, should also be considered as a disaggregate analysis of this kind.

In summary, disaggregate analysis of trips is the conceptual ideal if the data is available and
reasonably detailed. A balance between the volume and detail of the trips registered should
ensure variation and reliability of the disaggregate approach. Figures 6 and 7 illustrate the level

of disaggregation of the EDM2018 through their categorical and continuous features.

Disaggregation level of the EDM2018

To illustrate disaggregated analysis, the EDM2018 is explored, highlighting trips below a threshold of 15
minutes of duration. In Figures 12 and 13, the total frequency of trips in the survey is shown (elevated for
representing all trips) categorized by the variables included, highlighting those trips lower than the 15 minute
threshold. The description will focus on imbalanced categories around or beyond the 60/40 threshold of

distribution.

= Gender (Male or Female): Survey shows quite an even distribution of both classes, both in number of
trips and proximity trips.

=> Foreign: Describes whether the respondent has Spanish nationality or not. The sample is rather
imbalanced, and this is particularly unexpected taking into account the actual percentage of foreign
residents in the area of study. In any case, the proportion of proximity trips does not seem to exhibit
unbalanced patterns.

= PRR: Describes whether the respondent has Reduced Mobility. The amount of positive respondents is
low, but it is an expected behavior, as PMR respondents will most likely be a minority. Proximity
patterns do exhibit quite an unbalanced behavior, as 65% of PMR trips are below 15 minutes.

=> TravelCard: The kind of travel card held by respondents, simplified to a Yes/No response. Holding a
travel card is commonly regarded either as an indicator of frequent Transit Ridership, or as an attitude
open to it. In the EDM2018 sample, the number of card holders is significant. Interestingly, 64% of

respondents without a Travel Card perform trips below 15 minutes.
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HasVehicle: Whether respondents’ households own a vehicle or not. Ownership can be seen either as
an indicator of frequent driving, or an attitude open to driving when convenient. Trips below 15
minutes show similar proportions that those above.

HasLicense: The kind of driving permit of the respondent, simplified to show a yes/no status. Holding
a driving license is a prerequisite for driving in Spain from age 18 for most vehicles, but it can be
associated with openness to driving. Car trips for personal reasons, will likely imply that the user holds
a driving license. Respondents without a license perform 59% of their trips below 15 minutes.
Frequency: Qualitative variable depicting the weekly frequency of the trip. A rather ambiguous class
labeled “Sometimes” is the most prevalent, and it will be assumed that it means a low frequency trip.
No imbalance pattern in proximity prevalence is shown in this feature.

DayOfWeek: The day of the week for the trip, only containing Monday to Thursday. This field can be
considered trivial all being weekdays. No imbalance is shown by these categories proximity-wise.
EducationLevel: Educational level of the respondent. It has been simplified to show only general classes
of education, leaving Secondary school disaggregated, in order to distinguish individuals aiming only
for compulsory education or not. Not having completed educational status (commonly associated with
either highly older adults or children below common primary education completion age), or having
completed primary education stages show 75/25 and 61/39 patterns of proximity trips. This may
suggest that below-secondary education children account for a broad share of 15-minute trips.

Activity: Labour status of the respondent, with classes aggregated for being negligible, such as “Works
and Studies”, or different kinds of unemployed people. This category shows interesting patterns.
Caretakers perform up to 67% of trips below 15 minutes, while students show a 62/38 proportion.
Unemployed and Retired people show less imbalance patterns of 59/41 and 57/43. Finally, workers
show a lean towards above 15 minute trips with a 43/57 proportion.

NoPrivate: The main reason not to choose a private vehicle. In no case proximity trips seem to show a
higher prevalence. However, reasons not pooled in the “other” category are biased by scarcity.
NoPublic: Attitudinal variable for the reason not to choose public transportation. This feature is better
informed, and a particular response “Is very Close” exhibits an expected outperformance of 15-minute
trips (84/16). However, the “Prefer Active Modes” result is counterintuitive, showing a 37/63
proportion leaning towards above 15 minute trips.

TripPurpose: General purpose of the trip. Ambiguous classes have been pooled in an “Other” class.
Interestingly, “Sport/Stroll” category shows a higher proportion of above 15-minute trips (39/61), and
Work trips show an even higher imbalance (30/70). Care and Leisure trips exhibit a higher proportion
of 15 minute trips (61/39 in both cases), even higher in Shopping trips (70/30).

TransportMode: Main transportation mode of the trip. It has been simplified to show only general
classes by ownership and policy implications. Bus and Train modes show imbalance towards
non-proximity trips (32/68 and 10/90 respectively), while Walking shows an expected higher proximity
prevalence (65/35).
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Age: The age of the respondent. Inspecting the distribution of this column by 10-years bins, it can be
seen that children 0-10 years perform 76% of trips within 15-minute ranges, a proportion that is
smoothed in the 10-20 years old range up to 61/38. Younger adults aged 20-30 years old exhibit an
opposite proportion of 39/61, to stabilize in the following bins and go back to higher proportions of
proximity trips in later stages (56/53 and 67/32 for 70-80 and 80-90 bins, respectively.

HouseholdSize: exhibits quite an even proportion of 15-minute-and-beyond trips in all values up to 5
members. The number of households beyond that size is rare and little informed.

TripsHousehold: Depicts the number of declared trips per household. It is interesting to note that only
the highest bins, up to 10-15 trips, does show a 61/38 proportion of proximity trips, which might
indicate that the surplus of trips is actually achieved in proximity ranges.

TripSpeed is derived from distance and timestamp values of the survey. Up to 5 km/h, trips below
15-minutes account for 61% of trips, decreasing as speed increases.

StartTime and EndTime are the timestamp values of the survey. They only exhibit imbalance towards

non-proximity trips during the night hours.
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Figure 6: (previous page) Number of Trips by Categories

Number of trips and proportion of up-to 15 minutes trips (in red). Proportions are plotted after each bar, the first
number representing the percentage of trips beyond 15 minutes, the second representing trips below. Filters will be
built for sparsely populated classes: Foreign, PMR users, “Less Frequently” trips, as well as “Other”, “Cycling” and
“Shared” modes will be disconsidered. Leisure trips are also very rare in this sample.
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Figure 7 (previous page): Number of Trips by Continuous Variables

Number of trips and proportion of up-to 15 minutes trips (in red), for continuous variables. Proportions are
plotted after each bar, the first number representing the percentage of trips beyond 15 minutes, the second
representing percentage of trips below .The age and household size are, according to the EDM2018 handbook, two
design variables for the survey and Transport analysis Zones. In the case of speed, distance, etc, values are calculated
from the origin and destination given by each respondent.

3.2.3 Aggregate Analysis

Aggregate analysis is a similar approach to disaggregate analysis, but statistics are performed at
aggregate geographic levels, assuming they are robust enough to establish a place-based
relationship. All outcome metrics, and associated features, are aggregated at a certain set of

spatial features or, in some cases, different scales are used in a hierarchical way.

This method is widely used due to the ease of data availability, even though it has its limitations.
One major issue is the ecological fallacy, where aggregation assumes that individuals are equally
affected within geographic boundaries. Additionally, simplifying data for computation, such as
in four-step transportation models where zones are represented as centroids, can mask the
nuanced characteristics of areas. Despite these limitations, aggregate analysis has been popular in
research due to scale coherency to address policy impacts, such as zonal regulations or urban

design typologies, across larger areas (Handy, 2002; Aldred, 2019).

In studies concerning proximity, aggregate analysis introduces complexities when considering
the scale and spatial units of analysis. There are concerns over the Modifiable Area Unit
Problem (MAUP), where arbitrary boundaries influence results. Researchers often try to
delineate homogeneous areas or normalize space using grids, though this can reduce the number
of observations. When analyzing travel, the “spillover” of behavior across boundaries
complicates aggregate studies, making spatial representation and contiguity challenging. To
mitigate these biases, some studies use geographic weights in their statistical models to account
for spatial dependencies. However, the process of aggregating built environment metrics,
especially if calculated from area centroids, risks oversimplifying spatial data, making it less

informative for understanding local dynamics.

In this review, multiple works use aggregate analysis. Broad aggregations have been found in
Bartzokas-Tsiompras & Bakogiannis (2022) and Elldér (2024) (using data available at the city
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level, and Functional Urban Areas), while smaller scales are chosen in Marquet (2015), Calafiore
et al. (2022), Poorthuis & Zook (2023), or Knap et al. (2023) who use ready-to-use information
available at a neighborhood level. In Abbiasov et al. (2022) or Yu & Higgins (2024), although
finer grain mobility data is available, it is also aggregated into census tracts and neighborhoods so

as to be able to associate it to other variables available at said levels.

In general, the takeaway from this approach is that, as a rule of thumb, data availability will be a
major constraint to the selection of scale, smaller scales or meaningful boundaries (such as
neighborhoods) will be preferred (to establish a robust association between boundaries and the
individuals within them), and some way of accounting for the spatial arbitrariness of statistical

boundaries is desirable, as it is reviewed in section 3.2.6 dealing with spatial analysis.

Aggregation levels at Madrid Metro Area and variable distribution

To exemplify aggregate analysis and show a glimpse of their most repeated caveats on multi-scalar
aggregation, a basic measure of density can be explored in the dataset, and aggregate it into different levels, so
as to explore changes in distribution. A simple density metric is performed (population/urban area) using the
actual urban area to control for the varying size of the boundaries, specifically at census tract, transportation
zone, district, municipality levels. The distribution is then normalized using the Standard Deviation of the

Log-transformed data. Figure 8 illustrates the results.

Beyond the obvious differences in the number of observations, it is seen how both the raw and the
normalized distributions change greatly, which will critically impact the ways this particular characteristic
might impact results of statistical efforts. A certain similarity, however, can be observed at the census and
transportation analysis zones, both being more homogeneous in population and amount of urban land.
Note that, for the latter, those units that do not contain population at all have been removed (this is the case

with many boundaries representing industrial or infrastructure areas such as stations).

6l
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Distribution of Density at Different Aggregations
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Figure 8 (Previous page): Distribution of Density at Different Aggregations
Distribution of population density (population / area of spatial unit) considering various boundary sets. Maps
show 4 shades of grey-to-black depicting the four quartiles for each aggregation level. The raw distribution is a
simple histogram (a bar plot of the count of spatial units for each density value on the x axis). The distribution is
normalized using a Log and Standard Deviation transformation.

3.2.4 Choice Modeling

Choice modeling is a micro-economic approach to the decision process of individuals on
discrete (or categorical) choices, given their own preferences, commonly termed “utility”. In
transportation research, it was popularized in parallel to the theory of consumer choice
(McFadden, 1973). This theory assumes that people make rational decisions, maximizing or
optimizing utility. The built environment plays an important role in these models, often
influencing decisions as a cost or attractiveness characteristic within utility functions. These
models allow testing causality, such as in destination or mode choice, yet often treat built
environment features as “unobserved” and assume rational decision-making without fully

addressing how and which specific elements influence travel.

According to Handy (1996), choice modeling commonly uses multinomial logit techniques
and, though these do not equate the development of choice theory, they have great potential to
understand the contribution and complex relationship of different predictors of travel behavior.
These models will be further reviewed in the Research Heuristics sections through one of their

most common forms: The Random Utility Models.

The main challenge in choice modeling is the complexity of accurately capturing how built
environment characteristics, such as density, impact travel decisions. Individuals may perceive
these features in different ways, creating a range of utilities or disutilities that are difficult to
quantify. For instance, one person may prefer walking through a historic center, while another
may find driving more convenient to avoid congestion or for safety reasons. As such, the
subjective nature of environmental characteristics can complicate the ability to make

generalizable conclusions about their effects on travel decisions.
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In the context of proximity, choice modeling becomes more nuanced, as it deals with decisions
that individuals make in their local range of action, either in the mode they use to travel, or the
mere decision to travel locally. Also, dealing with active modes, complex features such as
comfort, safety, aesthetics, trip chaining, or multi-errand trips, among others, influence their
choices, posing some challenges to the idea of a fully rational and informed choice from users,

which might need reformulations for a local context (Handy, 2002).

The challenge remains in comparing utilities between modes and across users, especially when
subjective characteristics are involved (Silva et al., 2023). Although choice modeling is useful for
exploring travel outcomes, it often falls short of providing clear mechanisms of effect within
utility frameworks. In the review, choice modeling can be seen in the works by Aristizébal et al.
(2023), only focusing on pedestrian trips against all other modes, or Yu & Higgins (2024), who
explore all available modes. However, none of these references state clear mechanisms of effect,

as in utility choice, and simply associate predictors to travel outcome in the same level.

In general, the key ideas to account for when designing a choice modelling approach, are the
selection of the alternatives (modal, spatial, or others), their number, and their relationships,
along with a clear understanding of the scale and effect of utility of social and built environment

features on individuals.

Mode Choice by Distance in the AMM

In this subsection, the prevalence (the percentage) of different transportation modes by region, and the
distribution of choice when accounting for the distance traveled for each case is explored. As per the
municipal aggregation of percentage of trips per mode, the maps by quartiles show some expected behaviors,
while plotting their distribution by distance, differentiating between proximity (less than 15 minutes) trips

and beyond, gives some interesting suggestions. Figure 9 illustrates the results.

For instance, Madrid is the least prone municipality to use cars, yet it is true that it is the central business
region, it has denser urban tissues (thus impacting the provision of parking space or car speed), and has also
the highest provision of alternatives. In fact, bus and train use peaks in the capital municipality, yet it shows
other peripheral behavior which could theoretically be inspected for relations with provision, commuting
dynamics or other demographic and environmental features. Interestingly, walking for transportation does

not seem to peak in Madrid, but rather in the cluster of municipalities to the south, yet also showing high
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incidence in many of the other municipalities in the area. In any case, mode choice seems elusive and

complicated to explain in simple regional terms.

Concerning the distribution by distance, an interesting pattern in the distribution of 15-Minute trips shows
how Public Transportation (both bus and train trips, although less in the latter) in the region are way less
used for local travel than walking and driving. This might be a hint to think that, in the targeted region, the
utility of public transportation is not especially high when it comes to short trips. In this case, it is the
comparison of driving and walking which should lead to insights on the role of different features in the trip

mode decision.

Figure 9 (Following page): Mode Prevalence by Trip Distance
Mode Prevalence and Trips by Distance. Spatial aggregation to municipality (left) with four quartiles represented
from white (lowest) to black (highest); and total number of trips (right) under (red) and over (black) 15-Minutes.
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Mode Prevalence and Trips by Distance
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3.2.5 Activity-based Research

Activity-Based or Activity-Travel research is a kind of research strategy that considers travel as a
derived demand for various interrelated activities with spatio-temporal constraints of activity
and mobility, the complex interpersonal dynamics in households and social networks, and

activity scheduling (coupling activities, temporal or legal restrictions, etc.).

This approach emerged in the 1990s, blending time-geography concepts with the theory of
consumer choice. It addresses how different household members coordinate tasks, how time is
distributed between activities, and how these dynamics influence travel. Surveys and models are
often used to explore how people manage travel in relation to daily activities, providing insights
into behaviors like commuting, task chaining, and household decision-making processes
(Hagestrand, 1970, McFadden, 1973).

A key strength of activity-based research is its ability to examine travel in the broader context of
daily life, shedding light on nuances that other approaches may overlook. For example,
commuting might usually be considered a time-optimized activity, but adding school drop-offs,
errands, or evening plans introduces additional complexity. The built environment plays a
crucial role in facilitating or hindering these behaviors, whether by providing accessible routes or
creating barriers to task coordination. While this approach offers valuable detail, it is
computationally intensive and often focuses on specific population segments or activities,
making it a particular form of disaggregate and/or choice model research. Despite its complexity,
activity-based research helps form detailed hypotheses about the interplay between time, space,

social roles, and travel behavior (Timmermans, 2009)..

In the context of urban proximity, activity-based research offers valuable qualitative insights,
particularly for policy and tailored interventions. Understanding how proximity affects access to
services and amenities, residential choice, and daily trips can be framed through this lens.
Research could explore how proximity influences trip chaining, travel satisfaction, and the
frequency of local trips. However, the high cost (for large samples) and subjectivity of

qualitative studies are significant drawbacks when aiming at medium-sized or large samples.
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In the reviewed works, Haugen (2011) used a targeted survey to address questions on the
respondents’ distances to various destinations, valuation of the importance of proximity to these
destinations, and satisfaction with the distance. Gil-Sold & Vilhelmson (2012) use an
individual-based geocoded database on the importance of geographic proximity and sustainable
accessibility, including data on activities and services visited, choice of activity/service location,
modal choice, access to modes of transport, environmental values, and experienced time
pressure. Birkenfeld et al. (2022) aggregate individual trips of a survey into their households, in

order to inspect the complex interactions between members and their travel needs and patterns.

The key lesson from Activity-Based research is understanding urban travel in the contexts of
complex time-space and individual-society interactions. Whenever possible, research on travel
and the built environment should address these through the tailoring of surveys, predictor

selection (and metric construction), or trip data filtering.

Local Lifestyle in the AMM

The ideas by Birkenfeld et al. (2022) on the proportion of Households living a local lifestyle have been
explored. From the EDM2018 dataset, a series of categories of households defined by the presence of certain
demographic patterns are derived: the presence of Children (aged less than 6 years old); the presence of older
children (Aged 6-12, the age of Primary School education in Spain); the presence of youngsters in the age of
attending Secondary Education (Aged 13-18); the presence of older students (more than 19 years old);
Full-time workers, independent of age and; retirees (in Spain, mostly population aged 65 years old or more).
The categories are assigned whenever any individual of the following ordered sequence is found in the
household group: Retired, Worker, Ages 13-18, Ages 6-12, Age less than 6.

“Local Lifestyle” has two definitions: Households that perform all their weekly trips under 15 or 30 minutes
trips. Most categories have a greater incidence of non-local lifestyle individuals for 15 minute trips, being
consistent with Birkenfeld et al. (2023), yet the proportions are notably higher than the aforementioned
study. It is households labeled as retirees (28%) and students over 19 years old (23%) that hold the highest
share of performing this kind of local trip. When the threshold is set at 30 minute trips, proportions do
change significantly. Actually, households labeled as retirees perform only under-30 minute trips in 53% of
cases, and Children under 6 go up to 48%. The rest of classes show a rather high proportion of this kind of
trips, being the “less local” the students 13-18, hitting a 35% percent of only 30 minute local trip behavior.

Figure 10 illustrates the findings of this exploration.
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Figure 10: Number of Households Living Local

Number of Households by Household Structure living local (all trips in the Household under 15 or 30-minutes).
In red and pink, trips that meet the 15 or 30 minute condition; in black and white, households that do not.
Percentages are shown at the end of the horizontal bars. The first number shows the percentage of 15 or 30 minute
trips, the second those trips beyond.
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3.2.6 Spatial Analysis

Spatial Analysis can be defined as the set of techniques which deal with the first law of
Geography: “everything is related to everything, but closer things are more related” (Tobler,
1970). This proposition has led to the development of many approaches to the rather common

problems that scientists face when dealing with spatial data, as it is the case of the present review.

At least three important sources of spatial bias are acknowledged in many of the works reviewed:
spatial autocorrelation, geographic scale, and modifiable spatial units. For the three sources of
bias, a number of techniques can be traced in the literature, but also used as “means to an end”
in several works, thus being included in this section on research strategy. In summary, spatial
analysis is an approach that targets the study of spatial patterns of phenomena, assuming that
their closeness will make them interdependent, and uses them to identify locations of interest,

or to further seek other statistical implications (Hong et al., 2013; Duan et al. 2023)..

In the context of travel-built environment, spatial analysis is adopted for understanding how the
arrangement of spatial units (like roads, neighborhoods, or amenities) influences travel behavior.
Researchers apply these methods to explore spatial interdependencies, helping to resolve issues
of bias and providing more accurate representations of how space affects movement and
accessibility. Interestingly, measures of spatial patterns (such as autocorrelation), have been used
for some time now to detect clusters of outcomes or features, as in Krizek (2003), where these

hotspots are directly equated to a notion of local accessibility .

In the present review, these techniques have been mentioned in section 3.2.3, as many of the
works reviewed here deal with spatial implications by tailoring their statistical approaches to the
use of boundaries. Three particular techniques have been identified: single or bi-variate pattern
identification, and spatial lagging. Pattern identification is used to cluster proximity behavior in
Calafiore et al. (2022) or Knap et al. (2023), where features are transformed in their spatial
clusters before modeling. Spatial lagging or weighting has also been identified in many works,
such as Graells - Garrido et al. (2021), Calafiore et al. (2022), Yu & Higgins (2024), Poorthuis &
Zook (2023) and Aristizdbal et al. (2023), used for “smoothing” the values of spatial
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observations, taking into account their proximity or contiguity (in a sense, “borrowing”

strength from their neighboring boundaries.

An important lesson of this approach is that spatiality is utterly important when designing a
kind of research which will most likely deal with behavior or characteristics that will have strong
interactions across boundaries, given that these are preferred in the smallest / more meaningful
scales available. Selecting ways of accounting for this "boundary spillover” is desirable. Also,
clustering techniques are particularly interesting when taken as a spatial mechanism, as they also

capture a sense of proximity between similar portions of space.

3.2.7 Longitudinal, Experimental, Time Series research

A note for the need of longitudinal and experimental studies in empirical approaches to
proximity is included, as a limitation pervasively pointed in the reviewed works. Longitudinal
and experimental studies are essential for understanding the impact of policies and changes to
the built environment on travel behavior. However, longitudinal studies, which track changes
over time in the same individuals, and experimental studies, which test interventions on

controlled populations, are still rare in the proximity approach.

There are different types of longitudinal studies reviewed in the literature. "Before and after”
studies examine specific interventions, such as improvements to walking infrastructure;
"movers” studies target populations that have relocated; and “natural experimentation” focuses
on “treated” populations (and control groups) (Cao, 2009; Koohsari, 2017; Aldred, 2019). Pure
longitudinal studies, which analyze travel behavior over time, are rare due to data discontinuity
and the challenges of maintaining consistent data collection. Even when such studies are
conducted, conceptual issues arise, such as assuming stability in causal relationships, selecting

optimal time intervals, and dealing with self-selection bias.

The complexity of measuring qualitative variables like attitudes over time also adds to the
difficulty of conducting effective longitudinal studies (Kitamura, 1997; Naess, 2015; Aldred,
2019). Researchers have attempted to manage this situation through quasi-experimental

approaches (conducting cross-sectional research but asking questions about the past), however,

71




Proximity Metrics

recent research has also pointed to the use of GPS and mobile data to attempt to perform less
biased, indirect longitudinal measurement (Handy, 2005; Krizek, 2003; Aldred, 2019)

In the present review, no longitudinal data was collected or used by any of the researchers.
However, time series, relying either on aggregated statistical data, or built environment data
with robust age attributes, is the most common approach. As an example, Haugen et al. (2012)
and Elldér (2024) use the same time-consistent built and social environment data sources to
understand changes in travel behavior, provided that they can access a greatly detailed dataset (at
the address level), while Kasraian et al. (2019) use a time series of land use / land cover data to
model regional evolutions. In Graells-Garrido (2021) a very fine grained GPS time series is
available, yet this is perceived as limitation to the preparation of noise-free data, and it is reduced

to a “normal-day” average.

While capturing the time dimension is a conceptual ideal, lack of robust individual data, unless
having well conducted longitudinal experiments, makes it complicated. Instead, most
researchers will need to deal with aggregated time series or, in the rare case of having detailed
GPS data, relying on its extraction process. In section 3.6, some more thoughts are given on the

availability of these kinds of sources.

Changes in EDM1996 -EDM2018

In the case of the travel dataset used in the present study, longitudinal information is not available. However,
for a rough idea of aggregated evolution of its main figures, previous publications are available (yet in no case
they have as detailed information as the EDM2018). Many insights have been published by annually presenting

a quite detailed analysis of the information. It is pertinent to summarize the longitudinal context of this work.

First, the longitudinal figures presented in the EDM2018 summary report are inspected. The number of trips
per person increased from the EDM1996, from 2,09 to 2,44 in the EDM2018, as an indicator of an increased
mobility in the MRM, being a stable metric across different sub-regions. Both motorized and non-motorized
trips rose during the period, being public transportation the only mode with a decrease in use. Trip duration

has increased according to both surveys, from 27 to 29 minutes.

Another interesting insight in the evolution of trip behavior in the region is the decrease in percentage of
occupational and non-occupational trips between both surveys (65/35 in the EDM1996 and 43/57 in the
EDM2018). However, the great increase in Trip purposes labeled as “Other” makes it complicated to draw

conclusions from this figure.
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Mode choice between motor vehicles, walking and public transportation shows a clear increase in the 20 years
period. Motor trips increase from 28 to 39%, while walking trips move from a 37 to a 34 figure. In this
evolution, it is public transportation where the most dramatic decrease occurred, going from 32 to 24%. Also
connected with this evolution is the rise in the number of motor vehicles per 1000 inhabitants rising from 300
to 439 in the EDM2018 dataset.

Many insights have been reported around mobility trends in Madrid. According to Garcfa-Palomares &
Gutierrez-Puebla (2019), these align broadly with other European metropolitan areas, driven by increased
income and motorization, demographic shifts, and cultural changes. The city's transport dynamics reflect
higher motorized travel due to rising incomes, shifting demographics (fewer children, more working adults),
and improved infrastructure. Additionally, Madrid has other relevant specific characteristics: outer zones show
higher car use, driven by decentralized urban and employment growth, and suburban lifestyle changes (e.g.,

low-density housing).

This last reference shows how socioeconomic features shape travel patterns, with income growth expanding
mobility and leisure activities, often farther from home. Higher car ownership rates, especially in outer areas,
boost private transport usage. Shifts in demographics and employment have increased work-related trips by car,
while transit use for shopping and schooling has decreased due to suburban retail expansion and fewer young

students (resulting in a higher percentage of college students who tend toward car use).

The geographic expansion of the MRM was supported by new orbital highways (M40, M50), transforming its
transport network from radial to radial concentric, enhancing connectivity between suburbs and reducing
long-distance traffic within the city center. While car use is growing, public transit has maintained a strong
foothold, thanks to extensive investments in the metro and rail networks. These improvements have doubled
metro trips and substantially increased rail use from 1996 to 2004. The metro expansion has also enhanced
efficiency by reducing trip segments, especially for suburban residents, cutting down on transfers between

metro and buses.

3.3 Research Heuristics

How can the statistical relationship between features of urban proximity and travel behavior be
established? The statistical modeling question is of utmost importance as it concentrates the
assumptions concerning the mechanisms of travel behavior. With time, different “steps” of the
early original forecast models in transportation had further statistical evolution which tried to

ground their assumptions in more robust theoretical constructs. Acknowledging the
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particularities of addressing the influence of the built environment, the evolution of these

“steps” became the roots for the general research work described here (Cervero, 20006).

As Banister (2008; 2011) notes, most traditional heuristic approaches in transportation
contemplate travel as being a derived demand to realize an opportunity, modeling distance,
prices, or even preferences as costs, impedance, or disutilities. The policy implications of these
assumptions are critical as they unveil an intention of diminishing cost, increasing speed,

expanding infrastructure, which clearly point at mobility and not land-use oriented policy.

Acheampong (2015) published a review of “land-use and transport interaction” (LUTT) models
which has an extensive classification and explanation of theoretical constructs (and their
commonly associated models) relevant in this review. A number of approaches that are either
present in the review of recent works, or have a notable value for a broader investigation of
urban proximity, is selected. Coming from different disciplines, these theories (and methods)
represent bases for statistical modeling that are not exclusionary, and often are used in mixed

approaches.

3.3.1 Gravity Models

Gravity Models are based on the Newtonian idea that interaction between any two entities (in
this case, zones or pairs of origin-destination) is proportional to their weight (in this case, the
number of activities or generated and attracted trips) and inversely proportional to the friction
impeding movement between them (in this case, distance between entities, or more complex

forms of impedance, such as cost or time) (Lowry, 1964).

These models have remained popular for macro-scale analysis, particularly in the context of the
four-step transportation model, where origins and destinations are represented as nodes and the
costs of travel between them as edges in a graph. The strength of the interaction is influenced by
the weights assigned to the origin-destination pairs and the chosen form of impedance, which
could range from simple euclidean distance to more sophisticated decay functions that model
how interaction diminishes with increasing distance (Morris, 1979; Apparicio, et al, 2008;
Tacono, Krizek & El-Geneidy, 2010; Acheampong, 2020; Guida & Caglioni, 2020).
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Gravity models in the context of urban proximity can take various forms. For example, a
two-Step floating catchment area method has been used to assess accessibility by evaluating
destination availability within a proximity threshold; and the WalkScore metric is another
accessibility-based gravity model that links residents to nearby destinations with an exponential
decay function. Gravity models are often seen as a more precise alternative to simpler

accessibility measures, because they capture the effect of cost on people’s decisions.

One challenge in applying gravity models to urban proximity studies is the friction between
network-based approaches and area-based policymaking. Gravity models work well when data
on individual nodes (origins and destinations) and edges (travel costs) are detailed enough, but
translating these network-like outputs into area-based interventions can be cumbersome. Still,
detailed gravity models can help identify specific street segments or buildings for targeted
interventions. Additionally, questions arise about whether gravity measures, typically used for

macro-scale analysis, apply effectively at micro-scales within urban proximity boundaries.

Concerning urban proximity, many of the reviewed works exemplify the use of accessibility
metrics using constructs from gravity models. Knap et al.(2023) use a special case of gravity
model called the two-step floating catchment area, which first assesses “destination availability”
at supply locations, and then sums up the calculated ratios around each residential (demand)
location. In Birkenfeld et al. (2023), the gravity model used is the WalkScore metric, which is an
accessibility metric, centered on each resident of an area, with an exponential decay function
linking destinations considered relevant. Also, a public transport gravity-based accessibility
measure is defined, as the quantity of jobs reachable within the region from a location and
weighted by a gaussian-fit decay function derived from census data (Santana-Palacios &
El-Geneidy, 2022). Graells-Garrido et al (2021) provides the most detailed example modeling
the number of visitors for pairs of origin-destination using a gravity constant of mass

(population) per area, and a deterrence function based on the distance between areas.

Yu & Higgins (2024) do acknowledge that gravity-based measures are a better option than
cumulative opportunities (which is the common accessibility metric used in the 15-minute city
exploration) because they capture the effect of travel time on a person’s travel decisions, but they
are considered more difficult to calculate and interpret. In practice, they argue, cumulative

opportunities measures tend to be highly correlated with gravity-based measures and, despite
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not accounting for the effect of distance decay, are considered an adequate measure of

accessibility (Santana-Palacios & El-Geneidy, 2022).

In conclusion, if a “proximity state” exists, in which a particular behavior occurs, do gravity
measures apply within these boundaries? If many grocery shops are within reach, will the closest
or the “heaviest” be preferred by a particular resident? In this sense, gravity models are more
consistently used in macro-scale analysis, in the form of accessibility to the CBD or to
employment opportunities (Boarnet, 2011), while micro-scale is addressed differently, for
instance as “access to the closest destination”, as proposed by Handy (1993), and exemplified in
the present review by Li (2022). However, if the weighting of these models takes into account
other utilities or features found in destinations or along the route, as in more recent versions of
the WalkScore metrics, gravity models can be helpful for research on urban proximity (Hall,
2018).

‘WalkScore

Walk Score® (referring to the registered name) is an interesting measure of pedestrian accessibility to
exemplify gravitational approaches in the urban proximity context. It combines different ways in which a
cost or limitation to walking between origins and destinations can be derived. Hall (2018) provides a
systematic review of the Walk Score® index, which relies heavily on a gravity-based measure of accessibility,
that calculates the shortest distance to a group of preselected destinations (such as grocery stores, parks,
schools, and restaurants), and applies a distance decay function that reflects how the likelihood of walking
decreases as distance increases. It also incorporates street connectivity and block length as penalties in the
decay function. Other features that affect walkability, such as safety, aesthetics, land-use diversity, and

recreational walking, are left out of generating the impedance function, mainly for their ambiguity.

3.3.2 Random Utility Models

A Random Utility Maximization Model is a Choice Model which predicts the preferred
alternative in a set of choices. Repeated choices by users reveal the different tradeoffs they are

willing to make between the attributes of the alternatives. Each individual chooses one




Proximity Metrics

alternative from a number of choice sets. The choice is then modeled as a function of its
attributes, under the hypothesis that it will be chosen based on those attributes (an objective
component) along with some degree of randomness (a random component), which captures

unobserved elements, and can be further modeled after accounting for the known features.

In the context of travel and the built environment, these models are particularly useful because
they allow researchers to first model objective constraints, like travel time or cost, and then
explore how unobserved features -such as the characteristics of the built environment- affect
decision-making. For instance, utility theory is applied to understand how households balance
the time and monetary costs of travel against the quality of opportunities accessible through
travel (Kockelman, 1998). A key challenge here is how to define and model cost, as travel
decisions often involve psychological or behavioral aspects beyond just time or distance. More
sophisticated theories, such as expected utility, prospect theory, and regret theory, have been
developed to address these complexities, refining the way choices are modeled in transportation
(Acheampong, 2015).

In proximity studies, random utility models face challenges in modeling local-related choices, as
features beyond cost minimization are even closer to individual “taste” than more utilitarian
distant travel (Ewing & Cervero, 2010). Researchers have introduced concepts like "satiation” or
"sufficiency” into accessibility metrics, setting a baseline of local supply to model its utility (first
seen in Morris, 1978, also found in Yu & Higgins, 2024). In general, these models inspire most
empirical research cited here in their adoption of linear or logit models, which are commonly
equated to random utility models as they allow the study of unobserved through the study of
residuals and errors, intercepts, or the use of latent variables, such as Li (2022), and Birkenfeld et
al. (2023).

Random Utility Theory, proximity and Logit modeling in practice

A first exploratory empirical exercise is presented, using the case study. According to utility theory,
individuals choose the transportation mode that maximizes their personal utility (or minimizes their
disutilities). By translating this idea into models, it is assumed that there is a logical relationship between
utility and mode choice: the more accessible the opportunity, for instance, the more chances to walk to it; the
higher the income, the more likely to use an expensive mode such as driving. Finally, a certain randomness, or

unobserved features, are assumed to be at play, and enforced to enter the model.




Proximity Metrics

Logit and Probit Models have been the most widely used to capture Random Utility Theory, (see, for
instance, the review in Ewing & Cervero, 2010). A Logit model is a class of linear model (it assumes that
predictors are independent, and can explain the targeted phenomena through a linear function, in this case,
of the Logit kind), which can adopt a multivariate form (it can use as many features as needed, as long as they
are independent), and a multinomial form (they can model more than two choices as the probability of
choosing one option over all others). The target of a Logit model is to estimate the coefficients associated
with each variable in the model, which are interpreted by sign and magnitude. The higher the magnitude, the

higher the influence. The sign, then, denotes the relationship with the targeted variable.

Given the fact that many of the features that the literature prescribes as potential drivers of modal shift are
thought to work in a non-linear form (Galster, 2010), this is acknowledged as the strongest limitation of the
linear approach. Also, when selecting the features which are introduced in the model, care needs to be taken
not to fall into dependencies among them, which could prevent the models from converging. If this happens,
the researcher needs to make a decision to remove highly correlated features, potentially losing valuable

information policy-wise. This is also acknowledged to be a great limitation of linear models in this domain.

One of the main contributions of random utility theory is the introduction of the idea that other unobserved
(random) features might be influencing either the target variable, or be endogenous to the features
contemplated. The thresholds in which each particular household or individual performs their own
negotiation on the advantages and tradeofts of travel and the associated features are then affected by other
phenomena which are taken into account in the prediction process. In a linear model, the Intercept
represents the baseline utility of using a particular mode when all other variables are set to zero. It provides a
reference point for understanding how the other variables influence car use. In practice, this is interpreted as

the unobserved features that are missing from the features set.

Referring to the intercept leads to another important caveat on sample balance. The imbalance of classes to
be predicted -such as transportation mode-, affects the estimation of the model intercept in Logistic
Regression, skewing all the predicted probabilities, and compromising the predictions. Methods such as
undersampling or intercept correction are commonly used to avoid this bias (King & Zeng, 2001). Also,
studying the residuals of the regression (the differences between predicted and actual values) is a common
practice to address the unobserved, random components of utility. Studying their distribution, and looking
for other features which correlated to this error in order to introduce them as predictors provides valuable

insights on Logistic Regression.

As an example, a Binomial Multivariate Logit Model is fit using a set of variables from the EDM2018 and
Catastro to predict the probability of walking over driving. A set of predictors with no inner correlations is
selected, the dataset undersampled to have an even representation of both travel modes, filtered all trips to

the Shopping purpose, and all individuals to be at driving age, from 18 to 65 years old. Also, the
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implementation of a proximity filter in the original data is explored, in order to point at changes that this

filtering might exert in a linear model. The selected characteristics are:

trip_mode: Value of 1 if a walking trip, 0 otherwise

trip_distance: Trip distance in kilometers

dem_gender: Value of 1 if Male respondent, 0 otherwise

dem_income: Mean household income calculated at the Transport Analysis Zone
dem_age: Age of the respondent, in years (filtered between 18 and 65 years of age)
dem_education: Ordinal variable representing educational level (from 0 to 5)
dem_activity: Value of 1 if respondent is a worker, caretaker, or student, 0 otherwise
dem_hou_size: Number of members in the respondent’s household

R 230 2 25 725 70 2 7 27

acc_shopping: Number of unique shops aggregated

The implementation leverages Maximum Likelihood Estimation (MLE), a statistical method used to
estimate the parameters of the model by maximizing the likelihood function, which measures how well the
model explains the observed data. In the Binomial Logit Model, MLE identifies the coefficients that
maximize the probability of observing the actual choices made in the dataset.

The model yields the coefficients of each predictor as the effect size on the log-odds of the dependent
variable, holding all other predictors constant. For instance, if the odds of choosing walking were 2:1, the
log-odds are In(2) = 0.69. These coefficients can be interpreted as an increase or a decrease in the probability
of walking, for each unit increase of a predictor. It also yields the standard error of each coefficient, with
smaller values indicating more precise estimates. The z-scores are calculated as coefficient / standard error,
with higher absolute values suggesting stronger evidence against the hypothesis that the coeflicient is zero
(which would mean that this particular predictor has no effect on the target variable). The p-values represent
the probability of observing the coefficient under the null-hypothesis (values below 0.05 indicate statistical
significance). Concerning the 95% confidence interval (provided between 0.025 and 0.975), if it does not
include zero, it is considered statistically significant.

These results can be interpreted in terms of the characteristics of the predictors as a set of moderate
influential characteristics always subordinated to the effect of distance on choosing driving over walking. For
each unit increase in trip_distance, the odds of choosing driving over active modes increases by
approximately 4.8 points, having a highly significant z-score of 13.89 and a p-value of 0.001. However, the
intercept of this model is comparatively quite large (1.1), which means that a baseline preference for driving
is not explained by the model’s predictors. The only other predictor which could be considered relevant is
accessibility, which has a negative effect in choosing driving, and statistical significance, while other
predictors are rather weak (such as education, activity), or irrelevant (all other predictors). Figure 17 shows
the coefficients magnitude and symbol, and confidence intervals.

The accuracy of the model can also be interpreted, focusing on how well it manages to predict trip modes.
Global accuracy means a percentage of trips correctly classified, while Receiver Operation Characteristics
(ROC), and Area Under Curve (AUC) means a ratio between true positives (trips correctly predicted as
walking trips) and true negatives (trips correctly predicted as non walking trips). This first model yielded 84.9
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% of accuracy and a 0.93 AUC, meaning that a good overall performance and discriminatory ability has been
achieved, keeping in mind that the model is mostly affected by the trip distance values.

The model predictions are repeated filtering the dataset to represent only trips below 1500 meters. The
effects on accuracy are significant, with accuracy falling to 0.77% and AUC to 0.85, yet still retaining
statistical signiﬁcance. However, the changes in coefficients are more interesting to inspect. As can be seen in
the results, the intercept is drawn close to zero with a p-value of 0.845, suggesting that, in close distances, the
baseline difference between the utilities of driving and walking is minimal. Trip distance remains very
important, but the difference with the accessibility features is now moderated. Also, all other demographic
features become statistically unimportant in this model (p-values well above 0.05). A suggestion that could
be made is that the role of demographic and distance is moderated in proximity trips, favouring accessibility
as an explanatory variable in this case.

Table 4 displays the results of these two Logit models, numbers in red correspond to the filtered dataset with
21500 m threshold, while Figure 11 shows the variable importance results..

Table 4:
Results of the experimental Logit Models

coeff. std. error z P>|z| [0.025 0.975]
intercept 1.10/-0.02 ]0.139/0.11 7.896/-0.195 10.000/0.845 10.827/-0.237 |1.374/0.194
trip_distance  [4.79/1.23 [0.345/0.126 [13.893/9.822 ]0.000/0.000 [4.122/0.989 |5.475/1.482
dem_gender 0.01/0.11 ]0.077/0.110 ]0.238/1.059 [0.812/0.290 }0.133/-0.099 [0.170/0.332
dem_income  0.14/0.17 0.095/0.121 [1.525/1.409 [0.127/0.159 }0.041/-0.067 [0.331/0.408
dem_age -0.11/-0.16 10.084/0.113 [1.386/-1.416 ]0.166/0.157 }0.279/-0.381 ]0.048/0.061
dem_education [0.19/0.21 [0.083/0.112 [2.299/1.911 ]0.022/0.056 [0.028/-0.005 [0.355/0.434
dem_activity  [0.14/0.08 ]0.082/0.110 |1.789/0.784 [0.074/0.433 }0.014/-0.129 [0.307/0.301
dem_hou_size ]0.09/-0.04 [0.075/0.104 [1.197/-0.435 [0.231/0.663 }0.057/-0.248 [0.238/0.158
acc_shopping |-0.82/-0.86 10.111/0.140 [7.445/-6.170 0.000/0.000 }1.046/-1.142 |-0.610/-0.591
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Figure 11 (previous page): Variable Importance in Logit Models

Feature impact in both exploratory Logit models. On top, the model that considers distance as a feature and,
on the bottom, the model with a threshold of 1500 meters

3.3.3 Theory of planned behavior - Habit Formation

Two prominent psychological theories linked to transportation are the Theory of Planned
Behavior (TPB) and Habit Formation (HF). TPB states that intentions (e. g. choosing one
transportation mode above other) are the motivational features that influence actual behavior
(actually choosing that mode). This way, a “gap” between intentions and actual behavior can be
inspected and considered a “latent” potential of travel behavior shift. HF thinks of travel
behavior as an automatic and socially reproduced behavior, with little or no rational process,

only changing when personal circumstances experience a significant shift.

According to TPB, behavior is driven by intentions, influenced by attitudes, subjective norms,
and perceived behavioral control. For example, a person intends to walk believing it is beneficial
(attitude), feels social pressure to drive (subjective norm), or prefers driving for a sense of control
(perceived behavioral control). TPB explores the "intention-behavior gap”: if intentions do not
become behavior, latent potential for change exists. HF explains travel behavior as automatic
and socially reinforced, often requiring little conscious decision-making. However, the habit
discontinuity hypothesis suggests that significant life changes -such as residential relocation,
household formation, or new transportation opportunities- can disrupt habitual behaviors and
lead to more deliberate choices. This presents opportunities for intervention, as key shifts in

personal circumstances can encourage the adoption of new transportation modes or behaviors.

In the context of urban proximity, these theories provide insight into how residential
preferences and life-stage characteristics influence travel behavior. From a policy perspective,
these theories can aid the effectiveness of urban interventions by recognizing key life events and
social dynamics, so that policymakers can better "market” urban improvements and exploit

latent changes in travel behavior.




Proximity Metrics || NG| NG

Attitudinal Attributes in the EDM2018

In this work, a number of variables are considered “Attitudinal”. The first, and most obvious group of this
kind of information is the response to the question “Why didn’t you drive?” and “Why didn’t you ride?”.
This information is highly valuable as it gives direct qualitative insight on mode choice. However, it
approaches the question in a way which poses a conflict when empirically studying this particular outcome.
If for instance, someone responds to the first question, then it is already known that his or her choice was not
driving and, if the response was “I rather walk”, then mode is already revealed. This led to the decision of not

including these variables in the final models but, for the sake of exploration, its information is inspected here.

Some interesting behaviors are revealed when uncovering those trips shorter than 15 minutes in this
attitudinal part of the EDM2018. Not many interesting responses were given to the question “Why didn’t
you drive?”, which is greatly unbalanced towards the answer “Other”. However, an interesting imbalance
towards walking is noted in the answer “Takes longer”. The responses to the question “Why didn’t you
ride?” are more informative. In the “Takes longer” response, way more respondents chose to walk over
transit, as well as in the case of “Destination is very close” response, which logically shows great prevalence of

walking in 15 minute thresholds.

Although not entirely attitudinal information, variables describing vehicle ownership, and holding a transit
card or a driving license were implemented from the EDM2018 data. In a way, these characteristics might
inform a positive attitude towards a certain mode. Although many respondents might report these
characteristics with an orientation towards “need”, not having a vehicle, driving license or a transit card can

be seen as a negative attitude towards these modes. Figure 12 illustrates the results.
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Figure 12 (previous page): Number of Trips by Mode and Attitude

Number of Trips by Mode and Attitude. Number of trips under 15 minutes (in red) and above (in black), for each
response in the attitudinal features contained in the EDM2018, by mode. Percentages shown at the end of each bar.

3.3.4 Time-Geography Paradigm

The Time-geography paradigm authored by Hagerstrand (1970) and Chapin (1974), posits that
the spatial interaction of individuals occurs within a framework of spatio-temporal constraints,
which necessitates trading their time for space. This way, a notion of a time budget is assigned to

individuals, and compared with the impact of activities willing to be performed.

The Time-geography paradigm classifies time constraints into three categories: capability
constraints, which relate to a person’s ability to make a trip (physical, psychological,
socioeconomic, or legal); coupling constraints, which refer to activities that need to occur at
specific times and locations; and authority constraints, where certain activities are compulsory

and tied to specific places and times.

In the context of travel and the built environment, this paradigm helps frame how accessibility is
influenced by both physical and time-geographical phenomena. Accessibility is often viewed not
just as the spatial relationship between locations but also as a function of mobility resources,
which are unevenly distributed across populations. As a result, individual perceptions of
proximity and mobility vary, leading to subjective accessibility needs. Time-geography has been
frequently coupled with activity-based research, where the constraints of time and space are
crucial for understanding travel behavior, especially in intra-household dynamics or other
specific groups. These constraints are often integrated into survey design or data filters to ensure

a more accurate understanding of travel possibilities in statistical models.

In urban proximity studies, the Time-geography paradigm highlights how the selection of where
to live, and how to move, sets the framework for everyday activity decisions, constrained by
time, household dynamics, and multiple scales of action. In the review, it can be traced in
Haugen (2011) and Gil-Sola & Vilhelmson (2022), who understand the choice of proximity
trips as situated in a time-space context in which distances between residence and preferred

activity locations, and space-transcending mobility resources play influential roles.
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In general, a takeaway from this approach is that seeking for predictors or data filters that

capture the complex interplay between time, purpose, and individual-societal characteristics

should be addressed.

Trips by Hour of the Day in the EDM2018

Concerning the distribution of trips along the hours of the day, the EDM2018 does not show a particular
pattern in the proportion of local versus non local trips (defined in this section as 15-minute trips from
home). Only between midnight and around 8AM these two classes seem to be strongly imbalanced towards
non-local trips. However, looking into the trip purposes in that segment of the data, it is understood that

those trips are mostly work trips.

In this sense, a proximity pattern is not seen in the trips by hour data. However, the purpose pattern is
reasonable from a time-geography standpoint: Work and School trips peak in the morning before 9 AM;
Care and Shopping trips peak around noon and early evening and; Sport and Leisure trips only peak during

the evening onwards. Figure 13 illustrates the results of this exploration.

Figure 13 (Following page): Number of Trips by Start Hour

Number of Trips by Start Hour. On top, bars are colored according to travel mode and, on the bottom, bars are
colored to show trips above and below 15-minutes of duration. Percentages are shown at the end of each bar,
displaying the number in the same order as the color categories.
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3.3.5 Complexity theory and General Systems theory

According to Batty (2009), cities can be seen as the quintessential example of complexity. The
author notes how, when General Systems Theory popularized in the mid-20th century, cities
were regarded as great examples of this approach motto: the whole is greater than the sum of the
parts. Cities illustrate the many themes treated: bottom-up spontaneous organization, emergent
morphology from simple spatial decision, temporal order at global levels from volatile,
seemingly random change at the level of individual decision-making, evolution and progress

through co-evolution, competition, and endless variety.

These theories view cities as adaptive systems with multiple interacting components in constant
disequilibrium. As dynamic systems, their structure, morphology, and behavior emerge from
simple local decisions and evolve over time. These theories are relevant in transportation and
built environment studies, where complex behaviors and interactions between land use and
mobility create emergent patterns . Three key approaches in transportation research are closely
tied to these theories: complex network analysis, agent-based modeling (ABM), and monte-carlo
simulations (Acheampong, 2015; Porta et al., 2004; 2006; Guidotti et al., 2016; Marshall et al.,
2018; Ding, 2019; Chen, 2012; Bastarianto, 2023).

In the context of proximity, these theories help explain emergent behaviors of active travelers
and dynamic relationships between land use and transportation systems. No reviewed papers
explicitly mention complexity theory, but tools such as network centrality metrics and ABM
have been used to model pedestrian flow. Insights from complex network studies, like the
“multiplicator effect” of centrality (spaces with high pedestrian flow tend to attract even more
flow) and "conservation of angularity" (pedestrians follow topological and angular rules), have
contributed to understanding how configurations shape movement (McCormack, 2021;
Sevstuk, 2021; Jabbari, 2023; Lakmali et al., 2024).
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Complex Network Analysis

Graph theory has been extensively applied to study complex networks, including urban systems, focusing on
two areas: centrality measurements -quantitative importance to nodes or edges based on topological or
interactional assumptions-, and community detection -identification of substructures that emerge in a graph
when nodes or edges are progressively removed. Additionally, structural properties such as efficiency or

average shortest path lengths are measured to understand overall network characteristics.

Centrality in graph theory is rooted in social network analysis, which originated in the 1950s. Early research
by Leavitt (1951) and Bavelas (1951) focused on social group interactions represented as graphs, leading to
the development of various centrality metrics. Freeman (1977, 1979) further expanded on these ideas,
highlighting the multiple possible definitions of centrality and their relevance in research contexts. For urban
studies, three centrality metrics are particularly important. Degree centrality (or simply degree) counts the
number of edges connected to a node. Closeness centrality measures the average shortest path from a node to
all other nodes. Betweenness centrality quantifies how often a node acts as a bridge along the shortest path
between two other nodes. These metrics are often classified into radial (e.g., closeness) and medial (e.g.,

betweenness) categories. This measure was built regionally for this study and is illustrated in Figure 14.

Another critical area of graph theory research is community detection. This process identifies subgraphs
whose nodes are more closely connected to each other than to the rest of the graph. Initially introduced by
Girvan and Newman (2002), community detection remains an unsolved problem, but it is vital for analyzing

complex datasets that need to be disaggregated into meaningful parts.

Graph theory's application to urban systems intersects with transportation geography, Space Syntax theory,
and complex network science. Transportation geography views human transport systems through a spatial
lens, where networks intuitively represent infrastructure like roads and transit systems. Space Syntax,
developed in the 1970s, uses graph theory to analyze human spaces and their social implications. It
emphasizes the minimal unit of space needed to analyze configurations, proposing metrics like depth,

integration, and choice to study spatial hierarchies and movement possibilities.

In the context of urban networks, the study of flow is a key research area. Origin-destination matrices, used
in traffic assignment models like the four-step model, assign observed movement quantities to graph edges
representing transport zones. Centrality metrics such as betweenness have proven highly predictive for

understanding traffic flow, accessibility, and infrastructure vulnerabilities.

Space Syntax theory also examines the structural configuration of urban spaces. Early research by Hillier and
Hanson (1984) introduced the idea of a "social logic” in human space design, which could be studied using
graph analysis. Space Syntax metrics, such as depth and integration, measure how spaces connect and interact

within a network, influencing pedestrian movement, traffic flow, and the distribution of land uses.
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In recent years, urban network research has increasingly converged across disciplines, leading to more
integrated approaches that combine graph theory with urban planning, transportation, and spatial analysis.
This interdisciplinary trend has resulted in new insights into the dynamics of urban systems, especially in

terms of traffic congestion, infrastructure management, and the broader relationship between urban form

and human behavior.

Figure 14 (following page): Detail of Betweenness Centrality Results

Detail of betweenness centrality measured on the nodes of the RCL network.
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3.3.6 Statistical Modeling

The most commonly used models in transportation research, particularly for decision-making
related to travel and the built environment, are based on utility theory and use linear or logistic
regression, modeling choices between modes, routes, or destinations. Linear regression models,
particularly Ordinary Least Squares (OLS), and logistic regression models (or logit models)
dominate the field for their simplicity and interpretability (Ewing & Cervero, 2010).

Linear regression is often used when analyzing continuous travel outcomes, and Logit models
are more common for classification problems. While the assumption of linearity may seem
simplistic for such complex phenomena, it provides ease of interpretation. Other approaches
like Structural Equation Models (SEM) and Machine Learning (ML), while better suited for the
complexity of travel behavior, are not yet widely adopted in research. SEM allows for the
incorporation of latent variables and can handle complex causal relationships (Cao, 2009;
Golob, 2003). On the other hand, ML models offer flexibility by learning patterns from data
without predefined assumptions, but they suffer from overfitting and interpretability issues
(Koushik, 2020; van Cranenburgh, 2022; Mukherjee & Kadali, 2022; Gao et al., 2023).

In the broader context of empirical studies of proximity, simpler regression models remain
prevalent in the literature (Saelens et al., 2003; Lee & Moudon, 2004; 2006; Boarnet, 2011).
Regarding the recent review, for example, OLS is used in several studies to analyze travel
outcomes (Haugen, 2011; Haugen et al.,, 2012; Abbiasov et al., 2022; Calafiore et al., 2022;
Aristizdbal et al., 2023; Poorthuis & Zook, 2023 and Elldér, 2024), while logistic regression is
applied to predict binary, multinomial, or categorical choices (Birkenfeld et al., 2023; Li, 2022;
Yu & Higgins, 2024) . Other techniques, such as Moran's I (Knap et al., 2023 and Calafiore et
al., 2022), spatial filtering (Calafiore et al., 2022; Graells - Garrido et al., 2021; Aristizébal et al.,
2023; Poorthuis & Zook, 2023; Yu & Higgins, 2024), and descriptive statistics (ANOVA,
Chi-square tests), are used to account for spatial patterns or test hypotheses about proximity
effects (Bartzokas-Tsiompras & Bakogiannis, 2022; Haugen et al., 2012; Kasraian et al., 2019;
Gil-Sold & Vilhelmson, 2022; Birkenfeld et al., 2023; Marquet & Miralles-Guasch, 2015). In

some cases, more specialized models like beta regression (used for binary responses) and
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fractional polynomial regression have been explored, but they are less common (Searcy et al.,
2018; Kasraian et al., 2019).

A general comment that can be made is that no consensus can be seen in the review. In general,
simpler models are preferred as long as they are tractable enough to yield knowledge about the
topic, regression or classification models should be selected by suitability for the nature of the
outcome variable, and it is preferred if different features in the models can be inspected for some
kind of importance or weight, and direction. This review did not yield sophisticated approaches

such as SEM or ML, which can be perceived as a research gap.

Table S summarizes the statistics used in the reviewed works.

Table S:
Statistics used in the reviewed works

Reference Statistics
Haugen, 2011 OLS
Haugen etal., 2012 Descriptive Statistics and OLS

Marquet & Miralles-Guasch, 2015
Searcy etal,, 2018

Kasraian et al., 2019

Graells - Garrido et al., 2021
Bartzokas-Tsiompras & Bakogiannis, 2022
Li, 2022

Gil-Sol4 & Vilhelmson, 2022
Abbiasov et al., 2022
Calafiore et al., 2022

Knap etal., 2023

Birkenfeld et al., 2023
Poorthuis & Zook, 2023
Aristizdbal et al., 2023

Yu & Higgins, 2024

Elldér, 2024

Chi - square

Fractional Polynomial Regression

Generalised Estimating Equations, Descriptive Statistics
Negative Binomial GWR

ANOVA

Logistic Regression

Descriptive Statistics

Cumulative Distribution Function; OLS

Local Moran'sI, GWR - OLS

Bivariate Moran's I

Binary Logistic Regression , Descriptive Statistics
OLS and Spatial Lag

OLS and Spatial Lag

Spatially Filtered Beta Regression

OLS, Random Effects, and Fixed Effects

93
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3.4 Outcome variables

In general research of travel and the built environment, the most popular approach is the
treatment of social and built environment variables as predictors of travel outcomes. Dependent
variables include trip frequencies (rates of trip making in a period, also called trip generation
rates), trip lengths (either in distance or time costs), mode choices or modal splits (percentage of
trips), cumulative person (or vehicle) miles (or hours) traveled (PMT, VMT, and VHT), and
trip capture (a newer variable attempting to measure trips that are somehow prevented, but have

a potential to change) (Ewing & Cervero, 2001; 2010; Boarnet, 2011).

Other research domains focus on further outcomes of modal shift, such as physical activity
(under the hypothesis that shifting to active transportation leads to health improvement), or
transport-related energy consumption (under the hypothesis that shifting to active or public
transportation decreases energy consumption per capita). Behavioral questions are more
commonly used as statistical controls or independent variables, but some authors do go as far as

to use them as dependent variables to be predicted by built environment features (Crane, 2000).

Regardless of the way it is quantified, relationships among travel and the built environment that
can be informative to policy are sought. Metrics such as elasticity, or sensitivity analysis are
popular (measures of how sensitive a variable is to changes in another), and can inform about
how much of a targeted outcome can be achieved by how much increase in a feature treated
from policy. These kinds of metrics are preferred over regression or variation coefficients, which
require expertise to be read, and also allow for meta-research (Ewing & Cervero, 2001; 2010;

Stevens, 2017; with relevant caveats on their usage in Boarnet, 2011).

Though not outcome metrics in a strict sense, another relevant tendency is the grouping of
variables in factors or principal components (which are common methods of dimensionality
reduction), so as to understand combined impacts of explanatory variable sets. These have been
introduced in the work of Cervero and Kockelman (1997) or Lee and Moudon (2006). Some
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contemporary approaches through ML also endeavor to extract variable importance from
models such as Random Forest Classifiers (Hagenauer, 2017). In this section, the different

outcomes expected in empirical research for urban proximity will be described. Table 6 shows

the outcome variables targeted in the different works reviewed.

Table 6:

Outcome variables used in the reviewed literature

Reference

Haugen, 2011

Haugen etal., 2012

Marquet & Miralles-Guasch, 2015
Searcy etal., 2018

Kasraian et al., 2019

Graells - Garrido et al., 2021
Bartzokas-Tsiompras & Bakogiannis, 2022
Li, 2022

Gil-Sol4 & Vilhelmson, 2022
Abbiasov et al., 2022

Calafiore et al., 2022

Knap etal., 2023

Birkenfeld et al., 2023

Poorthuis & Zook, 2023
Aristizdbal et al., 2023

Yu & Higgins, 2024

Elldér, 2024

Outcome Variables

Residential Location Satisfaction

PMT

% Proximity Trips

% Modes

% Change to Urbanised Land

Trip Count

Walkability

Probability of visiting the closest grocery store
Grocery shopping and Leisure Activities
15-minute usage

Proximal Environments

Proximal Environments

Proximity Households

Captive Demand

% Pedestrian Trips

% Modes

Proximal Environments (3 types)

95
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3.4.1Trip Length

In the present research context, trip length is a group of possible outcomes of transportation
models which encompasses continuous variables of length (time, distance, etc.), or cumulative
variables, such as VMT (Vehicle Miles Traveled), PMT (Person Miles Traveled) or VHT
(Vehicle Hours Traveled). The first case addresses either the disaggregate characteristic of travel
diaries or surveys, or mean values for aggregated data. The second is aggregated over a user, a
vehicle, or a period of time. In all cases, the outcome attempts to capture the dimension of cost

in travel.

In this field of study, trip length metrics are used to test hypotheses, particularly the idea that
certain development patterns reduce overall trip distances. In utility theory and activity-based
research, trip length is essential for understanding household time budgets and the thresholds
for making travel decisions (Kockelman, 1999; Boarnet and Crane, 2001). However, data on
trip length may sometimes need to be derived from other variables, such as GPS timestamps or
declared trip durations, which can introduce subjectivity or error in the analysis. Some studies
bridge this gap by comparing perceived and actual distances to understand features that
influence travel perceptions. In other works, excess travel, as a measure of the difference between
observed and “optimal” travel distances, is operationally defined to inform latent improvements

in travel efficiency (Hamilton, 1982; Fan et al., 2010)

According to the literature, trip length is primarily influenced by the built environment, with
socioeconomic characteristics playing a secondary role. Other research suggests that trip lengths
behave more like cardinal variables, meaning that people operate with certain thresholds in mind
when deciding whether to make a trip (Kockelman, 1999; Ewing & Cervero, 2001; 2010).

This notion of distance thresholds becomes particularly relevant in proximity studies, where
researchers are interested in identifying the "affordable” distances for different groups and
understanding how trip lengths vary depending on access to local services. In proximity studies,
trip lengths help identify thresholds that can inform modal shifts, particularly for
non-commuting trips. In the reviewed studies, trip length is not just a measure but also a tool

for understanding how individuals make travel choices.
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In the review, targeting trip lengths is exemplified by Haugen et al. (2012), who survey this
particular metric for everyday non-work trips, comparing it with trends in accessibility to
services and facilities as a way of understanding different “affordable” distances for different
social groups; Searcy et. al (2018), who seck to empirically establish “proximity thresholds” for
observed mode choice against distance, or the work by Marquet (2015), who predicts

“proximity trips”, or trips that comply with a distance definition, using distance as a control.

Flowers of Proximity

Flowers of proximity are a graphic resource for participatory planning used to crowd-source the time
thresholds which different social segments are willing to travel in order to achieve different goals. It consists
of radar-like plots in which different segments of users display their preferences for proximity. The approach
was developed by Sold & Vilhelmson (2018), and has been consistently applied in many real-world scenarios
of proximity planning implementation (Biittner et al., 2022; Baquero & Lamiquiz, 2024; Baquero et al.,
2024). The graphical result of applying this idea to the EDM2018 dataset is shown in Figure 21.

The maximum average (average of the quantile 0.75), mean and minimum average (average of the quantile
0.25) distances derived from the EDM2018 data are plotted, filtering for Trip Purpose, age buckets and
occupational status of the individuals. For the selected dataset, each “petal” has a double bar, being the
red-hued those trips made walking, and the black-grey hued all other modes (aggregated to facilitate the
visualization at this plot size). This aggregation is derived from the scale of the plot and the focus on walking
behavior. The exploration yields differential behaviors regarding walking trips, which tend to be logically
shorter than most other modes (though bicycles or e-scooters could be 