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Of playing through, not letting up
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Giving all, it seems to me

Is not so far from victory. (...)"

George Moriarty.



Abstract

Recently, in many cities worldwide, transportation planning has focused on reallocating
road space from automobile to more sustainable transport modes. Mostly in urban areas, road
space (from facade to fagade) is highly disputed by different urban activities, transport modes, and
functions. Road space reallocation has often lacked consideration of demand fluctuations during
hours, days, and seasons. Consequently, there are periods when certain spaces are oversupplied,
while others are undersupplied. The hypothesis of this work is that there is a potential to allocate
road space dynamically over time when demands are complementary or even disputed. Potentially,
big data and emerging sensing technologies can be useful for short-term decision making, since
these technologies can characterize different demands in real-time. Transport demand management
and control technologies may be used for allocating space dynamically, informing the transitions
to users, and connecting infrastructure to users (if/when needed). The main objective of the thesis
is to explore where, when and how road space can be allocated dynamically over time. The thesis
explores the applicability of allocating road space dynamically in areas of cities that have very
disputed, but limited space to fulfill all demands. We propose a site selection methodology for
choosing zones that are complex to reallocate road space and discuss the main local criteria
necessary for different solutions of dynamic road space allocation. Also, the levels of technological
adoption and requirements, along with the main challenges and opportunities for dynamic design
are discussed in various technological contexts, ranging from no use of technology to a context
where all transport modes and infrastructure are connected. Additionally, we discuss the risks and
applicability of using artificial intelligence to improve public participation of both stakeholders and
decision makers from interdisciplinary fields in road space allocation projects. In sum, we conclude
that dynamic road space allocation is context oriented, where different solutions differ in terms of
implementation complexity, technological requirements, and social acceptance. It is essential to
have the right balance between the frequency of dynamic changes, the use of technology, and the
number of proposed solutions, maintaining most of the street's characteristics in a logical

otrientation.
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Resumo

Recentemente, o ordenamento dos transportes tem-se centrado na redistribui¢ao do espago
rodoviario do automoével para modos de transporte mais sustentaveis. Principalmente nas areas
urbanas, o espago urbano (de fachada a fachada) ¢ altamente disputado por diferentes atividades,
modos de transporte e fungdes urbanas. A redistribuicdo do espago urbano nio considera as
flutuagoes da procura durante as horas, os dias e as estagdes do ano. Consequentemente, ha
petriodos em que certos espagos estao saturados, enquanto outros estao subocupados. A hipdtese
deste trabalho é que existe um potencial para atribuir espago rodoviario de forma dinamica ao
longo do tempo quando as procuras sao complementares ou estdo em disputa. As tecnologias de
sensorizagao emergentes podem ser Uteis para a tomada de decisOes a curto prazo, uma vez que
podem caracterizar as diferentes procuras em tempo real. As tecnologias de gestio e controle da
procura de transportes podem ser utilizadas para realocar espagos de forma dinamica, informar as
transi¢cOes aos utilizadores e conectar a infraestrutura aos utilizadores (se necessario). O principal
objetivo da tese ¢é explorar onde, quando e como o espago urbano pode ser realocado de forma
dinamica ao longo do tempo, explorando a aplicabilidade da atribui¢iao dinamica do espago urbano
em areas nas cidades que possuem um espaco muito disputado, mas limitado para atender a todas
as demandas. O trabalho propoe uma metodologia de selecao de zonas complexas na cidade para
a realocacao do espago rodoviario e discute os critérios locais necessarios para diferentes solugdes
de alocagao dinamica do espago da rua. Além disso, sao discutidos os niveis de adogao tecnoldgica,
bem como os principais desafios e oportunidades da concep¢ao dinamica em varios contextos
tecnoldgicos, desde a nao utilizagdo de tecnologia até um contexto em que todos os modos de
transporte e infraestruturas estao conectados. Complementarmente, discutimos os riscos e a
aplicabilidade da utilizagao da inteligéncia artificial para melhorar a participagao publica em projetos
de realocagao do espaco rodoviario. Em resumo, concluimos que a atribui¢ao dinamica do espaco
rodoviario é context-oriented, diferindo em termos de complexidade de implementa¢ao, requisitos
tecnolégicos e aceitacio social. E essencial ter um equilibrio correto entre a frequéncia das
alteragoes dinamicas, a utilizagdo de tecnologia e o nimero de solugdes propostas, mantendo as

principais caracteristicas da rua.

Palavras chaves: Design de ruas; aloca¢io do espago rodoviario; distribuicao do espaco

rodoviario; cidades inteligentes; design urbano
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Chapter 1

1 Introduction

1.1 Background

Car-centric planning has prioritized investments in capacity expansion for increasing the
level of service of motorized vehicles, prioritizing high traffic speeds. As traffic jams increased in
the main cities also due to the densification of urban areas, the socio-economic and environmental
impacts became evident, noticing how the traditional transportation framework is unsustainable in
the medium-long term (Banister, 2008, 2011; United Nations, 2019). Currently, the main impacts
of promoting transport policies in favor of increasing car-use are well known, e.g.: economic
inefficiency; consumption of large amount of urban space; energy consumption; air pollution
aggravating global warming and worsening negative health impacts; and inequality (European

Commission, 2004).

Although recent movements have invested in reallocating space from the car to sustainable
modes and activities, still most space occupied by transport infrastructure in urban areas is
dedicated to traffic lanes and parking. Even though automobile infrastructure requires significantly
more space than cycle lanes, sidewalks, and bus lanes, the space allocated for the car is often greater
than their actual modal share (De Gruyter et al., 2022; G6ssling, 2016). On the contrary, sustainable
transport modes have habitually less space than their modal share, even though they require less
space (De Gruyter et al., 2022; G6ssling, 2016). Allocating space to more sustainable modes is a
key point for transport justice, since not everyone has financial conditions to own a car, nor are
the spaces fairly designated according to the number of trips of each transport mode (G0ssling,

2016; Gossling et al., 2010).

At the same time, public space faces conflicting roles, struggling to accommodate high
speed infrastructure, sustainable mobility, and spaces for leisure, commerce, social interactions and
political domain (Zavestoski & Agyeman, 2015). Scholars have claimed that streets have two main
types of functions that compete for space in urban streets: i) spaces that allow the flow of people
and goods (e.g., traffic lanes, bus lanes, cycle lanes); and ii) spaces for interaction and access to local

services and commerce (e.g., parking, sidewalks, markets, benches, parks) (Bertolini, 2020; De
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Gruyter et al., 2022; P. Jones et al., 2007; von Schénfeld & Bertolini, 2017). Thus, urban streets
encompass two primary functions that compete for space, although they are named differently by
authors. Spaces that are designed for the movement of people and goods are associated with the
mobility or movement function by von Schonfeld and Bertolini (2017) and Austroads (1988, 2015), and
with the Zink or movement function by P. Jones et al. (2007). Adjacent areas alongside the road, which
provide access to land uses, amenities, and serve as places of leisure, socio-economic activities and
interaction are attributed to prioritizing the access function (Austroads, 1988, 2015), or place function

(P. Jones et al., 2007), or stationary function (von Schonfeld & Bertolini, 2017).

Traditionally, the amount of space dedicated for mobility/movement/link and
access/place/stationary functions is dependent on the road hierarchy classification of the street.
The importance of each function is dependent on the street's role within the network,
acknowledging that not every street has sufficient space or should prioritize all street functions and
users (N. Hui et al., 2018). While arterials prioritize the mobility function, local access streets
predominantly focus on the access function. Car-centric planning is characterized by the traffic
lanes serving the mobility function, and parking spaces the access function of streets (Seco et al.,
2008). However, diverse initiatives - such as complete streets, tactical urbanism, and street
experimentation - have been put into place to reallocate road space to more sustainable modes and

to make streets more livable.

Even though these initiatives are a step forward to improve accessibility and promote more
livable spaces, they are not absent from limitations. What all these concepts have in common is
that they each prioritize a user group or function of the street. On one hand, complete streets are
defined as streets that can accommodate all transport modes safely prioritizing the street's mobility
function (McCann, 2005; Zavestoski & Agyeman, 2015). Even though complete streets aim to
promote space for different modes of transport, they put them in dispute for space and fail to
consider the street's place function, or that spaces could eventually be shared and do not necessarily
require to accommodate all users (N. Hui et al., 2018; Mehta, 2015; Nello-Deakin, 2019; Zavestoski
& Agyeman, 2015). On the other hand, tactical urbanism and street experiments aim at remarking
and repurposing streets and parking spaces focusing on temporary and pop-up measures to move
from car-centric to more people-centric streets, when required (Bertolini, 2020). Most of these
practices are held in streets with low traffic volumes, not facing political or public acceptance

challenges of contesting car space, focusing on the place function of the street (Gehl, 2013).

The problem is that most performance evaluation of these designs are mainly qualitative

and based on before-and-after reports. According to N. Hui et al. (2018), having only a qualitative
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approach to evaluate street designs is an issue when one function of the street may impact the
other, the space is not sufficient to accommodate all uses, and tradeoffs and establishing priorities
are necessary. Ultimately, there is a lack of guidance on how much space should be allocated for
each function or user group and their impacts. These issues occur especially in streets that have
competing demands but limited space, referred to in the context of this research as "complex" (P.
Jones, 2016). Complex streets face a dilemma to serve both mobility and access functions (typically
classified as main and local distributors); have high volumes of traffic and public transport
competing for space; are key destinations of trips; have high densities; and diverse land use with
different opening and closing hours of activities and services, influencing fluctuations of different
modal demands. There is a political resistance to challenge the status quo in complex spaces due
to the need to make tradeoffs, the lack of guidance, and eventually the lack of public support
(Gossling, 2016; Hysing et al., 2015; P. Jones, 2016). A citation below from the European
Commission (2013, 5), recognizes the importance of setting priorities on urban space usage and

the challenge to reallocate road space for more sustainable modes.

"Loading and unloading spaces, bus lanes, cars, parking, pedestrian facilities, cycle lanes and
parking all compete for urban road space and cities have to manage these competing demands

according to local priorities and circumstances.”

Furthermore, street designs often lack consideration of the temporal variations of how
urban spaces are used. In different times of the day, the need of the urban space may be different,
according to opening and closing hours of commerce, offices and services and the fluctuations of
demands. For example, traffic lanes and parking spaces are often underused. While traffic lanes are
designed to fulfill a maximum volume usually during peak hours, in non-peak hours the space is
oversupplied for its use, being inefficient and indicating the necessity of cities to not only reallocate
space for sustainable mobility and place activities, but also consider demand fluctuations in its

design.

It is important to acknowledge that for many years, the costs and time to collect traffic
count data were high. Consequently, long-term projects, such as capacity expansion infrastructure
projects (e.g., highways), were based on traffic counts and rigorous data, while short-term projects,
such as repurposing street sections and parking, were generally less informed. However, with recent
technologies of data collection and processing, such as video camera analytics, Floating Car Data
(e.g., Google Maps or Waze), and Bluetooth, it is possible to collect data in real-time and

characterize urban and transport dynamics. Thus, these emerging sources of information can be
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tools for planning cities and reallocating road space in a shorter-term — minutes, hours, days -
(Batty, 2013).

Eventually, road space could be allocated dynamically according to demand-driven and the
street's function requirements over time. This solution could minimize the problem of limited space
since spaces would not be underutilized at certain times, serving properly its function and use. For
example, traffic lanes could serve as bus lanes during peak hours, and during non-peak hours the
lane could be mixed with traffic, or parking spaces of offices during the day could also serve
restaurants at night when the offices are closed. Demand management technologies such as variable
message signs, LED or flexible bollards could be used to change the configuration of space and

inform users of the transitions.

It is important to mention that, in practice, allocating road space dynamically over time is
not new in urban areas, although the literature is still scarce. Some examples exist today as illustrated
in Figure 1 and Figure 2. Figure 1 presents two examples of simple changes in public space
dynamically focusing on the street's place function. Figure 1a and Figure 1b illustrate the example
of Lund in Sweden that reconfigured the space dynamically in different seasons. It is interesting to
notice how adaptations to the street were focused to different audiences. While the space in Figure
1a was designed for children to play, Figure 1b has a more adult public. Figure 1c and Figure 1d
present an example of Lisbon in Portugal that every Thursdays and Fridays a market is placed on
the sidewalk during the day, promoting social-economic activities. Thus, while in the first case the

changes were in seasons, the second example presented daily dynamic changes to the street.

Figure 2 illustrates four examples of allocating road space dynamically over time. Figure 2a
illustrates a dynamic bus lane mixed with bicycles and taxis during weekly peak hours. In non-peak
hours and weekends, other motorized vehicles can use the lane, when demands are low. Figure 2b
illustrates a pedestrian and cycle zone from Monday to Saturday from 10AM to 4PM, allowing only
cars with people with disabilities to enter the zone during this time. Figure 2c illustrates a pedestrian
zone that only allows loading from 7PM to 11AM when the shops and restaurants are closed.
Figure 2d illustrates a restaurant reclaiming a traffic lane to put tables when cars are not permitted

to use the street.
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Before

Figure 1: Before and after examples of dynamically allocating road space over time. Seasonal changes in space in
Lund, Sweden (a and b), and weekly changes in space in Lisbon, Portugal (c and d).
Source: Author.

Figure 2: Examples of allocating road space dynamically. a) Dynamic bus lane during peak hours in London,

England; b) Dynamic pedestrian zone from 10AM to 4PM Mondays to Saturdays in London, England; ¢) Pedestrian
zone with dynamic loading from 7PM to 11AM in Brighton, England; d) Restaurants reclaiming the traffic lane
dynamically in Brighton, England.

Source: Author.
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The examples of allocating road space dynamically over time are still very punctual and
placed in less complex sites. Most of the examples presented in Figure 1 and Figure 2 (except
Figure 2a) present situations where there is a clear policy initiative to reclaim streets for pedestrians,
cyclists and activities, in streets with low traffic volumes. The hypothesis of this work is that main

avenues with limited and contested spaces can also benefit from allocating road space dynamically.

Most of the practical examples of allocating road space dynamically that exist today use
simple technology such as vertical and horizontal signaling to inform the dynamic transitions to
users. However, the relationship between adapting road space dynamically and new sources of data
collection and processing and urban space management and control is not clear. Also, the
differences between emerging practices of road space allocation and the contexts in which they are
generally applied and studied is still a gap. Allocating road space dynamically may also face diverse
challenges, and not be coherent in all contexts, as well as different solutions may require different
criteria. Finally, the benefits and the configuration of emerging concepts of street design and road
space allocation may not be clear for all stakeholders. The use of technology could potentially guide
better comprehension of the design. This thesis comprehensively assesses these gaps, emphasizing

the importance of studying this topic.

1.2 General objective and research questions

The general objective of the thesis is to discuss and evaluate the coherent ways to
reallocate road space dynamically over time in complex streets in urban areas that face limitations

in space and dispute in uses.

In this work, four main research questions (RQ#) are proposed to achieve the general

objective of the thesis.

e RQI: What are the differences between emerging road space allocation solutions and

their relationship with new sensing, management and control technologies?
e RQ2: How can we allocate road space dynamically in complex urban streets?

e RQ3: Where and when can we allocate road space dynamically over time?

e RQ4: Can technology be a tool to guide decision-making processes and enable

interdisciplinary comprehension of allocating road space dynamically?
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1.3 Thesis outline

This thesis is divided into eight chapters, including this introductory chapter and the
Conclusions which examines how the work developed addresses the research questions and
satisfies the general objective of the thesis. Additionally, the Conclusion discusses the limitations,
explores policy implications, and outlines future work scenarios. This thesis was structured
following a paper-based approach. Chapters 2 to 7 are papers that were developed following a
logical sequence and building up from the previous knowledge and papers. The decision to follow

a paper-based thesis was to give more visibility to the work produced.

This section succinctly explains how each chapter (paper) contributes to one another. Prior
to each chapter, introductory sections have been included to offer context and explain in more
detail what was learned until that point, and how the following chapter contributes towards solving
the gaps found in the preceding chapter(s). Thus, these introductory sections presented before each
chapter aim to present to the reader the connection between the chapters and a brief preview of
what to expect in each one. The chapters have been slightly adapted from the original papers,
excluding self-citations that are now chapters of the thesis. Instead of referring to published papers,
the text refers to the findings of previous chapters to ensure a link between them. However, the
essential content of the papers remains unaltered to maintain consistency in terms of format and

copyrights, assisting the reader to know what to expect.

The chapters of the thesis are grouped into two main parts. Chapters 2, 3, and 4 are grouped
into Part A: Literature Review and Conceptualization. Part A consists mainly of reviewing the
state-of-the-art of the main emerging concepts of road space allocation (Chapter 2), defining the
concept of dynamic road space allocation applied in urban areas (Chapter 3), and establishing the levels
of technologies in terms of sensing, transport management and control required for dynamic road
space allocation and emerging practices (Chapter 4). Chapters 5, 6, and 7 are grouped into Part B:
Implementation. Part B mainly consists of a site selection methodology to identify zones that
face complexity to reallocate road space, with the potential to reallocate space dynamically in a city
(Chapter 5); define local criteria to choose streets within the selected zones that are appropriate for
implementing different dynamic road space allocation solutions (Chapter 6); and evaluate the use of
artificial intelligence for assisting stakeholders from different backgrounds to understand and
contribute to innovative street design projects (Chapter 7). Figure 3 presents a framework of the

outline of the thesis associating with the research questions that are answered in each chapter.
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allocation by examining the literature of the most relevant journals in Transportation and Urban
Studies. The objectives of this chapter are to discover how new forms of road space allocation
emerged in the literature; differentiate main concepts; and find the gaps in the literature. Initially, a
historical analysis of the literature is assessed in order to discover the main topics in the literature
over time and how emerging concepts such as big data and smart cities influenced new forms of

road space allocation. The results from the review indicate that emerging road space allocation



strategies can be dynamic, intermittent, temporary or flexible. We define each emerging practice of
road space allocation according to the literature since the differences between concepts are not
previously established. Additionally, we explain where these concepts are usually implemented
according to the road hierarchy classification, which transport modes and urban space are
considered in their architecture, and how they are dependent on technology. We conclude that
allocating road space dynamically over time has not been investigated in complex and urban areas,

justifying it to being a pertinent area of investigation.

Chapter 3 defines the scope of study and introduces the concept of dynamic road space
allocation. This definition was informed by the findings of the previous literature and the identified
gaps discussed in the preceding chapter. Thus, dynamic road space allocation was defined based on
characteristics of "dynamic" and definition proposed in Chapter 2. This chapter discusses the
definition and conceptual assumptions for allocating road space dynamically in urban and complex
areas in the city. In this chapter, there is an initial discussion on the challenges, opportunities,
technological solutions, and methodological framework on how road space can be reallocated

dynamically to use space more efficiently.

Chapter 4 fulfils the gaps of Chapters 2 and 3 discussing in more detail how technology is
used in emerging practices in road space allocation, and specifically on allocating road space
dynamically. Chapter 2 reviews the main concepts of emerging practices and discusses the
technological dependence of each practice, and Chapter 3 proposes some transport management
and sensing solutions for allocating road space dynamically. Nonetheless, they do not go into details
on the levels of technology required for each type of practice. Chapter 4 discusses the technologies
required for each emerging practice of road space allocation and classifies them in smartness levels
of technology adoption, including their requirement for communication between vehicles and
infrastructure, sensing, demand management technologies and control. We conclude that allocating
space dynamically over time can range from scenarios with no technological integration to those

with full connectivity between vehicles, infrastructure, and control.

Chapter 5 is the first chapter in Part B following the literature review and the
conceptualization of the object of study. The main objective of Chapter 5 is to propose a
methodology for selecting zones in a city (at the municipality level) that are complex to reallocate
road space and may potentially be used for allocating road space dynamically. This chapter follows
up the gap that allocating road space dynamically is not studied in complex and more urban areas
(refer to Chapter 2). In Chapter 5, the conceptual assumptions discussed in Chapter 3 are used to

select complex zones. In summary, zones that are complex to reallocate road space have limited
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space to fulfill mobility and access functions, dense and diverse land use, high connectivity to other
areas of the city, and face traffic and public transport congestion during some time of the day.
Thus, in these zones, allocating road space dynamically may be a solution, since space is very
disputed, and may be underused in certain times of the day. The morphology of the road network,
land use characteristics, and traffic and public transport dynamics were considered as essential
elements to be evaluated for the site selection. Lisbon is used as the case study of the methodology.
In total, 20 zones of 200x200 meters were selected as potentially viable for reallocating road space

dynamically.

Chapter 6 continues the analysis of Chapter 5, but in a more local context. While Chapter
5 selects zones in a municipality level, Chapter 6 evaluates the layout, geometric and functional
characteristics of the streets within the selected 200x200 meter zones. A workshop with experts
was held for them to decide which streets and explain why they are potentially more appropriate
for reallocating road space dynamically for three different solutions. Consequently, experts defined
and ranked local criteria for different dynamic road space allocation solutions, concluding that criteria
vary according to the solution proposed. One of the findings of the chapter was that before
proposing solutions for reallocating road space, it is necessary to evaluate if there are conflicts and
disputes for space. Decisions on which solution to reallocate road space may not be evident for
stakeholders and practitioners of different backgrounds, especially if solutions proposed are

innovative and not within the state-of-practice.

Chapter 7 discusses the idea and presents an experiment of using artificial intelligence to
generate road space allocation solutions based on street images. This idea is based on the finding
of the previous chapter, that solutions of dynamic road space allocation may not be evident for
stakeholders of different backgrounds. The streets images used in our experiment were from the
selected complex zones in Chapter 5. Also, the proposal of using artificial intelligence for
generating visualizations of different road space allocation solutions, can be used for guiding
workshops, promoting more participative and interdisciplinary decision-making in street design

projects, and increasing the speed of proposing solutions.

1.4 Methodological approach

This Ph.D. thesis explores both qualitative and quantitative methods to answer the research
questions and achieve its general objective. Also, the Thesis contributes to linking methods and
promoting a wide range of interdisciplinary approaches including those from transportation

engineering, urbanism, artificial intelligence, and social sciences. It is important to mention that the
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methods chosen in each chapter of the thesis were used for achieving the objective and to respond
to the research questions, and not simply for implementing the tools. Although innovative methods
are proposed in this thesis, they are the means rather than the focus of the work. However, the
interdisciplinary range, complexity and open access tools used in this work are a major contribution

of the research, contributing to transparency and open science.

Chapter 2 presents a systematic review of the papers published in the most relevant
journals in Transportation and Urban Studies combining a qualitative assessment of the literature
and text mining techniques using R programming. The filtering process of the abstracts separates
the literature into two groups. First, abstracts were considered eligible if they were important for
providing a historical context of how new forms of road space allocation emerged. We grouped
the selected abstracts into periods of five years and used word frequency algorithm in each period.
Thus, it was possible to evaluate the most cited words in a group of abstracts for each period, relate
them with the important urbanism and transportation landmarks, and build up an historical context
of emerging road space allocation strategies. Second, papers that were directly related to emerging
road space allocation were considered eligible for full paper reading, evaluation of the research
gaps, and conceptualization. Prior to the qualitative assessment of full papers, we executed a topic
modelling and created a bigram on all eligible full papers. The topic modelling calculates the
probability of a word being together with another one in all eligible papers. This was important for
classifying the papers into the most important topics. Bigrams were used to interpret and
contextualize the topics, as they are networks that present the most frequent combinations of two
words being together. Using text mining in literature reviews is innovative and was developed in
this chapter, being an important tool for visualization of main patterns in text, organization of
ideas, and building an historical context of the literature. Also, all the codes, data and guidelines are
freely available for reproducing the results and for researchers to replicate the methodology in other

literature reviews.

Chapter 3 is dedicated for the conceptualization of the object of study, using part of the
literature found in Chapter 2. In this chapter, we include references from other sources, not
retrieved in the systematic review of the previous chapter focusing on the conceptual assumptions,

challenges and opportunities for dynamic road space allocation in urban and complex areas.

Chapter 4 presents a systematic literature review of the technologies used in road space
allocation following the PRISMA methodology. Unlike Chapter 2 that only focused on the main
journals of Transportation and Urban Studies, we used the Scopus and Web of Science databases

to retrieve papers, and consequently expand the review. After the selection of keywords, we read
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and filtered the abstracts. The abstracts that were within scope were eligible for the full paper
reading. After reading full papers, papers that were considered out of scope were excluded, with
the final eligible papers remaining for the qualitative assessment of the literature. Besides reviewing
the sensing, communication, and control technologies used in emerging road space allocation, we
also proposed a classification of technology adoption from Level 0 (no technology) to Level 5 (full
connectivity). The definition of technology levels on new forms of road space allocation is
particularly relevant for enabling policy makers to understand the requirements, capabilities, and

limitations of different types of road space allocation solutions.

Chapter 5 proposes a methodology for selecting zones in a city where road space is limited
and complex to reallocate and has a potential for reallocating space dynamically. Spatial and
temporal criteria and indicators were chosen for the site selection on a macro scale. QGIS and R
programming were used for data treatment and analysis. Grid zones of 200 x 200 meters were
created to join many indicators. Zones were classified as not complex, complex, and very complex
to reallocate road space, depending on the requirements met. The spatial and temporal indicators

proposed are briefly explained as follows.

The spatial analysis uses network centrality and land use indicators to examine the road
space allocation dilemma, connectivity of the network and land use density and diversity. Centrality
indicators are used to analyze the morphology of a network. We used these indicators to evaluate
the road network's functions, considering that nodes are intersections, and links are street
segments. The betweenness and closeness centrality measures were used to calculate the mobility
and access function of the network, respectively. The betweenness centrality measures the number
of shortest paths (road segments) that pass through a node (intersection). The highest the
betweenness value, the more likely the street segment is in a higher road hierarchy and has more
space dedicated for circulation (mobility). Closeness centrality measures how nodes (intersections)
are closer to one another. High values of closeness are likely to indicate local access streets, since
intersections tend to be closer, and routes are less direct. Thus, zones that face the dilemma of
allocating road space are the ones that have values that are not in the lower and upper bounds of
betweenness and closeness. For the connectivity of the network, we used the degree centrality that
measures the number of paths (road segments) that pass through a node (intersection). Thus, if an

intersection has higher values of degree, it connects to more places in the city.

We used the sum of all population centroids of a Census block within a zone to calculate
the density and then divided by the average value of all zones. For the land use diversity, the entropy

index was chosen. The entropy index is an indicator from O to 1 that shows how heterogeneous

30



are the categories evaluated. On one side, when the value is 0, only one land use type is present.
On the other side, when the value is 1, there is an equal number of considered land use types in a
zone. While land use density is more related to the intensity of demand, land use diversity influences

its fluctuations throughout the day, enabling dynamic settings.

The temporal analysis was realized for examining how traffic and public transport demands
vary over time. If zones have high traffic and public transport conditions at least one hour a day,
there is a dispute for space. We used General Transit Feed Specification (GTES) data to analyze
the frequency of buses that pass on a bus stop at each zone per hour from 6 AM to 11 PM. The
traffic conditions were evaluated by using Google Traffic API data collected once every hour from
6 AM to 11 PM. We considered that there is a dispute in road space if traffic or/and public
transport have high or heavy traffic at least one hour a day. If zones have low or medium level of
service of traffic and bus during the whole day, then probably the road space is underused most of

the time.

Chapter 6 evaluates local criteria for selecting streets within the complex and very complex
zones detected in Chapter 5 that have the potential to reallocate road space dynamically over time.
A workshop with experts was undertaken in order to select criteria for different solutions of dynamic
road space allocation. The workshop gathered members from academia, local authorities, and public
and private transport operators. In the first task, participants had to write down individually current
and future technologies as well as examples of allocating road space dynamically. In the second
task, each group received cards that presented information related to all the streets within the
complex and very complex zones detected in Chapter 5. Each group received cards from 4 zones.
Each card was attributed to a street that intersected a zone. For example, if a zone had five streets
intersecting its area, the group would receive 5 cards for that zone. The group had to choose for
each zone, which street had the highest potential for allocating road space dynamically for three
different solutions: i) allocating a traffic lane for a bus lane dynamically; ii) allocating a traffic lane
for a cycle lane dynamically; or iii) allocating a traffic lane or parking space for expanding a
pedestrian area (e.g., markets and tables for restaurants). In the last task, the groups had to think
about the criteria they took to choose the street and rank them for each solution. At the end,

conclusions regarding applicability and challenges were taken from the exercises and discussions.

Chapter 7 explores the use of generative deep models in street images for guiding
innovative road space allocation projects such as allocating road space dynamically. Generative
deep models are artificial intelligence models that generate "fake" data, similar to the original data

by using neural networks. Generative deep models have recently been commercially released for
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image generation (e.g., DALL-E-2 and Midjourney) and text generation (e.g., CHAT-GPT). Still,
many developments and learnings are being done with generative deep learning models since only
with recent advances in computational power has it been possible to use this type of technology.
In this chapter we explore the use of a Conditional Variational Autoencoder (CVAE), a type of
generative deep model, for generating street images that are conditioned by features of the image
(e.g., transport modes, urban furniture, etc). Images and their assigned features are imported in an
encoder, neural network that reduces the dimensionality of data, until a latent space. From the
latent space, data is then upscaled to its initial dimensionality in a decoder, generating similar images
to the imported data. For example, if participants in a workshop want to visualize a street with
wider sidewalks, the model would generate many scenarios in which the size of the sidewalk would
vary. It is important to mention that an experiment was executed, and thus, the lessons taken are
more important than the results per se. This chapter took an experimental approach to an emerging

technology. Future work should assess its full development.

1.5 Scientific contributions

As revealed in the last subsection, the thesis was elaborated by joining six full papers. It is
important to mention that the scientific contributions of this Thesis exceeded the expectations and
publication goals established within the Project Thesis defense (December 2019). The Project
Thesis proposed a total of three conference presentations and three submitted papers to peer

review journals during the PhD.

In the moment of the Thesis Defense, four chapters were already published in top rated
peer-review journals. One chapter is under review (Chapter 4) and only the last paper (Chapter 7)
has not been submitted to any journal. Also, most of the work done was discussed with the research
community through presentations in conferences, having in total six presentations in international
and national events. Furthermore, another major contribution of the Thesis was to provide the
background and knowledge for writing a proposal and receiving the grant for the 3-year
STREETS4ALL project, funded by the Fundacao para a Ciéncia ¢ a Tecnologia (FCT). The specific

scientific contributions of each chapter are presented below:
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Chapter 2

What we have learned so far

The first chapter — the Introduction — established the initial context, the background, the
objective and research questions and structure of the thesis. In summary, there are streets in urban
areas that have limited and disputed uses, raising dilemmas about how much space should be
allocated for different urban functions and uses. The hypothesis of the thesis is that complex streets
may benefit from allocating road space dynamically according to demand and policy goals.
However, there is still a gap in the relation and differences between different emerging road space

allocation solutions, where they are usually applied, and which modes and function they prioritize.

What to expect in Chapter 2

The rise of new remote sensing, transport demand management, control technologies, and
transport modes may have influenced new forms of road space allocation, such as intermittent bus
lanes and dynamic lane allocation. In this chapter, the relationship between transport planning and
technology-oriented concepts (e.g., big data, smart cities) with (smart) road space allocation
solutions is discussed. A historical background is performed to contextualize how different
concepts and important urbanism and transportation landmarks may have influenced new forms
of road space allocation. Also, the differences between new forms of road space allocation are
explained as well as their dependence on technology, how space changes with demand, and if the
solutions are permanent or not. In this chapter, we conclude that there is a lack of studies on
reallocating road space dynamically over time in urban and complex spaces, which means that it is

a valid object of study.
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Chapter 2

2 Emerging road space allocation solutions: a review using text

mining

This chapter has been published as: Valenga, G., Moura, F., & Morais de S4, A.
(2023). How can we develop road space allocation solutions for smart cities using
emerging  information  technologies? A review using text mining.
International Journal of Information Management Data Insights, 3(1), 100150.
https://doi.org/10.1016/j.jjimei.2022.100150

2.1 Introduction

Road infrastructure projects are mainly based on medium to long-term planning, while
short-term planning is usually less informed. Recently, new sources of data collection and analysis
have not only increased the amount and diversity of available information but also made it possible
to plan cities in a shorter-term — minutes, hours, days (Batty, 2013). Traditionally, transport
infrastructure projects are based on a traffic-flow peak-hour evaluation to ensure a capacity to
accommodate a maximum traffic flow volume. However, this type of planning is inefficient in
using urban space since the space is often underutilized in non-peak hours. New technologies, such
as mobile phone applications, video analytics, and sensors, have made it possible to monitor public
spaces in a 24-hour framework (Herath & Mittal, 2022). Also, mobile phone applications are
influencing how people move by indicating traffic routes that have shorter travel times.
Consequently, real-time applications and the internet are weakening the role of long-term planning
since mobility patterns are changing and adapting to real-time information. Big data has made it
possible to evaluate urban dynamics, and fluctuations of multimodal demands and provide reliable

data for real-time and short-term planning.

The advent of big data has leveraged the development of the smart city concept and its
implementation. There is no unique definition of what "smart" means in terms of city development
(Herath & Mittal, 2022; Moura & De Abreu e Silva, 2019). Nonetheless, most definitions include
using Information and Communication Technology (ICT) to plan cities. ICT is the group of

technologies that can collect, process, and share large volumes of data in real-time for more reliable
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decision-making (Berglund et al., 2020). ICT can be integrated with urban systems and other
technologies, such as intelligent traffic signals to optimize traffic during peak hours (Chauhan et
al., 2016). Smart city solutions and technology should focus on citizen needs and their capabilities
to adopt and adapt to changes promoted by smart initiatives (Lytras et al., 2021). As stated by Kar
et al. (2019), technology should be seen as a tool rather than the goal per se. One of the components
of smart cities is planning for a smarter mobility, including traffic management, sustainable
transportation, and intelligent routing (Herath & Mittal, 2022). In terms of smart traffic
management, big data and ICT can be used to collect real-time data and communicate the
infrastructure to adapt road space in minutes, hours, or days according to demands and policy

goals.

Nonetheless, most common practices of road space allocation do not consider the changes
in travel behavior and demand volumes over time (Wey & Huang, 2018). However, in reality,
transportation networks and land use are dynamic, as we consider the different spatial-time scales
of the public space usage that happen during the hours, days, or weeks. Many designs and policies
have recently been focused on reallocating traffic lanes and parking spaces to sustainable
transportation. Smart and emergent designs can potentially adapt road space to accommodate
different needs during the day according to transport volumes or modify transport behaviors to
achieve policy objectives over time (G6ssling et al., 2016). However, there is still a high political
and community resistance to challenging car space, especially in busy avenues with limited space
and disputing uses (Banister, 2008; P. Jones, 2016). Also, allocating road space for different needs
over time may be a strategy for challenging car use. For example, permanently reallocating a traffic
lane to a bike lane in busy avenues may be politically challenging. However, introducing the bike
lane only during some periods (e.g., non-peak hours) can increase cycling levels and eventually can
become politically easier to convert the temporary bike lane to a permanent one. Big data and ICT
technologies have an essential role in modern ways of dealing with transportation problems (Herath
& Mittal, 2022), specifically in promoting smart road space allocation strategies. To the best of our
knowledge, there has not been a review on smart road space allocation solutions and their
relationship with big data and smart cities. In this context, this chapter presents a systematic review

to identify the gaps in the literature and distinguish the discussions on smart road space allocation.

We propose a systematic literature review methodology using text mining to discover the
historical context and the main topics addressed in emerging road space allocation solutions. Text
mining techniques have been used to find statistically significant patterns in unstructured text
(Kumar et al., 2021). According to Kumar et al. (2021), text mining has mainly been studied and

applied in social media, online product and service reviews, customer satisfaction, and reactions
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during a crisis. Recently, some applications of text mining in literature reviews have been proposed
(Karami et al., 2021; Kushwaha et al., 2021; Martinelli, 2022; Zarindast et al., 2021). Text mining
becomes essential in reviews when the number of documents is vast, manual analysis is not viable,
and it is very time-consuming (Kumar et al., 2021). Consequently, most text mining proposals in
literature reviews are applied in cases where it is impractical to analyze the papers qualitatively, as

shown in Karami et al. (2021), Kushwaha et al. (2021), Martinelli (2022), and Zarindast et al. (2021).

Nonetheless, even with a small number of documents, text mining can provide an initial
analysis of the text, demonstrating the main topics and patterns, before qualitatively analyzing the
documents. Unlike the other proposals, this chapter aims to use text mining as a complementary
and initial analysis before qualitatively analyzing the papers. We propose using text mining to not
only detect the patterns and main topics in existing literature but also provide a historical context
on the evolution of concepts throughout the periods. The proposed methodology is reproducible
to other topics and research fields. Also, it was possible to compare the results from the text mining
techniques to the content of the full documents due to the small number of documents for
evaluation purposes. Consequently, we reflect on the results and limitations of using text mining
in systematic literature reviews. This chapter aims to give insights into the following research

questions:

e What is the historical context of smart road space allocation solutions, and when did big

data, ICT and smart cities rise in the main literature of transportation and urban studies?

e What are the differences between smart road space allocation solutions and their

relationship with ICT and big data?

e What do we learn, and what are the limitations of using text mining in conventional

systematic literature reviews?

The next section explains the proposed methodology. The following section addresses the
results from the quantitative analysis of the literature that is twofold: temporal evolution of the
papers by using frequency word counts on filtered abstracts; and detection of the main topics of
full eligible papers by using topic modeling and bigrams. Sequentially, a section qualitatively
characterizes the eligible full papers, defining the terms dynamic, intermittent, temporary, and
flexible in road space allocation solutions. Then there is a section for the discussion. We conclude

with conclusions, future developments, and references.
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2.2 Methodology

This chapter proposes a methodology for using text mining to perform systematic literature
reviews in two main directions: i) analyzing the evolution of concepts and topics explored
throughout time, and ii) Detecting the main topics expressed in literature. The first steps are similar
to other reviews. Initially, the keywords for extracting the papers were selected. Secondly, the
journals were selected based on the classification of InCite (InCites Journal Citation Reports, 2018).
The next step was to extensively collect all the papers within the selected journals, extract each
papet's title, publication year, authors, and abstract, and fill the information into an Excel sheet.
Sequentially, we performed a filtering process where we grouped papers into two groups: i) relevant
papers for examining the temporal evolution of topics and concepts in the literature and how they
relate to historical urban planning landmarks (Historical context analysis); 1) papers that were
directly related to the theme and selected for a full paper analysis (Specific paper analysis). In the
first group, we separated the abstracts into groups depending on the year of publication and used
word frequency counts to examine the most cited words in different periods of time. In the second
group, we used topic modelling to analyze the main topics in the full papers and bigrams to give
context and meaning to the topics. The selected papers for the specific analysis were directly related
to dynamic/temporary/intermittent/ flexible applications in road space allocation. It is important
to mention that papers considered eligible for the specific analysis were also included for the

historical context analysis. Finally, we read the full papers and examined the literature gaps.

2.2.1 Search strategy

The systematic review's first step was defining the keywords used for selecting journal
papers. Secondly, the journals were selected based on the classification of InCite (InCites Journal
Citation Reports, 2018). The key words selected were: big data; complete streets; Intermittent Bus
Lanes/ IBL/ Bus Lane With Intermittent Priority/ BLIP; reversible lane; road diet/ lane diet;
shared spaces/ shared streets/ woonetf; smart cities; smart urban mobility/ smatt mobility; space
allocation; traffic calming/ traffic-calming; urban regeneration/ urban revitalization/ utban
requalification. The keywords aligned with "/" represent the different words used to obtain more
results in the journal pages by applying the function "OR" in the journal webpage. We decided to
only use the words intermittent, temporary, dynamic, and flexible on the keywords that were
established concepts or definitions. In the filtering process, we selected the papers that considered

these types of solutions.
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We selected the ten journals with higher impact factors in the Transportation or
Transportation & Science categories and the Urban Studies category. We chose these sources to
focus on the most relevant literature in the fields. Note that the scope of the journal had to be
relevant to the objective proposed by this chapter. Consequently, some journals were not included
in the analysis due to the lack of relevance, and the sequential highest impact factor journal was
included (if considered relevant). We used the function "Article title, Abstract, Keywords" for
paper selection. At this eatly stage, all papers were collected and assigned to a spreadsheet with an
ID, Keyword, Journal, Title, Authors, Year of Publication, and Abstract. Full journal papers, City
profiles, and review papers in English were included, meaning that book reviews were not involved

in this analysis. There were no restrictions regarding the year of publication of the papers.

2.2.2  Inclusion and exclusion criteria

After defining keywords, journals and collecting the papers, the abstracts of all the papers
were scanned and classified into two categories: historical context analysis; and specific paper
analysis. The same paper could be included in both groups. All papers in the specific paper analysis
were important and included in the historical context analysis. The following subsections explain

in more detail the criteria for including and excluding papers for each respective group.
Historical context analysis

We included all papers that were considered relevant to give a historical context and
emphasize important problematics and landmarks that may have influenced emergent urban design
solutions. Papers that focused on other topics or the keyword had a different meaning than
expected were excluded from the analysis. The filtered abstracts were separated into groups
depending on the year of publication by joining papers into five-year periods. Sequentially,
frequency word counts were performed in each period. The goal was to analyze the main
tendencies, concerns, and concepts of each period and how these concepts relate to emerging road

space allocation practices.
Specific paper analysis

The papers included for the specific paper analysis had to be related to smart road/lane
allocation strategies that change use or function over time. Included papers could also analyze
urban and traffic dynamics or address sensing or demand management technologies that could

enable smart road space allocation strategies. The selected keywords were very broad to include
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papers in the historical analysis and find the relation between big data and smart cities with smart
road space allocation. The full papers of this group were screened and filtered once more. After
excluding non-relevant papers, topic modelling and bigrams were executed in the full eligible
papers to provide an initial interpretation of the papers. Then, we performed a qualitative analysis

of the papers.

2.2.3 Text mining specz'ﬁcations

We used the statistical software R version 4.0.0 and the #» (Feinerer et al., 2008) and
topicmodels (Grin & Hornik, 2011) libraries to run the frequency counts on abstracts (historical
context analysis) and topic models and bigrams on full papers (specific paper analysis). The
quantitative analysis of the text used the following terminology, based on the definition proposed

by Blei et al. (2003):

e A word or a term is a discrete unit of data, labeled to be an element part of a vocabulary

indexed by {1, ..., V};

e A document is a sequence of N words represented by d = (wy, Wy, ..., wy), where wy, is

the n™ word in the sequence;
e A corpus is a collection of M documents represented by D = {d;, d, ..., dy};

e A topic is a multinomial distribution of all words contained in the vocabulary.

According to text mining best practices, before running the models, we performed
preprocessing techniques in the text. Initially, we lowercased all the words in the text since the
algorithm cannot distinguish the same word with different case letters. All stop words that do not
contribute to interpreting the results were removed (e.g., "and", "if", "the"). All numbers, single
letter words, punctuation, and white space were also extracted from the corpus. We opted to use
the lemmatization process that normalizes the words to obtain the dictionary form of the word.
This process is crucial because it removes inflectional endings and groups words with the same or

similar meaning,.
Term frequency counts of filtered abstracts for a historical context analysis

A common approach to measure word frequency in a corpus is to use the tf-idf method

(Bastani et al.,, 2019; Roque et al., 2019; Salton & McGill, 1983). In this approach, the term
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frequency (tf) is the number of times a word appears in a document, while the inverse document
frequency (idf) weighs the word depending on how often it appears in a corpus. Thus, if a word

appears in every document many times, it is classified as not very important.
ry y > y

In our approach, we are interested in the frequency of the entire corpus (tf). Nonetheless,
measuring the inverse document frequency (idf) is irrelevant because our goal is to analyze the
historical context and relate the most cited words with the prominent urban planning landmarks
over time. Thus, we first grouped the abstracts in a 5-year publication period. Each period was
assigned as a corpus with M Documents. This procedure allowed the algorithm to run each corpus
independently from the others. Due to the small number of papers, we made an exception to the
5-year corpus at the first publication years (1978 to 1985). Then in each corpus, we counted the
number of times a word appeared and implemented a normalization procedure according to the

expression:

Nwp

W, =———
Wi max (Nw; p)

(Equation 1)
Where:

e max(Nw;p) corresponds to the maximum number of occurrences of all the words

present in a corpus;
e wisaword included in a corpus D;

o A document is a sequence of N words represented by d = (wy, Wy, ..., wy), where wy, is

the n®" word in the sequence;
® A corpusis a collection of M documents represented by D = {dy, dj,...,dy};
Latent Dirichlet Allocation (LDA) and bigrams for specific paper analysis

LDA is an unsupervised topic model that uses Bayesian inference to estimate the
distribution model of terms in documents. LD A was initially proposed by Blei et al. (2003) to detect
latent topics presented in text documents. The documents used in the LDA do not need prior
labeling. However, we labeled the topics after our analysis. We used the LDA to discover the main

topics in the papers that refer to smart road space allocation that change over time. Furthermore,
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we opted to use bigrams that consider the most frequent sequence of two words together, with the

purpose of better interpreting the topics.

The words from the analyzed documents are assigned to topics based on the statistical
structure of the data (L. Sun & Yin, 2017). The model considers "the bag of words" assumption,
in which the order of words in a document is irrelevant. Also, we can disregard the order of the
documents in the corpus due to the exchangeability supposition (Blei et al., 2003). The
exchangeability supposition means that the documents and words are twofold: conditionally
independent, which condition regards a latent parameter of a probability distribution; and
identically distributed. From this assumption, a Document-Term-Matrix (DTM) is generated,

containing the word frequencies of each document.

The LDA consists of the following steps:

e Prior definition of the number of topics K, where each topic with index k € [1, K], is
related to a multinomial word distribution Y. Py, is originated from a prior Dirichlet word

per topic distribution with parameter . Thus, ¢, ~ Dirichletv(f);

e Taking into account the formulated topics, a multinomial topic distribution for each
document (6,) is established. 8 is initially associated from a Dirichlet topic per document

distribution with parameter a. Thus, 84 ~ Dirichletk(a).

e A topic zg, € [1,K], from a multinomial distribution k(8) is associated with each word

in each document d. Then, each word wy,, is designated from the multinomial distribution
v (l/)z dn). Thus, this step is divided into two processes: i) select a topic

Zan~ Multinomialk(6); ii) select a word wg,, ~ Multinomialv(y,, ).

It is essential to distinguish that words in documents are observed variables, 1 and 6 are
latent variables, and @ and [ are hyperparameters. After obtaining the marginal probability
distribution of each document, the probability of a corpus takes into account the product of the
marginal probability of all single documents. Thus, the probability of a corpus is defined as (Blei et
al., 2003):

M Ng
p0lap) =] | [p@ad) | [ D pCanlt vwanlzan, £ |0
d=1 n=1Zgn

(Equation 2)
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There are many methods for estimating LDA parameters, such as the variational method,
expectation propagation, and Gibbs sampling (Jelodar et al., 2019). We used the Gibbs sampling
method proposed by Griffiths and Steyvers (2004) due to its wide applicability, simplicity and
efficiency in inferring LD A parameters (Jelodar et al., 2019; Roque et al., 2019; L. Sun & Yin, 2017).

We executed LDA to model the K number of topics in eligible journal papers. All full
papers considered eligible for the topic modeling were converted from PDF files into *.txt files. In
this process, we tokenize a sequence of strings into terms. We opted to apply two types of
tokenization: separating the strings into unique words and a sequence of two following words.
Before running the models, we manually removed from each text the information of the authors
and journal, acknowledgments, funding, supplemental material, disclosure statement, and
references. This data cleaning ensures that the information provided by the model was only from

the text body of the paper. We used the default parameter values of the library for £ (0.1) and the

initial value of a (i,,_o) suggested by Griffiths and Steyvers (2004).
2.3 Results

2.3.1 General overview of the results

Figure 4 presents the systematic literature review methodological framework. We propose
that the abstracts are filtered into two groups: Historical Context Analysis and Specific Paper
Analysis. While the former has a first analysis of the abstracts, the latter focuses on analyzing full
eligible papers. The Historical Context Analysis gives a background on the evolution of topics and
concepts that have influenced smart road space allocation solutions. The Specific Paper Analysis

explores papers directly related to road/lane space allocation that changes over time.
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Figure 4: Detailed methodological framework of the systematic review.
Source: Author.

2.3.2 Historical context analysis

This sub-section discusses the development of urban and transport concepts that
influenced smart road space allocation. As mentioned in the methodology section, we analyze the
most frequent words in the filtered abstracts throughout the periods. The filtered abstracts are
separated in a five-year publication period (Except from 1978 to 1985). Figure 5 compares the time
evolution of each keyword's published papers with important landmarks, while Figure 6 illustrates
normalized plots of the most frequent words that appear in each period. The total number of
papers differs in each period. Nonetheless, the collection and filtering process of the papers were

based on the same criteria.
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Figure 5: Historical evolution of papers per keyword.
Source: Author.

As the sample of papers is small in the first three periods (from 1978 to 1995), the analysis
of the word counts is inconclusive. However, interesting words already appear, giving some
preliminary insights into the historical context at the time, such as "revitalization", "development",
"cultural", "economic". Additionally, crucial historical planning landmarks happened during this
time and are aligned with these words (Refer to Figure 5 and Figure 6). In 1976, the United Nations
held its first conference on human settlements, entitled Habitat I, which aimed to discuss the
impacts of rapid and uncontrolled urbanization (United Nations, 19706). Just over ten years later,
the Bruntland Report was a seminal official document that initiated the sustainability movement
(United Nations World Commission on Environment and Development (WCED), 1987). In 1992,
the conference ECO 92 was held in Rio de Janeiro, Brazil. It was the first time the political
community acknowledged the importance of conciliating socio-economic activities with preserving
natural resources. This fact led to the development of the sustainable development concept and a
plan for the following decades, entitled Agenda 21 (United Nations, 1992). An important paper
from this sample analyzes the rise and implementation of culture-led practices in urban policies as

a tool for urban regeneration (R. Griffiths, 1995).
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On the other side, traffic-calming schemes began to arise in neighborhood environments
in the 1980s and were strongly studied by Hass-klau (1990, 1992). The increase in traffic accidents
resulted in street designs that reduced traffic speed, especially in dense pedestrian and local
neighborhood environments. In the 1990s, the rise of congestion problems related to emissions,

accidents, and urban sprawl resulted in increasing concerns about how road space was being
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designed. Words such as "traffic", "calm", "urban", "street", "road", "auto", "local" indicate this

concern.

From 1996 to 2000, there was a rise in the number of published papers; however, still
focusing on urban regeneration, sustainable development and traffic calming measures. The
dependence on the automobile, the rise in housing costs, air pollution, and social displacements
caused by urban sprawl were significant concerns in the late 1990s. In 1996, twenty years after the
first conference, the United Nations held Habitat II. The human settlement conference developed
the Habitat Agenda, which focused on achieving sustainable development in cities and villages
wotldwide until 2020 (United Nations, 1996). Relevant papers with more than 100 citations
regarding urban regeneration and development were published at this time (Bremner, 2000; Couch
& Dennemann, 2000; Gomez, 1998; Meyer & Lyons, 2000). Furthermore, the Maryland Smart
Growth, and Neighborhood Conservation Act was decreed in 1997. The term "smart growth" was
initially mentioned by this legislation and would influence the creation of the organization Smart
Growth America, responsible for complete streets policies in the future. The legislation held in the
state of Maryland aimed to reduce sprawling effects by ensuring more compact, dense, mixed-use,
and pedestrian-oriented designs (Daniels, 2010). The words "sustainable", "development",
"policy", “plan”, "city", "urban", "regeneration", "local", and "economic" give an insight into how

these landmarks influenced the literature (Figure 06).

Traffic calming continues to be a topic in the literature, since words such as "speed", "calm",
"local", and "urban" appear. The first paper related to smart cities was published in the main
literature during this period, even though it was way ahead of its time (Mahizhnan, 1999). The
paper brings the first insights into how Singapore aimed to become a smart city. Smart cities are

only mentioned again by Herrschel (2013) and have had a significant rise in publications thereon

(Figure 5).

In the first decade of the XXI century, intermittent bus lanes and bus lanes with intermittent
priority are proposed respectively by Viegas and Lu (2004) and Eichler and Daganzo (2006). These
papers are the first appearance of smart road space allocation strategies in the literature. Both

methodologies treat the bus lane intermittently, allowing other vehicles to use the lane when the
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bus is not approaching the intersection and informing the driver not to use the lane, otherwise.
The use of vehicle-to-infrastructure communication and ICT in these solutions is a pioneer
proposal of using technology in adapting the use of road space over time. The words "bus",
"public", and "transport" (Figure 6), which arise in the early 2000s, are an indication of the transit
priority strategies as a consequence of the sustainable development policy from the previous years.
Furthermore, words such as "land", "space", "diversity", "activity", "social", "market", and
"change" are present. These words suggest a shift from car-oriented designs to ensuring motre
diverse land use, livable streets and acknowledging the social function of the street. This means
that streets began to be treated not only for moving purposes but also as an essential element of
social interactions, culture, and commerce. Following this vision, planning design concepts such as
complete streets (McCann, 2005) and shared spaces (Hamilton-Baillie, 2008a, 2008b) were

established and began appearing in the main literature in the following periods.

From 2011 to 2015, there was a more diverse amount of papers per keyword. Big data is
initially and significantly studied at this time, having the second-highest number of papers (Figure
5). Complete streets, shared spaces, road diets, space allocation, and reversible lanes also appear in
the literature. The term "space" indicates the challenge and concern of managing road and urban
space. Additionally, if "public" is linked to "space", and also "social", this can reinforce that public
spaces begin to be treated as a place to stay through place-making initiatives. These spaces have
the purpose of gathering and connecting people through inclusive designs. It is interesting to notice
the appearance of the words "smart" and "model" suggesting a shift towards using technology to
sense the urban space and for smart transport demand management. Nonetheless, in this initial
literature evaluation, the relation between smart and sustainable urban and transport management

solutions is unclear.

From 2015 to 2020, the amount of literature has increased substantially. Since the sample
of documents is way higher than other periods, the frequency plot is more reliable. At this time,
Habitat III was held in 2016, proposing a New Urban Agenda to discuss how to achieve the
Sustainable Development Goals defined in the 2030 Agenda (United Nations, 2015, 2016).
Recently, big data and smart cities have significantly erupted (Figure 5), rising as main topics in
transportation and urban studies journals. As abundant, the term "smart" becomes one of the most
cited words. The term "mobility" appears and gains more relevance than "traffic". The former term
can be related to two words in the frequency plot: urban mobility and smart mobility. These terms
respectively relate to sustainable transportation (walking, cycling, transit) and emergent
transportation (shared mobility, micro-mobility, autonomous vehicles). This fact suggests that

more research is inclined towards sustainable and smart mobility than in previous periods. The
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high number of papers related to urban revitalization demonstrates, even more, the concern in
ensuring more livable and sustainable spaces. Lately, many studies have been in the direction of
using emergent and smart technologies and big data. However, in this preliminary analysis, it is
unclear whether these emergent technologies are related to urban and road design. Nonetheless, it
suggests that both sensing and transport demand management technology can be used to adapt
road space over time according to different demands, political goal, and functions (e.g., mobility,

access, place, social).

2.3.3 Specific paper analysis

Figure 7 presents the topic-specific word probabilities of the 12 full papers. Figure 8
illustrates the network graph of the most common bigrams of these papers. Note that the bigram
colors were created a posterior: of the algorithm to illustrate words that appear in the topics. The
number of topics in the topic modeling is a prior input to the model. There is no optimum measure
to define the number of topics in a model. However, Mcfarland et al. (2013) suggest evaluating the
topics regarding their relevance of transmitted information and overfitting. Considering this
criterion, we selected six topics since fewer topics transmitted less information while a higher
number of topics began to repeat topics. The bigrams presented in Figure 8 are essential to give
context, coherence, and interpret the relationship between the many words in each topic. The
results already separate the different smart road space allocation solutions into the topics, providing
an initial interpretation of the differences between them. Based on our interpretation of the results,

we defined labels for the topics, explained below:
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Figure 8: Network graph of common bigrams in the literature.

Source: Author.
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Topic 1: "Dynamic space allocation on a regional scale.”

According to the bigram (Figure 8), as the word "dynamic" usually comes before "space”
and sequentially to "allocation", this topic was named after dynamic space allocation. This topic
reveals that dynamic space allocation literature primarily focuses on assessing motorized traffic.
The words "bus", "car", "service", "mode" and "traffic" reveal this character (Figure 7). Besides,
the bigram demonstrates that "car traffic", "bus service" usually appear together. At the same time,
the term "mode" is usually preceded by "bus" and followed by "shate" or "choice". The appearance
of the term "demand", which is usually expressed as "traffic demand", "total demand", and "travel
demand", indicate that road space is dynamically adapted according to variations of motorized
traffic demands. The term "time" is usually preceded by "travel", while "cost" can be linked
together with "travel" and "system". The latter term is usually preceded by "transportation".
Thereby, the focus in assessing travel time, travel cost, and transportation system cost is a lead that
the papers focus on the performance evaluation (generalized cost of traveling) of such solutions.
The terms "region" and "system" may indicate the scale of the implementation of dynamic space

allocation.
Topic 2: "Temporary urban space solutions."

Temporary solutions are expressed in this topic. We decided to indicate the focus of this
topic as "temporary" instead of "flexible" due to the higher word probability (Figure 7).
Nevertheless, it is inconclusive at this point the difference between these terms. Terms such as

"project", "use", "plan", "practice” and "approach" indicate how temporary solutions have already

nmn
b

been placed and are being analyzed by the literature. The terms "community"”, "social" and "local"
demonstrate how temporary solutions are focused on enhancing people-oriented neighborhoods
or have public engagement. If we consider the word "flexible" as meaning adaptable, this may

indicate that temporary space solutions have adaptable planning and practices.
Topic 3: "Intermittent lane allocation.”

The word "blip", an acronym for 'bus lanes with intermittent priority' is expressed in this
topic. Furthermore, the term "signal" is usually preceded by "ibl", which is an acronym for
'intermittent bus lanes' (Figure 8). Also, "bus" and "lane" have the highest word probabilities of
the topic and usually appear together. For this reason, we opted to indicate this topic as intermittent
lane allocation in transport systems. The terms "bus" and "traffic" indicate the modal priority in

such solutions. The term "cycle" can be misinterpreted as cycling mode. This term is usually
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grouped as the "ith cycle" as demonstrated in the bigrams. As the term "cycle" has a high probability
of being in the same topic as "signal", "intersection", and "control", this indicates that "cycle" refers
to cycle lengths in signal control systems. The word "delay" is grouped with "bus", which specifies
that intermittent solutions aim to reduce transit delays. Terms such as "intersection", "signal",
"control", "capacity", and "link" confirm the focus on performance evaluation. The terms "link",
"internal", and "line" are usually linked to "bus", demonstrating how the literature on intermittent

solutions is focused on public transportation services.
Topic 4: "Dynamic space allocation on a municipality scale.”

Whereas Topic 1 inclined a regional or inter-city application of dynamic space allocation,
Topic 4 suggests a neighborhood or municipality scale application due to the appearance of the
terms "network”, "street", and "city". The term "city" is frequently preceded by "livable" (Figure
8), in which some road allocation practices have advocated towards this direction (e.g., road-diets,
public space revitalization, complete streets.). In contrast, the terms "traffic" and "flow" are usually
combined, suggesting an inclination towards optimization of traffic flow in urban environments.
The word "time" also suggests this interpretation due to "travel" being the most common
predecessor of "time" and a variable to measure traffic flow. Thus, the priority of dynamic
lane/road space allocation is to improve traffic or transit performance independently of the

application scale (Topic 1 and Topic 4).
Topic 5: "Policies towards dynamic space allocation.”

As the terms "dynamic" and "policy" are present in this topic, we defined its focus as
referring to these terms in urban environments. Also, "price" is usually followed by "policy". Terms
such as "user" and "customer" demonstrate how dynamic applications may be demand-dependent.
Words such as "model", "price", "cost", "time", "queue", "lane" and "vehicle" emphasize that the
dynamic road/lane space allocation aims to optimize the generalized cost of traveling (Figure 7).
Also, the term "vehicle" is frequently preceded by "motor" (Figure 8). This analysis suggests that

dynamic road/lane space allocation focuses only on traffic and transit performance, lacking

assessment for active modes.
Topic 6: "Sustainable transportation policy.”

We defined this topic as sustainable transportation policy due to the presence of the terms

"transportation", "sustainable", "sustainability", and "strategy" (Figure 7). The term "sustainable"
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is usually followed by "transportation", while "sustainability" is preceded by "transportation"
(Figure 8). The term "public" appears regularly as "public transportation". These findings indicate
an inclination of this topic in assessing public and active transportation strategies. Furthermore,
terms such as "city" and "orient" (oriented) indicate this direction, since frequently these terms are
preceded respectively by "livable” and "community". The words "weight" and "index" indicate that
the documents evaluate sustainability indexes since both terms typically appear together.

Nonetheless, it is noted that the terms "dynamic" or "intermittent" are not present in this topic.

2.3.4 Qualitative analysis

The literature on emergent urban space allocation strategies is still scarce. Smart cities and
big data only began to be significant in the literature from 2011, as demonstrated in Figure 5.
Consequently, big data and ICT applications in road space allocation are still low. In the 12 eligible
papers, there is a lack of definition of some of the emergent terms in assessing smart road space
allocation. Although all eligible papers refer to temporary, dynamic, intermittent, or flexible road
space allocation solutions, some of them are incoherent with each other. Based on the literature,
we propose defining the main characteristics of smart road space allocation solutions, specifically
the differences between temporary, dynamic, intermittent, and flexible solutions, summarized in

Figure 9 and detailed, respectively.
Temporary

According to Galdini (2020), temporary solutions are executed when there is a need for
innovation and change in the urban space. These practices are usually used for revitalizing vacant
public spaces to promote social interactions, economic activities, and environmentally friendly
designs (Ferreri, 2019; Galdini, 2020). Carr and Dionisio (2017) define "Flexible Spaces" as the
regeneration of underused public spaces with temporary and informal solutions. Thereby, it is
interesting to notice that temporary designs mentioned by Ferreri (2019) and Galdini (2020), are
defined as "Flexible Spaces" by Carr and Dionisio (2017). Besides, the authors propose that
"Flexible Spaces" have minimal regulation, are reconfigurable, and democratically accessed by

people who want to use the space.

Site selection for the temporary use of public space is pootly mentioned in the literature
(Galdini, 2020). As a result, temporary solutions are usually based on experimental projects. These
solutions usually have an uncertain time to finish and are planned to be non-permanent (Ferreri,

2019; Galdini, 2020). However, temporary designs can become permanent if they have successful
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outcomes. Temporary solutions can have two forms: community-oriented place-making; and pop-
up or tactical practices. The former is a participatory policy that considers people's needs and
opinions in all or some stages of the project (Ferreri, 2019; Galdini, 2020). While the latter usually
relies on quick and responsive pop-up solutions, lacking or having minimal community
participation in decision-making (Ferreri, 2019). Although temporary solutions can be modified if
they have undesirable results, this type of design is usually not adaptable regularly (e.g., over the
hours or days). When applied in the street, temporary solutions can appear in form of pop-up bike
lanes or parklets. These experimental solutions are usually quick, responsive, cheap, and focused

on active transportation or place-making initiatives.

Nonetheless, these solutions are usually fixed and lack adapting to different demands or
needs during the day. For example, a parking space that serves offices during the day could also
operate as spaces for restaurants to put tables at night, when offices are closed. There is a potential
for using big data to evaluate the efficiency and effect of these temporary solutions in order for
them to become permanent or eventually adapt dynamically to different needs. In a smart city,
these temporary, quick, and responsive solutions (e.g., pop-up bike lanes and parklets) could be

used with simple technology, such as introducing flexible bollards that separate uses.
Dynamic vs Intermittent

Way before the rise of literature on big data and smart cities (recall Figure 5), Viegas and
Lu (2004) developed the Intermittent Bus Lane (IBL). IBL prioritizes transit by informing drivers
not to enter the lane when the bus is approaching the intersection and use it otherwise. The position
of the bus is detected by sensors or communicated by the transport authorities. Depending on the
bus's position, transit signal priority, variable message signs and flashing LED in-pavement lighting
are activated when the lane is exclusively dedicated to the bus and turned off if other vehicles can
also use the lane. A similar concept, denominated Bus Lanes With Intermittent Priority (BLIP),
was proposed by Eichler and Daganzo (2006). The main difference is that the IBL only considers
vehicles entering the lane, while the BLIP considers that the vehicles already in the lane also need
to leave when the bus is approaching the intersection. This adjustment avoids queues ahead of the
buses, reducing transit signal priority dependence. Nonetheless, both concepts lack considering

traffic dynamics and bus operation frequency (F. Zhang et al., 2018).

Serok et al. (2019) and Wey and Huang (2018) analyze how urban and traffic dynamics vary
over time. According to Serok et al. (2019), real-time data and variation of traffic demand analysis

could be used to propose new solutions that adapt urban space, transit frequencies, transit signal
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and traffic demand management accordingly to the fluctuations of demand. In this direction,
sensing and demand management technologies could come into play. Also, the evaluation of the
impacts regarding these new solutions could also be evaluated over time with the rise of big data
(Wey & Huang, 2018). As mentioned, the rise of big data in the main literature since 2016 (refer to
Figure 5), has helped evaluate urban and traffic dynamics in a 24-hour timeframe. Before, it

required intensive labor and high costs to perform this evaluation.

Furthermore, before big data, decision-making was mainly based on historical data. Now,
decision-making can be executed in real-time. Sayarshad and Gao (2018) propose an on-demand
transit system that adapts the routes and frequencies according to real-time information. The
authors propose a dynamic optimization model for enhancing a control policy for selecting vehicles
and routes in a demand-responsive mobility system. Nonetheless, the authors do not relate the

dynamic routes and frequencies with how the infrastructure will support these changes.

N. Zheng and Geroliminis (2013) compare road space allocation strategies (static and
dynamic) of buses and automobiles in a macro-scale environment. The study relies on the problem
that traffic and bus lanes can be underutilized at certain times of day and should adapt to
multimodal demand fluctuations. The static approach considers a dedicated bus lane in the center
of the road. The dynamic space allocation changes its configuration over time according to the bus
demand. The changes were executed in three periods of the day (before peak hour, peak hour, and
after peak hour) to avoid too many changes in the system. In practice, many changes in the system
would make it difficult to be implemented. The dynamic allocation approach uses the urban space
more efficiently than the static one, since it reduces the space for transit that is underutilized in off-
peak periods and increases the space dedicated to the bus during peak-hours when the demand for

passengers is higher (N. Zheng & Geroliminis, 2013).

C. Wang et al. (2016) introduce the Dynamic Circulation Lane Allocation and have similar
findings as N. Zheng and Geroliminis (2013). The former study develops a system architecture in
a smart city context (IoT and ICT) for dynamic lane allocation in highways for buses, rescue
vehicles, and private vehicles. The Dynamic Circulation Lane Allocation aims to share lanes
between different modes when the space is poorly occupied, or there is a lack of space to allocate
all modes statically. In this proposal, sensors detect the multimodal demands over the day, and the
management system decides how the lanes should be allocated. The management system then
informs the horizontal and vertical signaling to adapt accordingly. According to C. Wang et al.
(2010), reallocating road space dynamically in heavy traffic environments may not be efficient. It

justifies keeping a dedicated bus and priority vehicle lanes during peak hours when the demand is
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high. On the other hand, in non-peak hours, bus and priority vehicle lanes can be mixed with traffic

and allocated dynamically.

F. Zhang et al. (2018) examine dynamic lane allocation in a bi-modal environment
(automobile and transit) by allocating space according to fluctuating demands. The paper considers
the interaction between traffic flows and road space allocation by optimizing system cost, public
transportation profit, and user cost. This study also asserts that bus lanes should be exclusively

dedicated during peak hours and mixed with traffic during non-peak hours.

J. Zhao, Liu et al. (2015) developed a methodology for improving the performance of
signalized diamond interchanges that connect highways in urban and suburban environments by
adopting dynamic reversible lanes. The dynamic reversible lane is executed in the internal link of
the signalized diamond interchange by changing the direction of the lane according to traffic
dynamics. Dynamic reversible lanes differ from the other dynamic space allocation studies since
they are only directional movement changes and do not assign the lane to other transport modes

or urban functions.

Summing up, although dynamic and intermittent road space allocation solutions are similar,
some differences distinguish both concepts, as shown in Figure 9. The main difference is that
dynamic applications consider fluctuations of demands and are usually adapted in periods (e.g.,
peak and non-peak hours). In contrast, intermittent applications are reactive to the position of
priority vehicles, changing how the lane is used in real-time. Intermittent strategies are
technologically dependent since they rely on vehicle detection and ICT. Dynamic solutions can use
technology as well but are not fully dependent. Historical data and traditional vertical signaling may
change the configuration of space dynamically in less complex situations. Potentially, a traffic lane
can become a recreational cycling lane in low-traffic periods such as Sundays or evenings. Dynamic
solutions can be permanent or non-permanent depending on the level of investment and
technology used to sense and manage the road. On the other hand, intermittent solutions are often
permanent due to the high cost and time for changing signaling and ICT infrastructure. Thus, while
intermittent solutions are only applied with smart city infrastructure, dynamic solutions are not

dependent on a technologically developed system.
Flexible

Ferreri (2019) and Galdini (2020), use the term "flexible" to define the planning and process
of temporary urban space solutions. According to Galdini (2020), the lack of flexibility in norms

and regulations is a barrier to implementing rapid and temporary solutions in urban space. In
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comparison, Ferreri (2019) claims that pop-up infrastructure and temporary solutions are based on
flexible and short-term planning. Galdini (2020) also uses this term to refer to adaptable design

characteristics of temporary spaces, as mentioned in:

"Thanks to the transformable and temporary character of their elements, spaces become

flexible and capable of adapting to spatial and functional changes over time. "

As mentioned, Carr and Dionisio (2017) use the term "flexible" to define the concept
"Flexible Spaces", referring to temporary design in vacant spaces. F. Zhang et al. (2018) refer to
flexible in dedicated bus lane designs to explain how lane management can be dynamically adapted
throughout the day according to multimodal demands. Here "flexible" has a similar connotation as
"dynamic". While J. Zhao, Liu et al. (2015) refer to flexibility as a planning tool and an intrinsic
characteristic of the system to enhance dynamic designs. The terms "flexible" and "flexibility" are
confusing terms in the literature. They may refer to temporary or dynamic road designs or the
planning process of these designs. Therefore, we do not recommend using this term to define a
type of urban and road allocation solution. We suggest that flexibility should be used to characterize
how adaptable the planning process may be, as illustrated in Figure 9. In conclusion, temporary,
dynamic and intermittent solutions need to have a flexible planning process in order to adapt to

changeable factors through time (e.g., demand, urban dynamics, urban functions, etc.).

Flexibility in the planning process

-y

-

- ~
’
7/ \\
II k
- - ‘
! Intermittent Temporary Dynamic '
1 I
1 1
1
1 Reactive modifications on the . . Modifications of the space :
., i Unpredicted life cycle but does . .
1 space according to the position not adapt constantl according to fluctuations of 1
: of a priority vehicle. p Y- demands in defined periods. 1
1
1 I
: Does not consider traffic and Does not consider traffic and Considers trafficand urban I
1 urban dynamics. urban dynamics. dynamics. :
1 I
1
1 Constant adaptation of the Adaptation of the system :
1 system by using real-time data "Try and test" perspective according to data (real-time or 1
: and vehicle detection. previous data). 1
1
1 1
] .
Technologically dependent (ITS . . . Can use technology, but not I
: and ICT). Data driven solutions. Cheap, quick and rustic designs totally dependent. :
1 I
l Non-permanent solution, that 'I
() . Permanent or non-permanent
Permanent solution. can become permanent . I
\ d N solutions.
‘ epending on the outcome. ’I
.
S g

-~ -
- -

Figure 9: Definition of flexible, intermittent, temporary and dynamic applications of road space allocation solutions.

Source: Author.
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2.4 Discussion

2.4.1 Research gaps and contributions to the literature

Temporary and dynamic applications in road space began to be published in 2013, being in
line with the rise of emerging concepts and methods (refer to Figure 5). Intermittent road space
allocation is published way ahead of their time. It is important to emphasize that intermittent bus
lanes were seminal in smart road space allocation, even before the rise of big data and smart cities

in the literature.

On one side, temporary solutions are mainly held in local access streets to achieve place-
making and reclaim vacant public spaces. On the other side, intermittent and dynamic solutions
are mainly studied in arterials and highways and focused on traffic performance. Ultimately, smart
road space allocation solutions are poorly studied in more urban and complex environments, where
there is a high dispute and limited space to fulfill access/place and movement functions. It is
necessary to consider active transportation and different land-use throughout the day in more
complex environments. The few studies mentioned in this review do not consider active
transportation or shared mobility when allocating space. Only C. Wang et al. (2016) recommend
that pedestrians and cyclists receive information on their smartphones about current road
conditions when allocating road space dynamically. Still, the lanes are not allocated to them, and
the possible conflicts with vehicles are not considered in the dynamic lane management

architecture.

Dynamic and intermittent proposals only take into account the carriageway overlooking the
adjacent space (e.g., sidewalks) and buildings. This gap needs to be considered if these smart road
space allocation solutions are implemented in more complex spaces due to the significant influence
of land-use density and diversity in mode choice and fluctuations of demands of daily trips,
respectively (Cervero, 1996). The main literature on dynamic and intermittent solutions is strictly
related to the movement function of the road, allocating space to different modes of transport.
Still, these initiatives can potentially allocate the space to non-transport initiatives or the mix
between transport and place-making initiatives. For example, a traffic lane could become a market
or an expanded space for restaurants and bars during underused times. A gap to be fulfilled is in
terms of user acceptability and whether these smart road space allocation solutions can promote
social exclusion. As Lytras et al. (2021) mentioned, some smart solutions may not be accessible or
easy to understand for all users. Future studies need to assess how different smart road space

allocation solutions may have different acceptance levels. Chapter 6 presents an initial discussion
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on how different applications of allocating road space dynamically can achieve different levels of

social acceptance.

The use of big data and ICT to detect transport and urban dynamics and communicate to
the infrastructure is important for not only allocating road space for different demands over time,
but also adapting in case of an unpredictable event. For example, if an accident occurs, a lane in
the opposite direction can be allocated until the traffic returns to normal. Additionally, smart road
space allocation solutions could also allocate urban space efficiently and better in case of a sudden
change in travel patterns. This was the case during the beginning of the Covid-19 pandemic when
traffic lanes became vacant, and recreational walking and cycling trips increased. A smart
infrastructure could potentially have allocated underused traffic lanes to pedestrians and cyclists

not only to adapt to the current need but also to promote social distancing.

Ultimately, urban space is scarce, and these smart solutions can allocate space for different
needs during the day, as many transport modes and urban functions have disputing or
complementary demands. When the demands of all transport modes are high (e.g., peak hours),
there is a policy dilemma regarding how much space should be allocated for a certain transport
mode. On the contrary, when demands are complementary, there is a transport mode with higher
demand than others at a certain time. Therefore, road space could be dynamically allocated to
higher needs when urban space is underused. While sensing technologies and big data are essential
for detecting multimodal and multifunctional fluctuations of demand, transport demand
management technologies have the role to adapt the space according to policy goals and underused
spaces. Although this chapter discusses briefly how technology can be used in smart road space
allocation solutions, in Chapter 4, we develop a road space allocation smartness level framework,
similar to the Driving Automation Levels (Society of Automotive Engineers, 2019) and the Bicycle
Smartness levels (Kapousizis et al., 2023). Emerging transport modes such as autonomous and
connected vehicles require vehicle-to-vehicle and vehicle-to-infrastructure communications, while
other transport modes are not dependent on these types of technologies. Different smart road
space allocation solutions may be more appropriate depending on the transport modes involved,
local context, and policy goals. This smartness level may help researchers and policy makers to
determine which types of sensing and transport demand management technologies are required or

suggested for different smart road space allocation solutions.
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2.4.2  Implications for practice

Large databases require text mining techniques to be able to detect patterns. Nonetheless,
we argue that conventional literature reviews with a smaller number of documents may also include
such techniques. Our approach demonstrates that using text mining before reading the full
documents can provide an initial analysis of the papers, and organize the ideas into topics, and
through time, as explained by the method. With a small sample, it was also possible to analyze if
our analysis of the topics and bigrams were coherent with the qualitative analysis held a posteriori.
We conclude that text mining in conventional systematic literature reviews achieves satisfactory
results. Nonetheless, it is important to be very rigorous on the preprocessing techniques since this
step significantly impacts the results. Programming techniques such as R and Python enable an
interactive and rigorous assessment of each method step. Text mining applications using "black
box"" softwares, which provides only the final output, are often less informative due to weaker

preprocessing.

Although the R programming libraries used in this method are not new, an application of
the methods to literature reviews has not been made. We provide an open-access dataset, code,
and guidelines to ensure the reproducibility of the results and also the generalizability to other
research fields. This initiative is a step that goes in line with more collaborative, open-data, and

data-driven projects in Information Sciences (Kar & Dwivedi, 2020).

2.4.3 Limitations and future research directions

This paper has opted to perform a systematic literature review on smart road space
allocation solutions on the top 10 transportation and urban studies journals. This methodological
choice allowed us to collect the most relevant literature on the fields in question. We limited the
analysis to these journals in order to include all the periods of published papers to perform the
historical analysis. We wanted to maintain the review on a reasonable number of papers to
introduce text mining techniques in the literature while also being able to perform a qualitative
analysis. The choice of limiting within the transportation and urban studies areas was to have a
more focused analysis on the contributions being held in these research fields. As some of the
selected keywords were very interdisciplinary and popular such as "smart city" and "big data",
expanding the review and applying text mining techniques could lead to results not within the
interest of this paper. Also, we contribute to whether using text mining in a small number of
documents contributes or not to the analysis. Nonetheless, we acknowledge that expanding the

review to common databases such as Scopus, Web of Science, and Google Scholar can provide
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more eligible papers, or even expand to other research areas. Chapter 4 presents an expanded and
more recent review focusing on the technologies applied to smart road space allocation. We believe
this step is relevant, especially on topics requiring a more interdisciplinary analysis. It would be
interesting to expand the review to analyze the role of big data, smart cities and smart road space
allocation on adapting to changes in travel behavior during the Covid-19 pandemic. Specifically, in
this topic, other fields of research are very relevant for a more interdisciplinary approach such as

economics, psychology, and health information management.

A limitation of using topic models is that researchers need to define the number of topics
before the model. There is a need for interactively running models to define the number of
parsimonious topics that provide sufficient information. Additionally, it may not be clear to
understand all the information included in a topic and its relation to the research questions. Using
n-grams is essential for interpreting the information on the topics. An example was the word
"cycle" that often is related to bicycle, but appeared in the bigram as "ith-cycle". After interpreting
the topic in our case, we concluded that "cycle" is actually the cycle time of traffic signals. Human
interpretation and previous knowledge on the researched topic can influence the results'
interpretation quality. Therefore, we believe that text mining does not replace the review or the

human interpretation but is a tool to assist and help organize the main tendencies of the documents.

2.5 Conclusion

This chapter analyzes the main literature on emerging road and urban space allocation
strategies. We propose a systematic review methodology and provide the code to use text mining
on abstracts and full papers. Initially, we used word frequency counts in abstracts to provide
historical background and context to the analysis. This step was linked to the main urban landmarks
and events that contributed to smart road space allocation solutions. Sequentially, we analyzed the
tull eligible papers (as defined per our criteria) using topic modeling and bigrams to detect patterns.
Although text mining does not give a complete analysis nor replaces reading the papers, it can be
important for an initial interpretation and detection of document patterns. Ultimately, both text
mining proposals on abstracts and full papers are reproducible in future literature reviews on other

transportation topics and research fields.

Based on the literature, we define and discuss the differences between using terms such as
dynamic, intermittent, temporary, and flexible in smart road space allocation solutions. This
definition is essential to guide towards a clear and standard definition of each type of solution. The

term "flexible" is confusing and misused. We suggest that "flexible" is used to describe the planning
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process of smart road space allocation. The historical evaluation of the papers allowed us to analyze
how urban policies shifted from a traffic-centered performance and safety evaluation of the street
in the 1970s and 1980s to considering streets also as an important public space. Also, despite a
significant rise in studies regarding emergent concepts such as smart cities and big data, few papers

consider these approaches in road space allocation.

The literature on temporary solutions focuses on policies related to public space
revitalization through experimentation. Consequently, temporary solutions have an uncertain time
to finish and are maintained or removed depending on their outcome. Intermittent strategies
perform reactive lane management, allocating the lane according to the bus's position. Nonetheless,
Intermittent Bus Lanes and Bus Lanes with Intermittent Priority lack considering traffic and urban
dynamics and are not suitable in heavy traffic environments. Dynamic lane allocation allocates the
lane to different uses in different periods of the day (e.g., peak and non-peak periods) according to
multimodal demands. Most studies on dynamic space allocation focus on traffic and bus
performance. The few studies on smart road space allocation do not include active transportation
or emergent forms of transport in allocating road space intermittently or dynamically and are more
focused on suburban areas, highways and arterials. Urban and complex spaces are not considered

in these designs.

One of the leading literature gaps is using these smart solutions to achieve sustainable
development goals and more livable cities. While emergent solutions are focused on allocating
space according to fluctuations of demand, policy makers often allocate road space according to
their policy goals (F. Zhang et al., 2018). Potentially, it is possible to allocate space dynamically or
intermittently to increase a specific transport mode, even if the existent demand is not high (e.g.,
increase cycling levels). In a smart city, urban space planning is essential to achieve sustainability.
In more urban environments, smart road space allocation solutions should not only focus on more
efficient use of space in terms of performance — travel times and emissions -, but also focus on
achieving transport justice goals and people-centric spaces. Road space allocation strategies that
change over time should consider public acceptability and how the many socio demographic

segments are able adapt to road space changes.

2.6 Replication and data sharing

The code, data, and guidelines for reproducing the results of this paper can be found at:

https://github.com/valencal3/LiteratureReview TextMining.
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Chapter 3

What we have learned so far

In Chapter 2, different types of smart road space allocation were defined. Dynamic changes
to road space are dependent on fluctuations of demand and are usually held in periods (e.g., peak
and non-peak) rather than in real-time. Studies on allocating road space dynamically are
predominately in the direction of dynamic lane allocation and dynamic reversible lanes focusing on
traffic performance, considering only motorized vehicles and transit, and lacking consideration of
the adjacent space of the road. Applications of dynamic lane allocation and dynamic reversible
lanes are usually studied in highways and arterials, lacking applications in more urban and complex
areas, where there is a high dispute but limited space to fulfill both mobility and access street

functions.

What to expect in Chapter 3

Chapter 3 brings an initial discussion on the conceptual assumptions, possible applications,
technological solutions, and challenges and opportunities for reallocating road space dynamically
over time in complex and urban environments. We define the concept of dynamic road space allocation
which is the object of study of the thesis, based on the definition of "dynamic" and the gaps found
in the previous chapter. Highly disputed spaces could potentially be allocated dynamically for
different modes or functions when they are underutilized. Technologies such as LED in pavement
lighting and variable message signs could be used to manage the space and inform users of dynamic
transitions. Also, sensing road space and using big data could characterize different demand
patterns and fluctuations, providing data to help decide when and who to reallocate road space
dynamically over time. Reallocating road space dynamically may face many challenges related to
equity, financial and technological constraints, built environment restrictions, enforcement, legal
framework/ regulation, governance of data ownership and usage, as will be discussed in the

following chapter.
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Chapter 3

3 Main challenges and opportunities to dynamic road space

allocation

This chapter has been published as: Valenga, G., Moura, F., & Morais de S4, A. (2021).
Main challenges and opportunities to dynamic road space allocation: From static to
dynamic  urban  designs.  Journal of Urban  Mobility,  1(100008).
https://doi.org/10.1016/j.urbmob.2021.100008

3.1 Introduction

After many decades of car-centered planning, many cities are now favoring people-centric
planning in line with the United Nation's Sustainable Development Goals (SDG). For instance,
SDG11 aims to "Make cities and human settlements inclusive, safe, resilient and sustainable"
(United Nations, 2015). Also, the European Union's White Paper aims to reduce at least 60% of
transport GHG emissions by 2050 and proposes more efficient transport systems with better
traffic demand management, land-use planning and reallocation of urban space for sustainable
modes of transport (European Commission, 2011). The problem is that urban space is a contested
space of which transport facilities use a significant amount. As cars took up more urban space than
other transport modes, cities struggled with increasing congestion levels and carbon dioxide and
other polluting emissions. The issue of justice and equity of road space allocation arises, besides
health and environmental impacts (Banister, 2008; Gossling et al., 2016). Although scarce, road
space (from facade to facade including roads, parking, bicycle lanes, and sidewalks) must allocate
all the functions needed to support economic activity and create livable and equitable urban spaces

(von Schonfeld & Bertolini, 2017).

Although, in many developed world cities, the road space initially planned for the
automobile has begun to be reallocated for sustainable transportation alternatives (I. H. Jones,
2014), still, urban road space is often idling—e.g., congested multilane avenues during peak hours
are often underutilized in off-peak hours. Likewise, on-street parking in residential areas is scarce

overnight but underutilized during the day when residents leave to work. Other examples could be
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given. Thus, planners could reallocate idling road space for other transport purposes (e.g., bus or
cycling lanes) or urban functions (e.g., markets, promenades) without critically jeopardizing levels
of service of current road users. Such approaches exist today, such as nighttime parking or on-
street weekend markets. However, these designs are predominantly local and static, and often they
follow a fixed rule; or they are temporary (e.g., pop-up cycle lanes). Complex and dynamic
situations are not considered in these types of solutions when there are changeable patterns of
demands and activities throughout the day. Overall, they do not reallocate space according to

demand-responsive criteria for varying mobility or access needs.

In this context, we propose the concept of dynamic road space allocation to better respond to
the scarcity of space in some urban areas and its dispute for competing uses and functions.
Therefore, this proposal aims to contribute to achieving more equitable and efficient patterns of
road space distribution (from fagade to facade) in urban areas. In this context, dynamic road space
allocation aims to reallocate road space according to current and potential multi-modal and multi-
functional uses of the road space in pre-established time gaps (e.g., peak hour and non-peak hour).
The main goal is to accommodate the many uses and functions that the public space may have,
with fluctuations of intensity and type of demand over time, while addressing severe problems of
today's cities, such as congestion, sustainability, equity, and safety. Big data, Information and
Communication Technology (ICT) and Intelligent Transportation Systems (ITS) can be used as
relevant tools for designing adaptive road space solutions. Namely, they can define where, when,
and how the road space can be dynamically changed when mobility and access needs vary over

time without severely compromising the level of service of concurring modes.

The objective of this chapter is to discuss the state-of-the-art, main challenges and
opportunities, technical solutions, indicators for site selection, and propose a methodological
framework for implementing dynanzic road space allocation in contested and scarce urban spaces. The
motivation of this approach is to improve the sustainability of urban mobility by making active
modes and transit more attractive by reserving more space when traffic lanes are underutilized (e.g.,
non-peak hours). Furthermore, reallocating space for sustainable modes in specific periods of the
day or week can potentially attend to existent and latent demands and increment equity and

efficiency in the use of a scarce resource as road space is.

First, a background is presented to discuss the similar concepts, applications, and gaps to
be fulfilled to introduce the concept of dynamic road space allocation. Then, we present the conceptual
assumption for selecting the most appropriate zones for implementing dynamic road space allocation.

There is a following section reviewing the potential use of big data and data-driven technologies
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for implementing the dynamic urban concept. Sequentially, we demonstrate the existing technical
solutions that can be used for dynamic road space allocation. Next, a section is reserved for discussing
the challenges and the opportunities that this concept may face. Then, we suggest a methodology
for implementing dynamic road space allocation. Finally, the main conclusions and references are

presented.

3.2 Background

The proposals of the Intermittent Bus Lane (IBL) and the Bus Lane with Intermittent
Priority (BLIP) were seminal in using transit signal priority to reallocate traffic lanes in real-time
for buses and automobiles. The IBL and BLIP allocate the bus lane to motorized vehicles when
the bus is not approaching the intersection, and prioritize buses otherwise (Eichler, 2005; Eichler
& Daganzo, 2006; Viegas & Lu, 2004). Compared to dedicated bus lanes, IBL. and BLIP, improve
the effectiveness of transit signal priority since green phases for traffic and buses do not need to
be separated, and partially overcome the road's capacity reduction (Xie et al., 2012). IBL was the
first proposal to use LED in-pavement lighting and variable message signs to indicate to the driver
if they can or not use the bus lane (W. Wu et al., 2018). However, both approaches do not consider
different demands and patterns of traffic flow during the hours, days and seasons (F. Zhang et al.,
2018). This fact may lead to long car queues in the bus lane during peak hours, which decrease the

performance of these schemes.

The limitations of IBL and BLIP related to traffic dynamics influenced the literature on
dynamic lane allocation to improve transit capacity and efficiency (Xie et al., 2012; F. Zhang et al.,
2018). Even though they are similar, dynamic lane allocation in transit applications differ from IBL
and BLIP schemes mainly in three aspects: considers traffic fluctuations over the hours;
adaptations of the lane tend to be in periods of the day rather than in real-time; uses historical or
real-time data but are not dependent on vehicle detection as IBL and BLIP. Besides transit priority
schemes, dynamic lane allocation has been studied for opening the hard shoulder for traffic in peak
hours (Mehran & Nakamura, 2009); reversible lanes (Hausknecht et al., 2011; J. Zhao, Liu, et al.,

2015); and dynamic lane reversal for autonomous vehicles (S. Chen et al., 2022; Duell et al., 2010).

An example of dynamic lane allocation that considers traffic dynamics is the "Dynamic
Circulation Lane Allocation" proposed by C. Wang et al. (2016). This system analyses the dynamic
allocation of lanes in expressways for buses, rescue vehicles and automobiles. In low traffic periods,
the bus lane is treated intermittently, in a similar approach to BLIP. Instead of using vehicle

detection on the buses, the bus drivers request the right-hand lane when approaching the traffic
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upstream. Thereby, all traffic lanes are dedicated to general vehicles when there are no buses and
dedicated to buses otherwise. However, when all lanes are congested the right-hand lane is reserved
exclusively for the bus during the whole period ("static mode"). The "dynamic" factor, in this case,
is the consideration of traffic dynamics in deciding which approach to implement (intermittent —
adaptations in real-time; or static — dedicated bus lane). On the other side, Zhang et al. (2018)
propose that some lanes are exclusively dedicated for buses in peak periods and shared with all
vehicles during off-peak. N. Zheng and Geroliminis (2013) evaluates dynamic lane allocation in
expressways for automobile and buses by moving from the city center to the periphery in three
periods (peak hour and before and after off-peak hours). Both approaches consider pre-established
periods during the day and believe that the changes should not be executed too often as it would
be unpractical to implement (F. Zhang et al., 2018; N. Zheng & Geroliminis, 2013). Real-time
adaptations of the road space require that users are adequately informed and that regulations are

strictly in line with user safety (C. Wang et al., 2016).

While robust literature focuses on dynamic lane management in expressways and arterials,
little has been done considering urban environments, signalized intersections, and other road
hierarchy classifications (Alhajyaseen, Najjar, et al., 2017). As demonstrated, most literature on
dynamic lane allocation is focused on capacity expansion and travel time reduction. Although in
freeways and arterials, the mobility function of the road should be prioritized, this focus is just not
sufficient in urban environments and in lower network hierarchy levels where there are much more
complexity and functions to fulfill (e.g., access and social spaces). Therefore, dynamic lane

allocation has limitations that preclude its application in urban environments.

The literature on dynamic lane allocation is mainly focused on increasing traffic
performance considering only motorized vehicles (automobile and bus). Even the papers that
consider traffic flow over time, lack in considering other modal demands, activity needs and the
"place" status of the street. Additionally, the demands of active transportation and their interaction
with motorized vehicles are not considered in terms of performance and safety. Only the traffic
lanes as part of the public space are considered in these examples. Sidewalks, housing, commerce,
and other critical urban features are not taken into account. In this context, we propose the concept
of dynamic road space allocation to fulfill the limitations of dynamic lane allocation in urban
environments. The following section demonstrates the conceptual assumption for implementing

dynamic road space allocation.
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3.3 Conceptualization of dynamic road space allocation

Unlike dynamic lane allocation, the concept of dynamic road space allocation should characterize
the urban space in two separate entities: i) space of the road network, ii) space of the buildings
(Berghauser Pont et al., 2019; Hillier, 1996). Both types of urban space have a significant influence
on travel behavior. While the road network is more related to the intensity of multimodal demand,
land-use patterns and associated activities are more likely to influence the fluctuations of demand
intensity during the day (Berghauser Pont et al., 2019). Therefore, the dynamic road space allocation
should consider demand intensity and fluctuations over time to change its use appropriately. To
implement dynamic road space allocation, we believe that locations must require four main aspects that
will be explained sequentially: held in main or local distributors following the mobility x access
dilemma; have high connectivity of the road network; be in dense urban areas; and have diverse

land uses'.

3.3.1 Street space: mobility vs access dilemma

The amount of urban space dedicated for mobility or access functions of the road network
has traditionally been assigned in detriment of its hierarchy classification (Austroads, 1988, 2015;
Seco et al.,, 2008), following not only geometric characteristics, but also its topology and function
(Barthelemy, 2017; Seco et al., 2008). It is important to emphasize what we mean by mobility and
access space. On one hand, the space dedicated to traffic lanes to fulfill traffic flow requirements,
and movement of people and goods is usually assigned for the mobility function. On the other
hand, the space dedicated to accessing activities through parking spaces or sidewalks usually fulfills
the access function. Figure 10 shows how the road network is often classified in detriment to its
mobility and access functions in a four-level classification: arterials, main distributors, local
distributors, and local access. The designs of mobility and access spaces in the network are

historically assigned according to this classification. As demonstrated in Figure 10, the arterials and

! Chapter 5 presents an implementation of the conceptual assumptions mentioned in this chapter to case study of
Lisbon. However, in Chapter 5, besides considering spatial attributes (street morphology and land use characteristics),
we also considered temporal attributes. We measured the fluctuations of traffic and public transport demands
throughout the day using Google Traffic API and GTFS datasets, including them also as criteria for selecting potential
sites for reallocating road space dynamically.
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freeways prioritize space for mobility. As a result, the application of dynamic lane allocation in this
hierarchy level is coherent since the performance of the road network should be prioritized.
However, in main and local distributors, besides the mobility function, space for access should also
be given, which does not align with the literature of dynamic lane allocation. On one hand, main
distributors have the primarily function to connect the arterials to local areas, while also providing
space to access activities. On the other hand, local distributors connect local access streets to more
mobility-oriented streets, but prioritizing access space for activities and pedestrians (Refer to Figure

10).

Mobility Access
Dynamic Lane Allocation Dynamic Road Space Allocation Temporary measures
i | S
100% | | 100%
\ |
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Figure 10: Road hierarchy classification and road space allocation dilemma
(hatched area of the graph are the functions' overlapping zones).
Source: Author. Adapted from Austroads (1988)

As urban planning is often static, reallocating space in roads within a zone near the
overlapping area (hatched area in Figure 10) may not be evident for decision-makers to which
function to prioritize. Additionally, the need for urban space to fulfill mobility and access functions
may not be constant throughout the day but vary according to demand fluctuations and different
activities along the hours. In many cities, main and local distributors were previously designed to
prioritize traffic performance and access through parking spaces. Recently, urban practices such as
road diets and complete streets began to change this paradigm. While road diets aim to remove
traffic lanes to allocate to other transport modes or purposes, complete streets aim to redesign

streets to give space to all transport modes by also reallocating parking spaces, for example (Valenca
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& Santos, 2020; Zavestoski & Agyeman, 2015). Although these practices give more space to
sustainable transportation, they still fail to completely consider the street as a dynamic entity. As a
result, they do not adapt their design to variations of multimodal demands and activities throughout
the day (Mehta, 2015). With the tendency to reallocate space for sustainable transportation through
initiatives such as road diets and complete streets, the dilemma arises from the amount of space
that should be reallocated, the limited space to fulfill both access and mobility functions, and the
consequences on traffic jams. Potentially, implementing dynamic road space allocation in this context
may overcome this dilemma and even face political and public resistance to reallocate space for
sustainable transportation, by adding the flexibility dimension of planning. It is also important to
consider the connectivity of the road network. The connectivity of the network determines if the

road appropriately satisfies its primary function.

On the other hand, local access streets are usually less complex than main and local
distributors. In this case, experimentation pop-up initiatives and other temporary measures may be
more suitable than dynamic road space allocation due to the high priority on the access function of the
street. As many local streets are car-oriented, with the access space being mainly attributed to
parking, revitalization of these spaces is important to change this paradigm to a more sustainable
one. Simple, cheap and quick initiatives of remarking streets and repurposing car parking to
playgrounds or parklets, for example, have demonstrated positive impacts on modal shift away

from car, safety, physical activity and increase in social interactions (Bertolini, 2020).

3.3.2  Building space: density and diversity

It is known that fluctuations of multimodal demands over time are more influenced by the
land use than the road network (Berghauser Pont et al., 2019). According to Cervero (1996), while
land use density is more likely to influence mode choice, land use diversity is related to the
fluctuation of trips during the day. When both land use density and diversity are combined, active
transportation tends to rise, since activities become closer to work and home, such as restaurants
and shops (Cervero, 1996; Cervero & Kockelman, 1997). Mixed land-use patterns also enable the
implementation of dynamic road space allocation. For example, parking spaces for office workers during
work hours can serve restaurants at night (Cervero, 19906), not only as parking but also as parklets.
The different spatial and temporal needs of the built environment, especially in diverse and dense
neighborhoods, characterizes an intensive urban dynamic that should be considered in urban
designs. Thus, flexible planning could better deal with uncertainties and better accommodate the

many roles that the public space and street may have over time (von Schonfeld & Bertolini, 2017).
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The following section demonstrates how big data can be used to detect demand intensities and

fluctuations over time.

3.4 Big data and data driven technologies as tools for implementing

dynamic road space allocation

The high connection of people through internet applications, smartphones, and other
mobile devices has transformed the way of collecting and analyzing data. The scale of data has
substantially increased through sources such as social media, mobile applications, Point of Interest,
and GPS. Big data has transformed the sense of urgency in urban planning. Urban planning
traditionally relies more on medium and long-term planning focusing on horizons of years, as
short-term management of cities is often less informed than long-term planning. Recently, with
real-time big data, it is possible to plan cities based on data in a shorter-term - minutes, hours, days

- (Batty, 2013).

Furthermore, new mobile phone apps have modified the way people move. For example,
Waze and Google Maps optimize people's travel time routes by redirecting to less busy routes.
These apps are utility-based and do not consider public well-being or livable environments. Real-
time apps are influencing urban dynamics which weakens the role of long-term planning (Serok et
al., 2019). In this context, many forms of sensor technologies that provide big data are being used
for planning cities. A vast amount of literature has been developed in understanding travel behavior
and patterns (Calabrese et al., 2013; S. Li et al., 2020; Orellana & Guerrero, 2019; Ren et al., 2020;
Z. Wang et al., 2018), traffic performance and forecast (L. Li et al., 2015; Yingcheng Li et al., 2019;
Osorio-arjona & Garcia-palomares, 2019; Toole et al., 2015; Y. Zhao et al., 2018), and land use and
urban development (E. C. M. Hui et al., 2020; W. Liu et al., 2020; Martin et al., 2019; J. Park &
Kim, 2019; Zhu et al., 2017).

The advent of crowdsource big data has provided a new way to sense and understand the
complexity and dynamicity of public space. It is possible to analyze the dynamics of the city by
evaluating spatio-temporal human activities and mobility patterns (L. Cai et al., 2019). Serok et al.
(2019) analyze how traffic flows vary over time but lack consideration with activity patterns; Kang
et al. (2012) identifies individual routes through mobile phone data to relate changeable mobility
patterns with urban morphology. However, the authors do not take into account the many
functions that public space may have. Tu et al. (2017) use social media and mobile phone location
data to analyze the houtly changes of public space functions, travel patterns, and activities. In any

case, the dynamic urban functions discussed by Tu et al. (2017) were only in a temporal dimension,
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lacking the relationship with spatial patterns (L. Cai et al., 2019). Therefore, with recent technology
and big data analysis it is possible to analyze some aspects of urban dynamics and travel behavior

by using a data-driven approach.

Sensors, video analytics, or apps such as Waze can be used to detect patterns and urban
dynamics in order to propose different scenarios of reallocating space dynamically over time.
Ultimately, the use of big data can detect and classify the fluctuations and patterns of travel
behavior and public space usage in a 24-hour time frame. Traditionally, transport flows are detected
through manual traffic counts in peak hours, to plan the infrastructure for a capacity when there is
maximum demand. The problem is that outside the peak hours, infrastructure is often
underutilized, and could be used for another purpose. Thereby, the use of big data can give support
to an informed short-term planning. Different solutions of dynamic road space allocation could be
defined through simulation scenarios based on the demand data collected, land use and policy
priorities. An example of a case study on using big data to evaluate different approaches for dynamic
road space allocation is demonstrated in Figure 11. It is important to mention that this is an example,

in a case where city municipality is not virtually connected through ICT.

Ultimately, some of these new proposals to plan cities have appeared not from urban
planners, but from technology developers. Urban planners have criticized many emergent city
planning proposals (e.g., smart cities) and new technologies, arguing that data-driven cities without
knowledge and theory are worthless (Batty, 2013). On the one hand, big data and new technology
can be a massive source of information and data. On the other hand, there is doubt whether these
emergent technologies and forms of planning can actually promote efficiency, sustainability and
equity in urban environments. A line of criticism of big data enquires which purpose data is used
and who gets to use it. In this direction, Zuboff (2015) defines "surveillance capitalism" as the use
of big data and data-driven technology in order to modify people's behavior to earn profit and
market control. According to the author, private companies such as Google, use illegitimate
mechanisms of data extraction to predict user behavior and create new markets of control (Zuboff,
2015). Open data from social media for example, is used to not only direct people to buy products
and services, but also to influence people in changing opinions of matters such as politics. The
concern of Zuboff (2015), is that companies would use this data to build profiles. Then, ads,
marketing and other techniques are used to change the behavior of each profile, not for the

wellbeing of the community, but for the own company's interest.
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Figure 11: Example of a case study of using big data to evaluate scenarios for dynamic road space allocation.
Source: Author.

The use of big data and ICT technology to plan and connect cities and people is directly
related to the concept of smart cities (Moura & De Abreu E Silva, 2019). Albino et al. (2015)
discuss how smart cities are defined in the literature from 2010 to 2014. The authors conclude that
smart cities are multi-faceted and are treated in two dimensions: hard (Engineering and
technological emphasis) and soft (social-economic, policy, and education). However, the concept
tends to shift from a technological perspective to focus mainly on people and community needs.
A city that is only connected does not necessarily mean that it is smart if the technology is the end
in itself (Albino et al., 2015; Kummitha & Crutzen, 2017; Moura & De Abreu E Silva, 2019). Some
authors claim that the private sector will manage the urban space in smart cities (Hogan et al.,
2012). This is certainly a concern regarding surveillance capitalism, so that doubts remain as to

whether smart cities can achieve sustainable development and social inclusion (Datta, 2015).

Kummitha and Crutzen (2017) expand the review from Albino et al. (2015), by defining
four main perspectives of thinking in the literature related to smart cities: Restrictive; Reflective;
Rationalistic (or Pragmatic); and Critical school of thought. All perspectives of thinking are related
to the levels of hard and soft dimensions mentioned by Albino et al. (2015) that are respectively
named differently in the paper: technology-driven method and human-driven method. Restrictive
thinking considers ICT, the Internet of Things (IoT), and data-driven cities as an essential part of
smart cities. Still, it does not consider the needs of the community, social inequality, or sustainable
development. Reflective thinking considers that technology should enhance human knowledge,

habits and characteristics that contribute to economic activity. However, many criticize its
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technology-centered perspective, where the private sector holds the main role in structuring smart
cities, and possibly withholding to address the social complexity of cities. The Critical school is
skeptical to the existence and practice of smart cities in its all. The Rationalistic school shifts the
focus from technology to people, in which technology should be used in contexts based on the
needs of the citizens (Kummitha & Crutzen, 2017). Kummitha and Crutzen (2017, p. 47) so refers

to the Rationalistic school:

"it is not the technologies that smart cities need to give significant attention; they need more to
focus upon enabling citizens to enhance their capabilities, who then utilize their skills and
capabilities to invent and promote the usage of technology while addressing their own

problems.”

In this thesis, we follow the Rationalistic school to assess how road space allocation can be
used dynamically to the extent that technology is used to adapt the infrastructure to respond better
to mobility or access requirements, not the other way around. Even though the Rationalistic school
is seen as a utopic goal by some authors (Datta, 2015; Jazeel, 2015), we believe that dynamic road
space allocation should use technology to increase efficiency and equity while enabling more livable
environments. While big data can be used to define the different scenarios of dynamic road space
allocation through urban and traffic dynamics analysis, ICT and ITS could be used to implement
such scenarios (more detail in the next section). Finally, we acknowledge and discuss the main

challenges to achieve such an approach in section six of this chapter.

3.5 Existent solutions for implementing dynamic road space allocation

Using technology is a coherent direction for dynamically allocating urban road space. There
are already some technologies that ensuring dynamic urban spaces in pavement design and traffic
management. Some of these applications are illustrated in this section and explained how they

could be used for dynamic road space allocation.

Figure 12 shows examples of ITS tools that are widely used in traffic management. The
automatic rising bollard, illustrated in Figure 12a and Figure 12b, is usually used to restrict
automobile access in local streets with a high demand for active transportation or allow only
residents to enter a certain zone. This tool can be crucial for applying adaptable urban spaces, not
only in local and residential areas, being important for managing space for different transportation
modes and uses in different periods of the day, week, or season. For example, automatic rising

bollards could be used in busier environments (main distributors), where traffic is allowed during
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the day and restricted during the evening to provide more space for activities such as markets,

commerce, or events.
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Figure 12: ITS applications in traffic demand management. a) Automatic rising bollard in Lisbon, Portugal; b)
Automatic rising bollard in Porto, Portugal; ¢) Lane control sign; d) LED in-pavement lighting.
Source: a) Author; b) Author; ¢) Pinterest (n.d.); d) Smart City Streets (n.d.).

Additionally, lane control signs or variable message signs can be used to inform users of the
present and future dynamic changes in road space (Figure 12¢). LED in-pavement lighting can also
be used to indicate the use of public space by changing its color (Figure 12d). As an example, the
Intermittent Bus Lanes uses the in-pavement lighting to inform when vehicles can use (green color)
or not (red color) the bus lane (Viegas & Lu, 2004). The advantage of these tools is that it is of easy
implementation and low cost and already used in many cities. Thereby, the dynamic road space

allocation can use existing and simple tools for its implementation in some contexts.

The Quayside plan is a smart city master plan developed for the Eastern Waterfront in
Toronto, Canada, by the startup Sidewalk Labs (Sidewalk Labs, 2019a), where Ratti (2019)
developed the pavement design entitled "Dynamic Streets". The technology differs from a rigid
pavement to the extent that it is made of a flexible hexagonal modular paving system that changes
the typology and functionality of the street to adapt to people's needs (Ratti, 2019), i.e., the varying
demand for socio-economic activities. Figure 13a and Figure 13b present the prototype of the
"Dynamic Streets", while Figure 14 illustrates the application of this paving system. The LED

lighting in the center of each module, modifies the use of public space by indicating different uses
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by simply changing its color. Besides that, bike racks, and bollards can be plugged into the
pavement modifying its use. Auxiliary variable message signs can inform users of the different

functionalities of the public space at each moment of the day or week.

It is interesting to notice that the Quayside Plan proposes to implement "Dynamic Streets"
in a shared space design context, as shown in Figure 14a. This is because the lack of segregation
between transportation modes would allow modifying the street typologies by changing the in-
pavement lighting colors and informing the space's function with variable message signs. Also,
other street typologies proposed by Sidewalk Labs (2019b) target the physical segregation between
modes of traffic, using "Dynamic Streets" only in curbs to allow parking during traffic peak hours,
and promote other activities in non-peak hours (refer to Figure 14c and Figure 14d). Such
proposals rely on the complete streets approach in busy traffic environments, where there is
segregated space for motorized vehicles and sustainable transportation but add a dynamic feature
by implementing the dynamic curb (refer to Figure 14b, Figure 14c, and Figure 14d). In this case,
only a unique street section adapts dynamically through time. This type of adaptation is interesting
in more congested roads where dynamic allocation is not in the road carriageway but in its adjacent
public space. Thereby, during the morning and peak hours, the dynamic curb can be used for
parking or vehicle drop-off at work, and during the night they provide space for different activities,

for instance, fairs, local markets, or pedestrian facilities (refer to examples in Figure 14c and Figure

14d).

Although the criteria in choosing a shared space or a complete street approach is not clear,
it may depend on the street's hierarchy classification. The difference between speeds of active
transportation and automobile is a major issue in terms of safety. Therefore, some environments
may need, at least at some periods, segregation between transportation modes. Additionally, in
streets previously developed for automobiles, and already physically segregated, it may not be
practical nor economically feasible to transform the road into a shared space. Dynamic road space
allocation, complete streets and shared spaces are context-oriented, thereby needing to consider local

characteristics of the site.
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Figure 13: a), b) Illustration of the prototype of the Dynamic Street.

c), d) Illustration of the Starling Crossing prototype.
Source: a) Ratti (2019); b) Ratti (2019); ¢) Umbrellium (2017); d) Umbrellium (2017)

The prototype of a more sophisticated technology already exists for allowing the road
pavement signals to change reactively in real-time according to multimodal flows. Umbrellium
(2017) proposed an interactive pedestrian crossing that responds in real-time aiming to make
pedestrians, cyclists, and drivers safer and more aware of each other (refer to Figure 13c and Figure
13d). When pedestrians are on the sidewalk waiting to cross the street, the interactive technology
designs a pedestrian crosswalk that appears on the road pavement. Furthermore, the vehicles are
also informed to stop with LED variable signs on the pavement. This type of pedestrian crossing
is denominated as "Statling Crossing". Here, the prototype was applied in a shared space
environment (Umbrellium, 2017). This technique is an example of how real-time data can be used
in urban road space to adapt to different user requirements continuously. At last, real-time
adaptation may not be practical in some cases. Instead, modifying the use of urban space in pre-
established time-gaps (e.g., before peak hour, peak hour, after peak hour) may be more viable than
real-time adaptation. User acceptability may be a huge challenge in a system that adapts in real-

time, which people tend not to be ready for these new habits.
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Figure 14: a) Dynamic streets application in shared space design. b) Dynamic streets applied in complete streets

design. ¢) Peak hour example in which space is used for parking and drop-off vehicles. d) Non-peak hour example,
where the space mentioned in "c¢" is used for a market and placemaking.

Source: a) Sidewalk Labs (20194); b) Sidewalk Labs (20196); c) Sidewalk Labs (20196); d) Sidewalk Labs (2019b)

Technology may assist in ensuring dynamic allocation of space but is not entirely necessary.
For example, spaces that are very evident to be underutilized in certain periods (e.g., weekends or
night) can be allocated to other uses by simply indicating with a vertical sign (as presented in the
examples of Chapter 1). Therefore, we believe that the use of technology is not required (in some
cases) for dynamic road space allocation but is an important tool for more informed decision making
on multimodal demands and as a device for transport demand management. Thus, we propose
using big data to detect mobility and human activity patterns over time, and then, use I'TS tools to

allocate urban space for local accessibility or mobility requirements.

The use of technology for adapting road space dynamically may be a path to make sure all
spaces in the road network behave differently but intensively during the day. According to Cervero
and Kockelman (1997), the 3D's (Density, Diversity, and Design) are essential factors that influence
travel demand behavior and choices. Dynamic road space allocation is potentially aligned with the 3D's
concept since adaptations to the road space may generate and also shift trips to different transport
modes. The density component is assessed in dynamic road space allocation, since spaces that were
underutilized by a particular mode in some moments can now be allocated for a different mode,
with higher demands. Allowing urban space to have different uses over time improves the

capability of land-use diversity. As a result, distances between activities tend to vary at different
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times of day, influencing the demands of active transportation. The design component is essential
for an efficient dynamic allocation of road space. A complete street that serves several
transportation modes, in a static approach, could potentially serve a wider set of alternatives for
each type of mode and include other public space functions if allocated dynamically. Shared spaces
could also be transformed in some periods when it is necessary to segregate transport modes or
include a certain activity in the urban space (e.g., market, shop, playground). The use of LED in-
pavement lighting, vertical signaling, automatic rising bollards or other tools could be used to adapt

to the dynamics of the built environment over time.

An example of a possible application of dynanic road space allocation is illustrated in Figure 15.
For the sake of the example, the street is in a busy, dense, and diverse neighborhood, where there
are jobs, restaurants, shops, and residential uses. The priority is to allow citizens to go to work in
the morning peak hour, with a bus priority lane, three drive lanes, and parking spaces. In the
morning and afternoon non-peak hours, the vehicle and bus demands tend to reduce. Thereby, the

bus lane could become shared with other vehicles if the bus supply is lower.

Additionally, one of the drive lanes can be dynamically reallocated for cycling. As a result,
people can cycle to restaurants during lunchtime and do not need to return home, for example.
I'TS tools such as adaptive rising bollards could be used here to ensure safety through separation
between active and motorized modes. When people are travelling back home in the afternoon peak
hour, the street can adapt back to its original form which is identical to the morning peak-hour
configuration. At night, when office-workers do not need to park for business, the parking lot can
become space for restaurants, art or other activities. Notice that this is just an example. Elaboration
of scenarios must be in detriment of local netwotk, demands, land-use, and cultural and social

characteristics.
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Figure 15: Example of the implementation of dynamic road space allocation. Developed with Streetmix®
Source: Author.

3.6 Challenges and  future  opportunities for  implementing

dynamic road space allocation

People may need some time to adapt to changes in how urban space is used. There should
be a transition period for the system to adapt. More importantly, the population and stakeholders
have to accept the changes and modify their behaviors. Many challenges need to be addressed to
implement a dynamic system efficiently. Traditionally, policy/decision-makers show great
resistance to change what already has been established for years, mainly when benefits are not clear
in the short- to medium-term (Shearmur, 2012). Political acceptance might have to follow public
recognition gained from potentially successful showcases (Banister, 2008). As such, public and
political acceptance of dynamic road space allocation face a set of challenges that are discussed hereafter
and summarized in Table 1. We explain each barrier identifying when the involvement of the
community or city professionals is appropriate, and the use of technology is relevant to define

different dynamic road space allocation solutions.

2 hteps://streetmix.net/
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3.6.1 Equity

The continuous adaptation of the urban space to new functions and the use of ICT and
I'TS may generate confusion and safety risks, if not implemented propetly. For instance, seniors or
vision-impaired citizens might not adapt or cannot use smartphone apps or perceive visual variable
message signs of the road environment. Therefore, the new technology would prevent them from
using the public space. These dynamic measures must be designed for the safety and acceptability
of these segments of society. As stated by Banister (2008), sustainable mobility policies perceived
as fair, efficient and beneficial to all community segments, are a first step for public acceptance. In
this direction, the design process of dynanzic road space allocation should include public participation
to perceive risks, behavior, and fears of different segments of society. In neighborhoods with a
high presence of an eldetly population, simpler solutions, and few adaptations of road space may
be more appropriate. Solutions in favor of reallocating space for restaurants, commerce and more
sidewalks tend to benefit these community segments more because they are less likely to bike or

drive.

3.6.2 Development stage

How can we integrate the many possible dynamic road space allocation scenarios with other
infrastructure networks that are important to ensure sustainable cities, like sewage and rainwater
drainage networks, water supply, waste management systems, electricity, and communication
systems? As we consider the less developed counttries, these infrastructures can be limited for some
regions. According to Kummitha and Crutzen (2017), one of the main concerns of smart cities,
which would encompass the concept of dynamic road space allocation, is making policy makers
prioritize these innovative projects over more urgent social needs, for example, shelters, basic
sanitation, education, or public health. In the longer run, opting for an ICT based dynamic road space
allocation system could lead to more social inequalities, which would be worse in developing
countries. Ortazar and Willumsen (2011) comment that developing countries have distinctive
characteristics from developed countries, such as social disparities, fast and unplanned
urbanization, high demand for public transportation, and insufficient economic and technical
resources, which need to be taken into account when applying transportation policies. The policy
priotity of dynamic road space allocation needs to be very clear in less developed regions. A more
experimental approach to dynamic road space allocation could be an option where technical and
economic limitations are evident. As an example, traffic lanes could be repurposed to active

transportation or commerce during hours when it is evident that traffic lanes are underutilized,
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such as during the weekends or nights. Nonetheless, a less informed approach of defining scenarios
will tend to promote more recreational trips than commuting ones since the reallocation times will
be outside the regular working time. Simpler solutions such as vertical and horizontal signaling

could indicate the dynamic reallocation of space during the night and weekends.

3.6.3 Built environment

The typology, morphology, and inherent characteristics of the built environment may be
resistant to change and even incoherent to implement a dynamic system. The recent urban designs
proposed to increase performance and safety, mitigate emissions, and provide more accessible
places may not be coherent to many vulnerabilities that the built environment may have in terms
of function, technology, and outdated planning (Fatiguso et al., 2017). For instance, historical
centers tend to have narrow streets and fragile and old buildings. In other cases, the architectural
and environmental protection requirements may be prioritized to maintain the urban space and
community's historical, cultural, and social value, more than its performance per se (Brandio &
Brandao, 2019). Therefore, the built environment characteristics are essential to be considered in
the site selection process of dynamic road space allocation. A participatory approach with the local
community, specialists and stakeholders is needed to evaluate the coherence of implementing

dynamic road space allocation (Refer to Chapter 6 for more details).

3.6.4 Enforcement

The enforcement challenges of implementing dynamic road space allocation can be mainly
twofold: firstly, those related to qualification and readiness levels of the municipal technical and
governing bodies (including technicians, engineers, architects and other professionals, public
managers, and decision-makers); secondly, those related to the severity of governance barriers, such
as bureaucracy, time-consuming procedures, complexity of decision-making chains, among other
issues. There may be unwilling authorities in some cities, including decision- and policy makers, or
even a managing body that deals with transportation policies. This is a major problem in terms of
accepting and properly choosing the best alternatives and technological solutions for implementing
dynamic road space allocation. Nonetheless, activist organizations and the local community have an
important role in advocating for more justice and equality in road space distribution. At the same
time, transport and urban planners have the role to defining the best scenarios and discussing the

implementation of dynamic road space allocation to achieve these goals.
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3.6.5 Legal framework / Regulation

In some cities, sensing the built environment may have legal restrictions due to data privacy
and facial recognition infringements (for instance, the recent EU's General Data Protection
Regulation, GDPR - O] L 119, 04.05.2016). The challenge is not only to use and communicate the
information without infringing laws but also to define who has the authority to use the data.
Although there are already technical solutions to overcome data privacy issues, such as cloud
computing and privacy-enhancing technologies, this does not take into account public fears and
misconceptions about revealing personal information. Therefore, the behavior of the citizens
concerning data privacy may be more in the perception of the risk, rather than the technological
risk itself (van Zoonen, 2016). According to van Zoonen (2016), facial recognition by video
surveillance is a highly delicate topic. Lesser intruding technologies such as sensors and infrared
videos are preferred in terms of public acceptance for collecting multimodal traffic flows. Thus,
the choice of the appropriate data collection technology to define dynamic road space allocation
scenarios will depend not only on a technological choice, but also on privacy infringements and
public fear regarding data privacy. The technology choice is also dependent on how complex the
environment is in terms of traffic and urban dynamics, and what kind of intensities and fluctuation
of demands are needed to collect. In Europe, for example, the challenge of governmental public
managers is to embrace and fully understand how emerging technologies and concepts may not
violate the EU GDPR (Cresswell & Pardo, 2001). We argue that citizens and public legislation may
change according to the perception over data privacy in a future with fully anonymized ICT usage
and big data with open access. Regulation-wise, dynamic road space allocation is undoubtedly a
challenge. For instance, regulation should define the time span, contextual locations, and dynamic

alternatives in the road space due to its very context-oriented design.

3.6.6 Governance of data ownership and usage

The management of data ownership and usage related to public activities directly concerns
the concept of surveillance capitalism. There are some relevant questions and challenges to be
considered that influence transparency and ethical boundaries concerning data extraction,
ownership and diffusion such as who owns the data; who gets to use the data; and how to decide
what type of data can or cannot be extracted from users. Another concern is ensuring that the data
and algorithms used for dynamic road space allocation can be democratically contested and open for
public discussion. One major issue claimed by surveillance capitalism is the extraction of information

from users without their knowledge (e.g., social media, daily movements) while capitalizing over
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the analysis of this data. This practice is a new challenge in terms of privacy protection and legal
rights since companies may use this data to modify people's behavior to control and profit (Zuboff,
2015). The main challenge would be to create regulations and manage the data for it to be
exclusively used to benefit the public through scenarios that promote more livable cities, not
specific companies or few privileged groups in society. Therefore, it is essential that the data
collection of dynamic road space allocation restricts only to characterizing intensities and fluctuations

of multimodal demands to define scenarios for community needs.

3.6.7 Technology

There are still many improvements to be made in terms of sensing and data collection for
multiple transportation modes. Motorized vehicles have been counted mainly by induction loops,
radars, and laser detectors. Although these are useful and sufficient for many mobility management
applications, they require high maintenance costs and are vulnerable to environmental conditions.
However, these techniques are not appropriate for classifying and detecting different transportation
modes, which is necessary for dynamic road space allocation. In this manner, video detection is more
appropriate since it can work in real-time, separate and classify objects from a sequence of images
and provide contextual information. Urban dynamics and fluctuation of multimodal demands can
also be detected by using video-detection. However, video-detection still has its limitations in terms
of identifying objects in different weather — rain, fog, and snow - and illumination conditions -
day/night and shadows - (Yang & Pun-cheng, 2018). Big data challenges include certainly storing,
managing, and analyzing large amounts of data. In the same vein, the many limitations of video
streaming devices such as power and storage capacity and processor capability (Aliyu et al., 2018),
can be a technological bartier for collecting data to implement dynamic road space allocation. Also, the
complexity and diverse types of data are a barrier to integrating and comprehensively analyzing the
information collected (van Zoonen, 2016). Public managers may have difficulties treating a diverse
and dense amount of data to characterize multimodal demands and urban dynamics. Another issue
to be faced is the technological failure of the system. If there is a black-out or hacking, what should
be done and how to assess this challenge? Dynamic road space allocation is not proposed to be
dependent on ICT. As the allocation of space is in periods of time, rather than in real-time, public
managers may have time to adapt and propose solutions in case of a system failure. In cases where

less technological solutions are executed, the impact of a system failure is even smaller.
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3.6.8 Socio-cultural aspects

Socio-cultural aspects are essential points that shape the understanding of the world,
influence socio-political practices and social constructs — mutual values, assumptions, and beliefs
(Bibri & Krogstie, 2017). In this regard, the public acceptance of the dynamic road space allocation
concept depends on cultural and social idiosyncrasies and the political recognition and willingness
to implement such an innovative system. The challenge may be having to make socio-cultural shifts
in regions where behavior patterns would need to be changed for the efficiency of this type of
planning.  To shift and prioritize sustainable transportation in detriment of the automobile may
face more significant socio-cultural challenges in terms of public acceptance in regions where the
automobile has had more incentives, policies, and infrastructure over time (Hickman et al., 2013).
In a dynamic or static form, the reallocation of space can have a low acceptance due to the "culture
of the automobile" if not implemented correctly. Potentially, dynamic road space allocation can be a
strategy for policy makers to introduce the reallocation of space without contesting the space for
the automobile in a first moment. For example, traffic lanes could be allocated for cycling only in
non-peak hours when traffic is low. As cycling rates in that street will tend to rise, the dynamic
cycling lane could eventually become permanent. As stated by Banister (2008), people will tend to
accept policies that seem to work, are efficient, and are fair for both the individual and the
community. Thereby, politically it may be more acceptable to justify a permanent cycling lane with

already a high demand for cyclists in the street.

The challenges identified in this section are dependent on the different levels of city
development. Thus, public managers may perceive the benefits and the challenges of dynamic road
space allocation differently, depending on their location and context. The next section demonstrates

a methodology for implementing a concrete dynamic road space allocation.
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Table 1: Challenges and opportunities of dynamic road space allocation. Source: Author.

Dimensions

Possible challenges

Future opportunities

Equity

Development stage

Built Environment

Enforcement

Legal framework/

Regulation

Governance of data
ownership and usage

Technology

Cultural and socio

aspects

In highly technological dependent systems, the lack
of equal opportunities to access ICT can lead to the
exclusion of some groups (seniors and mobility-

impaired population).

In developing countries, it may not be possible to use
ICT and ITS infrastructures. In these locations,
financial and technological constraints may be the

main challenge.

The application of such a dynamic system may not be
possible or even coherent in historic city centers, areas
of environmental preservation, or sites that lack

appropriate infrastructure and activities.

Lack of qualified municipal professionals; or a
managing body that deals with transportation and

land-use planning.

Data privacy restrictions regarding sensing (video
surveillance). How to regulate the different possible
changes by time and location and define how much

time the changes should be reviewed.

Who owns the data, who gets to use the data, what
type of data can be extracted from the citizens,
transparency and democratic public engagement in

data usage.

Sensing technologies that can cope with severe

weather and illumination conditions; storage,
management, and analysis of big data; integration

and analysis of diverse data types, technology failure.

The "resistance to change” as long-lasting socio-
cultural idiosyncrasies can be an obstacle to accepting

dynamic space allocation solutions.

In a future where new technologies emerge, and
citizens are more connected with technology, we
should expect that people accept changing patterns

of the built environment more easily.

In developing countries, it is an opportunity to

reallocate  urban  space  for  sustainable
transportation, and dynamically use this concept
without the need for technology. For example, a
parking lane can become a pedestrian lane at night

when commerce is closed.

A methodology for appropriate location selection
must be developed to determine the time, the
possible changes in the built environment, as well as

its restrictions.

These challenges are also an opportunity to assist
these municipalities financially and technically
through higher government levels of funding and

developing qualification courses for public servants.

Data collection technologies require improvements,
and a decision-making framework must be
developed to appropriately implement the proposed

concept of dynamic allocation of urban space.

Propose regulations that define data extraction,
usage and diffusion to avoid surveillance capitalism.

Improve sensing devices in terms of detecting and
classifying objects and their storage and power
capacity. Enhance integrated solutions for analyzing

diverse and large datasets.

An opportunity to prioritize people, not just smart
cities itself, and promote a change in behavior from
a "car-centered culture”, for example, by promoting
cultural and social events in the public space

through the dynamic use of urban space.

3.7 Methodological framework of dynamic road space allocation

Figure 16 presents the methodological framework for implementing and evaluating dynamic
road space allocation. The methodology is divided into four main steps: candidate zones; specific
analysis of selected zones; data collection and scenario definition; and implementation and
monitorization. This four-layer methodological framework has been elaborated to provide
guidance in the decision process of dynamic road space allocation in tasks such as site selection, data
collection and treatment, public and stakeholder engagement, definition of scenarios, simulation

and evaluation of effects, definition of appropriate technical solutions, implementation and
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monitorization. The first and second main steps are related to the site selection of dynamic road space
allocation. The objective of defining candidate zones is to screen a macro territory to select potential
zones that may be appropriate for implementing the concept, based on network and land use
indicators, conceptualized in section 3, and implemented to a case-study in Chapter 5. Therefore,
the selected zones should face the mobility x access road allocation dilemma, have high network

connectivity, and be in dense and diverse areas.

Sequentially, it is essential to have a more specific analysis of the selected zones, considering
the many possible barriers to implementing the concept. The objective of the "Specific analysis of
selected zones" is threefold: 1) analyze the local characteristics of the selected zones (e.g., geometric
characteristics, number of parking spaces); ii) evaluate barriers for implementation; iii) verify if the
selected zones are suitable for implementing the concept and identify possible streets for
intervention. The "context-oriented analysis" refers to analyzing if it is coherent to implement
dynamic road space allocation based on the following barriers explained in the previous section: equity,
development stage, built environment, and cultural and socio aspects. The "expert patticipation"”
is important for having a technical view on evaluating local characteristics for implementing
different dynamic road space allocation, as will be presented in Chapter 6. Moreover, it is an important
step to discard any possible zones that may not be coherent to implement the dynamic concept
after analyzing the barriers and local characteristics of the zones. In this case, complete streets, road
diets, or other static solutions may be more practical. This step considers the previous barriers and
also has an important role in facing the enforcement challenge. "Public participation"” is essential
to understand behaviors, preferences, and cultural and socio aspects to establish the priority of
dynamic road space allocation scenatios. Additionally, City professionals' participation mainly highlights
the challenges of implementing dynamic road space allocation solutions in terms of legal

framework/regulation and governance of data ownership and usage.

The "Data collection and scenario definition" was explained in section 4 of this chapter, on
collecting and treating big data to define scenarios and simulate its effects. This step aims to define
the most suitable scenarios for applying the concept. Initially, the choice of the appropriate
technology that should be used for data collection is dependent on the data quality and quantity
that is required. Moreover, the choice of technology needs to consider not only its technical
capacity and costs but also the barriers in terms of legal framework, regulation, data privacy,
governance of data, and cultural and socio aspects. Considering cultural and socio characteristics
is crucial to selecting the appropriate technology, since people may perceive high risks of infringing
data privacy, which may not convey the actual risk. As a result, this may reduce the popularity and

perception of the benefits of dynamic road space allocation. The technology should be used to identify
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urban patterns, multimodal demand intensities, and fluctuations. Sequentially, we propose that the
many dynamic scenarios are simulated using this data. The selection of the best scenarios is defined

by evaluating the effects from the simulations.

After defining the most appropriate scenarios, the last main step has the aim to select the
appropriate technical solutions, and implement and monitor the dynamic road space allocation scheme.
Defining the ICT and ITS tools for implementing the solutions depends on the economic and
technical conditions of the agency responsible for implementing the dynamic scheme. Thereby, in
less developed sites, or in places where you have restrictions of the built environment and deficient
technical professionals, it may be more appropriate to select simpler solutions and scenarios. Also,
the choice of the tools may be dependent on the hierarchy classification of the street. While main
distributors usually have segregated spaces for transport modes, local distributors may have spaces
that are shared between different modes (Seco et al., 2008). This distinction would imply different
solutions, as discussed in section 5 of this chapter. After implementing the solution, it is essential
to continue to evaluate the scenario to adapt it in case of different needs and functions of the public
space or unexpected outcomes that may occur. The levels of user acceptability towards the solution
influence achieving policy goals and increasing active transportation demands, for example.
Evaluating user acceptability regularly is a direction to achieve a more just and equitable allocation
of road space. Therefore, adapting the road space dynamically to the detriment of user behavior,
preferences, and community needs can potentially achieve more sustainable, livable, and dynamic

environments.

The methodology presented in Figure 16 has a direct influence in dealing with the barriers.
Multicriteria analysis, surveys, and focus groups are proposed to engage multidisciplinary
specialists, community, and city managers in the decision-making process. As a result, it is possible
to plan and discuss solutions to potential barriers in many dimensions with diverse members of
society in an eatly stage of the decision-making process. Additionally, the participation of these
community members during policymaking also contributes to defining what solutions are more
feasible and may have more positive effects. Therefore, mixing top-down and bottom-up relations

can provide more suitable solutions and deal better with the bartiers of dynamic road space allocation.
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3.8 Conclusions

The limited and contested amount of road space is a dilemma for policy makers to reallocate
space to efficiently balance access and mobility dimensions while addressing sustainability and
equity challenges. There are no methodologies or guidelines to define the amount of space that
should be reallocated from automobiles to sustainable transportation, besides the impacts that it
may have on the corresponding service levels. Especially if we consider busy avenues with diverse
land uses. There may be moments when part of the infrastructure is underutilized in terms of
demand and function. As recent urban planning concepts are also static, they do not consider urban

dynamics or changeable demands of the public space.

In this context, we propose the concept of dynamic road space allocation to optimize
underutilized spaces through more flexible planning, considering the many functions public space
may have over time. The use of big data and sensing technology can identify underutilization
periods of infrastructures when these could adapt to a different mode or activity. Potentially, it
could better attend to existing and latent demand. Notably, big data, Information and
Communication Technology, and Intelligent Transportation Systems should be addressed as a tool
for more detailed decision-making and efficient road space management. However, they should
not be seen as the solution per se. These tools are important for defining the appropriate site
locations, time gaps, and changes that the road space should have according to the local urban
dynamics and context. Also, new technologies allow short-term and quick initiatives to rely on real-
time data, rather than experimental designs such as pop-up schemes. Dynamic road space allocation
takes into account the changes in streets dynamics, functions and demands. At last, urban planning
has always been prone to long term planning, which is more susceptive to random and
unpredictable events due to the lack of flexibility. Short-term planning may better adapt to the

consequences of these events.

Nonetheless, public managers and agencies may face challenges in many dimensions that
can become barriers to implementing this concept. We mentioned eight of them: equity, city
development stage, built environment, enforcement, legal framework/regulation, governance of
data ownership and use, technology, and socio-cultural aspects. A methodology for implementing
dynamic road space allocation and dealing with the challenges is proposed. Finally, future research must
address other dynamic solutions, site selection and performance analysis, and any unexpected

impacts that this concept may have on the many aspects of the built environment.
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Chapter 4

What we have learned so far

In the previous chapter, the object of study was defined. Dynamic road space allocation aims to
reallocate road space to multimodal and multifunctional uses depending on different demands and
policy goals in urban spaces. Some technological solutions were suggested both in terms of sensing
(e.g., sensors, video cameras) and urban management (LED in-pavement, variable message signs).
Although some applications of allocating road space dynamically are not dependent on technology,
others may be, depending on the users involved and the network's architecture. In Chapter 2, we
established the differences between road space allocation strategies that change according to
different demand patterns. However, the sensing, management and control technologies required
for each type of solution were not detailed. Specifically in the case of allocating road space
dynamically, it is not clear the level of technological adoption that is required for different solutions

and contexts.

What to expect in the Chapter 4

In Chapter 4, we review the forthcoming and state-of-the-art technologies that can be used
for sensing, management and control of users and infrastructures enabling adaptive street designs.
We also classify road space allocation solutions into smartness levels, depending on how urban
space can adapt to multimodal and multifunctional demands. This classification is particularly
relevant for stakeholders and decision-makers to understand the capabilities and limitations of
implementing road space allocation solutions in different smartness levels and contexts. We
conclude that allocating road space dynamically can range from Level 0 (no use of technology) to

Level 5 (fully connected environment).
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Chapter 4

4 Technologies in road space allocation: a systematic review

This chapter is currently under review as: Valenga, G.; Nogueira, F.; Baptista, P.;
Santos, G.; Marques, M.; Morais de S4; A.; Azevedo, C.; Antunes, A.; & Moura, F.
Technologies in Road Space Allocation: A systematic review. Submitted to the Journal

of Urban Technology.

4.1 Introduction

The rise of big data and emerging technologies have emerged in smart forms of vehicle
propulsion, sensing, and transport demand management. Specifically, technologies have appeared
in sensing the infrastructure and vehicles (e.g., video surveillance, eye trackers, sensors, GPS);
transport demand management (e.g., adaptive traffic control systems, LEDs, variable message
signs); and in connecting the data collected to vehicles and adaptive infrastructure through wireless
communication (e.g., vehicle to vehicle communication (V2V), and vehicle to infrastructure
communication (V2I)). The existence of these data flows, combined with the need to use urban

space more efficiently, has led to emerging concepts to reallocate road space.

As road infrastructure and urban design are usually built to support a maximum demand
during peak hours, they are often underused. In Chapter 2 we mentioned that two main lines of
smart road space allocation strategies have been proposed to adapt road space according to demand
— intermittent and dynamic applications. Intermittent Bus Lanes (IBL) and Bus Lanes with
Intermittent Priority (BLIP) were proposed to efficiently use the space of dedicated bus lanes
(DBL) that are underused when bus frequency is low (Eichler & Daganzo, 2006; Viegas & Lu,
2004). IBL and BLIP allow other vehicles to use the bus lane when the bus is not approaching the
intersection. When the bus is close to the intersection, other vehicles must give their way to the
bus. Although intermittent lane allocation uses the bus lane efficiently, it may increase the delay of
buses and traffic when traffic flows are high (F. Zhang et al., 2018). In this context, dynamic
allocation of space may be more appropriate, adapting road space according to fluctuations of
demand (e.g., peak and non-peak hours). Dynamic lane assignment adapts the lane for different

transport modes or directional movements in different periods. Dynamic road space allocation
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proposed in the previous Chapter is broader, also considering multi-functional adaptations of the
space. For example, traffic lanes during the day could be allocated for bars and restaurants at night.
Even though intermittent and dynamic space allocation are similar, they differ mainly in how they
adapt to the infrastructure. While intermittent applications allocate space in real-time according to
the position of a priority vehicle, dynamic strategies allocate road space in periods according to
fluctuations in demand. Although in Chapter 2, we defined and reviewed the state-of-art of smart
road space allocation strategies, we did not go into details in the sensing, management and control

technologies required for each type of solution.

Many technological developments in sensing and optimizing route choice still do not
consider infrastructure adaptations. For example, vehicle route choice traditionally optimizes
individual travel time. However, if vehicles are connected to the infrastructure, the road could adapt
in real-time (intermittently) or periods (dynamically) and play a role in the optimization. The same
concept can be thought at the network level (N. Zheng & Geroliminis, 2013). When autonomous
vehicles appear, V2V communication may improve route choice and optimize traffic flows
(Tsigdinos et al., 2022). Implementing these concepts of dynamic and intermittent allocation of

street space will benefit from using different types of available technologies.

Additionally, sensing technologies may collect data in real time on multimodal patterns and
urban dynamics. Importantly, transport modes that are usually neglected in data collection, such as
pedestrians, can be incorporated into planning the road scheme. From a broader perspective,
transport demand management and ITS tools are important to adapt the road and inform users of

the current state of the road or lane.

Even though emerging technologies and road space allocation have been designated as
"smart", thete is no unique definition of what "smart" is or smartness levels of emerging road space
allocation. In this paper, we aim to classify smart road space allocation into smartness levels,
following the steps of the automated driving levels (Society of Automotive Engineers, 2019), and

the smartness levels of bicycles (Kapousizis et al., 2023).

Cities and urban-related industries can benefit from this classification since it provides a
common language and framework for understanding the capabilities and limitations of smart
transport infrastructures and demand management. A smartness-level classification allows for clear
communication and standardization among industry stakeholders, policy makers, and the public.
The smartness levels are based on how much a transport infrastructure can adapt the urban road
space to different road users or urban functions, ranging from no smartness at Level 0 to full

smartness at Level 5. Each level has a specific set of capabilities and limitations. Understanding
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these levels contributes to a potentially better matching of technological solutions to each particular
urban problem and context. Often, less is more, and the urgency of intervention might require
lower-smartness level solutions that can evolve afterward to more sophisticated developments.
Furthermore, it is essential to ensure the functionality and safety of the adapted road space and

establish regulations and guidelines for the technologies involved.

By defining these smartness levels, the industry can work towards developing more
sophisticated and safer solutions while addressing concerns around liability and ethical
considerations. Additionally, having a common understanding of the smartness levels will help

citizens understand what to expect from intermittent and dynamic road spaces.

We perform a systematic literature review on the state of practice and the off-the-shelves
and forthcoming technological solutions that can enable smart road space allocation. Particularly,

we answer the following research questions:

e What are the urban sensing and transport demand management technologies that can be

applied for implementing smart road space allocation?

e What are the different levels of technology for different emerging lane/road allocation in

terms of sensing and demand management?

As a result, the main contribution of this Chapter is to propose a classification of different
levels of technology for smart road space allocation in terms of sensing, demand management and
control and discuss the effectiveness and difficulties of implementing these concepts. First, we
present the methodology of the review. Then, the proposed levels of smartness are presented,

followed by the results. Finally, we provide a discussion and conclusion to the paper.

4.2 Methodology

We used the PRISMA methodology to perform a systematic review and to assure
reproducibility and avoid biased interpretations of the literature. We explain in detail the procedure

presented in this analysis.

4.2.1 Search strategy

The review used the most comprehensive databases - Scopus and Web of Science databases
-searching papers by keywords within the scope of the title, abstract, and keywords. We used two

categories for search terms. First, we chose keywords related to emerging forms of road space
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allocation, including dynamic, intermittent, flexible, and shared spaces. Second, we included broad
terms to narrow the search to relevant topics using an "AND" function. At least one term in the
first category must appear together with the second. The keywords selected for both categories are:
1) "dynamic street*", "dynamic road*", "dynamic lane*", "dynamic circulation", "dynamic space*",

"dynamic urban space*", "dynamic public", "shared space*", "flexible street*", "flexible road*",

nn

"flexible lane*", "flexible space*", "flexible urban space", "intermittent bus", "

, "intermittent priority",

"intermittent lane*", "intermittent road", "intermittent street*"; 2) "distribution", "allocation",

nmn nmn

"urban sensing", "smart infrastructure”, "smart cit*", "urban technology", "

, "transport*", "mobility",

nn
b

"nn
b

"urban design", "urban planning", "traffic".

We acknowledge that "road" and "street" are often used as having the same meaning, as
exemplified by Tsigdinos et al. (2022). However, some authors define "street" as being associated
with more local neighborhoods and places to stay and socialize, while "road" is a space mainly for
movement (P. Jones, 2016). We opted to use both words to encompass all the meanings.
Additionally, we used the terms "lane" to refer to a traffic lane and "space" for a generic urban

space.

4.2.2 Selection criteria

The review included only papers published in peer-reviewed journals written in English,
excluding books and conference proceedings. There were no restrictions in terms of the period of
publication. The papers included related to: 1) urban sensing and transport demand management
technologies that potentially could be used for demand-responsive road space allocation; 2)

emerging strategies of road space allocation sensitive to demand changes.

4.3 Results

Figure 17 presents the PRISMA diagram of the literature review. We extracted 1688 papers
from the databases, 823 from Scopus and 865 from Web of Science. After removing duplicates,
we screened the title and abstract of 1145 papers. 71 papers were considered relevant for the full-
paper examination and the remaining were out of scope or had different meanings to the keywords.
Nonetheless, four papers were not available, and 67 papers remained for complete text
examination. After reading full papers, twenty-two papers were considered not relevant due to their
lack of focus on the sensing or management technologies for road space allocation. Thus, 45 papers

remained and were considered eligible. Also, five cited papers from the included papers were
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considered relevant for the review (snowballing). One paper not indexed in Scopus and Web of

Science was also included in our review.

{ Identification of studies via databases and registers J
]
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(n=1)
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Figure 17: PRISMA literature review framework.
Source: Author.

4.3.1 Typology of smart road space allocation

We classify different levels of technology for road space allocation, which can guide
practitioners in the field in understanding the role different technologies can play in deploying
smart road space allocation. Table 2 summarizes some sensing technologies, transport demand
management technologies, and control features classified according to each proposed smartness
level of road space allocation. The proposed scale goes from Level 0 to 5. Figure 18 presents the
framework for the road space allocation smartness levels by describing the interaction of each level
with sensing and management technologies, following by the control features, which are detailed
below:

105



o Level 0: No use of technology | Road space from fagade to facade is controlled by regular signaling and
street design. Regular urban designs normally do not use technology for sensing or managing
urban space. Road space allocation strategies such as road diets and complete streets
reallocate traffic lanes to more sustainable modes by permanently changing the street's
configuration, not adapting to demand fluctuations. Allocating road space dynamically could
be done in low complex sites and hours with low demands without the need to sense the

urban environment, indicating the dynamic changes by regular signaling.

o Level 1: Demand management technologies with no sensing or sensing with no demand management
technologies | Road space from fagade to facade is controlled by demand management technologies.
Technologies are applied for sensing the infrastructure but not connected to support road
space allocation strategies. Here many technologies are discussed as potentially being helpful

in sensing and managing road space, such as eyes trackers and video surveillance.

o Level 2: Demand management technologies and sensors on the infrastructure | Road space from facade
to facade is controlled by demand management technologies according to information from sensing.
Sensing technologies are used to support decision-making and adaptations of the road space

through demand management technologies.

o Level 3: Demand management technologies and sensors on the infrastructure and priority vebicles |
Traffic lanes are controlled by the communication between priority vebicles and infrastructure (1'21).
Some vehicles, such as buses, are detected, and the infrastructure adapts according to their

position and frequency.

o Level 4: Demand management and sensors on the infrastructure and vehicles | Traffic lanes are
controlled by the communication between vebicles (1°217) and vebicle-to-infrastructure (17°21).
Autonomous and connected vehicles adapt their route according to other vehicles while the

infrastructure adapts to demand.

o Level 5: Demand management and sensors on the infrastructure and all transport modes | Road space
from fagade to facade is controlled by the commmunication between all transport modes and infrastructure
(12X).

The system adapts to autonomous and connected vehicles and to the demand of pedestrians,

cyclists, and other transport modes and activities.
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Full connectivity

Level 5

Communication between all transport modes to the infrastructure (V2X).
Road space is controlled by management technologies based on V2X.

Communication between vehicles and infrastructure

Level 4
Communication between vehicles (V2V) and the infrastructure (V2I).
Tratfic lanes are controlled by management technologies based on V2V and V2L
Infrastructure and vehicle technology
Level 3

Demand management and sensing on the infrastructure and priority vehicles (V2I).
Traffic lanes are controlled by management technologies according to priority V2L

Infrastructure technology

Level 2
Sensing 1s used to support technological adaptations to road space.
Road space is controlled by management technologies according to sensing.
Technologies are not connected
Level 1
Using technology for only sensing or managing urban space.
Road space is controlled by demand management technologies.
No technology
Level 0

Traditional urban designs and road space allocation.
Road space 1s controlled by regular signalling and street design.

Figure 18: The typology of the level of smartness of road space allocation.
Source: Author.
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Table 2: Summary of technologies used for each smart road space allocation levels. Source: Author.

Smart road space allocation levels

Sensing technologies

Transport infrastructure and
demand management technologies

Control features
(sensing OR/AND management)

Number of papers

References

Eye trackers, GPS, and
video cameras

Video cameras, radio-

frequency tags, and
sensors

Vehicle detectors,
sensors, induction

loops, actuators, V2I

Vehicle

S€nsors,

detectors,
induction
loops, actuators, V2V
and V21

Neural network
framework to track
objects through video
cameras

In-pavement LEDs, variable message

signs, flexible bollards

Adaptive traffic lights, in-pavement
LEDs, variable message signs, flexible
bollards, dynamic street lighting

In-pavement LEDs, variable message
signs, control system, transit signal
priority, pre-signals, in-vehicle unit,
GPS receiver

VANETs, control center, in-vehicle
unit,

GPS receiver, 4G modem, and a driver
interface.

Responsive road surfaces with
computer-controlled LEDs, and
hexagonal modular pavements
(Dynamic Streets).

No sensing / Road space from fagade to
facade (signaling)

Motorized vehicles, pedestrians,
cyclists, electric scooters
(sensing is not used to support
decisions) OR/ Road space from facade
to facade is controlled by demand
management technologies

Motorized traffic, pedestrians, cyclists
(sensing used to support decisions)
/AND traffic lanes and shared spaces
controlled by demand management
technologies

Buses, motorized vehicles
(sensing used for controlling priority
vehicles) /AND traffic lanes controlled
by demand management technologies

Buses, motorized vehicles, connected
and autonomous vehicles
(sensing used for control and
connection between vehicles and
infrastructure) /AND traffic lanes
controlled by demand management
technologies

All modes (sensing used for control and
connection between all vehicles and
infrastructure) /AND Road space from
fagade to fagade

11

13

16

11

Valenga et al. (2021)

Pashkevich et al. (2022); Kaparias and Li (2021); H. Lee and Kim
(2019); Zhi et al. (2020); Nannicini et al. (2010); Kaparias et al.
(2012); H. Lee and Kim (2021); Ruiz-Apildnez et al. (2017);
Vansteenkiste et al. (2014); van Paridon et al. (2019); Valenga et
al. (2021)

J. Zhao et al. (2017); Hussein et al. (2016); Mittal et al. (2015);
Schénauer et al. (2012); Anvari et al. (2015); Essa et al. (2018);
Gouda et al. (2021); Song et al. (2022); Qin et al. (2021);
Kidando et al. (2019); Haans and de Kort (2012); Morris and
Trivedi (2008); Choosumrong et al. (2014)

Viegas and Lu (2001); Viegas and Lu (2004); Eichler and
Daganzo (2006); Kampouri et al. (2022); Chiabaut et al. (2014);
Ma and Xu (2020); Currie and Lai (2008); C. Wang et al. (2016);
Anderson and Geroliminis (2020); Alhajyaseen, Ratrout, et al.
(2017); Assi and Ratrout (2018); Alhajyaseen, Najjar, et al.,
(2017); Luo et al. (2019); Y. Zheng et al. (2020); J. Zhao, Yun,
etal. (2015); Y. Liet al. (2014)

Al-Dweik et al. (2017); Maia et al. (2015); Levin and Boyles
(2016); Fu et al. (2021); Chu et al. (2020); Merat et al. (2018);
Tsigdinos et al. (2022); W. Sun et al. (2018); Duell et al. (2016);
Levin et al. (2019); D. Wu et al. (2017)

Valenca et al. (2021)
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4.3.2  Results of the review

We present the review results on the technologies used for the proposed levels of smart

road space allocation.

Level 0

Level 0 enables the first degree of road space allocation without technology. Consequently,
only one reference was included in this level, which explains examples of allocating street space
dynamically without technological necessity. In this category, regular urban designs are static and
do not vary with demand. However, dynamic road space allocation could also be an option in less

complex situations.
Dynamic lane assignment in underused periods

Dynamic lane assignment (DLA) is a measure to address traffic demand fluctuation,
optimizing the use of the available road space (J. Zhao et al., 2017). This is the most common
dynamic solution type found in the literature. In road segments, the two main DLA applications
explored by the literature are dedicated bus lane (DBL) and dynamic lane reversal (DLR). Although
most literature explores using sensing and transport demand management for DLA, in practice,
less complex sites or where the travel patterns are evident may implement these dynamic solutions
by simply informing users with traditional vertical and horizontal signaling. For example, DBL can
be a dynamic solution without technology since road signs are enough to inform drivers about the
period when the lane is used exclusively by buses (usually during peak hours) — refer to Figure 2a
for a practical example. On the other hand, dynamic lane reversal could be implemented during

the morning peak hour for one direction and the afternoon peak hour for another direction.
Allocating road space dynamically for place and access

Valenga et al. (2021)” — that refers to Chapter 3 of this work -, discuss that traffic lanes could

be allocated dynamically and parking spaces and adjacent spaces for place and access purposes.

3 The reference to Chapter 3 will be cited as the published paper in this Chapter, since the systematic review only
includes journal papers. An exemption was made regarding the exclusion of self-citations to maintain coherency with
the methodological criteria. The other chapters will meet the criteria adopted in Chapter 1 to exclude the self-
citations to papers linking information to chapters of the thesis.
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Also, we claim that road space could be allocated without technology during less complex periods
such as nights or weekends. For these applications, collecting much data is unnecessary since the
difference between the use of space is evident, having periods where the space is merely used. For
example, parking spaces during the day could be allocated for restaurants with removable parklets
when offices are closed; or traffic lanes could be allocated for recreational cycling during the

weekend, as experienced in practice.

Level 1

In Level 1 the technologies are not used in a comprehensive and integrated way. While some papers
mention sensing technologies to detect behavior patterns without the decision to adapt urban
space, others focus on traffic demand technologies to allocate road space, but without prior or real-
time sensing. In this level, technologies are presented as a potential for being integrated to serve as

decision-making tools for road space allocation.
Only sensing / path selection and routing

The emergence of sensing technology has been crucial in the last decades for characterizing
transport use. A good example are eye trackers, used for cyclists, pedestrians, and E-scooters, which
enable understanding on how users perceive and choose paths based on the road's quality (van
Paridon et al., 2019; Vansteenkiste et al., 2014) and how they interact with each other (Pashkevich
et al., 2022). Specifically, eye trackers can analyze the visual attention of different transport modes,
especially how they reflect on each other at different speeds and safety conditions (Pashkevich et
al., 2022). Potentially, eye trackers could be used for decision-making to reallocate road space

statically or dynamically based on the subjective safety of users and travel patterns.

Another example is the extraction of information from video data. Kaparias and Li (2021)
use video data to evaluate the behavior of motorcyclists in different designs of shared spaces. The
motorcyclists' flows before and after intervention were sepatrated houtly to detect trip purposes.
Changes in morning and evening behavior were assumed to change commuting behavior.
Otherwise, the changes were more likely to be for leisure activities. H. Lee and Kim (2019)
evaluated the objective (vehicle speeds) and subjective (fears of an accident) safety of pedestrians
on different pavement designs by comparing before and after a project of revitalizing the streets
towards shared spaces. For objective safety, the authors considered vehicle speed a proxy of the
number of accidents, evaluating vehicle speeds through video surveillance. They had the caution
to record before and after the project on similar weather and temperature conditions, which may

influence behavior and technology effectiveness. For subjective safety, they realized a cross-
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sectional survey. Objective and subjective safety data could be used to perceive where there is more
potential to increase sustainable transportation levels when allocating road space dynamically. Sites
that are perceived as dangerous may not increase active travel, in cases where traffic lanes or parking
spaces are dynamically allocated. Although shared spaces do not necessarily allocate space
dynamically, they lack segregated and user-specific spaces, potentially accommodating easier
transitions, changes of function and space usage. Examples of high-level technology using shared

spaces for allocating space dynamically and in real-time are presented in Level 5.

Vehicle path selection and routing is another lower smartness-level technology. This
traditionally follows the shortest path principle, assuming the shortest travel time as the
optimization goal. In recent work, Zhi et al. (2020) explored vehicle path selection based on the
vehicle's position in the traffic signal queue, which generated a classification and distribution of
vehicles with the cycle lengths and the traffic conditions. Nannicini et al. (2010) use GPS data to
propose the fastest automobile routes considering the hierarchy network classification. Still,
limitations of the method are related to not considering vehicles without GPS and not knowing if
all specific vehicles have GPS (e.g., taxis and police cars). Notably, vehicle path selection algorithms
are not integrated with adaptations to road space. Potentially, road space could be allocated

dynamically according to how vehicles change their path.
Only traffic demand management technologies

Valenga et al. (2021) introduce the concept of dynamic road space allocation as allocating road
space dynamically for mobility and access purposes. The authors demonstrate the many
technological solutions with lower smartness-level solutions that can dynamically adapt road space
and infrastructures and inform users of the changes, such as variable message signs, flexible
bollards, and in-pavement LEDs. These technologies exist already for informing drivers of variable
speeds on highways; restricting car access to city centers; and illuminating traffic lanes at night
respectively. These lower smartness-level technologies could adapt road space dynamically by
simply changing the colors of LEDs, rising and downing flexible bollards, and informing users how

the space is currently used with variable message signs.

Another dimension associated with the introduction of these technologies is user
acceptance. Kaparias et al. (2012) used two web-based stated-preference surveys to assess specific
person-, context- and design- factors influencing the perceptions of both pedestrians and drivers
in shared spaces. The study concluded that pedestrians feel more secure in shared spaces if their
presence is clear to other road users and that drivers feel uncomfortable when surrounded by many

pedestrians, increasing their alertness (Kaparias et al., 2012). Similar results were obtained by H.
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Lee and Kim (2021) and Ruiz-Apilanez et al. (2017), with pedestrians reporting a higher perceived
safety level in shared spaces. Consequently, the type of technology deployed will highly influence
users' acceptance and adaptation to these new street space reallocation concepts. It may also play

a role in providing data for evaluating this adaptation.

Consequently, in the future, it may be possible to communicate the data collected from
sensing technologies to data control centers to reallocate space not only to existent demands but
latent ones. Additionally, the uset's behavior and visual attention are dependent on the uset's
experience, age, and background. Therefore, by analyzing the behavior of these segments, it may

be possible to predict which solutions at what time of day may have a higher acceptance rate.
Level 2

When sensors are available on the infrastructure, a higher level of support can be given to

transport demand management.
Sensing technologies for supporting transport demand management

Computer vision advances have supported practices of multi-modal detection, tracking, and
classification through video surveillance (Hussein et al., 2016). While in Level 1, video data is used
to only analyze transport dynamics, in Level 2, the technology also evaluates the performance of
how the street is used. The work proposed by Hussein et al. (2016) detects pedestrian and cyclist
contflicts at a shared space intersection. The study analyzes data from one video camera comparing
shared space operations between three weekly periods that have different characteristics: the
summer period in a car-free shared space; the transition period with the car gradually coming back
to operation at the intersection; and the normal period with regular interaction between
pedestrians, cyclists, and cars. The authors conclude that conflicts between pedestrians and cyclists
decreased during the car-free period. Mittal et al. (2015) propose a dynamic road traffic lights
management, that collects demand data through cameras and adjusts the traffic lights' cycle times
if traffic conditions are not normal. J. Zhao et al. (2017) use video cameras in intersections to
evaluate dynamic lane assignment. Still, video surveillance has limitations, especially in multiple
objects tracking and detecting objects prone to varying illumination and shadows, such as

pedestrians and cyclists (Morris & Trivedi, 2008).

When redesigning urban space, the interactions between the different transport modes will
likely change. For instance, user behavior in shared spaces does not follow a predefined path or
obey strict traffic rules, as the urban space design is less constrained (Schonauer et al., 2012).

Assessing these interactions has been studied either by developing simulation tools (Anvari et al.,
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2015; Schonauer et al., 2012) or observing specific locations (Essa et al., 2018; Gouda et al., 2021;
Pashkevich et al., 2022). Most studies use video data either for model calibration or usage pattern
recognition, aiming to identify important factors for reducing conflicts, such as the presence of
adequate traffic signals as well as increased visual attention of different transport mode users (Essa
et al., 2018; Pashkevich et al., 2022). Song et al. (2022) propose a multi-target vehicle trajectory
detection method in multiple cameras by transferring the trajectory of the same vehicle through
neighboring cameras. This method proposes overcoming the limitation of current video
surveillance technology that has difficulties tracking the same vehicle across multiple cameras in

complex traffic environments.

Qin et al. (2021) research introduces radio-frequency tags and readers along the road
environment to collect real-time data. When a vehicle passes through a tag, it communicates with
the reader inside it, refining the GPS precision on human-driven cars and autonomous vehicles
(AVs). Choosumrong et al. (2014) use real-time data to support GPS inside vehicles to emergency
routes based on quick changes in traffic flow. There is a gap and a potential for integrating route
choice planning to road space allocation (as mentioned in level 1) in case of an accident or a flood.
Therefore, not only would vehicles be guided to change the route to avoid the extraordinary event,

but the infrastructure would adapt to the new demands.

Sensing urban space is important to understand demands' multi-modal and multi-functional
fluctuation to support short-term decision-making. There will be moments of the day when
demands are complementary or conflicting. On one hand, allocating road space dynamically to
complementary demands is politically more feasible since one transport mode has more demand
than another during that time. On the other hand, it is a political choice and challenge to allocate
road space dynamically or statically when all transport modes have high demands to use the space

(e.g., peak hours).
Demand management technologies

The same technologies from Level 1 can be used in Level 2. However, adaptations to the
road space will be informed in real-time or by historical data at this level. According to Kidando et
al. (2019), it is important to understand traffic and urban dynamics and the dynamic transition of
traffic regimes (DTTR). The changes between traffic and urban regimes (e.g., free flow and
congested) are influenced by diverse elements such as demand, diversity of transport modes,
weather conditions, and driver behavior. Transport demand management measures such as variable
message signs, variable speed limit, in-pavement lighting, and flexible bollards require

understanding these factors to allocate space dynamically (Kidando et al., 2019).
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LEDs have modified both street lighting and in-pavement lighting. Haans and de Kort,
(2012) examine dynamic street lighting that adapts according to users and weather conditions.
Street lighting reduces with less traffic and people, while it increases in stormy weather. The aim
of this proposal has been mainly to minimize energy waste. Nonetheless, according to Haans and
de Kort (2012), studies have found that street lighting conditions are the main built environment

factor influencing pedestrian security perception.

Consequently, if low levels of demand result in low lighting conditions, then, probably, the
space will not be able to increase levels of active transport during these periods. Also, Haans and
de Kort (2012) found that illuminating pedestrians' immediate surroundings is more important than
having light in a distance regarding security perception. Dynamic road lighting is also a technology
that could influence latent demand (high lighting in low demand periods) if applied together with

other road management techniques such as allocating space dynamically for pedestrians.
Level 3

The presence of sensors on the infrastructure and on (priority) vehicles enables the

implementation of demand management strategies associated with using road space.
Intermittent bus lanes and bus lanes with intermittent priority

Dedicated bus lanes (DBL) are of great significance for improving the operation efficiency
of public transportation. Nonetheless, DBL requires road space availability and is underused when
bus frequencies are low. Intermittent Bus Lanes (IBL), a bus lane model first proposed by Viegas
and Lu (2001, 2004), and Bus Lanes with Intermittent Priority (BLIP) (Eichler & Daganzo, 2000)
provide an interesting compromise to the lack of road space or underutilization of exclusive bus
lanes. IBL and BLIP allow motorized vehicles to use the bus lane when the bus is not approaching
the intersection. Otherwise, vehicles are not allowed to use the bus lane, giving the right of way to
the bus. The main difference between concepts is that IBL only informs drivers not to enter the
bus lane, not considering vehicles that are already using the bus lane. Both sensing and transport
demand management technologies are required in IBL and BLIP systems: i) Vehicle detectors
providing bus location; ii) a control system that manages the status of the bus lane according to the
traffic flow and position of the bus; iii) variable message signs and in-pavement lighting to inform
users of the bus lane status (Kampouri et al., 2022). Kampouri et al. (2022) suggest that traffic flows
are also measured to evaluate when it is feasible to implement IBL and BLIP. Both concepts

prioritize transit by adapting the infrastructure according to the bus's position.
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Unlike the original studies, Kampouri et al. (2022) consider transit frequencies and simulate
various scenarios to determine the traffic volumes and bus service frequencies to determine if a
dedicated bus lane or intermittent bus lane is more appropriate. Empirical results showed that when
peak hour volumes range between 1000 and 2000 vehicles, mixing cars and buses on bus lanes may
reduce vehicles' queue lengths and cause substantial decreases in greenhouse gas and air pollutant
emissions while assuring the financial viability of the experiment. Also, Chiabaut et al. (2014) use a
macroscopic fundamental diagram to compare the performance of dedicated bus lanes,
intermittent bus lanes, and buses mixed with traffic by considering traffic dynamics. Ma and Xu
(2020) adapt the concept of IBL to allow vehicles to use the road when space is empty. On the
contrary, IBL and BLIP consider the downstream intersections as the condition for drivers to use
or not a lane, which is not clear the effects and feasibility when the distance between intersections

is too long (Ma & Xu, 2020).
Dynamic lane assignment with vebicle detection

In Melbourne, a similar approach to intermittent bus lanes is implemented in a dynamic
approach, but only during peak hours. Trams in the center of the road are given priority in the peak
direction. Induction loops activate variable message signs and in-pavement lighting to inform other
vehicles to leave the lane when the tram arrives. In contrast, transit signal priority is used for

connecting the tram's position to the infrastructure (Curtie & Lai, 2008).

C. Wang et al. (2016) proposed a one-way sharing DBL that allows the use of the bus lane
by opposite-running buses at different times. Technology is necessary to ensure that the opposite-
running buses are not simultaneously in the same road section. One of the vehicles must be
informed to move to an adjacent lane of the same direction, or a bus priority lane needs to be
turned on. The infrastructure technology includes sensors on the road and inside the buses or other
active vehicles (e.g., ambulances, firefighter trucks), vertical and horizontal signs with actuators to
inform drivers about the correct way of the bus lane at each instant, as well as the existence of a
temporary bus lane (if needed), and a management system connecting them (C. Wang et al., 2016).
Anderson and Geroliminis (2020) claim that DBL, in some cases, does not need total segregation
with other vehicles and could share space with a small amount of traffic. The number of vehicles
allowed in the bus lane varies according to the demand of buses and traffic over time, without
impacting the buses' performance. Similar technologies are also proposed here with in-pavement

lighting and variable message signs to inform drivers if they can use or not the bus lane.

In intersections, the dynamic use of space to serve the different flows is commonly

controlled by traffic lights. DLLA schemes can improve the response to demand by continuously
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adapting the number of lanes associated with each movement at each approach (Alhajyaseen,
Ratrout, et al., 2017). Solutions vary from information-based dynamic lane schemes (IDYL) to
solutions using pre-signals. The technology used in IDYL solutions consists in variable message
signs or in-vehicle technology that provide real-time information to drivers (humans or robots)
about the lane-group configuration during the approach to the signalized intersection (Alhajyaseen,
Najjar, et al., 2017; Assi & Ratrout, 2018; Luo et al., 2019). Pre-signal solutions have an upstream
stop line controlled by traffic lights. These can be used to implement dynamic exit lanes for left-
turn movements (J. Zhao, Yun, et al., 2015; Y. Zheng et al., 2020) and to provide the maximum

width capacity for turning movements (Y. Li et al., 2014).

Level 4

Communication between infrastructure and vehicles

Communication of speed limits for drivers is a crucial safety issue. Several studies point out
that in-vehicle driver notification, like the system proposed by Al-Dweik et al. (2017), significantly
outperforms variable speed limit message signs with a great impact on road safety. Al-Dweik et al.
(2017) propose using Adaptive Speed Limits to change speed limits over time according to real-
time traffic and weather conditions. This proposal aims to ensure higher safety in expressways. The
authors propose that V2V and V2I communications use 4G, vehicular Ad hoc Networks
(VANETS), or a mix of both. The systems architecture is composed of: i) a control center required
to optimize and inform the speed limit according to traffic and weather conditions and record
drivers' speed to a server and apply for tickets in case of speed limit infractions; ii) an in-vehicle
unit to inform the real-time speed limit - GPS receiver, 4G modem, and a driver interface -; and

1if) sensing stations to collect real-time data (Al-Dweik et al., 2017).

VANETS are systems with vehicles equipped with wireless networking interfaces that can
show the current traffic conditions to the driver in a region of interest by their connection with
other vehicles and roadside units (Al-Dweik et al., 2017; Maia et al., 2015). Vehicles inside a specific
region of influence by the roadside units collect information from the roadside unit. However,
vehicles outside this region pass information from vehicle to vehicle. Maia et al. (2015) propose a
Video over VANETS that shows drivers a video of the saturated traffic jams in their planned route
and allows them to choose another one. The authors claim that showing a video of the current
traffic jam is more convincing than a text message on changing routes. Thus, the driver inside a

region of interest is informed by a video of where the most critical traffic jams are, allowing them
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to choose a different route. These technologies may inform drivers about how road space is

dynamically allocated at a particular time.
Autonomous and connected vehicles and interaction with road space

Dynamic lane reversal (DLR) designates solutions for changing the lane direction. Levin
and Boyles (2016) propose a DLR at minimal intervals of time and for small segment sections,
which is only possible with connected and automated vehicle (CAV) technology. The movement
control is performed by a link manager in constant communication with the vehicles (Levin &
Boyles, 2016). This operational strategy improves road efficiency using the available capacity of the
road width to efficiently mitigate congestion (Fu et al., 2021). The current lane reversal solutions
for human drivers, use moveable barriers that are modified manually or by road zippers on fixed
schedules according to traffic patterns (Fu et al., 2021), which takes time and cannot be done
frequently (Levin & Boyles, 2016). Chu et al. (2020) propose dynamically dedicated reversible flow
lanes for autonomous vehicles. AVs enter the lane in both directions based on the decisions taken
in a control center, according to more precise schedules of routes. Research limitations relate to
the lack of consideration of interactions between AVs and human-driven vehicles and the

assumption of the same speed for all vehicles.

Considering the expected increase in vehicle automation, operating AV's with mixed traffic
may be a considerable challenge. Merat et al. (2018) promoted a questionnaire in three European
cities to understand if pedestrians and cyclists felt safe interacting with AVs in shared spaces. This
study concluded that pedestrians felt safer if AVs travel in designated lanes and that pedestrians
assume they have priority over AVs in the absence of these designated lanes. Also, respondents
recognize the importance of receiving information regarding the behavior of AVs, highlighting the

possibility of the vehicle acknowledging the presence of pedestrians.

Tsigdinos et al. (2022) believe that fully segregated AV corridors may be the more feasible
solution. There is, therefore, a potential to dynamically change the lane dedicated to the AVs, or
even use them as reversible lanes. Tsigdinos et al. (2022) revealed concepts that use technology to
make roads smarter: vehicle-to-infrastructure (V2I), vehicle-to-vehicle (V2V), fully segregated AV
corridors, shared autonomous vehicles, electric vehicle charging stations (vehicle-to-grid), dynamic
wireless charging, photovoltaic road. For the intersection context, W. Sun et al. (2018) proposed
MCross, a scheme that maximizes intersection capacity by simultaneously utilizing all road lanes.
They solve a multi-objective mixed-integer non-linear programming problem to dynamically

compute lane assignment and green times.
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Based on the increased availability of communications for connected autonomous vehicles
(CAVs) compared to human drivers, several methods were presented for dynamic lane reversal
(DLR) (Chu et al., 2020; Duell et al., 2016; Levin & Boyles, 2016). Levin and Boyles (2016) propose
a cell transmission model (CTM) and consider that lane direction can occur at minimal space-time
intervals (a few hundred feet and 6s of time steps). The authors present a heuristic algorithm for
the stochastic demand scenario, solving an integer problem. The proposed solution was tested in
Austin downtown (TX, USA) in the AM peak and achieved a 21.8% reduction in total system travel
time over fixed lanes. This algorithm was applied by Levin et al. (2019), where the authors
introduced a max-pressure policy that controls autonomous intersection management and DLR.
Like Levin and Boyles, (2016), Duell et al. (2016) also use CTM and propose a DLR model that is
responsive to time-varying demand. Chu et al. (2020) present the Dynamic Lane Reversal-Traffic
Scheduling Management Scheme for CAVs. Knowing the travel requests from the CAVs, they
compute the optimal schedules and routes on dynamically reversible lanes by solving an integer
problem. D. Wu et al. (2017) evaluate implementing Bus Lanes with Intermittent Priority in a
connected V2V environment. The authors conclude that BLIP reduces bus delays in most
scenarios and is more appropriate with four or more lanes. Results from a connected BLIP
demonstrate similar impacts to a non-connected environment, reducing efficiency when traffic and

bus frequency are high and when the cars' clearing distance is long,.
Level 5

The last level assumes a context where the infrastructure adapts to all transport modes.
Valenga et al. (2021) present two technologies that could be used in Level 5. The Dynamics Streets is
a flexible hexagonal modular pavement with LED lighting in the middle (Ratti, 2019). Bollards and
bike racks can be plugged in the module, and the color of the lights can be changed to allocate
spaces differently. A Level 5 Smart City project in Toronto entitled Quayside Plan was proposed
for retrofitting the city's waterfront. The project was not implemented due to the economic
consequences of the Covid-19 Pandemic (Sidewalk Labs, 2023). The project proposed to have
curbless streets independently of their hierarchy. The proposal is that active transport can interact
with low speeds vehicles and Dynamic Streets are implemented in a shared space environment to
effortlessly adapt urban space and interact with other technologies such as dynamic street lighting,
adaptive traffic signals, and variable message signs. Also, the project proposes to use Beacons to
broadcast navigational information through Bluetooth about how the space is used to active

transport and vehicles.
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Another technology that was developed is the Starling Crossing that is a responsive road
surface with computer-controlled LEDs that modifies the layout of the pedestrian crossing
(Umbrellium, 2017). The environment is monitored and connected with cameras that detect
multimodal objects through trained neural networks and inform the pavement to respond
according to objects positions. When pedestrians are close to crossing the street, vehicles are
informed to stop and a pedestrian crossing appears on the road surface. The pilot case study that
uses Starling Crossing is also in a curbless environment with low-speed vehicles, segregating modes

by interactive road markings in the shared space.

Both technologies challenge the status quo of the street design by allowing sensing and
management technologies to be connected to infrastructure, vehicles, and active transportation.
The road space from facade to facade and all transport modes are the control features of Level 5,
that interact, communicate, and inform the different uses. Thus, space could be allocated
dynamically or reactively in detriment of real-time demands of autonomous vehicles, pedestrians,
cyclists, or public transport that are detected through sensors or video and communicated to the
infrastructure and users. It is important to mention that this is not necessarily the desired future.
More studies need to evaluate the impacts of this level in terms of justice, economic viability, and

performance.

4.4 Discussion

From the results, it is possible to clearly understand the technological reliance of the
adoption of different road space allocation solutions. Figure 19 presents the systematization of
these types of solutions with technology and smartness levels. Static road space allocation solutions
were not discussed in this paper. Nonetheless, although they may use some technologies to sense
or manage urban space, these technologies are not used to adapt road space to different demands
over time. Instead, technologies are mostly used to examine safety and behavior patterns for users,

as mentioned in Level 1.

Also, intermittent solutions rely on technology since priority vehicles require vehicle
detection, and the infrastructure to adapt to their position. Therefore, these solutions require
communication between the priority vehicles and the traffic signals, control systems, and demand
management technologies. Besides the technical limitations of intermittent solutions, they also
need priority vehicles and infrastructure to be technologically developed. Consequently, this may
be the main barrier for sites to implement this solution, where financial and technological

development is limited.

119



Dynamic solutions are more flexible since they may use technology but are not overly reliant
on it. Dynamic solutions vary their complexity and technology adoption throughout all levels of
smartness defined in this paper. Dynamic solutions range from no use of technology by allocating
space by vertical and horizontal signaling (level 0) to using V2V and V2I communications for Avs
(Level 4) and demand responsive technologies such as Starling Crossing and Dynamic Streets (Level 5).
Interestingly, the technologies mentioned in Level 5 prioritize urban areas and safe interactions
between pedestrians and vehicles, which is lacking in the other smartness levels. Also, the
acceptability of these solutions by various segments of society requires a more profound
understanding. Nonetheless, our smartness classification can guide future studies to narrow their

evaluation of user acceptability, behavior, and safety for each level of smartness.

Type of solution Changes through time (24h) Demand management Sensing Smartness level

Static No changes _ No technology 0

Changes in real-time according to - e f
Intermittent —————  With technology ——— Sensing infrastructure 3

a priority vehicle and vehicles (V2I)

Changes in periods No technology 0
(e.g., peak and non peak hours)
With technology No sensing 1
Sensing infrastructure 2
Dynamic V2V and V21 4

Changes in real-time during some periods

Sensing infrastructure
(e.g., only non-peak hours)

and vehicles (V2I)

— With technology ——

Changes in real-time or in periods of With technol VX 5
certain parts of the surface according to It technology

multimodal demands

Figure 19: Definition of the road space allocation solution type with technology adoption.
Source: Author.

4.5 Conclusion

The development of technological solutions for transport infrastructure sensing and
demand management supports decision-making and road space allocation. This paper aims to
review and classify, in terms of technological adoption, many forms of road space allocation. We
propose the solutions to be classified from level 0 — no technological adoption -to level 5 — fully
connected environment. While level O is the state of practice of most road space allocation
solutions, level 5 is still theoretical, with few technologies being developed. Our systematic

literature review restricted the research scope to journal papers. We acknowledge that this may be
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a study limitation since many technological developments and innovations appear in commercial
websites. We suggest that future reviews include commercial technological innovations. Further
work could be performed on the quantifications of the impacts associated with the deployment of

these technologies. They must also account for monitoring and KPI that allow for this assessment.

This review does not discuss how to plan cities and if these new technological developments
and road space allocation concepts can ensure more just and sustainable environments. Many urban
and transportation planners have advocated against smart cities and solutions, arguing that many
solutions focus on technology, not the people (Batty, 2013). Our technology-level classification of
road space allocation solutions may guide this discussion by examining which levels and solutions
meet sustainable development goals. It provides a common language and framework for
understanding the capabilities and limitations of smart transport infrastructures sensing and

demand management.

Despite the legal aspects regarding data privacy, governance, and cyber security were not
discussed in this paper, our classification may guide policy makers to ensure regulations and laws
according to different levels of risk associated with each technology adoption level. Furthermore,
it is important to ensure functionality and safety, and address concerns around liability and ethics.
Overall, having a common understanding of smartness levels can help industry stakeholders, policy
makers, and the public communicate effectively and develop more sophisticated and safer solutions

for intermittent and dynamic road spaces.
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Part B.

Implementation
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Chapter 5

What we have learned so far

In Chapter 3, we presented the conceptual assumptions of implementing dynamic road space
allocation in spaces where limited space is available to fulfill appropriately all competing uses.
Specifically, our assumption is that these streets may experience periods when certain sections are
underutilized, motivating the space to be allocated dynamically for alternative uses. In summary,
complex streets have: i) limited and disputed spaces facing a dilemma on allocating space for
mobility or access functions; ii) high connectivity to many areas of the city attracting trips; iii) high
density and diverse land uses influencing mode choice and demand fluctuations over time; and iv)
have high levels of traffic or/and public transport at least an hour a day. Chapter 3 introduced a
discussion on the conceptual assumptions on where to reallocate space dynamically, but still more

detail on the indicators and a practical case study are required to validate the site selection criteria.

What to expect in Chapter 5

Chapter 5 is the first chapter of Part B. The chapter presents a methodology of identifying
zones that have complex streets — with limited and disputed spaces - to reallocate road space. In
these zones there is a potential to reallocate road space dynamically. The conceptual assumptions
adopted to select zones are based on the ones described in Chapter 3. Besides the spatial
assumptions - mobility vs access dilemma; high network connectivity; dense and diverse land uses
-, we include a temporal analysis that analyzes traffic and public transport dynamics over time.
Consequently, it is possible to make conclusions on the periods that have more potential for
reallocating road space dynamically. Open data is used for implementing the methodology in
Lisbon, Portugal. Specifically, our method uses data from Census, OpenStreetMap, Google Maps
API, and GTES.
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Chapter 5

5 Where is it complex to reallocate road space?

This chapter has been published as: Valenca, G.; Moura., F; Morais de S4, A (2023).
Where is it complex to reallocate road space? Environment and Planning B: Urban

Analytics and City Science. https://doi.org/10.1177/23998083231217770

5.1 Introduction

Traditionally, the allocation of road space to its different functions is based on the road
network hierarchal classification. While in arterials, most space is attributed to traffic lanes, in local
streets, there are usually fewer traffic lanes and more space for parking or sidewalks (Seco et al.,
2008). Essentially, road space is distributed into two main types of spaces: i) corridors of
movement, and ii) places for access and standing/ stillness/ staying (Nello-Deakin, 2019; von
Schonfeld & Bertolini, 2017). On one hand, corridors of movement fulfill the mobility/link
function and are customarily evaluated by measuring Levels of Services (Handy, 2020; P. Jones,
2016; Valenga et al.,, 2021). On the other hand, access places have been implemented through
parking spaces in car-oriented planning cities (Seco et al., 2008). Nonetheless, the 'place' status of
the street has regained importance in recent years, acknowledging the place's importance for

staying, loading/unloading, playing, socializing or loitering (P. Jones, 2016).

According to P. Jones (2016), the limited street width is one of the main challenges in
allocating space for competing demands and functions. Recent road allocation strategies do not
tackle the complexity of road space distribution and are often biased towards prioritizing one main
function (mobility or access). Strategies such as complete streets and road diets are claimed to
promote space for all modes. However, they often fail to consider the place function of the street
(Mehta, 2015). Instead, these strategies focus on putting many transport modes to dispute for space
in a mobility perspective, ignoring other public space functions and that the space could be shared
(Nello-Deakin, 2019; Zavestoski & Agyeman, 2015). Differently, experimentation and pop-up
initiatives reallocate the space to promote public spaces, mainly in local areas (Gehl, 2013), where

there is less complexity and competing demands and activities.
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Nonetheless, in streets with limited available space, there is a political and practical dilemma
of allocating road space when high mobility/link and access/place functions need to be fulfilled
and there are high traffic volumes and public transport levels (Gossling et al., 2016; P. Jones, 2016;
National Association of City Transportation Officials, 2016). Also, the complexity increases when
the street is located in a zone with high connectivity to other locations in the city, being a key
destination for trips (De Gruyter et al., 2022). Thus, complex spaces have more actors (dense

places) and different activities (diverse land-uses) competing for the space (P. Jones, 2016).

Studies on road and street space allocation have tackled road distribution justice (Go6ssling,
2016; Gossling et al., 2016), however few studies evaluate site selection of zones in the city where
it is complex to reallocate space. The site selection of complex zones can guide planners, at an
initial stage, to understand which zones require a deeper evaluation to implement the right solution.
This is particulatly relevant in zones where mobility/link and access/place objectives conflict with
one another and where cities aim to prioritize more sustainable forms of transport or place activities
such as outdoor dining and parklets (De Gruyter et al., 2022). In this context, this chapter aims to
propose a methodology for selecting complex zones that potentially have streets that face a

dilemma of allocating road space for both mobility/link and access/place functions.

Additionally, complex zones may require innovative ways of reallocating road space that
consider the many modal and activity demands over different times of the day, week or season.
For example, traffic lanes can be saturated during peak hours but often are underutilized in off-
peak hours, which could be used for another purpose. There is a certain inefficiency in the use of
space in static urban designs due to their limitation of not adapting according to urban dynamics

in short periods, as discussed throughout this thesis.

In Chapter 3, we propose the concept of dynamic road space allocation to reallocate space
dynamically over time in complex streets with many diverse needs during the day. In complex
zones, it may not be possible to accommodate all uses and functions using static regular street
designs. Although in Chapter 3, we suggest a methodology for site selection, we do not go into
details nor apply it to a case study. This Chapter fulfills this gap by proposing a method for
identifying complex zones for distributing road space that are candidates for dynamically allocating

road space. We apply the proposed method for the case study of Lisbon, Portugal.

First, we discuss dynamic applications in road reallocation strategies and the concept of
dynamic road space allocation. Then, the methodology of the site selection of complex zones is

presented, together with the conceptual assumptions for selecting candidate zones for dynamic road
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space allocation. Sequentially, we present the case study. Then, the results and discussion are shown.

We finish with a conclusion and references.

5.2 From dynamic lane allocation to dynamic road space allocation

Dynamic lane allocation proposes to dynamically allocate traffic lanes to different transport
modes over periods of the day (e.g., peak and non-peak hours). The main goal is to reduce delays
and use the space more efficiently to prioritize a transport mode or allocate underutilized lanes to
other modes. Dynamic lane allocation has been researched for transit priority by maintaining a
dedicated bus lane during peak hours and mixing with traffic when traffic and bus demands are
low (C. Wang et al.,, 2016; F. Zhang et al., 2018; N. Zheng & Geroliminis, 2013). Other authors
have studied how to dynamically open the hard shoulder for traffic during peak hours to optimize
traffic flows (Mehran & Nakamura, 2009). The concept of dynamic lane allocation has also been
applied as dynamic reversible lanes according to different directional demands over time
(Hausknecht et al., 2011; J. Zhao, Liu, et al., 2015); and studied in the case of using autonomous
vehicles in expressways (S. Chen et al., 2022; Duell et al., 2016). Overall, dynamic lane allocation
has mainly been studied in expressways and arterials. Not much has been done considering urban
environments, signalized intersections, and other road hierarchy classifications that have high
mobility/link and access/place functions in dispute (Alhajyaseen, Najjar, et al., 2017). Most studies
focus on automobile and bus optimization strategies with some rescue and autonomous vehicle

applications.

Summing up, DLA only considers the traffic lanes as part of the urban space, lacking
consideration of curbs, sidewalks, land use, and interaction with active transportation. Thereby,
active modes, urban activities, land use patterns, and the access and place function of the street
should be considered when proposing a dynamic allocation of space in urban and complex
environments. The concept of dynansic road space allocation aims to include the gaps identified in the
literature on dynamic lane allocation to allocate space dynamically in urban and complex

environments, as mentioned in Chapter 3.

The dynamic road space allocation, from fagade to fagade, aims to balance the access and place
function (i.e., parking, parklets, restaurants) with the mobility/link function (e.g., network
multimodal flows) of the urban space over time. Dynawmic road space allocation is context-oriented and
more applicable in complex zones, where there is a dilemma and limited space to allocate for
mobility/link or access/place. As complex zones have diverse actors and activities competing for

space, dynamic road space allocation has the potential to accommodate different uses in a cross-section
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over time, when a specific space is underutilized or to prioritize a particular mode or activity. While
dynamic lane allocation maintains the mobility function by allocating the space to different modes
over time, dynamic road space allocation can promote both mobility and access functions and adapt the
space to mix both functions. For example, a traffic lane (mobility) can be allocated for
loading/unloading logistics during only lunch hour (access). Technologies such as variable message
signs, in-pavement lighting, and flexible bollards may indicate these transitions. The following
section explains the methodology for selecting complex zones that have the potential to implement

dynamic road space allocation.

5.3 Methodological framework

A methodology for choosing complex zones where dynamic road space allocation may be
implemented is suggested in Chapter 3. In Chapter 5, we detail and expand the method, applying
it to a case study. Figure 20 presents the methodological framework of this study, including the
data collection, conceptual assumptions, criteria and indicators, and results of the indicators that
match the criteria. This process ultimately culminates with the identification and selection of areas

categorized as complex and highly complex for the purpose of reallocating road space.

The zone selection on a macro scale (e.g., municipality or metropolitan scales) considers
two main analyses: spatial and temporal. For the spatial analysis, the morphology of the road
network and prevailing land use in the zones are considered. While road network characteristics
significantly influence demand intensity, demand fluctuations over the day are more related to
building activities and land use patterns (Berghauser Pont et al., 2019). Our proposal uses network
centrality and land use indicators to evaluate the spatial component for selecting complex zones
for reallocating road space. The selected zones must verify all requirements: i) dispute between
mobility/link zersus access/place functions of the road network; ii) high connectivity; iii) high land
use densities; iv) high land-use diversity. In terms of the temporal analysis, this study takes into
account the dynamics of motorized traffic and public transport. If certain zones experience high
traffic demand at any given time of day, reallocating road space becomes more complex due to the

fact that road capacity is not consistently underutilized.

Also, if the zone has bus stops with a high frequency of buses during a certain time there is
a dispute in road space both on the traffic lane between buses and other vehicles, and on the
sidewalk between the bus stop, pedestrians, and activities. The conceptual assumptions marked in
orange in Figure 20 are the requirements for having complex zones. The public transport

assumption (marked in red) was not considered essential for the zone to be complex, since the
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other assumptions already fulfill this requirement. However, having bus stops and a high frequency
of buses adds more complexity to road space allocation. The criteria and indicators are explained

in more detail in the next section.

We adopted a zoning grid to consider both network and land use indicators for Lisbon.
The choice of using a grid map zoning over Census blocks was due to the advantage of grouping
and comparing road network and land use indicators from different data sources. In addition,
Census blocks size varies significantly even in urban areas while grid cells are uniform throughout
the territory. In summary, the grid map zoning makes it possible to join and evaluate precise
locations and aggregate locations of activities (centroids of census blocks) in the same cell.
Additionally, we considered that a complex zone is detected if all conceptual assumptions in orange
are met. Very complex zones are the ones that go in line with the conceptual assumption marked
in both orange and red (Figure 20). Thereby, the grid ensured that each indicator was calculated

independently.

The scale of 200x200m was chosen after testing the methodology in smaller (100x100m)
and higher scales (500x500m). We noticed that the 200x200m scale was better adjusted to the
centroids of the census blocks. Furthermore, the smaller scale of 100x100m provided
approximately the same results, while the scale of 500x500m resulted in a smaller number of
selected zones. Also, larger grids will result in a loss of accuracy (e.g., population density and
centrality measures can be significantly affected if two heterogeneous blocks are merged into the

same analysis zone).

Additionally, the 200x200m scale is appropriate for policy makers to further evaluate the
streets in the selected zones for considering which static or dynamic solutions to implement. While
smaller scales may not give a complete picture of blocks and the context of some zones, higher
scales provide an overload of street options, higher levels of data aggregation, and consequently,
ovetly increase heterogeneity within a zone. The 200x200m zones correspond approximately to an
area of 4 blocks of 100 meters each, which allows the evaluation of three intersections. In future
studies, when proposing dynamic solutions and collecting data, it makes sense to evaluate the

effects of the road segment on the downstream, middle and upstream intersections.

It is important to emphasize that this paper does not evaluate which road segments are
more suitable for dynamic road space allocation. Instead, from a global perspective, we consider which
zones may have the most convenient road segments, according to their network functions and

interaction with activities and land use, and traffic and public transport dynamics. We suggest that
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the criteria for selecting the appropriate road segments and the many dynamic road space allocation

scenarios within the designated zones are defined in future studies.
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Source: Author.
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5.4 Conceptual Assumptions: criteria and indicators

5.4.1 Spatial Analysis
Road Network: Road space allocation dilemma

While the arterials in an urban environment prioritize mobility (or movement), local streets
focus on access to activities and residences. However, when dealing with a zone in the graph near
the overlapping area, as illustrated by the hatched pattern in Figure 21a, policy makers may not
perceive if they should prioritize access/place over mobility functions or vice-versa. According to
Seco et al. (2008), the main distributors are the main challenge in determining which function to
prioritize, as illustrated in Figure 21b. Specifically, main distributors often struggle with limited
urban space, which is a problem to fully and adequately design for mobility and access. Additionally,
many of these roads were previously designed to increase automobile capacity. The amount of
space that should be reallocated for sustainable modes and the consequences on traffic jams are

still unclear in many cities that seek to transfer traffic lanes to other urban functions.

Betweenness Closeness
1 0.75 0.50 0.25 0 0 025 0.50 0.75 1
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Figure 21: Road hierarchy classification and road space allocation dilemma (hatched and colored parts of the graph
are the functions overlapping zones).
Source: Author.

Notably, urban space is a dynamic entity, and thereby it may have different spatial and
temporal needs during peak and non-peak hours, weekdays, weekends, and seasons. We highlight
in Figure 21a, the overlapping zone where, conceptually, the several types of road network
hierarchies can serve one function or the other (i.e., mobility versus access/place), depending on
transport demand and activity requirements over time. For example, main distributors could be

dedicated to vehicular traffic during peak hours but allocated for active modes (mobility) or parklets
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(access/place) during non-peak hours. Thus, by dynamically adapting the road space, it may be

possible to have a more equitable and just space distribution over time.

We used centrality measures to characterize the road network to evaluate the road space
allocation dilemma in the disputed area illustrated in Figure 21a (main and local distributors).
Centrality measures can represent the urban street network based on its urban morphology
(Demsar et al., 2008). The network configuration is measured through topological distances while
considering every node in the network with equal importance and opportunity access (Hillier &
lida, 2005; F. Wang et al.,, 2011). Even though centrality measures have their limitations in
measuring accessibility and demand (Geurs, 2018; Zhong et al., 2014), it has proven to be an
effective method to characterize the urban form from a global perspective (Berghauser Pont et al.,
2019). We opted to use these measures since they can evaluate the road network configuration that
influences mobility patterns (Penn et al., 1998). Therefore, we evaluate the road network effects in
each 200x200m grid cell using the centrality indicators explained below. We calculated the average

values within each grid cell for each centrality indicator.

Conceptually, betweenness centrality is a measure of network flow, and thereby, it is suitable
to evaluate the mobility function of the network (Wasserman & Faust, 1994). Betweenness
centrality measures the number of shortest paths that pass through a node. The higher the value
of the betweenness of a link and a node in a road network, the more likely it corresponds to a
higher hierarchy level of road classification and a network hub, respectively (Barthelemy, 2017).
Suppose the betweenness values are classified into four categories from minimum to maximum (0
to 1). In that case, the conceptual dilemma's undefinition area will be in the second (main
distributors) and third classification (local distributors), as illustrated in Figure 21a. Betweenness

centrality is defined as (Freeman, 1979):

~ 1 - 9;i(r)
Cs(pi) = (n—1((n-2) jikz,iik 9ji

(Equation 3)
Where Cg(py) corresponds to the betweenness of a node Py, gj;(Px) is the number of
shortest paths between nodes p; and p; which pass through the node py, gj; is the total number

of shortest paths between nodes p;j and p;, n is the total number of nodes in the network.

The closeness centrality is a measure of proximity since it measures how close a point is to
other network points. More local streets usually have denser nodes than higher hierarchal road

classifications (Ozbil et al., 2011). High closeness values indicate minimum distances to the shortest
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paths in the network. The third level (main distributors) and second level (local distributors) of
closeness values are more likely to correspond to the road space allocation dilemma's undefinition

area, as demonstrated in Figure 21b. Freeman (1979) defines closeness as (Equation 4):

n—1
) = S G po
i= i
(Equation 4)

Where C.(py) is the closeness of the node py; d(p;, px) is the number of shortest paths

linking p; and pg; and n is the total number of nodes in the network.

After detecting the road network's undefinition area, we use the degree centrality to measure
network connectivity, which is an important step to verify how streets are connected and are more
likely to fulfill their primary linking function. Additionally, streets with high connectivity tend to
be important trip destinations (De Gruyter et al., 2022). The degree centrality is defined by Freeman
(1979) and demonstrated in (Equation 5): higher values of degree, levels 3 and 4, are desired on a

4-level scale.

Yicia(pipr)

Cop(pr) = 1

(Equation 5)

Where Cp(py) is the degree of a node pg, a(p;, px) is the i component of the node
adjacency matrix A, and takes the value of 1, only if nodes p; and py, are connected with a link, and
n relates to the number of nodes in the network, n — 1 is the maximum number of connections

that a point may have to other points in the network.
Land use: Density and diversity

Land use density and diversity significantly affect travel patterns and behavior. While urban
densities greatly influence mode choice in daily commuting, mixed land use mainly influences how
the trips are distributed throughout the day (Berghauser Pont et al., 2019; Cervero, 1996). However,
non-motorized trips tend to rise when there are high densities and diverse neighborhood activities,
including restaurants and shops. For example, in a dense and mixed land use environment, office
workers would tend to walk to a restaurant to have lunch rather than returning home by car
(Cervero, 1996; Cervero & Kockelman, 1997). Additionally, mixed land use enables dynamic
settings since parking spaces during working hours for offices can serve restaurants and theaters at

night (Cervero, 1996).
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In this context, we evaluate land use in two dimensions: density and diversity. Using the
Portuguese Census, we considered the population within each cell grid of 200-meters square for
calculating the density (Instituto Nacional de Estatistica, 2011). We summed the population
corresponding to each centroid of all statistical Census blocks (smallest geographic unit for available
statistical information) within each grid cell. Additionally, we divided the value within each cell by
the average of all cells to analyze the population distribution in the territory (Equation 6). The last
step is essential for establishing zone selection requirements, discussed in section 5 of this chapter.

Den, = i=1 Pop;

— Pon;
N

(Equation 6)
Where, Den, corresponds to the density in the grid cell ¢, Pop; is the population of centroid

7, n is the total number of centroids intersecting with the grid cell ¢ and M is the total number of

cells that intersect with at least one centroid.

To calculate the land use diversity, we use the Entropy index. The Entropy index was first
applied in information theory (Shannon, 1948), but has been used to calculate land use diversity
for several years (Cervero & Kockelman, 1997). The index ranges between 0 and 1, where O has
homogeneous land use, with only a single land-use type, and 1 has an equal distribution of land-

use types. The entropy index is calculated in the following (Equation 7):

N
_ N\ [BxIn(7)]
Ent, = — z (V)
]
(Equation 7)

Where, Ent. corresponds to the entropy of cell ¢ P; is the proportion of the category j, and

N corresponds to the total number of land use categories.

5.4.2 Temporal analysis
Motorized traffic dynamics

When streets have very low traffic demand at any time of day, it tends to be less complex
to implement traffic management and road space allocation strategies. Consequently, not only the
technical choice to repurpose the space is less complex, but also the acceptability will tend to be

higher since the car is not being challenged. Streets with higher car volumes are more likely to be
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more contested since cars considerably use more space than other transport modes to carry the
same number of passengers or freight and, therefore, reclaiming more space than other modes
(Gossling et al., 2016). There is a higher challenge to reallocate space in highly congested streets
due to limited space, and the need to perform tradeoffs and compromise one mode for another.

In many cases, there is a lack of political effort and reluctance to perform changes that will upset

drivers (Bozovic et al., 2021).

In this context, we use real-time Floating Car Data (FCD) from Google Maps to evaluate
the complexity of reallocating road space within a zone from a temporal perspective. Google Maps
tracks the location of mobile devices that users permit to share their location or that are actively
using the app. FCD has proven to be a reliable and cost-effective method to collect and analyze
traffic data of an entire road network (De Fabritiis et al., 2008). Also, this type of data is very useful
to complement data from sensors in the network and evaluate travel time variability over time
(Rahmani et al., 2015). The traffic levels in Google Maps are defined by a congestion delay index
with color indicators: no traffic delays (green); medium traffic (yellow); high traffic (red); and heavy

traffic (crimson).

We extracted real-time traffic data on a Thursday as a representative standard day, every
hour from 6 AM to 11 PM. We consider that if a zone does not have any streets with high or heavy
traffic conditions at any time of day, then the space is consistently underused. The problem, in this
case, is not a lack of space, but rather an oversupply of space when compared to the existent
demand. On the other hand, if a zone has a street with high or heavy traffic levels at any time of
day, there is a dispute for space, which increases the complexity of reallocating it. We calculate the
maximum traffic level of service of every street within each zone from 6 AM to 11 PM. Sequentially,
only zones where the maximum value of the level of service is high (level 3) or heavy (level 4) are
selected as a requirement for complex zones to reallocate road space. This means that we select
zones that have at least one street that intersects the zone, with high (level 3) or heavy (level 4)
traffic levels at any time of day. The traffic dynamics indicator proposed in this paper is measured

by the equation below:
TD, = max.[max[_,(TLg,)]|
(Equation 8)

Where TD, corresponds to the traffic dynamics indicator of cell ¢, N is the total number of
streets s within a cell ¢ T'is the total number of hours 7 and TLg is the traffic level of the street s

at the time #
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Public transport dynamics

When public transport operates at a high frequency and the roads are congested, there must
be a trade-off between the amount of space that should be allocated for one mode or the other.
Solutions, such as dedicated bus lanes, or dynamic bus lanes (e.g., only during peak hours), can be
employed to effectively reallocate road space in complex urban environments. Also, when there is
substantial demand for both traffic and public transport, the decision to allocate space for one
mode over the other depends on the political will to challenge the dominance of cars. Additionally,
the presence of bus stops on the street occupies a significant amount of space that is crucial for
accommodating pedestrians and facilitating convenient boarding of public transport, further

adding to the complexity of the situation.

We use General Transit Feed Specification (GTFS) data to evaluate public transport
frequency at bus stops over time. GTFS data contains a standard format of transit schedules
including bus stop locations, routes, and trips, available from many public transport agencies.
GTTS is a valuable tool for visualizing and analyzing the conditions of the public transportation
network (Barbeau & Antrim, 2013). In Lisbon's case study, only data from buses were used since
the metro is underground and does not directly compete for road space. The frequency of all trips
is more important than only considering a specific route of public transport when making decisions

about road space allocation solutions (National Association of City Transportation Officials, 2016).

We calculate the houtly number of bus trips that pass through a bus stop from 6 AM to 11
PM. Sequentially, we calculate the total number of buses per hour within a zone. In this case, it is
important to evaluate the zone and not the bus stop separately since the combination of all bus
stops within a zone will influence the complexity levels of reallocating road space. We adopt the
classification of the Transit Street Design Guide of bus frequency and volume (National
Association of City Transportation Officials, 2016). The guide classifies the bus frequencies into
four categories based on headways, frequencies, and passenger occupancy levels. However, there
are some overlaps of values referring to the bus frequency required for each category. Since we use
only the frequencies of buses, we adapted slightly the classification proposed by the guide to have
a fixed difference between the levels of classification. We classify the bus frequencies in four levels
based on the Transit Street Design Guide, following (Equation 9): low volume (4 or fewer buses
per hour); moderate volume (5 to 10 buses per hour); high volume (11 to 20 buses per hour); and

very high (above 21 buses per hour).
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B
PLC,t == Z Bqu,t
b=1

(Equation 9)

Where, PL; cotresponds to the public transport level of cell ¢ and hour t, B is the total
number of bus stops 4 within a cell ¢, and Busy, is the total number of buses that pass at bus stop
band time 7and PLN,; is defined by:

1- 1<PL, <4
2> 4 <PL,; <10

3 5 10 < PL,, <20
4 > PL., =20

PLN,, =

The public transport dynamic indicator of a zone is measured by the maximum bus
frequency level per hour throughout the day. Only selected zones that experience high (level 3) or
very high (level 4) bus volumes for at least one hour are taken into consideration. The public

transport dynamics indicator proposed in this paper is computed with (Equation 10):

PD. = max!_,(PLN,,)
(Equation 10)

Where, PD, corresponds to the public transport indicator of cell ¢, T'is the total number of

hours # and PLN_; is the public transport level defined in (Equation 9).

Thus, the selected zones are chosen by the intersection of all spatial and temporal indicators
in the grid cells, classifying zones as complex or very complex. Complex zones comply with all the
requirements of the spatial indicators and the traffic dynamics indicator of the temporal analysis.
Very complex zones are the ones that comply with the conceptual assumptions of all the indicators
proposed by the spatial and temporal analysis. This process will be more specifically explained in

section 5.5.
5.5 Implementation

5.5.1 Study area and data sources

The city of Lisbon is the capital of Portugal and our case study, with an area of

approximately 100 km® and a population slightly above half a million (Instituto Nacional de

139



Estatistica, 2011). The city of Lisbon is part of the Lisbon Metropolitan Area, with 2,8 million
inhabitants (Marques da Costa, 2016). The destination of 21.6% of total commute trips in the
Lisbon Metropolitan Area is Lisbon, whereas 15.9% of trips are produced or attracted by the city
(Instituto Nacional de Estatistica, 2011). Figure 22 presents the main areas in Lisbon. The historical
area (1) is where the city was founded, being an important area for commerce and tourism. Since
the late 1990's and early 2000's, the historical center has suffered from processes of gentrification
and studentification, and more recently residents are being displaced by short-term rental markets
such as AirBnB (Cocola-Gant & Gago, 2021; Sequera & Nofre, 2020). The river waterfront (2),
links to the historical center (1) where some of the main landmarks are located (e.g., Belem Tower,
the Jeronimos Monastery, the Commerce Square), and to a new central residential area (7) that was
regenerated in the late 1990's to receive the Expo 1998. The consolidated central area (3)
corresponds to the main urban expansion of Lisbon during the 1* half of the 20* century centered
around the main traditional mixed-use corridors, where the main economic activities were
established. The central residential area (5) had its urban expansion during the 1% and 2™ half of
the 20th century, while the central residential area (6) has higher densities, expanding during the
2 half of the 20th century. The Monsanto (8) is an area with low density, being mainly a natural

reservation park. The International Airport (9) is located in the north part of the city.
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Figure 22: Main areas in Lisbon. 1) Historical area; 2) River waterfront; 3) Consolidated central area; 4) Traditional
mixed-use corridors; 5) Central residential area; 6) Central residential area with high densities; 7) Central residential
area with mixed-use centralities; 8) Monsanto forest park; 9) International Airport.

Source: Author
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We used the centroids of each Census block to extract the resident population and the number
of mainly residential buildings to calculate the land use density and diversity indicators, respectively.
Besides the residential buildings, we used the Commercial Census in Portugal to gather data related
to services and shops, restaurants and bars, and hotels to calculate the land use diversity (Camara
Municipal de Lisboa, 2010). We considered four main types of land use to calculate the Entropy
index: primarily residential buildings, services and shops, restaurants and bars, and hotels. The road
network was extracted from OpenStreetMap and treated using the sf, #dygraph, and rgrass7 packages
of R version 4.0.3 (Bivand et al., 2021; Pebesma, 2018; Pedersen, 2020). The network typology was
cleaned by breaking lines at intersections. As a result, nodes represent intersections, and the edges
represent the road segments of the network. We used the googletraffic R package to extract real-time
traffic conditions from 6 AM to 11 PM on April 27" 2023 (Marty, 2023). The calculations of the
frequency of trips that arrived at each bus stop were executed by using the gffstools library
(Herszenhut et al., 2022). The GTES from buses was extracted from the most recent data provided
by CARRIS (30 December 2022), the main bus operating agency in Lisbon (Open Mobility Data,
2022). Furthermore, the open-source software QGis 3.18.1 (QGIS Development Team, 2021) was
used to develop the maps and calculate the network's centrality indicators (degree, betweenness,

and closeness) and land use indicators (density and diversity).

5.5.2  Results

As mentioned before, the indicators for choosing zones with the potential of implementing
dynamic road space allocation are separated into spatial and temporal indicators. While the spatial
indicators used are betweenness, closeness, degree, density, and diversity (Entropy index), the
temporal indicators are the motorized traffic dynamics, and the public transport dynamics. We
rescaled all the spatial indicators from O to 1 using the min-max normalization for each 200x200m
zone (except for the Entropy index since the original values already range within this scale). The
temporal indicators are categorical variables with four categories each. A zone is chosen to be
complex for reallocating road space if all the spatial indicators and the motorized traffic dynamics
requirements are met. If all spatial and temporal indicator requirements are met than the zone is
considered to be very complex (Table 3). The intersection approach was adopted since it is the
combination of the indicators that correspond to complex and very complex zones to reallocate
road space and where implementing dynamic road space allocation is motre appropriate. In other words,
these are the zones with higher possibilities of having streets with diverse and intense activities

while having limited space to fulfill all necessary functions and demands.
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Table 3: Criteria for selecting complex and very complex zones to reallocate road space. Source: Author.

Type Indicators Requirements
A
Betweenness 0.25 < (3 £0.75
And
Closeness 0.25 < C. <0.75
And
Degree Cp = Ug,
% é Spatial Analysis
g § And
N P
) )
) a.
[=% g Density Den, = Upen,
g )
g &)
3 And
2 n
Entropy Ent, = 0.50
And
Motorized Traffic Dynamics D, = { 3 (High)
€7 | 4 (Heavy)
Temporal Analysis And
Public Transport Dynamics 3 (High)
PD, = ,
‘} 4 (Very high)

The threshold values of the betweenness and closeness are established based on the road
allocation dilemma (Recall Figure 21). Therefore, road segments with values between 0.25 and 0.75

are expected to have conflicting demands between modes and urban functions.

The degree and density mean values were used as the threshold values. This criterion is
essential because these indicators are relative to the context of the city. The average density and
degree indicators can differ depending on the city. Therefore, these indicators must be city-specific
accordingly. In the case of Lisbon, the degree average is 0.5. Approximately 60% of the 200x200
meter cells have higher values than the average. This indicates that most of the zones in the city
have network connectivity above the average. The density average is 0.19, and 40% of the cells
have a higher population density. 77% of the total population of Lisbon is located within the cells
above the density average. This higher population coverage justifies using the average as the density
threshold since most of the population meets this condition. Additionally, this criterion

demonstrates how most of the population concentrates on only 40% of the territory.
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Nonetheless, the absolute value of the Entropy index already represents the diversity of
land use and does not need to be compared with the average. We established an entropy threshold
of 0.5 since this value represents at least two of the four categories with an equal proportion of
land use. Having two types of predominant land use already tends to promote some dynamics to

the neighborhood since residents can walk to a shop, for example (Montgomery, 1998).

Table 4 presents the descriptive statistics of all the indicators chosen to select the candidate
zones for dynamic road space allocation. The indicators' mean and standard deviation represents the
proportion of cells within the interval and thresholds established by the criteria. The Q1 and Q3
values represent how 25% and 75% of the values are distributed among the cells. Interestingly,
only the closeness has the Q1 value within the interval of the requirement to select complex and
very complex zones. In contrast, only the betweenness of the spatial indicators does not have the
Q3 value within the screening process requirements. As a result, the betweenness does not comply
with the conceptual assumption in most of Lisbon's grid cells. Also, the public transport dynamics
indicator does not have Q3 value within the requirements for very complex zones. This result

makes sense since some zones lack bus stops, as evidenced by the Q1 value.

Table 4: Descriptive statistics of the indicators for site selection. Source: Author.

Variable Mean Std. Deviation Min Q1 Q3 Max

Betweenness 0.09 0.12 0.00 0.013 0.12 1.00

Closeness 0.58 0.13 0.00 0.48 0.66 1.00

Degree 0.50 0.18 0.00 0.40 0.60 1.00

Density 0.19 0.18 0.00 0.05 0.29 1.00

Entropy 0.37 0.32 0.00 0.00 0.69 0.95
Motorized traffic dynamics 2.32 1.50 0 1 3 4
Public transport dynamics 0.63 1.05 0 0 1 4

Table 5 presents a sensitivity analysis (SA) of the requirements for selecting zones that are
complex and candidates for reallocating road space dynamically. We calculated the elasticities to
quantify the sensitivity of the number of selected zones with respect to 10% and 20% variation of

site selection indicators. The elasticity (€) is calculated with (Equation 11):
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(zr - Zi)/Z-
(Ir - Ii)/l.

E =

(Equation 11)

Where Z corresponds to number of selected zones, and I corresponds to the site selection

indicators.

The results indicate that betweenness and degree centrality are the most sensitive to change,
while closeness and entropy are relatively less affected (¢ < 1), and density shows slight elasticity.
The higher elasticity values of betweenness and degree are expected due to their strong dependence
on road hierarchy. The number of streets is not uniform across different levels of road hierarchy.
In an urban road network, arterial roads typically have fewer segments compared to local streets.
As a result, the betweenness and degree of road segments do not follow a normal distribution.
Therefore, it is recommended to define cut-off values for site selection indicators in absolute terms

rather than relative terms, such as using percentiles based on the road network segments.

To replicate this method in other cities, it is advisable to test a range of constrained and
expanded values for betweenness and degree, as the organizational structure of road networks may
influence the number of selected zones. This discretionary approach to defining ranges for
betweenness and closeness is acceptable because the proposed method serves as a screening
process for identifying zones with higher complexity potential. The final stage of street selection
involves a more detailed evaluation of candidate road segments to determine their dynamic

allocation potential within each zone.

Figure 23 demonstrates the individual result of each indicator following the requirements
and the final selection of zones that intersected all the indicatot's conditions. Out of the total 3
675 cells measuring 200x200 meters across the entire territory, all the statistics were derived solely
from the 1 660 cells that intersect with a population centroid. This criterion was adopted because
55% of the cells lack population and are therefore not relevant to the analysis. Including them
would significantly affect the results. Among the 1 660 valid zones, a total of twenty zones were
selected that fully meet the screening process requirements. However, seven of these zones pose
significant challenges in terms of reallocating road space due to their complexity. It is interesting
to notice a certain continuity in the sequence of the selected zones (Figure 23h), which indicate
how these areas in the city have similar characteristics in terms of network connectivity, hierarchy
classification of the street, density, diversity of land use, and traffic and public transport conditions.

Only one zone locates isolated from the remaining.
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Table 5: Sensitivity analysis (SA) of the requirements for selecting complex zones. Source: Author.

Indicators (+10% of lower rd/l or upper interval (-10% of lower and/soé 121pper interval limits, (+20% of lower as;l‘xd/3 or upper interval (-20% of lower and/S(:: 141pper interval limits,
limits, separately) separately) limits, separately) separately)
Betweenness | 6 < €, <075 | 0.25<C, <0.825 | 0225<Cy <075 | 0.25<Cy <0675 | 030<Cy <075 | 0.25<Cy <090 020<Cy <075 | 0.25<Cy < 0,60
£ -2.5 0 -1.0 0 -1,5 0 -2 0
Closeness 0.275 < C, <£0.75 0.25 < (. £ 0.825 0.225 < C; <£0.75 0.25< (. <0.675 | 0.30 < C; <0.75 0.25<C; £0.90 0.20 < €, < 0.75 0.25 < C < 0,60
£ 0 0 0 0,50 0 0 0 0,75
Degree Cp = 0.55 Cp = 0.45 Cp = 0.60 Cp = 040
£ -3 -1,5 1,75 -1
Density Den, = 0.209 Den. > 0.171 Den, > 0.228 Den, = 0.152
£ -1 0 -0,5 -1,25
Entropy Ent, >0.55 Ent, > 045 Ent, > 0.60 Ent, > 0.40
€ 0 -0,50 -0,50 -0,25
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Figure 23: Spatial distribution of the indicators and final selection of zones that meet the requirements of reallocating
road space dynamically over time: (a) betweenness, (b) closeness, (c) degree, (d) density, (e) entropy, (f) Motorized
traffic levels, g) public transport frequency, h) complex and very zones to reallocate road space.

Source: Author.
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5.6 Discussion

5.6.1 Implications for practice

Figure 24 illustrates the designated zones' spatial distribution and shows examples of road
segments from one of the zones (Google Street View images). Most of the selected zones are in
the consolidated central area, where most of the economic activity is held around main corridors
(Refer to Figure 22). As expected, strictly residential and more local zones in the city were not
selected since these usually have lower levels of land-use diversity and values of betweenness and
closeness near zero and one, respectively. Therefore, areas with a single land use type predominately

tend to be less vibrant and complex.

Rua Morais Soares Rua Jacinto Nunes

Figure 24: Site selection of complex zones with potential for implementing dynamic road space allocation.
Source: Author

The use of the betweenness and closeness values to detect the disputed area of the road
hierarchy classification has proven effective since all zones contain road segments classified as main
or local distributors (e.g., Rua Morais Soares in Figure 24). As a result, zones containing mostly
narrow streets are excluded from the screening analysis. However, since the road network is
planned to provide capacity from higher to lower hierarchy classifications, some local streets appear
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in every zone. Consequently, the following step requires looking in more detail at each zone,
identifying which streets have underutilized spaces and have a dispute between uses over the hours,
days, and season. This sequential step from this methodology is important because different
solutions may require different local criteria for being implemented. Thus, some streets may be
more suitable for implementing some solutions than others, as will be discussed in more detail in

the next chapter.

We observe that the zones have similar characteristics. Most zones have car-oriented streets,
from two to five traffic lanes. Parking spaces are present in all zones, especially in streets that were
car-oriented planned. Interestingly, most streets with more space dedicated to parking and traffic
lanes tend to have less dedicated space for sidewalks and arborization. This fact confirms how road
space is disputed and limited. On the other hand, we detected three zones that have a more
equitable distribution of space. In these zones, traffic lanes are restricted to a maximum of two

lanes, allowing more room for sidewalks and arborization.

Detecting zones that may allocate road space dynamically over time is important for
informing policy makers about the sites they should consider carefully. Additionally, the
methodology is replicable for other cities and can be adapted to detect potential zones for other
types of road space allocation. For example, by adapting the requirements of the indicators, it is
possible to detect zones that have streets with more potential for implementing 30km/h zones. In
this case, lower levels of street connectivity and betweenness, and higher values of closeness would

be expected.

5.6.2 Challenges and opportunities

Road space management is essential in complex zones since they are the most likely to have
issues related to public health, safety, and equity. Congestion delays have a significant direct impact
on air quality, resulting in higher health risks for on-road users and people living close to the road
(K. Zhang & Batterman, 2013). Crashes and fatalities between vehicles and active mobility are more
likely to happen in complex zones. Evidence has demonstrated that zones with more transit stops
and higher road width have a higher probability of pedestrian crashes (Pulugurtha & Sambhara,
2011; Ukkusuri et al., 2012); density (Amoh-Gyimah et al., 2016; Pulugurtha & Sambhara, 2011)
and diversity of land use have a positive influence in the number of pedestrian and bicycle crashes
(Amoh-Gyimah et al., 2016; P. Chen, 2015); and traffic volume is positively related to the number
of intersection crashes of motorized vehicles, pedestrians and cyclists (C. Lee & Abdel-Aty, 2005;

J. Wang et al., 2017).
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Although there is a need to manage road space adequately in complex zones that have
disputed and limited spaces, they often require tradeoffs. While traditional urban designs have a
range of fixed solutions, dynamic road space allocation can increase the number of possibilities to
accommodate different demands, actors, and functions over days, weeks, or seasons. Also,
allocating space dynamically is important because it can be used to increase the accessibility of
different modes and manage space more efficiently in terms of its use (Gonzales et al., 2010). As
mentioned by Miller (2018), travel times of different transport modes vary along the day.
Consequently, the accessibility to activities is also different depending on the time and transport
mode. Potentially, road space could be allocated dynamically to improve accessibility of a certain
mode to essential services (e.g., hospital, workplace, groceries) in moments of the day when

accessibility is low.

In terms of justice, few studies calculate the space distribution of streets. Most non-
academic reports claim that space allocation is often "unfair" since there is recurrently an imbalance
between modal share and space distribution (G6ssling et al., 2016; Nello-Deakin, 2019). Nello-
Deakin (2019) believes that analyzing road space distribution by modal share is problematic since
it does not take into account other functions of the public space, and it is biased, being used only
when the modal split of active transport is higher than the space they occupy. While Géssling et
al. (2016) propose to measure the distribution of space by distance traveled, Nello-Deakin (2019)
suggests evaluating the distribution of speeds as a measure of transport fairness. Although both
approaches are a step towards evaluating road space allocation, they lack consideration of how the

space is actually used over time.

We argue that the efficiency and justice of streets may be measured not only by the amount
of space occupied by each mode or function but also by how it is used over time. In this
perspective, complex streets present the most significant obstacles in achieving a balanced
distribution of space. These streets experience high demands for various uses, while simultaneously
facing scarcity in available space (e.g., street width, number of traffic lanes) to accommodate all
demands and functions (e.g., mobility, access, and place). Although there is a need to manage road
space adequately in complex zones that have disputed and limited spaces, they often require
tradeoffs. While traditional urban designs have a range of fixed solutions, dynamic road space allocation
can increase the number of possibilities to accommodate different demands, actors, and functions

over days, weeks, or seasons.

We acknowledge that allocating road space dynamically has its many challenges as described

in Chapter 3, including safety, acceptability of users, built environment restrictions, and cultural
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aspects. However, these challenges can have different levels depending on the type of solution, the

time interval of the dynamic application (e.g., hours, days, or seasons), and local context.

Also, the challenges and opportunities to allocate road space dynamically are different
depending on the fluctuations of different demands and activities. Figure 25 and Figure 26 illustrate
in two zones the types of fluctuations of demand that influence the complexity of allocating road
space. Road space could have disputed (red), complementary (green) demands or be vacant
(vellow). We used the data from Google Maps traffic and GTFS presented in this paper. The
example has its limitations such as it does not consider the demands of other modes of transport

and the occupancy levels of land use over time (e.g., offices, services, restaurants).

Figure 25 presents the fluctuations of demand of a zone that was selected as very complex
located in the consolidated central area, therefore, meeting all the spatial and temporal
requirements. In this case, the demand for buses is high or very high during the whole day, while
the demand of automobile varies from low to very high during the day. There is a difference of at
least two levels between the demand of buses and motorized vehicles during the morning and
afternoon peaks hours (7AM to 9AM and 6 PM to 8 PM and 9 PM to 10 PM), indicating that the
demand is complementary. The space dedicated to the automobile at this time is underused and
could be dynamically allocated to the bus. When demand is complementary there is an indication
that the space is being inefficiently used, since one mode or activity has a higher demand than
others. In this case, allocating space dynamically has its highest potential, being justified by

differences in demands.

During the other hours illustrated in Figure 25, demands are disputed, meaning that they
have high and similar levels of service. When demands are conflicting, that means that there is a
dispute for space between demands at the same time. In this case, the decision to allocate space
for one mode or another (statically or dynamically) depends on policy goals and the will to challenge
car space. The complexity is higher since the space is being heavily used and it is limited to

accommodate both uses.
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Figure 25: Motorized traffic and public transport level of service per hour from 6 AM to 11 PM from a very complex
zone located in the consolidated central area.
Note: Disputing demands (Red); Complementary demands (Green).
Source: Author

Figure 26 presents the dynamics of a zone that did not meet the site selection requirements.
The zone is located in the central residential area with high densities, close to the Airport (Refer to
Figure 22). This example represents a residential area, with low diversity of land-use, characterized
by having two peaks of motorized traffic demand; residents leaving to work in the morning; and
residents coming back home in the afternoon peak hour. In this zone the demand for public

transport is low. Consequently, the space for mobility is vacant by both modes most of the time.

In zones where spaces are totally vacant for mobility, we believe that dynamic road space
allocation may not be suitable due to the priority to fulfill mainly the access and place function of
the street. Instead, initiatives of remarking streets and repurposing car parking for active
transportation and socioeconomic activities are indicated to increase safety, physical activity, and

social connections in local areas that are predominately car-oriented (Bertolini, 2020).
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Figure 26: Motorized traffic and public transport level of service per hour from 6 AM to 11 PM from a zone that was
not selected within the criteria, located in the central residential area with high densities.
Note: Complementary demands (Green); Vacant spaces (Yellow).
Source: Author

5.7 Conclusion

This chapter proposes a method to detect zones in the city with complex environments,
L.e., zones where allocating road space statically to all types of demands may be a political and
operational dilemma. Those are the zones with the potential for allocating road space dynamically
over time. The method combines road network and land use indicators to determine locations with
main and local distributors, high motorized traffic and bus congestion levels, high road network
connectivity, and dense and diverse land uses. Zones with these characteristics tend to have scarce
urban space to fulfill the street's mobility/link and access/place functions. Furthermore, these
zones tend to have high intensity and fluctuation of multimodal demands, leading to underutilized

spaces at certain times of the day.

A dynamic allocation of underutilized road space in specific periods of the day can
potentially satisfy the street's multimodal mobility/link or access/place functions requirements.
Also, the different opening and closing hours of commerce, work, and services influence the

fluctuation of demands during the day. Traditionally, urban design has lacked consideration of
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urban dynamics, diverse activities, and working hours schedules. The dynansic road space allocation

may be appropriate to fulfill this gap.

Thus, it is necessary to evaluate the feasibility of implementing dynamic solutions in each
zone based on possible barriers that may occur. The selected zones may have streets with
morphological and topological characteristics of the built environment that may not be coherent
or able to implement dynamic road space allocation (e.g., hilly streets or historic neighborhoods with
environmental and architectural protection). Other barriers in terms of user acceptability and equity
of proposed solutions must be considered. These local and context-oriented criteria will be

discussed in more detail in Chapter 0.

Importantly, our selection method indicates the potential complex zones in the city but
does not delimit the extent of the interventions. This limitation should be detected in a more
specific analysis of the zones considering local characteristics through workshop activities or expert
interviews, as will be presented in the next chapter. An example was given of how to define the
intervention periods (e.g., peak and non-peak hours or day and night) based on the fluctuations of
multimodal demands. It is essential to characterize the temporal patterns of land use and
multimodal demands to detect when demands are competing or complementing each other.
Consequently, it is possible to propose different dynamic solutions to accommodate different

demands, especially when certain spaces are underused.

A contribution of this work is that the method proposed is parsimonious only requiring
open-source data from OpenStreetMap, Census, Google Maps, and General Transit Feed
Specification. The next chapter presents a workshop with experts that analyzed the streets within
the selected zones to define local criteria for implementing dynamic road space allocation. After
selecting the potential street segments and intersections, it is possible to evaluate their

characteristics and propose solutions for dynamically allocating road space over time.
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Chapter 6

What we have learned so far

In Chapter 4, dynamic solutions for reallocating road space were classified into smartness
levels. Dynamic allocation of road space can vary from Level 0 (no use of technology) to Level 5
(fully connected environment). Consequently, each level has its capabilities and limitations, which
should be considered when proposing solutions. Also, there are many challenges for reallocating
road space such as restrictions with built environment, enforcement, and socio-cultural aspects, as
mentioned in Chapter 3. In Chapter 5 a site selection methodology was proposed to identify zones
in a city where there is a potential for reallocating road space dynamically. However, the method is
a screening process on a municipality scale, requiring more information details within the selected
zones of local criteria for choosing the most appropriate solutions considering the challenges,

barriers, and local context.

What to expect in the Chapter 6

Chapter 6 is the following step of the site selection process initiated in Chapter 5. While
Chapter 5 proposed a methodology for selecting aggregate criteria to select potential zones of
intervention, Chapter 6 proposes to analyze in more detail the streets for intervention within the
selected zones and define and rank local criteria for different dynamic road space allocation solutions.
A workshop with experts was performed with three main objectives: i) discuss the technological
and possible solutions for reallocating road space dynamically; ii) select streets for intervention
within the selected zones of Chapter 5 for different dynamic road space allocation solutions; and iii)
define and rank local criteria for different dynamic road space allocation solutions. The results suggest
that street-level site selection criteria can be classified into three typologies (functional, geometric,

and layout) and vary across solutions.
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Chapter 6

6 Exploring local criteria for reallocating road space dynamically

This chapter has been published as: Valen¢a, G.; Moura., F; Morais de S4, A (2023).
Exploring criteria for reallocating road space dynamically: lessons from a workshop with

experts. Journal of Urban Design. https://doi.org/10.1080/13574809.2023.2240245

6.1 Introduction

Road space is one of the cities' most disputed and contested spaces (G0ssling, 2016). Still,
the automobile dominates most infrastructure through traffic lanes and parking spaces. Even
though active transportation and public transit require less space than the automobile, these modes
often lack space, especially in car-oriented streets (Talavera-Garcia & Soria-Lara, 2015). As the
infrastructure is built to support maximum automobile capacity, there are periods when the traffic
lanes are usually underutilized. Therefore, a problem of efficient use of road space also arises from

this type of planning (G6ssling, 2016; Gossling et al., 2016).

Furthermore, urban space is complex, with diverse activities, services, and dynamics,
requiring a need to design streets to accommodate both movement and place functions (Nello-
Deakin, 2019). The complexity arises from the diverse needs and demands during the day, which
are often neglected by road space allocation measures. As a result, a dilemma in how much space
should be allocated for each function and how efficiently the space is being used is still a gap to be
filled, especially in more complex and disputed urban or peri-urban spaces. Recently, the
problematic of urban space has received attention, having projects funded by the European Union
to investigate how to allocate road space dynamically over time. The MORE project investigates
the technologies to allocate road space dynamically, the Flexcurb on adapting the infrastructure
dynamically for logistics, and the Streets4All on identifying where, when and how to allocate road
space dynamically overtime in urban and complex areas (P. Jones, 2018; Moura & Antunes, 2022;

POLIS, 2022).

In Chapter 3, we propose reallocating space dynamically according to different mobility and

access needs over time as a possible solution for scarce and disputed urban spaces. Traffic lanes or
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parking spaces can be reallocated to other transport modes or activities in specific periods,
especially when spaces are idling. Technologies such as LED in-pavement lighting, variable
message signs, and flexible bollards, among others, could inform different uses of the public space
in different periods of the day, week, or season. Nonetheless, similar to other urban designs, dynamic

road space allocation is context-oriented and may only be appropriate in certain urban zones.

In Chapter 3, the conceptual assumptions for defining zones that have the potential for
implementing dynamic road space allocation are presented as: i) zones with main avenues that have
contested and limited space to distribute to both mobility/link and access/place functions (P. Jones
et al., 2007); i) very connected urban avenues that tend to be relevant to key destinations (De
Gruyter et al., 2022); iii) dense urban areas that make places more attractable (Cervero &
Kockelman, 1997); and iv) high diversity of land uses that influence mode choice and different
peaks of activities and demands (Berghauser Pont et al, 2019; Cervero, 1996; Cervero &
Kockelman, 1997). Consequently, zones with these requirements usually have complex streets that
are congested or/and have high public transport frequency with limited space to simultaneously
fulfill mobility/link and access/place needs and different opening and closing hours of work,

commetce, and services.

Based on the conceptual assumptions from Chapter 3, in Chapter 5 we propose some
indicators for selecting complex zones with streets that potentially face the dilemma of reallocating
road space. The methodology was applied to the city of Lisbon. Nonetheless, the proposed
methodology considers indicators on an aggregate level — i.e., at the municipality scale — and does
not consider local characteristics, built-environment restrictions, or socio-cultural aspects. The
methodology selects zones of 200x200 meters but not the specific streets for intervention. As a
result, some solutions for dynamically allocating road space may not be adequate in some streets,
and the criteria for choosing the appropriate solution are still lacking. This Chapter's main objective
is to address this gap and discuss the applicability, limitations, and local site selection criteria for

identifying potential streets for implementing different dynamic road space allocation solutions.

A workshop with experts was executed to achieve two main objectives: 1) Select streets
within the selected zones detected in Chapter 5 that have the potential of allocating space
dynamically for different solutions, and ii) Define and rank local criteria for different dynamic road

Space allocation solutions.

The present chapter follows with section two, explaining the motivation, the selection of

participants, and the workshop format. Section three presents the ranking of criteria for allocating
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road space dynamically, and the key points from the workshop session. Section four discusses the

main results. Finally, the conclusions and references of the paper are presented.

6.2 Methodology

6.2.1 Participants

Workshops have been used as a tool to discuss the barriers, policy, and implementation of
emerging topics that are still not well known or established (Imre et al., 2021; Junghans et al., 2018;
Kesselring & Freudendal-Pedersen, 2021). The decision to perform a workshop with Lisbon's
members of academia, local authorities, and public and private transport operators was to ensure
an expert and diverse view on the topic in question. Personalities of transportation, urban planning
and transport infrastructure expertise were invited to encourage a diverse perspective on the topic.
Participants were chosen based on their expertise, knowledge of Lisbon's context, and political
influence in implementing policies in the city. The few practical applications and literature on
reallocating road space dynamically over time require a technical viability check at the operational
level. Therefore, at this stage of the study, only experts were included. Other stakeholders, such as
residents, commerce, and street users, will necessarily participate in future moments, such as
discussing the acceptability of dynamic road space allocation and the requirements during the transition

period to adapt to changes in the built environment.

Guidelines to perform workshops do not state the ideal number of participants. However,
they suggest a small number of participants when there is a need to have a deep and expert view
on an emerging topic (Candelo et al., 2003; Lauttamiki, 2014). Taking this into account, a total of
10 participants were present in the session forming two groups of three and one group of four, as
illustrated in Figure 27. It is essential to acknowledge that the participants have previous knowledge
of Lisbon's local characteristics, including two former Mobility City Councillors and one former
Urbanism City Councillor. Table 6 shows the participants' profiles and the assigned groups. The
groups were selected according to their background, making them the most heterogeneous. The
group's names were chosen from an organizational perspective, matching the colors of the post-

its on their table and their identification badge.
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Table 6: Profiles of the workshop participants. Source: Author.

Educational

Professional sector

Participant  Group Gender Area background  (current and past) Job level Special qualification
Usban plannin Academia Tenured Former Lisbon's
1 Yellow Male an planning Ph.D. and e Mobility City
and mobility T professor .
Municipality Councillor
Civil engineering Master' Worked with urban
2 Yellow Female and das ers Municipality Director mobility for the past 20
ree
Transportation 6 years
. , Experience in traffic
3 Yellow Male ArchltcctL.lre sl Y Consultancy Director calming and road
urbanism degree - .
reallocation projects
. Experience in cycling
Territory and research and cyclin;
4 Green Female Urban Planning Ph.D. Academia Researcher . Y . )
Eneineerin infrastructure projects
8 8 for the Municipality
E Li .
. Master's Consultancy . ormer ISb(.m *
5 Green Male Transportation deer nd Municipali Director Mobility City
egree a unicipatity Councillor
- N Vast experience in
Civil Engincering Tenured avement and
6 Green Male and Ph.D. Academia . P .
. professor infrastructure projects
Transportation
and research
Territory and , Former Lisbon's
7 Pink Male Urban Plannin; WETEE] Municipalis Urban Urbanism Ci
g pality ty
L degree planner .
Engineering Councillor
Director Former Lisbon's
I
Consultancy, a:io Urbanism City
8 Pink Male Transportation Ph.D. Academia, and Tenured Councillor and
Municipali enure experience working on
pality P! g
professor . .
intermittent bus lanes
Civil Engineering Academia and Researcher Experience in transport
9 Pink Female and Ph.D. éane ltz:c and safety projects and active
Transportation onstitancy engineer mobility research
Responsible for
. - L Master's L . elaborating urban
10 Pink Male Civil Engineering Municipality Engineer . . .
degree mobility projects in

Lisbon's City Hall
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Figure 27: Participants of the workshop held in Lisbon.

Source: Author

6.2.2 Workshop session

The workshop was executed on January 21st, 2022, and lasted four hours. The session was
recorded with all members' consent. The recordings were transcribed manually on a statement-by-
statement level and sequentially organized into topics. Before the workshop began, each participant
was assigned to a pre-established group and received the necessary material for the session (ID
badge, pen, notebook, and post-its). In the beginning, the moderator gave a welcome speech,
assured the confidentiality of the discussion, and explained the summary and the workshop's
agenda. In sequence, each participant introduced themselves. Then, the moderator gave a ten-

minute presentation with an overview of the topic and the workshop's objectives.

The workshop was divided into three main tasks aligned with the session's objectives.
Figure 28 presents the framework of the three main tasks executed in the workshop. The tasks in
the workshop progressively increased their complexity (Krueger and Casey, 2015). The first task
was a "warm-up" question and a more straightforward exercise. Participants had to identify
examples of allocating road space dynamically and technologies that were used for sensing and

managing these solutions. Each group discussed for 5 minutes and wrote their findings on post-
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its. Finally, the groups exposed their results to the whole session, giving the post-its to the

moderatot.

In Task 2, the groups were given cards with photos of all the streets within the previously
selected zones in Lisbon detected in Chapter 5, which has the potential for allocating road space
dynamically. Fach group randomly received cards from four of the 200x200m zones within the
possible twenty selected zones. The number of cards matched the number of streets that
intersected the designated zones. An example of the front and back of a card is illustrated in Figure
28 (specifically in the second step of Task 2). The front of the card shows two photos, the name,
zone's number, and location of the street within the Municipality. The zone is presented in a
neighborhood scale on the back of the cards to provide the streets' location. Examples of the cards
used in the workshop are present in the Supplementary Material 1. The groups had to choose one
street in each zone that they considered the most appropriate for implementing three different

dynamic road space allocation solutions proposed in the exercise. The dynamic solutions were:

e Allocating a traffic lane to a bus lane dynamically in a certain period of the day;
e Allocating a traffic lane to a cycle lane dynamically in a certain period of the day;

e Allocating a traffic lane or parking space to expand sidewalks dynamically in a certain

period of the day.

The moderator also gave a sheet to each group, where they had to write the selected street
for the three different solutions in each zone. It is essential to mention that the moderator asked
the groups to consider periods of the day with high intensity, diversity of activities, and complexity
in distributing road space. In this activity, there was a 20-minute discussion within each group.
Then participants debated for 45 minutes on the main criteria, difficulties, and critical aspects to

consider when selecting a street for each solution to allocate road space dynamically.

Each group had to show the selected streets and explain why they chose them for each
solution. This chapter does not go into the details of which streets were chosen since this detail is
essential for the data collection and implementation of the solutions. Instead, this chapter focuses
on the discussion and criteria of why the participants chose these streets. The criteria discussed in
Task 2 but organized and ranked in Task 3 are presented in section 6.3.1. The key topics of

discussion from Task 2 and Task 3 are presented in section 6.3.2.

In Task 3, each group was given a sheet with many physical characteristics of streets and

urban design qualities selected from the literature for improving active and sustainable
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transportation, road safety, and place-making (Figure 41 in the Supplementary Materials 2). The
groups could choose to use this sheet to guide the selection of criteria for choosing the street.
Nonetheless, the groups could also select criteria that were not present in the sheet, having the
sheet only for promoting a discussion in the group. The groups discussed which criteria were most
important for the street selection and ranked them accordingly on another piece of paper in a 20-

minute exercise. Finally, all participants presented their results in a 30-minute discussion.

Task 1
Discussion of dynamic solutions and technologies

Give examples of solutions
and technolegies used to
allocate space dynamically
{Bmin)
[ ]
L - [

N

l

Discuss the results
with other groups
{10min}

Material used: post-its

1

Task 2
Selection of streets that have the potential to allocate road space dynamically over time

Receive cards of all Select the most
the streets within the appropriate street for
selected zones implementing three

solutions of allocating
road space dynamically
{20min)
Discuss the results
with other groups
{45min)

Each group
randomly
selects 4 zones

Material used: cards of streets and sheet to fill in the choices

|

Task 3
Definition and ranking of local criteria to allocate road space dynamically over time

Select and rank criteria for

three dynamic solutions Discuss the results with

Receive a shest that other groups

contains criteria from the (20 min) (30min)
literature to guide the
discussion 9 o [ ]
: _
—_— —_—

a3

aada

| o | |

Material used: sheet with a suggesticn of criteria and a sheet to fill in the choices

Figure 28: Framework of the workshop presenting the three main tasks.
Source: Author

163



6.3 Results

6.3.1 Criteria for selecting sites

In the second task, the groups selected the appropriate streets and discussed the main
criteria for choosing these streets for three types of dynamic road space allocation solutions. Then, the
criteria were organized and ranked from the most to the less important in the third task. The groups
could choose how many criteria they considered relevant. Table 7, Table 8, and Table 9 present the
ranking for each solution, respectively. Three main types of criteria appeared during the
discussions: 1) geometric characteristics - referring to the street dimensions (e.g., width, distance
from facade to fagade, number of lanes); ii) functional characteristics - referring to the use of the
street (e.g., traffic volume, pedestrian activity); and iii) layout characteristics — referring to the space
organization (e.g., existence of green spaces, parking spaces, commercial activities). The most

important considerations are presented below.

In the first solution — allocating a traffic lane to a bus lane dynamically —, the green and
yellow groups considered that having variations of volume and frequency of public transport in
certain periods of the day is paramount. Otherwise, if the volume and frequency are constant (high
or low), it does not make sense to prioritize this solution for dynamic road space allocation. 1f the
demand for buses is constantly high, then dedicated bus lanes are more indicated (National
Association of City Transportation Officials, 2016). If public transport demands are constantly low
it is economically challenging to justify public transport priority (Currie et al., 2007). Additionally,
the dispute for space between public transport and the traffic volume was considered an essential
aspect in detecting if the street has the potential to allocate space dynamically for the bus. If both
volumes are constantly low, there is no need to reallocate space dynamically. At the same time,
both aspects considered by the green and yellow groups are aligned with the first criteria of the
pink group. The group discussed that it only makes sense to prioritize a dynamic solution if there
is an intense conflict between at least two uses for the same space, in this case, traffic volume and
public transport volume. The green group was more specific giving examples of conflicts, as

presented in their 5" and 6™ criteria (Table 7).

An essential criterion that the three groups considered was the street cross-section
geometry, and thereby if there is enough space to allocate a bus. The green group defined that it
was essential to consider if there are enough lanes to allocate for a bus dynamically. Sequentially, if
the number of lanes is appropriate, then the whole geometry of the street (from fagade to fagade)

should be considered. It is interesting to notice how the criteria considered were very similar
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between the three groups. Therefore, the main criteria to consider in solution 1 are intensity and
conflict between the traffic and public transport volume and the available space and coherence of

the solution.

Table 7: Ranked criteria from the three groups for solution 1 - allocating a traffic lane to a bus lane dynamically.
Source: Author.

Type of criteria Ciriteria Groups' ranking of criteria
(geometric/ functional/ layout)
Green Yellow Pink

Functional Variation of frequency and 1 1 -

volume of public transport

during the day.

Functional Traffic dynamics and volume. 2nd 2nd -
Geometric Number of available lanes. 3t 3 =
Functional Existence of an intense dispute - - 1

between at least two uses.
Geometric Width (from fagade to facade) A 4h s

and length of the street.

Functional Existence of 2nd row of buses. 5t - -
Functional Existence of pick-up and drop-off 6 - -

vehicles.

In solution 2 — allocating a traffic lane to a bike lane dynamically — the discussions were
similar to solution 1. Nonetheless, the criteria that ensured road safety appeared as an important
topic in the debate. The three groups considered the traffic volume and speeds as essential aspects.
The pink group explicitly concluded that using a dynamic bike lane is inappropriate if the traffic
volume and speeds are very high. Instead, a segregated bike lane should ensure safety between
modes, being in line with studies evidencing that separation is a key aspect of cyclist pleasure and
safety perception (Barrero & Rodriguez-Valencia, 2022). On the other side, the pink and green
groups considered that the space could be shared if the traffic volume and speeds were too low
that are more common in narrower streets as evidenced by Sarkar et al. (2018). Therefore, there
would be no need for dynamically allocating space. These considerations are aligned with the
requirement of dynanzic road space allocation to be in the conflicting and intense areas that are not at
the extremes of the road hierarchy. The street's geometry and the number of lanes were also

considered in solution 2.
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Table 8: Ranked criteria from the three groups for solution 2 - allocating a traffic lane for a bike lane dynamically.
Source: Author.

Type of criteria Ciriteria Groups' ranking of criteria
(geometric/ functional/ layout)
Green Yellow Pink
Functional It should not be dynamic if the space 1 - 3t
can be shared without constraints.
Geometric Existence of direct routes for cyclists. ond - -
Functional Traffic dynamics, volume and speeds. 3 1 D
Functional Existence of an intense dispute - - 1%
between at least two uses.

Geometric Number of available lanes. 2nd - =

Layout Existence of adequate public lighting. - 34 -
Geometric Slope. 4h 4h -
Geometric Width (from fagade to facade) and 10® - 4h

length of the street.
Geometric The possibility of implementing a two- 5t = S
direction dynamic bike lane in a traffic
lane.

Functional Presence of cyclists 6t - -

Layout Existence of car parking. 7% - -
Functional Existence of dense and diverse land g - -

use.
Layout Presence of green spaces. 9th - -

Moreover, all groups considered the slope as a relevant aspect. If the street has enough
space but is not flat, then the bike lane should be segregated and static due to the different modal
speeds. Other aspects that were considered relevant by the green group were direct routes for
cyclists, land-use diversity, and the presence of public and residential parking. While the green
group found it essential to have already cyclists circulating on the street, the pink group reinforced
that the dynamic bike lane could be used to promote new cyclists (latent demand). Thereby, the
dynamic allocation of space could be implemented even with a few cyclists currently using the
street. This solution could promote policy goals such as increasing active mobility by reallocating
space for cycling in less complex times (e.g., weekends or non-peak hours). From the debates it is
evident that dynamic bike lanes are the most challenging solution, having only specific applications

that could work well mainly due to safety restrictions.
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While in solutions 1 and 2, the criteria were related to the mobility function of the street,
solution 3 — allocating a traffic lane or parking space to expand pedestrian space dynamically - had
aspects related to place and access functions. Furthermore, most of the streets selected for solution
3 were of local access, different from the other two solutions. The existence of commercial and
social activities, open-air restaurants and bars, green spaces, and land-use diversity were mentioned
as important to enhance pedestrian activity, as evidenced by the literature (Barrero & Rodriguez-
Valencia, 2022; Cambra & Moura, 2020; Y. Park & Garcia, 2020). The yellow and green groups
mentioned that parking spaces for residents could be dynamically reallocated for parklets, open-air
restaurants, or bars during the day and return to parking during the night. Nonetheless, the green

group mentioned that this solution has a dilemma, as stated:

"If it is not desired that residents use their cars, but available parking is restricted in
residential areas during the day, does this policy induce residents to use their cars in the city

during the day?"

Aspects such as road length, geometry, traffic volume, the conflict between two uses (e.g.,
parking spaces and pedestrian volume), the possibility of being a shared space between modes, and
the presence of activities were also mentioned in solution 3. Therefore, since these aspects were
present in all three solutions, it is a lead that they are the most important to consider, independently
of the solution. The width and length of the street and the conflict between different demands are
acknowledged to be the main constraints for allocating road space statically or dynamically (P.
Jones, 20106). It is interesting to note that although some criteria are aligned with the criteria of
allocating road space statically, others are specific for adopting dynamic road space allocation. Examples
of specific criteria for allocating road space dynamically include the variability of public transport
volume and frequency as a potential for dynamically using the space dedicated to the bus and the

possibility of the place being shared as a restriction for allocating road space dynamically.
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Table 9: Ranked criteria from the three groups for solution 3 - allocating a traffic lane or parking space to expand
pedestrian space dynamically. Source: Author.

Type of criteria Criteria Groups' ranking of criteria
(geometric/ functional/ layout)
Green Yellow Pink
Functional If the space can be shared, it 1 - -
should not be dynamic.
Functional Traffic dynamics, volume, and - 1% ond
speeds.
Functional Existence of an intense dispute - - Ist
between at least two uses.
Layout Presence of commercial and 2nd 4h -
social activities.
Functional Existence of dense and diverse - 31 -
land use.

Layout Existence of car parking. 5t 2nd -
Geometric Sidewalk width and length. 3
Geometric Width (from fagade to fagade) 4 - 3rd

and length of the street.

Layout Existence of car parking. 5t - -
Functional Presence of urban noise. - 5t -

Layout Existence of pick-up and drop- 6™ - -

off vehicles.
Layout Existence of outdoor dining and 7%
bars.

Functional Presence of pedestrians. g

Layout Presence of green spaces. 9th

6.3.2 Key point from the debates

Acceptability

One of the main concerns of implementing dynamic changes in the road space was how

people accept and adapt to such changes. According to one participant from the pink group:

"There is a challenge to communicate the transitions when road space is allocated
dynamically, especially in short periods (e.g., peak and non-peak). Before a policy concern,

/

citizens have a cognitive difficulty understanding quickly and adapting to dynamic changes.’
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In the same direction, a yellow group participant stated:

"The local communication of dynamic changes is crucial to finding social support from the
various stakeholders and actors. For example, the Municipality has not been able to solve the
transitions of loading and unloading logistics for several mandates. Some issues are not a
question of technology or political effort but due to the structure of small businesses being
extremely chaotic and undisciplined. Therefore, some segments do not seem to be able to adapt

quickly to dynamic changes. In certain places, there is an easier adaptation than in others.”

The opinion of the yellow group participant is that implementing certain urban designs and
policies may not have the expected change to certain segments that are already accustomed to
certain mobility patterns for years. To avoid economic activity segments from parking their vans
to load and unload products on sidewalks and in traffic lanes, it would require other types of
policies rather than reallocating road space. For example, according to Havarneanu and
Havarneanu (2012), when surveillance and fines for illegal parking are not performed effectively,
the temptation to violate the rules is higher due to lower fear of penalty. These insights demonstrate
how before proposing dynamic solutions, it is necessary to consider local characteristics and
people's behavior in using the space. If not, citizens may not be willing to change and adapt to

changes, which may lead to low acceptance.
Dynamic allocation for the same or different functions

When dealing with dynamic road space allocation, one participant from the yellow group
highlighted the different levels of complexity depending on the type of change. It is usually less
complex if the space maintains the same urban function when allocating space dynamically over
time. An example given was a Bus corridor that, in non-peak hours, could be mixed with traffic,
or a parking space for commerce during the day that could serve as parking for residents at night.
Both examples maintain the urban function: of providing circulation or parking (access),
respectively. The participant stated that higher complexity arises when changes in urban functions
are implemented in the same space. For example, a traffic lane or parking space can become a

"place" at different times (e.g., parklets, markets, or leisure activities).

On the other hand, the green group pointed out that even if the type of solution is the same

for several contexts, some are more favorable than others:

"The space the bus can occupy has an advantage over all the other uses because it is a

controlled fleet with controlled drivers and a controlled system. Therefore, it is plausible to
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think of case studies in which the space of the bus lane can be allocated dynamically because
the driver is fully informed and has all the context information to know how to adapt to the

dynamic changes."

The same participant also mentioned how the number of possible solutions depends on the

policy goals:

"[s it an option to decrease the car's level of service to allocate road space dynamically? If this
is not an option, and space can only be allocated during non-peak hours, there is, in fact, a
restricted number of solutions. Otherwise, the options available to us are much greater. This is
not a criterion, but a political decision about what you want to achieve from these dynamic

solutions."

The implementation and proposal of dynamic solutions in urban spaces have more possible
solutions in cities that are politically inclined to challenge and restrict car use and car space. In order
to challenge car space, dynamic solutions must be implemented effectively, promoting small and
gradual behavioral changes, and being seen as reasonable and fair by the public. Public acceptance
will consequently drive political acceptance, influencing engagement and how policy makers will

be more prone to implement certain types of solutions (Banister, 2008).
Periods of dynamic changes

One of the main discussions was how much time certain spaces should be allocated
dynamically to different uses. The yellow group emphasized that the periods of dynamic changes
may be considered according to the type of intervention. If the circulation or access/place function
is maintained, allocating the space in peak and non-peak hours is plausible. Nonetheless, if the
space's function is changed, the group was skeptical about the acceptability and technical
application in short periods. Instead, for these types of solutions, it would be more coherent to
adapt the space in less complex situations such as day and night, and weekdays and weekends. The

green group also reinforced how spaces could be allocated dynamically in less complex periods:

"It is way more complex to allocate space dynamically over hours. If you think about days,
usually in the city, often on Sunday, those are days with less demand and conflicts, being
possible to restrict the access of a street or a block. For that, simple technology or tools are

required such as cones and someone to put them there and take them out.”
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In the same line of thought, the pink group discussed how the shorter the periods of

dynamic changes, the higher the need for technology to implement the solutions:

"When the dynamic allocation of space is not throughout the day according to hours but
weekly, or only one day of the week, or at festive periods, this lowers the need for technology.

Consequently, it makes it easier to believe it is applicable and manageable.”

According to the discussions, the complexity of dynamic road space allocation arises with a
higher number and shorter periods of change. Additionally, dynamic adaptations in shorter periods

require more technology to sense the space and manage and inform users about the changes.
Continuity of road segments

While the groups analyzed the road segments, some noticed that the profile and local

characteristics changed along the street. The yellow group observed that:

"Curiously, two streets that the group analyzed have transversal profiles that change along the

stretch. It is hard 1o propose a single solution for the whole street.”

The green group emphasized the challenge of proposing a unique solution for a road
segment that changes significantly along the segment in terms of geometry and its use. An example

was given:

"In one street that was discussed, the intensity of demands is high in one part of the segment
but very low to justify a permanent or dynamic cycle lane in another part of the segment. A
shared lane ar 30km/h would solve this low-intensity segment’s problem, possibly having rwo

solutions in the same street. "

From the discussions, it was evident that the continuity of the geometric characteristics of
streets and their intensity of use must be considered when proposing a solution for road space

allocation.
Local context

In some cases, the groups decided not to use dynamic changes due to their previous
knowledge of the area. For example, when discussing a particular street where a traffic lane or

parking space could be dynamically allocated to a cycle lane, the yellow group stated that:

171



"Although there was suffficient space, it did not make much sense to put a cycle track on the

carriageway when you have the central promenade, which is much more pleasant and safer

for cycling.”

The pink group stated the importance of considering the local context and the policy goal

in deciding where to allocate space dynamically or statically:

"The dynamic change did not seem to make sense in two cases that were analyzed due to the
lack of intensity and diversity of use in the street that justifies a dispute over the circulation
space. The adjustments should involve safety improvements, traffic calming, etc., but they

would not require dynamic solutions.”
An example was given related to a street that is a main distributor:

"In this case, the cycling lane should be permanent, not dynamic, because traffic speeds are
high and difficult to control during the day. So, road safety is the main criterion to consider

in this case for not using dynamic road space allocation.”

These examples demonstrate how allocating road space is context-oriented and the

importance of involving stakeholders and local actors in the planning process.
The nature and intensity of the conflicts

The pink group hesitated to select streets for dynamic solutions in Task 2. One of the

members stated:

"Before implementing dynamic allocation of road space, a typification of the nature and
intensity of the existing conflicts in each street should be assessed. Therefore, from the
typification of problems and intensity, it is possible to decide if there should be: i) no

alteration of the pre-existing road circulation space; or ii) dynamic changes that require

adjustments on the road space.”

From this statement, it is clear that detecting the functions and transport modes that are
disputing for space in the street in specific periods of the day is a prior task to examining geometric
and urban design characteristics. For example, if delivery vans are parking on the traffic lane and
sidewalk during lunch hour, there is a conflict between the delivery vans, traffic volume,
pedestrians, and commercial activities. Consequently, it is possible to propose different road space

allocation solutions by detecting this problem.
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6.4 Discussion

From the discussions in the workshop, it was clear that initiatives of road distribution —

static or dynamic - are context-oriented. As stated by Jones (2016, 10):

"Some urban authorities have determined that street design should be based on a fixed street
user priority (e.g., pedestrians first), but this is too simplistic to be rigidly applied. Basing the
design on the relative importance of the Link/Movement and Place function of a street

provides a basis for developing a more context-sensitive design. "

The workshop discussions were focused on the disputes of different uses and functions
(link/movement vs. access/place) rather than fixed characteristics of the street or proposed
solutions, being in line with the statement by Jones (2016, 10). Before defining solutions for road
space allocation, a typification of how the space is disputed in terms of uses and functions is
required. As exemplified by De Gruyter et al. (2022), in spaces where there is a conflict between
movement and place functions, some modes are often undersupplied while others are
oversupplied. As suggested by the discussions, achieving an equitable balance between both
functions is not only a practical dilemma but also a political one (De Gruyter et al., 2022; G6ssling

et al.,, 2016; P. Jones, 2016).

The debates revealed that it is only coherent to distribute space dynamically over time if
there are: i) complementary or ii) disputing demands at a certain time. The former refers to
reallocating road space for a different use with higher demand or to promote a latent demand when
spaces are underutilized at a certain time, as mentioned throughout the thesis. The latter refers to
prioritizing one use over another when demands are high and competing for the same space in a
certain period. Here, there is a trade-off between promoting a certain mode (e.g., buses) and
possibly restricting an existing one (e.g., car use). In this case, deciding whether to allocate road
space dynamically is conditioned by the political goal and intensity of the problem. Vacant spaces,
and therefore underused most of the time, lack a dispute between at least two uses. Therefore, it is

not coherent to reallocate road space dynamically when complexity is very low (refer to Figure 26).

The debates also indicate that reallocating road space dynamically must not aim to
disruptively change the design of the street. As mentioned by Hebbert (2005), the road hierarchy
classification influences the speeds, volumes, road widths, and how streets are conceived.
Allocating road space dynamically must be the most parsimonious as possible considering the road
hierarchy rationale, having the right balance between the frequency of dynamic changes, technology

use, and the number of proposed solutions. Reallocating the use of space dynamically should
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maintain most of the street's characteristics in a logical orientation, since unexpected and disruptive
changes may cause low acceptance and a rise in the number of accidents. As mentioned in the

results, some solutions are more likely to work than others in certain road hierarchies and contexts.

Road space allocation projects are usually influenced by political premises and goals. As
mentioned in the workshop, if the city has the will to promote road space allocation solutions that
challenge the space for the car during peak hours, then there are much more options for allocating
road space dynamically. On the other hand, cities unwilling to challenge car space are likely to only
consider dynamic road space allocation during less complex periods, such as closing a traffic lane for
recreational cycling on Sundays. Finally, it is necessary to analyze the coherence of the solution, if
there is enough available space, green spaces, and cultural and social patterns. Therefore, a guidance
to reallocate road space dynamically on a street level is proposed: 1) characterize conflicts of uses
and underutilized spaces over time; 2) propose solutions that could reallocate underutilized spaces
or contested spaces in certain times; and 3) verify the coherence and suitability of the solution in
terms of geometric, functional and layout characteristics. As mentioned, the policy objectives of

the municipality directly influence the type and number of possible solutions proposed in step 2.

6.5 Conclusions

Allocating road space dynamically over time has been studied mainly for traffic performance
in highways and arterials, as evidenced in Chapter 2. In this chapter, the opinions of experts are
gathered regarding the feasibility of allocating road space dynamically in more urban and complex
areas through a workshop activity. This is a pioneer work that gathers a discussion on the local
characteristics, and acceptability issues necessary for implementing dynamic solutions. In Task 1,
experts had to propose current and future technologies for allocating road space dynamically over
time. In Task 2 of the workshop, participants chose streets of Lisbon's pre-selected zones that
could potentially implement solutions for dynamic road space allocation. With the corresponding
outcomes of this exercise, guidance for policy makers to select streets that could implement such
solutions was achieved. In Task 3, experts determined and ranked a set of criteria they followed in
selecting streets prone to implementing dynamic road space allocation solutions. Also, they identified
the type of data and information that should be evaluated before executing the solutions on selected

streets.

One of the paper's main contributions was demonstrating that street-level site selection
criteria vary according to dynamic road space allocation solutions. Similar criteria for several solutions

were given distinct importance levels in different street contexts. Some criteria proposed by the
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participants differed from static road space allocation criteria, which require new indicators and
forms of evaluating the public space. From the discussions, a framework was proposed revealing
that before proposing road allocation solutions, it is necessary to characterize the conflicts and
complementary uses of the street over time, which requires a crucial prior step of intense data

collection of the diverse demands and activities.

According to Tzamourani et al. (2022), few studies assess the relationship between emerging
road space allocation and public acceptance. This paper gives an initial assessment of which types
of dynamic road space allocation solutions may achieve higher social acceptance. Even though current
and future technologies can implement the solutions addressed, acceptability and the risks of not
adapting well to the dynamic transitions were significant issues raised in the debates. Moreover, the
simpler the solution, the less technology is required, and better acceptance can be expected from
technology adoption laggards. This chapter fills a gap in discussing the applicability of solutions of
dynamic space distribution that also change the built environment function (e.g., from mobility to
access or otherwise). Dynamic solutions that change the function of the street were considered
more complex to implement on an houtly basis (e.g., changes in peak and non-peak hours) than
the ones that maintain the same function over extended periods within a day or several days. The
participants agreed that dynamic measures that change urban space function are more feasible

considering a broader time interval (e.g., weekdays and weekends or one day a week).

In the end, policy makers may use the criteria and guidance from the workshop to choose
streets where dynamic road space allocation solutions can be implemented more successfully. A
limitation of the workshop is that the street photos included in the cards were taken from Google
Street View. Consequently, aspects such as public lighting and security are not so clear. Also, the
images' stillness does not illustrate the dynamic nature of the streets, e.g., traffic or pedestrian
volumes. Nonetheless, the limitation of only looking at pictures encouraged the participants to
think about important aspects not depicted in the images, while resorting to videos or emerging
visualization tools can be used in future workshops. The next chapter discusses the importance of
visualization in street designs projects and the use of artificial intelligence to guide public

participation.
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Chapter 7

What we have learned so far

In Chapter 6, one of the main conclusions from the workshop was that, before proposing
solutions to reallocate road space, it is necessary to characterize the uses and user conflicts in urban
space. As mentioned throughout the thesis, determining how much space to allocate, and which
use or function to prioritize may not be evident. Also, innovative designs and dynamic road space
allocation solutions of different smartness levels (especially the ones with higher technological
dependence) may not be equally understood by stakeholders and practitioners of different

backgrounds, which highlights the need for new forms of project visualizations and participation.

What to expect in Chapter 7

Chapter 7 proposes to discuss the applicability, importance, and risks of using artificial
intelligence for visualizations in street design processes. An experiment using a generative deep
model was performed to generate many visualizations of streets images. There is not a unique way
to design a street. Consequently, the fast generation of many visualizations of a specific street could
motivate public discussion, and guide workshop activities in street design projects. This idea is

particularly relevant in proposing innovative solutions that are not evident for all stakeholders.
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Chapter 7

7 The use of Al for visualizations in street design: lessons from an

experiment

7.1 Introduction

Kevin Lynch introduced the concept of "imageability", arguing that a set of physical
characteristics of the environment influence how people visualize, perceive and experience public
spaces (Lynch, 1960). Lynch argues that there are 5 main elements in the public space that influence
mental images: paths, edges, districts, nodes, and landmarks. The color, shape, and urban form of
streets is an element that has a strong effect on the mental or memory images of the place and how
people understand concepts and designs. In street design planning, the Imageability elements can
be used to simplify complex scenarios into basic visualization tools that clearly communicate a

design proposal (Al-Kodmany, 2001).

Street design projects mobilize the expertise of professionals with diverse backgrounds,
requiring an interactive and collaborative process. In practice, there is a challenge to communicate
and interactively generate design solutions (Kim et al., 2022). Also, visual tools to communicate to
the wider public are often scarce (Batty et al., 2001; Noyman & Larson, 2020). Usually, street
reallocation and urban designs projects are developed through a sequence of stages that take
significant time and effort: 1) problem definition; ii) data collection and analysis to support the
problem formulation; iii) definition of objectives; iv) proposal of solutions; v) choice of solution
(Batty et al., 2001). Visualization and communication are essential for clearly providing knowledge

of all the design stages to the policy makers and the general public.

According to Batty et al. (2000), the most effective way to communicate the proposal and
choice of solutions is by using visual forms. Urban visualizations are essential during the initial
stages of urban design, especially when projects are innovative and not well established (as is case
of dynamically reallocating road space); and the evaluation of many alternative designs is required
(Batty et al., 2001; Noyman & Larson, 2020). Computer-aided Design (CAD) and other types of
architecture software are usually used in public meetings, but face many limitations, including:

arduous work in complex designs; do not offer real-time visualizations; and do not support multi-
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user collaborative designs (Noyman & Larson, 2020). These limitations prevent stakeholders and
policy makers from interactively designing urban solutions. Consequently, visual tools are only used
to present the selected solution, being prone to mostly minor corrections in the final phases of
decision-making. Still, images are mostly used in practice (Wergles & Muhar, 2009). However, the
proposal of solutions during the initial steps of street design is often schematic and lacks street-
level details (Noyman & Larson, 2020), reinforcing the need to propose tools that face these

challenges, and limitations.

We acknowledge that a small number of studies have focused on the perceptions and
emotional responses of different types of visualizations, levels of detail, and visual angles in urban
environments (Wergles & Mubhar, 2009). Al-Kodmany (2001) argues that people have different
mental maps of the space, differing in their understanding of different levels of detail. The author
discusses that photographic images may be too realistic and complex, while sketches can simplify
and focus only on one aspect. On the other hand, using realistic images can promote deeper
discussions on diverse problematics regarding the street section, although there are challenges of

not making the discussion get out of topic.

However, moving from one representation to multiple representations of solutions enables
stakeholders to analyze the problem in different contexts and scenarios. Also, visualizations seem
to be very efficient in the planning stage, since it turns concepts and ideas more tangible, stimulate
discussions and help planners understand concepts more easily (Batty et al., 2001; Wergles &
Muhar, 2009). Our hypothesis is that generative artificial intelligence models may be valuable tools
for guiding public meetings, communicating innovative ideas and street designs and integrating the
public into the design process. Multiple visualization of images would require a coordinated and
organized session to result in valuable information, instead of confusing the participants (Pietsch,

2000).

As many urban projects are time-consuming and the communication of innovative projects
may not be clear without visualizations, speeding up this process through Al may ease the
communication, public participation, and understanding of street space reallocation projects. As
an example, if we want less cars or change the sidewalk width in a street, ideally, the algorithm
could input an image of the street, and propose one or several solutions with different numbers of
cars or with different sizes of sidewalk. Also, this tool can be very useful in more innovative
solutions in urban design, where the understanding of emerging concepts may not be simple. For
example, in applications where more than one generated solution can be used in a street, by

allocating the space for different uses dynamically over time (e.g., hours, days or seasons). In this
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context, the objective of this chapter was to experiment in practice how to develop a generative
deep model for helping stakeholders to visualize street space allocation projects in real-time. As it
was an experiment, the results were not satisfactory, but the lessons learned in process of

developing the work are valuable for future developments of this type of technology.

The importance and innovation of this project will be further discussed in the following
section. Sequentially, we explain the proposed methodology, followed by the results. Then, we
discuss the main contributions of the project, the learning experiences, and research agenda.

Finally, we conclude with the main findings and replication and data sharing section.

7.2 Background

Applications of Artificial Intelligence to improve the process of urban planning and design
has been a key topic for almost Al's history, and more recently generative deep models have gained
importance due to technological advancements (Quan et al., 2019). Generative models are used to
produce new data that are similar to real data. When neural networks are used, the subclass of these
models is named deep generative models. Generative deep models have proven to be effective in
multiple tasks, including image generation (Johnsen et al., 2022). Generative modelling in urban
planning and design has been applied for automatically generating: land-use configurations based
on the spatial, socioeconomic and mobility characteristics of surrounding zones (D. Wang et al,,
2021, 2022); neighborhoods using cost and solar energy performance metrics (Nagy et al., 2018)
and a wide range of metrics (Sidewalk Labs, 2020); apartment floor plans (Para et al., 2021);
architecture facades (C. Sun et al., 2022); forms of buildings (H. Zheng & Yuan, 2021); and urban
form (Quan, 2022).

In public participation, computational tools have been focused on the communication of
urban design through visualizations, rather than integrating the public to propose their solutions,
as mentioned in the introduction of this chapter (Quan, 2022). However, two innovative projects
have recently been proposed for a more participative urban design using generative models; named
DeepScope and PlacemakingAl. Noyman and Larson (2020) developed the DeepScope, a multi-
user real-time platform for visualization and proposal of urban design solutions. The DeepScope
is composed of a physical model with LEGO bricks that represent urban elements and uses (e.g.,
streets, buildings, parking, etc) that users can move and change their characteristics within the cell
grids of the physical model. As users change the configuration of space, a 3D model and a street
viewpoint is projected in real-time. A Deep Convolutional Generative Adversarial Network (DC-

GAN) is used to project a street representation on a screen.
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The PlacemakingAl is a tool that uses a Generative Adversarial Networks (GANSs) to adapt
street designs in real-time, according to features such as pedestrian counts, pavement size, tree
counts and bench counts (Kim et al., 2022). The PlacemakingAl is still under development and not
available to the public. The images generated from the algorithm in the examples are less realistic
than an original photograph, suggesting the complexity of generating representations of urban
spaces. However, the level of detail may be enough to promote collaborative designs and

discussions of new street designs.

Although the DeepScope and PlacemakingAl are a step towards more participative urban
designs, they are still the exception. The DeepScope is a participative urban design platform, but it
may be complex to use it in a public session that has a moderator, since changing the configuration
of the street according to insights of the public may be challenging. The PlacemakingAl uses an
interface where users can increase or reduce the images' features to propose future street design
scenarios. The PlacemakingAl may be more suitable for guiding, communicating ideas, and

building up discussions in public sessions.

Our proposal is similar to the PlacemakingAl, but instead of having a user interface, we
propose that the algorithm generates various scenarios according to specific features. For example,
if we want to change the number of cars, the algorithm will generate multiple images with diverse
possibilities. These images — some more realistic than others - can be used in a workshop to present
different scenarios, build up discussions, and assist the dialogue between citizens, urban planners
and policy makers. Our project proposes to use a Conditional Variational Autoencoder, since it
can produce automatically many scenarios at once, with minor variations of the input image,

according to specific features.

7.3 Generative modelling to guide public participation in street design

projects

Recently, image generative Al softwares, most known as deep fakes, have been released for
the general public such as DALL-E-2 and Midjourney. Both algorithms generate images from text
and were trained with images following their descriptions. Although these softwares have an
important role in the creativity process and generate high resolution images, it was not designed to
guide public participation in workshops. A limitation of text-to-image generative Al softwares is

the little control on the features of the generated images (e.g., change sidewalk width).
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The lack of control over the features could generate street images with unrealistic scenarios.
Our proposal of using generative Al to guide public participation in street design projects aims to
change certain features of the image in different intensities. Differently from the workshop
presented in Chapter 6, that already proposed solutions to be analyzed in certain streets, here, the
logic follows the suggestion by one of the participants of the workshop. After selecting complex
zones and characterizing the disputes of space, generative Al could be used as a tool to propose
different solutions of reallocating road space. Thus, solutions could be proposed by adapting

certain features within the latent space of the model.

We used Midjourney to create images that illustrate the objective of using Al for public
participation in street design projects. The generated images are presented in Figure 29, when asked
to the software in the text prompt to: "Using generative Al for visualizations to guide public
participation in street design projects”. Interestingly, the images generated on top right and left
present an idea where participants of the workshop could select smaller screens with proposed
street project scenarios. The generated images in the lower part present a different approach, which
participants could have more control over certain features, such as planting trees (refer to colorful
trees in generated image below right) or including digital or static signaling (refer to objects in blue
in generated image below left). Thus, different tools could be created to speed up the planning

process and include different stakeholders in the discussion.

Figure 29: Generated images by text-to-image Al

Source: Midjourney
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7.4 Methodology

7.4.1 Methodological framework

Figure 30 presents the methodological framework of our proposal on using generative
models to support decision-making in urban design. The methodology consists of three main tasks:
i) data collection and preprocessing; ii) object detection/ segmentation; and iii) generative deep
modelling. The following subsections explain in more detail each task. Note that the practical

problems began to appear on the third task and will be discussed further ahead in the paper.

First, we collected images of urban streets located in the complex zones to reallocate road
space identified in Chapter 5. This criterion was essential since most complex spaces tend to have
less obvious solutions. More innovative and technological urban designs may arise in complex
spaces with limited road space, that have to face the dilemma of allocating road space for conflictual
urban functions, such as different transport modes and activities. Consequently, understanding
urban design solutions that are not usually implemented may be challenging (e.g., allocating street
space dynamically over time). Sequentially, we propose to filter only meaningful images and use
image augmentation to increase the dataset and avoid overfitting. In the second task, we propose
to perform object detection or image segmentation to extract features of the images. In our
experiment, we used object detection to identify cars, trucks, buses, and pedestrians in images. The
features are then treated in the format to be included in the model. The last task is to use the images
and features as inputs for running a CVAE that generates new images based on the input images
and conditioned by the features. Details regarding the algorithm used are presented in the

Replication and Data Sharing section of this chapter.

184



Task 1: Data collection and preprocessing
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7.4.2  Data collection and preprocessing (Task 1)

Images were extracted automatically based on random coordinates positioned within the
complex zones to allocate road space that were identified in Chapter 5. We used QGIS to extract
the coordinates. Initially, the software generated 213 coordinates within the twenty complex/very
complex zones of 200x200m in Lisbon. We increased the number of coordinates (extracted
images), by randomly extracting nine more images within the 100m radius of the coordinate. Note
that some zones did not have images for 10 coordinates within a 100m radius, and thereby, fewer
images were extracted. The images were extracted from the Mapillary database, which has more
than one billion open-access street level images (Mapillary, n.d.). However, images from this
database are taken by citizens. Many of them have low quality or are framed in a way that does not
evidence the street cross-section from fagade o fagade. Therefore, the images were filtered manually
to ensure that images presented the street layout. Figure 31 presents examples of included and
excluded images from this filtering process. After selecting the images, we expanded the dataset by
performing image augmentation techniques with R programming — essential step for increasing the
size of the dataset and avoid overfitting -. Figure 32 presents an example of an image that passed
through the process of augmentation. The decision sequentially to include the original dataset with

one or more augmented images was based on the results of the loss function to avoid overfitting.

Figure 31: Examples of included (a, b, ¢) and excluded (d, e, f) images from the manual filtering process.

Source: Author (images retrieved from Mapillary).
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Figure 32: Example of results from Image augmentation of one image. a) original; b) flip; ¢) rotation; d) width shift;
e) height shift; f) edge detection.
Source: Author.

7.4.3 Object detection (Task 2)

The objective of using generative models to adapt street images is to achieve some variation
in the image. Nonetheless, the variation cannot be random, and some control over the output is
required in order to have meaningful results. For this control, we propose a prior step of object
detection or segmentation of the images. Ideally, if we want to increase the size of the lane or
expand a sidewalk, the algorithm has to detect or segment the objects or pixels of the images,
respectively. In our experiment, we used YOLOV3 (You Only Look Once), a pre-trained model
using the COCO dataset (Common Objects in Context) for object detection (Redmon & Farhadi,
2018). We detected the following objects from the images: pedestrians, cars, trucks and buses. After
the object detection, we adjusted the features of the images in two ways: i) having or not each
object in the image; and ii) counting the number of each object present in the image. We used only
the first one in our experiment. The second was not executed due to the poor results from the
CVAE (Conditional Variational Autoencoder) and VAE (Variational Autoencoder) tested using
the first case. However, we present the code for both data treatments. Figure 33 presents an
example of an object detection in an image. Still, this method has limitations, as it could not identify

the person behind a detected person in the example.
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Figure 33: Object detection using YOLO. a) original image; b) image with objects detected.

Source: Author.

7.4.4 Conditional variational autoencoder on street images (Task 3)

The objective of using a CVAE in images is to generate images that are similar to the real
ones while having a certain control of the output based on the extracted features. According to
Noyman and Larson (2020), the outputs of variational autoencoders are more controllable than
generative adversarial networks. In CVAE, image features vary along the latent space. For example,
if we want to expand the sidewalk length, conceptually, CVAE could be used to vary the size of
the feature ("sidewalk") within the latent space. In the simpler case tested in this chapter, the idea
is to control the images based on the transportation modes (car, truck, pedestrian, and buses), by
increasing or reducing the amount in the image. The CVAE is detailed below and illustrated in

Figure 30.

The CVAE is an extension of the VAE proposed by Sohn et al. (2015). Both models have
an encoder and decoder. However, the CVAE is conditioned by additional features, ¢. The encoder
and decoder are neural networks that can be mathematically defined in the CVAE respectively as,
Qo (zlx, c) and P, (z|x, ¢). The input images x and the features ¢ are passed through the encoder
Q, into a latent space g, while the decoder P reconstructs fake images similar to the true images,
conditioned by the features. The CVAE is optimized during training by a loss function which
combines the decodet's reconstruction loss and the Kullback-Leibler (KL) divergence. The
reconstruction loss is measured by the cross-entropy loss where x is the input images and X the

generated images, as described below:

CE(e,%) = — Z [x; log%; + (1 — x;) log(1 — £,)]

i=1"

(Equation 12)
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Considering D, as the dimensionality of the latent space, the KL divergence is described as:

Dy
1
D [Qo [Py (@)] = =3 ) (1 +logay, — = )
k=1

(Equation 13)

The loss function is a minimization problem by joining the reconstruction loss and the KIL
divergence, where [ is the hyperparameter that weights the KL divergence. The loss function is

described as follows:
min L(6,¢) = CE(x, %) + BD1 Q6 (]| Py (2)]

(Equation 14)
7.5 Results

7.5.1 Results from the experiment

This subsection presents the results of the many trials performed by the algorithm, based
on the architecture and data used. As this was an experimentation of an emerging method, the
results were not satisfactory. It is important to acknowledge that Al algorithms are complex and
face the black box problem, resulting in a lack of control (to a certain a degree) of the results. Many
practitioners perform Al experiments by trial and error. The success and failure of Al experiments

are evaluated by the quality of the outputs reached by the algorithm (Merhi, 2023).

Table 10 describes in detail all the experiments performed in our case study and serves as a
proposal for reporting Al experiments. Namely, the id of the trial; which algorithm was tested; the
main question we wanted to answer with the trial; the main considerations, including data and
parameters considered; main findings; and hypothesis and conclusions from each trial. Figure 34
presents examples of generated images from our procedure of the most relevant trials. The blurry
character of the images generated are expected, based on the considerations that were made.
Additionally, presenting all the steps (with successful outcomes or not) contributes to more
transparency in science. Not only all the steps and conclusions are presented throughout the

process, but also when and reasons why we decided to stop the experiment.
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Figure 34: Examples of generated images (%) from training. a) Trial 2; b) Trial 6; ¢) Trial 10; d) Trial 12; ) Trial
14; f) Trial 15.
Source: Author.

Insufficient data quality and computational power to train the model with a large database
were the main reasons for stopping the experiment, and not performing more trials. Consequently,
future research must account for computational power to train the model with a large quantity of
data and have more quality in the images. We chose to use images from Mapillary due to its benefits
of being open-source and having a large available database. Since photos are taken by citizens,
some images are of low quality, while lacking quality and form standards. There is a challenge to
find open-source databases of street cross-section images with high quality. To continue the work,
more images from this source could be used requiring an intense work of image filtering. Ideally,
images taken from the same angle in similar places can achieve better results, as concluded in our
experiments. Also, separating street images with similar characteristics into different datasets may
improve the model. An example, was the case of PlacemakingAl that seperated Google Street View
images into two datasets: green spaces and pedestrian only commercial streets (Kim et al., 2022).
Although Google Street View images are more standard and have higher quality than images from

Mapillary, they require permission to be used.

In this experiment we used object detection as an initial approach to detect features in
images to be an input in the generative deep model. However, image segmentation could be a step
further to characterize every pixel of the image, even though there is a lack of packages of

pretrained models in R programming. For image segmentation many codes, pre-trained models
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and developments using the Cityscapes® dataset (that identify urban objects) are available using
Python, as for instance the work produced by: Breitenstein and Fingscheidt (2022); Liu et al. (2022);
and Ye and Xu (2023).

While we used variational autoencoders to generate images, other generative deep models
could also be tested such Generative Adversarial Networks (GANs). There has been recent
research comparing the performance of both types of generative models for generating images. In
some applications, images generated by VAE are more similar but blurrier than the ones generated
by GANs (Diaz-Pinto et al., 2018; Larsen et al., 2016). Still, more tests have to be executed, since

different types and applications of images can lead to different results.

* The Cityscapes Dataset. https://www.cityscapes-dataset.com
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Table 10: Proposal for reporting step-by-step the process of Al experiments, exemplified by our experiment. Source: Author.

Trial Algorithm Question What was considered Main Results Main conclusions and hypothesis

1 CVAE What are the first results with a  The first model aimed to check if the algorithm worked and ~ Images from training and testing are blurry and do not ~ The number of images is too low to train the network.
small number of images? its first results. Only 114 images for training and 20 images  reproduce any meaningful result.

for the test were used.

Using labels of images as dummy variables for each
transport mode (1: with transport mode; 0: without
transport mode)

Ne Train images = II4 N° Test images = 20;
Batch size = 2; Epochs = 50; Filters = 1L;
Intermediate dim = 128; Latent dim = 2.

2 CVAE What are the results of increasing ~ The algorithm was executed with the original sample. Generated images from training and testing continued ~ The batch size and epochs may be too low.

the sample of images? L . to be blurry. However, they started to have higher
Ne Train images = 1265 N° Test images = 243; neatness
Batch size = 2; Epochs = 50; Filters = 1L; ’
Intermediate dim = 128; Latent dim = 2.

3 CVAE What are the results when we N© Train images = 1265; N° Test images = 243. Generated images from training and testing continued ~ We began to hesitate if adding the labels was the problem.
increase the batch size and the Batch size = 25; Epochs = 100; Filters = 1L; tobeblurry, having a very similar aspect to the previous ~ We tried to simplify the problem by executing the VAE.
number of epochs? Intermediate dim = 128; Latent dim = 2. results.

4 VAE Does the algorithm work in a N° Train images = 1265; N° Test images = 243. Generated images continued to have the same blurry ~ The number of images may still be very short since the
simpler form? What if we run the  Batch size = 25; Epochs = 100; Filters = 1L; aspect, suggesting that the labels were not the problem  results did not differ from the last trial.
model without the labels (Only Intermediate dim = 128; Latent dim = 2. in the CVAE.
the VAE)?

5 VAE What are the results of increasing  In this early stage we did not perform image augmentation.  The generated images were slightly more nitid but did ~ Still the number of images may be too small to train the
the number of images? To test the algorithm, we simply duplicated the number of  not change much. The loss function indicated network.

images to check what would happen. overfitting, which is expected due to image duplication.
Ne Train images = 2530; N° Test images = 486.
Batch size = 25; Epochs = 100; Filters = 1L;
Intermediate dim = 128; Latent dim = 2.
6 VAE What are the results of increasing, ~ We triplicated the number of images by copying once more ~ Generated training and test images are still blurry but At this point we raised several hypotheses about why the

even more, the number of images?

the images into the database.
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appear more nitid. Overfitting continues to happen.

results were uncxpected.

a) The number of images remains too low to train the
network.



Trial Algorithm Question What was considered Main Results Main conclusions and hypothesis

Ne Train images = 3795 N° Test images = 729. b I . helo achieve b |

Bawch size - 25 Epochs — 100; Filers - 1L; )dmalgfi augrrfl\en.tatlon may help achieve better results

Intermediate dim = 128; Latent dim = 2. and avoid overtitting.

6 b) Hyperparameters and layers of the network require

adjustments.
¢) Intermediate and latent dimensions are too low, not
capturing sufficient information.
d) Street cross sections images are too complex.

7 VAE What happens if we increase N° Train images = 1265 N° Test images = 243. The computer did not support running the model. At this point we began to doubt if we had the
filters, intermediate dimension, Batch size = 25; Epochs = 100; Filters = 70L; Intermediate computational power required to train the model.
and latent dimension of the dim = 70000; Latent dim = 1000.
model?

8 VAE Does the model continue not to  N° Train images = 1265; N°o Test images = 243. The computer continued to not to be able to run the  Asexpected, the increase in the dimensions of the model's
run, if we increase the batch size  Batch size = 700; Epochs = 500; Filters = 10L; Intermediate  model. dimensions resulted in more complex models that our
and epochs? dim = 10000; Latent dim = 1000. computer could not support.

9 VAE Does the model continue not to  N° Train images = 200; N° Test images = 50. The computer continued to not run the model; when  The intermediate and latent dimensions need to be
run if we substantially reduce the  Batch size = 100; Epoch = 500; Filters = 10L; Intermediate  intermediate and latent dimensions were very high. smaller.
number of images? dim = 10000; Latent dim = 1000.

10 VAE What are the results if we reduce N° Train images = 1265 N°¢ Test images = 243. Reducing the size of the intermediate and latent Increasing the dimensionality may not be a critical factor
the intermediate dimension and  Batch size = 100; Epochs = 500; Filters = 10L; Intermediate ~ dimensions worked for running the model. Still the for having better results, although very small
latent dimension? dim = 1000; latent dim = 100. results were not satisfactory. Compared to Trial 4,  dimensionalities can limit the information received.

which had smaller intermediate dimension, latent
dimension, epochs and batch size, the generated images
were very similar.

11 VAE Did the increase in dimensionality =~ We used the same database as trial 6. Therefore, copying  The generated images were very similar to the results of At this point, we concluded that adjustments in the
not result in meaningful results  the original database two more times. Trial 6, which used the same database, but with smaller  dimensionality did not make a difference in the results.
because the number of images was o ) intermediate and latent dimensions, epochs and batch  Instead, increasing the dataset size has more influence in

Ne Train images = 3795 N° Test images = 729y o] £ .
too low? ) . : size. more nitid images. However, the complexity of urban
Batch size = 1005 Epochs = 500; Filters = 10L; Intermediate ..
. ; streets and the lack of standard patterns in images, may
dim = 1000; Latent dim = 100. elv infl
negatively influence the results.
12 VAE What are the generated images if To test if the results would improve with more similar ~ Making images more similar resulted in generating  From this trial, we concluded that two main issues may

we use more similar street images?

images, we created a new database with 62 images taken
from the same street of the original database. As the number
is too low, we replicated the database eleven times,
obtaining a total of 682 images for training. We maintained
the same images for testing.
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images with more vivid and nitid colors, representing
an improvement in the model, although overfitting was
present. Even with a smaller number of images than
Trial 11 for example, the results seem better due to
more similarity between images.

be resulting in bad results:

a) The number of images is still very low to train the
network.



Trial Algorithm Question What was considered Main Results Main conclusions and hypothesis
Ne Train images = 682; No Test images = 243; b) Urban street images are complex due to the lack of
12 Batch size = 1005 Epochs = 500; Filters = 10L; Intermediate patterns in shapes, colors, and form. Training a network
dim = 1000; Latent dim = 100. for urban streets would require filtering only images that
are very similar to each other.

13 VAE What are the results when we We used the original dataset and added the augmented  The computer did not support to run the model with  This was a critical point in the project, making us be
increase the size of the database images by rotation, flip, height shift and edge detection to 6325 training images. certain that we did not have sufficient technological
with image augmentation? the training database. resources to continue the trials for long.

Ne Train images = 6325; N°o Test images = 243;
Batch size = 100; Epochs = 500; filters = 10L; Intermediate
dim = 1000; latent dim = 100.
14 VAE Does the model work if we reduce Al trials used images with size 240x320x3. We reduced the ~ Reducing the size of the image made the algorithm  Our hypothesis is that reducing the complexity (size) of
the size of the images? images to 24x32x3. work. Still no meaningful result was generated. images resulted in better results. Making the neural
. . However, some appearance of what looked like a  network denser may result in detecting more patterns in
Ne Train images = 6325. N° Test images = 243. .
. . pattern of colors began to appear. the images.
Batch size = 100; Epochs = 500; Filters = 10L;
Intermediate dim = 1000; Latent dim = 100.

15 VAE Does the model improve when  We increased one convolutional layer of the model. The results did not change much from the last trial. Increasing the number of layers in the network may result
adding one more layer to the o . in better results.
network? Ne Train images = 6325. N° Test images = 243.

) Batch size = 100; Epochs = 500; Filters = 10L;
Intermediate dim = 1000; Latent dim = 100.
16 VAE Does the model improve by Weadded more layers to the network, but the computer did ~ Adding more layers to the network made the model ~ This was a stopping point for our trials. The limitations

adding more layers to the network?

not run the models. We tried varying the parameters of the
layers, but this also did not work.

Ne Train images = 6325. N° Test images = 243.
Batch size = 100; Epochs = 500; Filters = 10L;
Intermediate dim = 1000; Latent dim = 100.

heavier. We did not have the computational power to
run more complex models.

of computational power to run models with dense
networks and large datasets was in our view the main
reason for not achieving satisfactory results.
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7.5.2  Lessons from the experiment

We examine in this section the main reasons why the outcomes of the algorithm did not
achieve an urban form and the practical challenges faced in developing the model. It is essential to
understand the factors that influence the success of Al implementation (Duan et al., 2019; Dwivedi
et al., 2021), especially because Al has been a trending topic in many interdisciplinary research
projects. Reiter et al. (2003) argue that negative as well as positive examples in Al are essential for

theory formation and learning processes.
Starting from scratch

The philosopher Katl Popper believes that experimental science should focus on efforts to
disprove theories, rather than proving them (K. Popper, 1959). The author claims that it is
impractical to prove theories by experimental research, since researchers cannot check all
predictions in all possible contexts. Disproving theories is more likely to happen by experimental
science because it is possible to evaluate if a theory is applied in specific contexts. For example, if
all swans are claimed to be white, this assertation can be refuted by the appearance of a black swan
(K. Poppet, 1959; Taleb, 2007). In our experiment, the architecture of the CVAE was based on the
literature of other research using different types of data and applications, since there were not a lot
of examples in urban design to take on. Since the results of generative models are usually
unpredictable, and constrained by their architecture and training data (Noyman & Larson, 2020),
it was very difficult to detect if the hyperparameters and layers of the network were ideal for the
problem. As we tried to prove a theory by building a new architecture, instead of disproving one,
it was not practical to detect if the architecture chosen was ideal, even though many trials with
different possibilities were executed. On the contrary, for the object detection of the images, we

used a previously trained model, resulting in meaningful results.

Many Al projects are based on trial and error due to the high level of complexity and lack
of transparency of many algorithms, facing the black box problem: (Yavar Bathaee, 2018). This is one
of reasons why starting from scratch is usually not recommended. As stated by Lenat and
Feigenbaum (1991), artificial intelligence models should not learn from scratch, but instead expand
from previously trained models. Using pre-trained networks, combining them and adapting to the

problem could have been better practice.
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Data complexity and technological infrastructure

Merhi (2023) claims that key technological resources such as data quality and quantity,
integration complexity, and IT infrastructure is the most critical factor for successful Al
implementation. Westenberger et al. (2021) also believes that the key resources are a leading factor
for successful Al implementation, relating specially to data availability, quality, and quantity. In our
case, even though a large quantity of street cross-section images was available, the computational
capabilities available only allowed us to train a certain number of images. At some point, the

experiment did not continue since we could not add more images to the model.

In terms of data quality, images lacked a certain pattern in terms of angle and clarity due to
the database being constituted of pictures taken by citizens. Also, streets and visualizations of
streets are complex in terms of aesthetics, urban form, arborization, number and variety of
transport modes, size, color, and shape of buildings, etc. Consequently, generative models for
street-cross section applications tend to be more complex due to high dimensionality than other
applications such as generating building shapes or facades which have similar shapes and patterns.
Additionally, training data is a lot of times unavailable and expensive, requiring high quantity and
quality of data and computational power (Westenberger et al., 2021). As experienced in practice,
the quality and quantity of the data and computational power required for generating images with
an urban form is often only possible to recognize and evaluate during the execution of the

algorithm (Baier & Seebacher, 2019).

Understanding how much data, how similar they must be to each other, and which type of
data the algorithm requires for generating high quality images are essential factors for success.
There is still a huge challenge to train high dimensional datasets (J. Cai et al., 2018; Domingos,
2012), large amounts of data (Baier & Seebacher, 2019; Merhi, 2023), and in a reasonable time
(Lopes & Ribeiro, 2017).

Programming language

The experiment presented in this chapter was executed using R programming, which is
mostly a statistical and graphical tool. Although the tasks were completed using R, it is not widely
used in machine learning which led to many difficulties, although it is possible to perform almost
the same tasks as in Python (Rhys, 2020). Python is by far the most popular language used in
machine learning and deep learning (Nguyen et al., 2019), having packages first developed in
Python to then implemented in R later (Rhys, 2020). Consequently, most developments in deep

learning are being held in Python having way more available information than R programming
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related to open codes, coding questions and answers in public platforms, tips, and guidelines. The
most used packages for implementing machine learning are Keras and TensorFlow, that were first
developed in Python and then adapted to R. More examples and developments in R are required
to guide researchers and practitioners in machine learning, in order to promote more
interdisciplinary research and practice in Al. Also, some pre-trained models are only developed in
Python, although the coding is possible in R. We contribute to improving the knowledge on R
programming in machine learning by sharing the codes used as well as giving guidelines and
reproducing the results of the paper in Rmarkdown. Also, Baier and Seebacher (2019) propose that

more user-friendly tools are required for non-experts to use Al technology.

7.6 Discussion

7.6.1 Challenges and risks

Our proposal of using generative Al to create street images to guide workshops and public
discussions is not absent from challenges and risks. It is important to mention, that deep fakes and
generative technologies being developed should not infringe the existent law regarding the
fundamental rights, which determines that every human being has the right to live, to have integrity,
freedom, personal security, and privacy protected. In fact, a draft of the Artificial Intelligence Act
was proposed by the European Union in 2021 to regulate Al (European Commission, 2021). The
regulation proposes to establish a unique definition of Al and regulate Al technology based on
risks of infringing the fundamental rights and safety principles. Al systems are classified in four
categories based on their risk, having different levels of transparency requirements. Al systems
classified as having unacceptable risk are prohibited in the market; high risk Al systems are
regulated upon new legislation; limited risk Al systems have transparency obligations; and low or
minimal risk Al systems can be used freely. Still, the impacts of Al may have to society are not
clear, and there is a discussion on whether the proposal of the AI Act adequately protects the

fundamental rights, rule of law and democracy (Smuha et al., 2021).

Generative Al systems are classified as limited risk Al systems in the proposal, requiring
three main principles of transparency. First, all contents generated by Al must be evident that were
developed by the machine and not by humans. Developers and users have to disclose that the
images generated were made by AL Still, it is not required to present the limitations, biases and
possible applications of the Al system. In the case of using generative Al in workshops for street

design, it is essential to provide information to participants of whether the Al system can or not
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produce some solutions. In fact, it must be clear for the participants the accuracy and detail level
that the deep fake algorithm can generate. Being transparent in the process will allow participants to
know the limitations and use the generated images as a tool for enhancing creativity and discussion,

rather than relying strictly on the Al results.

Second, generative Al systems have to be designed to prevent from generating illegal
content. The second transparency requirement for generative AI models can be accommodated in
using this technology for street design projects, since generated images will only contain urban
elements. A risk of this application could be infringing privacy issues, when facial recognition can
be detected in street images (e.g., pedestrians and cyclists) which are used in the workshop.
Importantly, defining which content is illegal may not be that evident for other applications, since
some content may face moral dilemmas that are dependent on cultural, social, and regional aspects

(Awad et al,, 2018).

Last, generative Al systems have to disclose copyright information of the data used for
training, and guidelines for users to comply with their obligations regarding the Al Act. Besides
giving credit to the copyrights, it is also important for users to understand which type of data was
used to train the generative Al. For example, the results of using Google Street View, Mapillary, or
3D street projects to train the model may lead to different perceptions of the results. There is a
discussion whether generative Al models are infringing copyrights of artists, musicians, and
authors, since these algorithms generate images, videos or text based on the information from

training data.

7.6.2  Limitations and future research direction on using Al for street visualizations.

Public acceptance and trust in the solutions proposed by the AI may be a risk. People will
only rely on results from Al to make important decisions when they trust the system (Baier &
Seebacher, 2019). Dealing with the lack of transparency of generative deep models is a challenge
that has to be assessed. Even though it is not possible to be totally transparent of the generated
street design solutions, we recommend that the moderator of the workshop session is clear in
stating the algorithm is a tool and that the images generated are to be used for promoting
discussion. Consequently, other solutions may arise from the discussion, or even some of the
solutions generated by the algorithm may not be coherent or applicable due to local characteristics,
technical and political challenges. The "bad results" are also important to promote discussion and

enable policy makers and local community to rise up reasons and characteristics that may be
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barriers for implementing certain types of solutions, especially more innovative ones such as

allocating space dynamically over time.

Although there is an assumption that visualizations help the communication of designs, still
the psychological and mental responses are poorly understood (Wergles & Mubhar, 2009). Also,
most research has focused on making images from generative deep models more realistic, rather
than focusing on how people understand the images, and their role. Our hypothesis is that images
that are too realistic may remove the creativity, potentially have a "Wow-Effect" of the technology
in the audience (McQuillan, 1998) — the power of the tool reduces the critical assessment of the
content -, and may lead to misinterpretations associated to the prediction of the solution. Also, a
higher degree of detail does not imply better comprehension (Pietsch, 2000). Having a level of
noise in the generated images may positively contribute to innovation, making participants
understand the proposed solutions at the same time as stimulating discussions on the subject. We
suggest that future investigations assess the mental and psychological responses on different levels

of detail of generative deep models.

Furthermore, both experts and local community can be included in the workshop. Even
though public participation has been acknowledged as essential by the scientific and practitioner
communities, how this participation should be done is not well stablished (Gordon et al., 2011). It
is important that Al applications in public participation does not only give room for local
communities, but also promotes higher understanding of innovative solutions, and engagement

with policy makers of diverse backgrounds.

7.6.3  Implications for practice

Experiments that lack ideal outcomes are common in science. However, in Al, reporting
unsatisfactory results is not common, as in other fields such as medicine and physics (Reiter et al.,
2003; Rychtyckyj & Turski, 2008). It is essential to understand the factors that influence the success

of Al implementation (Duan et al., 2019; Dwivedi et al., 2021).

Westenberger et al. (2021) apply semi-structured interviews with 6 experts to discover the
key factors that influence not achieving the goals of Artificial Intelligence projects. The authors
conclude that there are 12 main factors for unsuccessful projects, within 5 major categories:
unrealistic expectations, use case-related issues, organizational constraints, lack of key resources,
and technological issues. Baier and Seebacher (2019) also use semi-structured interviews with 11
Al practitioners to discover the main challenges in implementing machine learning algorithms. The

authors compare the challenges to the literature findings, concluding that challenges appear in the
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project's pre-implementation, implementation and management. Johnk et al., (2021) perform
interviews with 25 experts to investigate the readiness of adopting Al in organizations, resulting in
5 main categories: strategic alignment, resources, knowledge, culture, and data. Although studies
based on interviews have demonstrated the challenges and factors that influence the unsuccessful

Al project expectations, few have actually presented their unsatisfactory results.

Reporting the experiment process in an organized approach and making conclusions out of
it has major contributions to practice, as it allows practitioners to anticipate practices that can be
avoided, and eventually continue the work that has begun. Also, providing open codes, data,
guidelines as well as reporting the main findings, considerations and hypothesis of each experiment
leads to more transparency and reproducible science. Real case studies are also important for policy
makers to understand more specific factors for the success Al projects since it may be easier to
learn from experience of other practitioners than from findings from interviews that have a higher
scale assessment of the problem. As stated by Merhi (2023), practitioners require practical

solutions, rather than theoretical ones to guide them for implementing Al solutions.

7.7 Conclusions

In this chapter we propose the use of generative deep models for guiding public meetings
and workshops on street design and street space allocation projects. While visualizations are still
used for public discussions, using generative deep models to generate various scenarios of street
images by modifying characteristics of the images in real-time, can be used as a tool to promote
discussions on possible solutions. These models may have higher importance when explaining and
proposing innovative solutions to the street that are not straightforward to have a mental map by
the public, such as allocating road space dynamically for different uses, or using technology to
manage the space. Generating various scenarios of a specific street is important because more than
one solution could be applied to the street. Consequently, public managers may choose one
solution for reallocating the space permanently, or more than one solution, that could be used for

changing the space at different times of the day, week, or season.

Besides promoting the idea, we performed an initial experiment with a restricted dataset
and computational infrastructure, as a first conceptual experience. In order to produce meaningful
results, a higher quality and number of images, as well as sufficient computational power would be
required. We explore and use R programming to perform computer vision tasks, which is not very
common. We share the code, dataset and reproduce the papet's results in R, guiding other

researchers to replicate the expected and unexpected results and eventually continue the research.
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As Al is a trending topic, it has become more common for researchers of different
engineering backgrounds to explore and apply Al in multidisciplinary tasks (Baier & Seebacher,
2019). Consequently, what are common practices and knowledge for computer science engineers
may not be for researchers of different backgrounds. We hope that this experimental chapter, can
also encourage other researchers to share their experiences. Also, as we shared transparently and
in detail the whole process of experiments, codes and data used, this can guide other researchers

to continue our work, and possibly achieve more satisfactory results.

7.8 Replication and data sharing

The code, dataset, and guidelines for replicating the results of this paper are found at:

https://github.com/valencal 3/CVAE_StreetDesign
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Chapter 8

8 Conclusions

The objective of the thesis is to evaluate the coherence of allocating road space dynamically
over time in complex urban areas. We characterize complex urban areas as those facing the
challenge of accommodating multiple transport modes and various urban functions within limited
available space. Thus, road space allocation in complex areas often requires trade-offs and the
amount of space that should be allocated for a certain transport mode or urban function may not
be evident. The hypothesis of this work is that road space could be allocated dynamically for using
space more efficiently and changing the use of spaces according to demands and policy goals. The
next sub-section reviews the main findings regarding each research question. Sequentially, there is

a sub-section on limitations and future studies.

8.1 Review of main findings

The research questions are proposed to obtain a clear insight into the potentialities and
challenges of allocating road space dynamically. In sum, the research questions that are answered
throughout the thesis analyze respectively: i) the differences between emerging concepts and the
importance of allocating space dynamically in complex areas; ii) the existing and future technologies
that can be used; iif) the locations and periods that are coherent to reallocate space dynamically; iv)
and the use of artificial intelligence to enhance public participation in street design projects of

dynamic road space allocation.

RQ1: What are the differences between emerging road space allocation solutions and

their relationship with new sensing, management, and control technologies?

In Chapter 2, a literature review was performed on the most relevant journals in
Transportation and Urban Studies to detect the historical context and differentiate the emerging
practices in road space allocation. Three main types of emerging solutions regarding road space
allocation were found in the main literature: i) temporary; ii) intermittent; and iii) dynamic. First,
temporary practices, such as pop-up bike lanes, are characterized by "try-and-test" practices. They

are often cheap, quick and modify spaces with simple practices such as remarking the streets. As it
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is already mentioned in the name, temporary solutions are not permanent, but can eventually
become in successful cases. In terms of adapting to demands, temporary solutions are often static
as they do not consider traffic and urban dynamics, not adapting in real-time or in hourly periods
according to different demands. Temporary solutions have an unpredictable life cycle or are
planned to be executed during a specific period of time (e.g., street markets are open only during
the summer). Temporary solutions, if planned for a certain life cycle, may have a "dynamic"
character of adapting space in less complex periods such as seasons or weekdays (refer to the

examples of Figure 1 in the Introduction).

On the other hand, the use of smart technology in sensing, demand management, and
control is found to be relevant in the literature of "intermittent" and "dynamic" practices of road
space allocation. The Intermittent Bus Lane was the first proposal that integrated these
technologies to adapt road space reactively to the position of the bus, even before the trend of
smart cities and big data arose in the literature. Intermittent Bus Lanes were proposed as a solution
for the underutilization of dedicated bus lanes when bus frequency is low. They are designed to
give priority to the bus by informing other vehicles not to enter the lane when the bus is
approaching and allow vehicles to use the lane otherwise. Vehicle detectors are used to identify the
position of the bus, communicating with a control system that provides transit signal priority and
informs users of the status of the bus lane. A similar approach was proposed later, named Bus Lane
with Intermittent Priority. The main difference between the two is that the Intermittent Bus Lane
does not consider vehicles that are already in the lane. On the other hand, Bus Lanes with
Intermittent Priority gives priority to the bus by informing users also to leave the lane, not

depending on transit signal priority.

Intermittent practices in road space allocation adapt the use of space in real-time according
to the position of a priority vehicle (e.g., buses), being dependent on technology for sensing,
management, and control. Consequently, if spaces are being adapted in real-time, communication
between priority vehicles and the infrastructure controller is required. This technological
dependence indicates that intermittent practices are permanent, although there are few practical
cases. In Chapter 4 we propose a smartness classification of road space allocation that ranges from
level O (No use of technology) to Level 5 (Full connectivity). Intermittent Bus Lanes and Bus Lanes
with Intermittent Priority are within Level 3 (Infrastructure and vehicle technology), where demand
management and control technologies are used to adapt the space according to the position of a
priority vehicle that communicates with the infrastructure (V2I). It is important to mention that

buses do not communicate between themselves or with other vehicles.
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A limitation of these types of practices is the lack of consideration of public transport
frequency and traffic dynamics over time. In periods with heavy traffic such as peak hours, it may
be unpractical or even cause conflicts between vehicles, to give priority to the bus since the adjacent
lane may be saturated. Thus, adaptations in real-time in traffic lanes may only be possible in less

complex and conflicting times.

To fulfill the limitation of intermittent practices, dynamic lane allocation is proposed. While
intermittent practices adapt the infrastructure in real-time, dynamic lane allocation adapts the use
in periods (e.g., peak and non-peak). Consequently, dynamic applications can consider public
transport frequencies and traffic dynamics, by dedicating the lanes exclusively for buses during
peak hours and being mixed with traffic or intermittent in non-peak hours, for example. Therefore,
dynamic lane allocation adapts the use of space according to fluctuations of demands in defined
periods. Real-time or historical data could be used for decision-making. As mentioned, temporary
solutions could also be dynamic, but in cases where smart technology is adopted, these solutions

may require to be permanent.

One of the conclusions from Chapters 2, 3, and 4 is that, while the literature on temporary
practices is held in more local areas, the literature on intermittent and dynamic practices is focused
on highways and arterials. Thus, complex urban environments are not analyzed in these practices,
where there is a conflict between urban functions and uses and there exists a dilemma to allocate
road space. In Chapter 3, we propose the concept of dynamic road space allocation that aims to
reallocate spaces dynamically in complex urban areas, that have limited spaces. The main
motivation of this proposal is to use spaces more efficiently by adapting uses according to different
demands and policy goals. The main differences between dynamic lane allocation and dynamic road
space allocation are related to where it is implemented, its priorities, and architecture. On the one
hand, dynamic lane allocation is implemented in arterials and highways, prioritizes the mobility
function, and only considers the interactions of users in the traffic lanes. On the other hand, dynamic
road space allocation aims to be implemented in complex urban streets (usually classified as main and
local distributors), adapts space for both mobility and access/place functions, and considers both

traffic lanes and adjacent space in its design.

Technology can be used for dynamic adaptations of space, but these solutions are not reliant
on it. The level of complexity of allocating space dynamically also includes the technological level
adopted, that can vary within all levels of technology adoption. Allocating space dynamically can
be adopted with traditional vertical and horizontal signaling informing the transitions between uses

(as experienced in practice — refer to Figure 2 for examples), to a context where AVs require
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communication between vehicles and vehicles to infrastructure (Level 4 — Communication between
Vehicles and Infrastructure) or in a futuristic context where all the infrastructure and users (not

only vehicles) are connected (Level 5 — Full Connectivity).

RQ2: How can we allocate road space dynamically in complex urban streets?

Chapter 3 presents the concept of dynamic road space allocation and suggests some technologies
for sensing transport modes and activities and managing urban space. Emerging crowdsource big
data (e.g., Google Maps, Waze, GPS, video analytics) have made it possible to characterize urban
space dynamics in real-time. In the past, heavy data collection in road space relied on loops, radars,
or manual counts, often being held during peak hours. Besides the costs relative to these practices,
they often only characterized traffic flows, disregarding pedestrians, cyclists or activities. Recently,
big data has not only allowed a broader characterization of urban space, but also enabled short-
term planning to rely on data-driven decision making. Thus, big data could characterize traffic and
urban dynamics over time in order to reallocate road space dynamically based on demand-driven

decisions.

In terms of transport demand management, low-level technologies such as LEDs in-
pavement lighting and flexible bollards that are already commonly used in urban areas, could be
tools for adapting the use of space over time. Variable message signs could inform users of the
uses of space over time. In spaces where it is very evident that it is underutilized (not requiring
sensing), a simple vertical sign could inform the dynamic transitions. On the other hand, higher
levels of technologies could also be adopted depending on the transport modes involved, local
context and policy goals. Control technologies such as adaptive signal controls can be used in cases
where vehicles are communicated with the infrastructure (V2I) and with each other (V2V) in order

to reallocate space dynamically according to these demands.

Using technology for sensing and control, and adapting road space dynamically are not
absent from challenges and the decision to use them should be context-oriented. First, the level of
technology used for managing and controlling urban space should not exclude some segments of
society (e.g., the eldetly, people with disabilities), or be adopted in front of more urgent social needs
such as basic sanitation, shelters, etc. Technology should be seen as tool, rather than the solution
per se. The use of technology should also consider built environment restrictions or vulnerabilities
such as fragile old buildings, and architectural and environmental protection areas. Enforcement
challenges may also be present in the implementation of high technological solutions, including

low qualification and readiness levels of municipal technical and decision makers, time-consuming
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bureaucracy, and complexity of decision-making chains. There are still technological limitations for
sensing urban space that require caution such as storing, managing and analyzing large databases
and video camera limitations to detect objects in diverse weather and illumination conditions.
Sensing urban space should not infringe data privacy regulations, requiring clear legislation on data
ownership and usage. Finally, the level of technology used should take into account behavioral

aspects and public acceptance.

Besides the challenges, in Chapter 4, we conclude that allocating road space dynamically is
not dependent on technology but that may be required depending on the transport modes involved,
the local context and policy goals. For example, if spaces need to adapt dynamically according to
autonomous and connected vehicles, a higher smartness level is required due to the need of having
V2V and V2I communications. The smartness levels of road space allocation proposed in Chapter
4 presents a framework where decision makers can choose the types of sensing, control and
transport demand management technologies required for each case. While the urgency of
implementing the solution may require lower-smartness levels, conceptualizing these levels allows
the policy makers to develop more sophisticated solutions addressing ethical, safety and
acceptability concerns in the medium to long term. As mentioned previously, allocating road space

dynamically can vary from no use of technology to a fully connected system.

One of the main concerns that appeared in the debates of the workshop (Chapter 06) is that
although existent and emerging technologies can be used for allocating road space dynamically, the
acceptability of users, and the risks of people not understanding or adapting well to dynamic
transitions should be taken into account. Solutions that require less technology can expect higher
social acceptance. However, as mentioned previously, solutions may have different smartness
levels, that also are related to having a high number of dynamic transitions or are in short periods
of time (e.g., minutes or hours). Thus, dynamic solutions should aim to be as parsimonious as
possible, using technology as a tool, and when needed, having the right balance between the

number of transitions, technology use and social acceptability.

RQ3: Where and when can we allocate road space dynamically over time?

In Chapter 3 we discuss the conceptual assumptions of reallocating road space dynamically
over time in complex environments. Complex streets have limited space to fulfill all uses and
functions. However, many of these spaces are still used inefficiently, having spaces oversupplied
and undersupplied at certain times. Reallocating road space dynamically in complex zones can more

efficiently use spaces that are underutilized at certain times, giving it another use. In Chapter 5, we
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propose a methodology for identifying complex zones that have the highest potential for
reallocating road space dynamically. In sum, complex zones are characterized by having: i) a
dilemma between allocating space for mobility or access functions (mostly in main and local
distributors); ii) high network connectivity being a main hub of trips; iii) high volumes of traffic at
least at one period of the day; iv) high density influencing the number of trips and mode choice;
and v) high diversity of land use which influences the fluctuations of different demands during the
day. Furthermore, in spaces where public transport operates in a high frequency at least a period
of the day, it becomes even more complex to reallocate space due to the dispute for space between
traffic and public transport and the adjacent space occupied to the traffic lane for the bus stop.
The site selection methodology of complex zones proposed in this thesis can guide policy makers,
at an initial stage, to comprehend which areas in the city require a deeper evaluation to reallocate

road space.

Nonetheless, the site selection methodology is applied on a municipality scale, not going
into details on the local context and street segment characteristics. Also, different solutions require
different selection criteria on a local scale. From the discussions in the workshop with experts
(Chapter 6), after selecting zones that are complex, it is important to characterize the disputes and
complementary uses and functions over time in complex streets. This is a prior step of intense data
collection, to fully understand the street's urban dynamics. One of the main conclusions from the
workshop is that street-level criteria for reallocating road space dynamically are specific for each
solution. Even the criteria that are similar within solutions, have distinct importance levels. Three
main types of local criteria were defined for selecting where to reallocate road space dynamically:
1) geometric characteristics referring to the street dimensions; i) functional characteristics related
to the use of the street; and iii) layout characteristics related to the space organization. It is
important to mention that some of the criteria proposed by the experts are not used for evaluating
static road space allocation, requiring new indicators for evaluating urban space. Therefore, the
street of intervention for reallocating space dynamically can vary across solutions, depending on

the characterization of the conflicts and uses and local criteria within the complex urban zone.

From the characterization of the dynamics, road space can be allocated dynamically when
demands are complementary or disputed. Complementary demands happen when a certain use or
function is underused, while another lacks sufficient space to accommodate its demand. In this
case, road space could be allocated dynamically from one to another. When demands are disputed
(e.g., peak hours), the decision to reallocate space dynamically requires trade-offs by restricting one
mode or function to the detriment of the other. Municipalities more inclined to challenge the space

of the car will tend to have more options of solutions. In this case, the goal is to increase the level
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of service and use of sustainable transport or place making activities, even if there is an impact (to
some extent) on the level of service of the car. Dynamic road space allocation must be seen as fair and
reasonable by the public and promote minor and gradual behavioural changes, in order to challenge

car space.

Zones with low complexity are characterized by low traffic volumes and demands, being
vacant most of the time. Consequently, in these zones it is not recommended to reallocate space
dynamically, since the current demands are very low. Reclaiming spaces statically for sustainable

modes or place making activities are more indicated in this case.

Furthermore, key points from the discussions in the workshop also suggest that: i) it is more
complex to change urban functions dynamically in small periods of time; ii) there is a higher need
for technology when spaces are allocated dynamically in small periods of time; iii) there is a higher
challenge to reallocate space dynamically when the road changes its geometry and use along the
segment; iv) other policies besides reallocating road space dynamically may be necessary to change

behaviours such as surveillance and fines for illegal parking.

It is important to mention that some dynamic road space allocation solutions are less complex
to implement than others. As mentioned by a member in the workshop, it is plausible to believe
dynamic bus lanes can be implemented in complex areas due to its controlled environment. Bus
drivers are trained and can adapt to the transitions between uses, and car drivers are accustomed
to sharing the space with the bus. On the contrary, solutions such as reallocating a traffic lane to a
cycle lane dynamically may lead to confusion among users and create an unsafe environment due
to the differences in speeds if not implemented properly. In this case, dynamic cycle lanes could
be used when traffic is very low such as Sundays. Consequently, the dynamic cycle lane would serve
a recreational purpose, instead of commuting. The social acceptance and the success of allocating
road space dynamically is dependent on the type of solution being implemented, the time interval
of the dynamic application (e.g., hours, days, seasons) and the smartness level of the solution.
Dynamic road space allocation should not make disruptive changes to the built environment,

maintaining most of the street's characteristics in a logical orientation.

RQ4: Can technology be a tool to guide decision-making processes and enable

interdisciplinary comprehension of allocating road space dynamically?

The decision-making process of reallocating road space dynamically in complex areas may
not be evident for industry and municipality technical staff of different backgrounds. Promoting

the participation of different stakeholders is essential for discussing trade-offs of the intervention
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and having an interdisciplinary and broader view on the impacts and acceptability of innovative
processes. Visualizations of future scenarios of how the street can look like can help stakeholders
understand concepts that are not well established, such as dynamic road space allocation, and also
evaluate many scenarios at the same time. Still, many street reallocation projects that rely on
visualizations of scenarios take a significant time and effort. Visualizations using CAD softwares
in workshops have many limitations since they do not generate visualizations in real-time, are not
developed for multiple users to collaborate, and require arduous work in complex projects.

Consequently, these softwares are usually only used in the final phases of decision making.

Nonetheless, visualizations can have an important role in initial stages of decision making,
making the concept of dynamic road space allocation more easily understood and stimulating
discussions. In this context, Chapter 7 presents an experiment of using a generative deep model
(artificial intelligence) to generate future scenarios of a street. The main purpose of this idea is to
generate many visualizations for a street by modifying some characteristics of the images. In a
workshop, stakeholders would have many scenarios of a street that could promote discussion on
the ideal solutions for reallocating road space (statically or dynamically). Thus, policy makers could
choose only one or many generated images, depending on if they evaluate that the space should be

allocated statically or dynamically, respectively.

A challenge for using Al in workshops of road space allocation projects is in how people
may trust the results of the algorithm. Here, the moderator has to be clear on the capabilities and
limitations of the images generated and also state that eventually some scenarios may not be
applicable. However, presenting many solutions, even if some are more applicable than others, can
generate discussions and better understanding of the concept. This idea is very likely not to contain
illegal content, unless the images contain people that could be identified. Also, the type of data
used for training such as Google Street View or Mappilary images may lead to different perceptions
of the solutions, and may result in different scenarios. It is important in the workshop that

limitations and capabilities of the type of data used are disclosed.

In terms of regulation, the transparency of generative models is a main concern. The
proposed Al Act in Europe establishes that generative models require three main transparency
principles: i) it has to be clear that all contents were generated by Al ii) they cannot generate illegal
content; and iii) they have to disclose the copyright information of the data used for training.
Although these are steps towards more transparency in Al, they fail to disclose the biases,
limitations, and capabilities of the algorithm and the type of data used for training. Additionally, it

may not always be evident when contents are illegal, especially if they face the #olley problem.
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Most developments in Al image generation are trying to make images more realistic, rather
than focusing on the emotional responses, and comprehension of the message being delivered.
Images too realistic may reduce creativity and lead to misinterpretations of the limitations of the
algorithm. A higher level of detail does not result necessarily in better understanding. A certain
level of "noise" in the generated images could actually enhance creativity and promote discussions,

besides being evident that the image was generated by Al

One of the main conclusions of the experiment is that generative deep models are
dependent on a huge amount and quality of data and computational power in order to obtain
meaningful results. Consequently, research and innovations of image generation may only be
possible with a very high monetary investment, limiting the developments to more powerful
institutions. In practice, private companies such as OpenAl, Microsoft and Google are the ones
leading the way on the developments of generative artificial intelligence, both for image generation
(e.g., DALL-E, Midjourney) and text generation (e.g., CHAT-GPT). There is a risk that these
developments go in line with surveillance capitalism, being mainly developed for obtaining profit and
market control, then actually contributing to people's better understanding of concepts and ideas.
Therefore, the society impacts of generative models and how people perceive and eventually

change behaviours from its results is still not clear.

8.2 Limitations and future research directions

This thesis has explored many methods to determine where, when and how can road space
be allocated dynamically over time. We established criteria for selecting the most appropriate sites
and periods of time for reallocating road space dynamically. Also, a discussion on the use of
artificial intelligence to improve the decision-making process of road space allocation solutions was
held. The main conclusion of the work is that different solutions of allocating road space
dynamically in complex urban areas vary from implementation complexity, technological
requirements and social acceptance depending on the local context. The work developed in this
thesis has been discussed in well-known international and national conferences, and three chapters
are currently published or accepted for publication in Q1 journals (Chapters 2, 5, and 6) while one
chapter is published in an important journal, but that does not currently have an Impact Factor
due to its novelty (Chapter 3). Currently, one chapter has been submitted to a Q1 journal (Chapter
4), remaining only Chapter 7 to be submitted in the future. Although this work has made major

contributions to the literature, it still requires future research to address topics such as the impacts
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in diverse spheres (e.g., traffic performance and accessibility) and social acceptance of such

solutions.

In Chapter 3 (refer to Figure 11), a framework is presented for evaluating the traffic
performance impacts of different dynamic road space allocation solutions. From the site selection
process in Chapters 5 and 6, it is possible to select a street with high potential for reallocating road
space dynamically. Sequentially, there is a need to collect data in this street to evaluate the urban
dynamics. A suggestion is to film a street for 24 hours during a whole week. It is important that
the video camera does not infringe data privacy of users such as facial recognition. To calibrate and
evaluate the spillover effects such as traffic evaporation, it is necessary to also have data on the
surroundings of the street being evaluated. In this case, manual traffic counts in surrounding

intersections during peak hours, when demands are typically higher, is sufficient.

After exporting and treating the data from the videos, an object detection algorithm could
be used to identify and count the number of different transport modes that pass every 15 minutes.
Consequently, it is possible to evaluate the intensities and fluctuations of various demands, and
define if they are complementary, disputed, or even if the space is vacant. From the local criteria
established in the workshop (Chapter 0), it is also possible to choose which solutions are more
probable to be implemented in certain situations. Also, the use of artificial intelligence to generate
solutions, as referred to in Chapter 7, can help in building the scenarios for impact evaluation. After
the decision of the scenarios, and analysis of urban dynamics, it is possible to evaluate its impacts

through microsimulation.

On one hand, when the demands are complementary, it is expected that the demands of
the transport mode being allocated the space increases, without jeopardizing the one that lost
temporarily the space. On the other hand, when the demands are disputed it is expected that the
demands of the transport mode being allocated the space also increases, but there is an impact on
the level of service of the other transport mode. In this case, there must be a criterion of how much

the policy makers are willing to compromise one mode for another.

Another interesting topic of study is how dymamic road space allocation influences the
accessibility of different users to main services and contributes to the concept of the 75-minute city.
Sola and Vilhelmson (2019) developed the "flowers of proximity" to visualize the distances of
different activities. More recently, this concept has been applied to evaluate the accessibility of
different cities (Bittner et al., 2022). The "flowers of proximity" puts activities in different ranges
of travel times (e.g., 5, 15, and 30 minutes), where each "petal of the flower" represents a type of

activity (e.g., healthcare, education, entertainment, commerce, working and living). Consequently,
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there are petals that are wider depending on the number of activities per category and larger
depending on their accessibility in travel time. If we consider the accessibility to activities over time,
each "flower petal" would increase and/or decrease its size (travel times to activities) depending
on how the infrastructure supports the demands. Allocating road space dynamically could
potentially increase the accessibility to essential activities, but also reduce to others. It is important
to evaluate the performance of dynamic road space allocation not only in terms of level of services and
traffic performance, but also if it increases the accessibility to essential activities. The latter policy

goal can be used as an important argument to implement these solutions in public meetings.

Furthermore, it is necessary to evaluate the emotional responses to adapting road space
dynamically, evaluating what are the main factors that influence people to accept and adapt easily
to changes in urban environments. In Chapter 3 and Chapter 6, we discussed that there are many
challenges in terms user acceptability, especially during the transitions from one use to another. It
is important to emphasize that different solutions and technological adoption will have different

levels of acceptance. Some methodologies could be used for evaluating public acceptance.

First, if it is possible to implement in practice a pilot project that allocates space dynamically,
then it would be interesting to perform surveys on users and workers of surrounding commerce
and services. If it is not possible to put in practice a case study, then virtual reality or videos of
different scenarios that present the dynamic transitions to possible users could be used as
visualizations of how the environment would become. While evaluating a pilot project, the surveys
would rely on revealed preferences from the experience of using the space, virtual reality and video

rely on declared preferences, having its limitations of possibly having socially wanted responses.
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Supplementary Materials’

e Supplementary Material 1

This supplementary material presents examples of the material used in the workshop with

experts (Chapter 0).

In Task 2 of the workshop, participants were presented with three dynamic road space allocation

solutions:
Solution 1: Allocating a traffic lane to a bus lane dynamically in a certain period of the day;

Solution 2: Allocating a traffic lane to a cycle lane dynamically in a certain period of the

day;

Solution 3: Allocating a traffic lane or parking space to expand sidewalks dynamically in a

certain period of the day.

To each solution, the groups had to choose one street within pre-determined zones
(Selected in Chapter 5), that they considered the most appropriate to reallocate road space
dynamically. From the 20 zones that were considered possible for reallocating road space
dynamically detected in Chapter 5, each group selected randomly 4 zones to work on. Sequentially,
each group received a group of cards containing photos of all the streets that intersected the 200 x
200 meters zones. For example, one of the zones analyzed by the green group was Zone 8. Figure
35° presents the back of every card of this zone. Figure 36 to Figure 40 present the front of the
cards of all the streets within Zone 8. Thus, after the group analyzed all the cards, they selected the

following streets as the most appropriate to implement dynamic road space allocation solutions:

Solution 1: Rua Morais Soares
Solution 2: Rua Morais Soares

Solution 3: Rua Jacinto Nunes

5 The codes and data for reproducing the results of Chapter 2 and Chapter 7 are presented in the Replication and
Data Sharing sections of each Chapter.
€ "Zona" is the Portuguese translation of "Zone".
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Figure 35: Back of cards from the workshop of Zone 8.
Source: Author.

Zona 8 Rua Morais Soares

Figure 36: Front of the card of Rua Morais Soares.
Source: Author.
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Zona 8 Calgada Poco dos Mouros

Figure 37: Front of the card of Calgada Poco dos Mouros.
Source: Auchor.

Zona 8 Rua Sebastido Saraiva Lima

Figure 38: Front of the card of Rua Sebastido Saraiva Lima.
Source: Author.
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Zona 8 Rua Jacinto Nunes

Figure 39: Front of the card of Rua Jacinto Nunes.
Source: Author.

Zona 8 Rua Carrilho Videira

Figure 40: Fronc of the card of Rua Carrilho Videira.
Source: Author.
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¢ Supplementary Material 2

In Task 3 of the workshop (Chapter 6), experts had to select and rank local criteria for
selecting streets of intervention of three different dynamic road space allocation solutions. Every group
received a sheet presenting some criteria that they could use to guide the discussion and decision,
presented in Figure 41. This sheet contained urban qualities and physical characteristics of streets
that have been known to influence active transportation and place making activity. Specifically,
criterias related to the street cross section, adjacent space to the road, and barriers for implementing
dynanzic road space allocation were presented. It is important to mention that the groups could choose
criteria that were not present in the sheet. Thus, the sheet had only the role to influence the

discussion within the groups.

Possiveis critérios a serem considerados para a selecio das ruas e implementacéo da alocacéo dindmica do espaco rodoviario
Caracteristicas do perfil transversal Caracteristicas do espago urbano adjacente 4 via Possiveis barreiras para implementagio de
solugdes DRSA
Mobilidrio urhano Diversidade social no local Nimero de mas a atravessar na viagem
Arbonizagio Atratividade do espago piblico Nives de cominahidade
Atravessamento formal dos pedes Escala humana Presenca de lizo
Tluminacio priblica Proximidade a espagos de permanéncia Declives
Estacionamento piblico Promimidade a paragens de transporte piblico Ruido urbano
Distancia do estacionamento a entrada dos edificios Espagos verdes Volume de trifego intenso
Largura bruta do passeio Transparéncia das fachadas dos edificios Sinistralidade rodovidria elevada
Largura til do passeio Niimero de pontos de interesse Vandalismeo do espago piiblico
Largura da ma (fachada a fachada) Esplanadas
Altura dos edificios Nixmero de edificios com fachadas e cores atrativas
Nimero de estabelecimentos comerciais Extensio da frente do quasteirio
Pavimento do passeio Jolume de pessoas
Medidas acessibilidade universal Diversidade dos usos em diferentes horérios
Sinalizagio vertical e horizontal Diversidade das idades dos edificios
Numere de casas de banho publicas Presenca de arte urbana
Muros entre a edificacio e a ma
@ TECNICO | J viggon | e

Figure 41: Sheet with many physical characteristics of streets and urban design qualities selected from the literature to
guide the selection of criteria in Task 3 of the workshop.
Source: Author.
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