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Abstract: Streets have different forms that are not defined only by their partitions, furniture, and
width, but also by their edges as vital features of their spatiality. The relationship between a street and
a building impacts the street interface configurations, resulting in various topological characteristics.
Thus, the street interface is a physical entity that is produced by the interrelationship between urban
morphological elements (street and building), and the way it is formed and used affects the livability
of the street. The methods used in the current study contribute to an empirical urban morphological–
visual cognitive investigation of arterial street interface configurations, particularly on the ground
floor level, to assess potential relations between variations in the physical configurations that influence
pedestrian visual perception using mobile eye-tracking glasses. In conclusion, this study contributes
to research into developing a spatial framework for arterial street liveability, addressing the pilot
case study of Avenida da República in Lisbon.

Keywords: street interface; urban morphology; street morphology; street livability; visual perception;
eye-tracking; participation

1. Introduction

Cities are complex urban systems [1], which have long been perceived as significant
in contributing to livability [2–6]. Complexity in urban design primarily refers to various
notions that indicate the components’ complexity in all their varying facets, as in the
case of the streets [7–10]. Streets are places of great economic and social potential, where
human interaction and exchange occurs. They are vital urban spaces [11] that connect the
different layers of a city. The street constitutes a shared space; its edges may comprise
vertical architectural elements that act as the interface between public and private spaces,
particularly on the ground floor level.

The arterial street is the backbone and a crucial component of an urban area’s for-
mation. As a linear structure, this typology of street presents dynamics that reflect the
new dynamics of social life. It permits essential movement in the urban surroundings.
Moreover, this urban space enhances public life, promotes economic growth, and expands
urbanity [12].

Aiming at arterial street livability raises the proposition that street livability is a
complex concept, directly affected by the street’s physical features [13–15] and social and
cultural aspects [16–19]. These approaches indicate the value of physical form related to
social processes in shaping the complexity of streets’ livability. Thus, a livable street is
a healthy, vibrant, and socially active place that drives urban vitality and provides the
desired setting for everyday urban life, where people and all their activities are the focal
points. Consequently, we may infer that the livability of arterial streets is associated with
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their interfaces, this being one of the main defining characteristics of street livability. Gehl
(1987) stated that a living city is one in which the buildings’ interior spaces complement the
outer domain, depending on the edge between the public and private [20]. Additionally,
Jacobs (1995) defined great streets as having boundaries that keep the eyes on the street
while raising them to more pleasant and healthy places [14].

Gehl (2005) [21] described the historical relationship between streets and buildings,
wherein towns emerged due to the exchange between travelers along pathways and
vendors in their wayside booths. However, the exchange zone between pathways and
wayside booths has remained crucial in shaping the urban form [21]. In this context, the
buildings’ ground floors along the street are crucial, as they offer dynamism, memories,
and cultural values, when architecture is set as the street interface. The street interface can
refer to social and leisure places, as well as environments that show the contradictions,
expressions, and ways of life of a society [22].

The term street interface refers to the spaces between urban and architectural dimen-
sions on the ground floors of buildings forming collective spaces. As a public space, the
street is composed of a horizontal plane, delimited by two vertical planes acting as edges
or boundaries, which can include interfaces as part of the building façade on the ground
floor. Street interfaces, at eye level, play a significant role in shaping pedestrian experience,
as argued by Glaser et al. [23], who stated that “the ground floor maybe only 10% of a
building, but it determines 90% of the building’s contribution to the experience of the
environment.” (p. 12). However, it is no less common to observe urban limits being defined
only through physical barriers, as an edge. These are relevant to the city as part of its urban
experience, as they that raise various potentials.

The street interface can be defined based on several factors, including the urban
context, use, and configuration. Many authors have discussed the notion of the street
interface [14,17,21,24–29]. They variously define the space between private and public
spaces as a public/private boundary, an edge, betwixt, a threshold, a soft edge, a liminal
space, and an interface. In this study, we chose to analyze the composition of the street
interface defined as a physical and social entity that falls into conditions of betweenness in
relation to other dominant spaces (the street and the buildings), which may create or deny
potential social and visual interactions.

Further, several urban theories and studies have emphasized the predominant signif-
icance of pedestrians’ experience at eye-level, where pedestrian movement, occupation,
and interaction occur [23]. However, the human dimension concerning the street interface
and how it influences pedestrians’ visual perception has been overlooked. The creation
of street interface configurations integrated with pedestrians’ visual perception remains
limited and is rarely analyzed quantitatively. Nowadays, the users’ experiences and per-
ceptions are estimated based on intuition, observation, or surveys. In this regard, the
current study addresses this gap quantitatively, based on measurable mathematical evi-
dence, offering opportunities to unfold the street interface’s configurations in relation to
pedestrians’ visual perception.

The current study aims to decode how various types of street interface configurations
influence pedestrians’ visual interactions and, in turn, the street’s livability by engaging
pedestrians as the main users of the street. The current investigation uses mobile eye-
tracking glasses to analyze visual perception in a pilot study of Avenida da República, Lis-
bon (Portugal). The research attempts to answer the question: what are the most important
variables of street interface configurations that influence pedestrians’ visual perception?

By building on previous research that has demonstrated the value of active street
frontages, street interface typology, and mobile eye-tracking glasses, it was anticipated that
permeable and accessible configurations influence pedestrians’ visual interactions with
the street interface [14,21,27,30–33]. We argue that the current investigation provides an
opportunity to determine whether public life occurs more actively when the interfaces are
visually and physically permeable, compared to other variables. Thus, considering the
morphological interpretation integrated with the pedestrians’ visual perceptions using
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mobile eye-tracking glasses provides a deeper understanding of the street interface’s
physical–visual perceptual interrelationship. We consider that in the methodology of
analysis outlined in this research, where the urban morphological approach is combined
with the eye-tracking analysis approach, it is possible to decode the qualities of public
space that are essential to building a spatial framework for liveability, going further than
simple data collection.

2. The Configurations of the Street Interface

The study of urban morphology has contributed to reading the built environment and
identifying its fundamental urban elements: the building, the plot, and the street [34,35].
The study of how these components overlap is critical in urban design, planning, and
architecture. The urban spatial relation between the street and dwellings, on a micro-
morphological scale, creates collective spaces with various social functions. These interme-
diate spaces are considered a case for study by themselves, and they can be decoded in
different ways.

Gehl classified the street interface according to the pedestrian’s perspective, varying
from soft to hard edges to tackle blank limits. Soft edges represent social, permeable, and
active ground floors, while hard edges are antisocial and impermeable [20]. Gehl, Kaefer,
and Reigstad [21] have further incorporated indicators including scale and rhythm, trans-
parency, appeal to many senses, texture and details, diversity, and vertical façade rhythms.

Bobić [30] introduced a new interface classification that is based on the scope of the
complex phenomenon of urbanity. He proposed a topological classification based on the
interrelation between private and public spaces as the primary variable from the standpoint
of the public realm wherein urbanity occurs. Bobić’s classification includes the interface’s
spatial, visual, and psychological variables, and goes beyond the interface to analyze the
spaces in between [30]. The classification includes transparency, setback, and behavior as
the principles of design quality.

Dovey and Wood [27] developed more comprehensive detailed typologies of the street
interface, which are typical forms of connectivity between private and public spaces. These
typologies aim to map the types of street interface and their relationship to the different
social and economic exchange circuits. The study introduced four primary variables in
characterizing street interface. The first type, accessible/inaccessible, refers to the degree
of accessibility between the public/private dominions. Second, direct/setback refers to
the entry type of the private space, which creates an interstitial space between the two
realms. Third, opaque/transparent is related to the visual communication from public
space into private space, where visual connection is significant in commercial and social
exchange. Fourth, car/pedestrian, which indicates the mode of access, either by car or
foot [27]. In this way, the street interface is a connector between two domains both visually
and physically. It connects people to places, people to each other, consumers to products,
streets to buildings, and public space to private space.

Kamalipour [31] suggested a similar typological framework based on accessibility and
proximity as the two main variables. The proposal draws interrelationships between two
variables to create six typological interfaces—adjacent/impermeable, adjacent/accessible,
adjacent/porous, distant/impermeable, distant/accessible, and distant porous. The study
provides an understanding of the potential configurations of different interfaces based on
accessibility and proximity [31].

The review of interface typologies provides an understanding of the most common
variables: permeability, proximity, access mode, and interface geometry. In this regard,
the spatial variables can present various interface configurations that may affect the users’
perception of the place. They also present a specific message to the street users, which can
facilitate the physical and visual communication between the two realms, proffering either
invitation and social interaction or closure and isolation. Thus, defining the configurations
of the street interface in relation to pedestrians’ visual perception offer insight into the
processes of a positive or negative pedestrian experience, and in turn, the street livability.
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Nevertheless, there is a lack of empirical research that sets out a morphological code or
method to categorize street interfaces concerning public life and visual perception.

2.1. Pedestrians’ Visual Perception

The city’s physical structure represents a complex set of urban elements, each one
of which has a particular morphological character determined by several factors. Under-
standing these elements and how individuals perceive them or understand their physical
features is essential in shaping a livable built environment, as we both influence the sur-
rounding built environment and are influenced by it. Perception refers to the various
senses that allow individuals to experience the world: the link between people and their
environment [36].

Visual perception of the surrounding built environment is the process of understand-
ing and responding to external attractions that influence behavior [36]. Visual perception
of the environment is an essential aspect of understanding public life that results from the
interaction between individuals and the city. The interaction is dominantly achieved by
visual perception, whereby perception is the origin of each attitude towards the city [37].

Lynch [11] stated five image elements to organize cities: paths, edges, nodes, districts,
and landmarks. His work offered in-depth design knowledge and an understanding of
the urban form, consisting of physical and psychological elements represented on maps as
symbols. The physical elements of Lynch’s theory refer to the perceptual form of the city in
this interaction with its perceivers. He emphasized the image by considering visual quality,
focusing on four elements: legibility, image, identity, and imageability [11].

In contrast to Lynch’s imageability concept, which concentrates on urban elements
that pedestrians perceive, Cullen [38] studied their characteristics, scales, and complexity.
Cullen presented serial visions that analyze a sequence of images within pedestrians’ eye-
level views, using sketches and photographs to describe the urban design’s aesthetics [38].
Therefore, people’s behavior is based on their reading of the environment, and thus visual
perception must be understood in order to study public life.

Donald Appleyard’s [39] work The view from the Road focused on the visual require-
ments of the potential aesthetics of urban highways. The study addressed American
cities’ visual formlessness and argued that highways could contribute to the American
urban landscape’s visual perception. Their experimentation investigated the problem of
designing visual sequences from the perspective of the driver and passengers [39]. The
empirical works of Lynch, Cullen, and Appleyard et al. emphasized the importance of
studying humans’ visual perception from users’ perspectives in order to evaluate the
environment. For decades, many researchers and studies have been influenced by these
works, including [37,40,41].

People tend to act according to their reading of the built environment’s cues, whereby
the complex system of a city is based on these relations and interactions with its ele-
ments [36]. The reciprocal relationship between people and cities is part of constituting
livability, as the built environment has the ability to encourage social activities and create
certain types of behavior, particularly in public spaces, including streets [20]. These spaces
have an intimate relationship with their users, as the users spend a vast majority of their
day-to-day life interacting with the urban environment [42].

As a linear center, the arterial street comprises a series of relationships and interactions
between the street’s physical components and people. The street’s physical form plays a
critical role in enhancing the users’ experience, whereby the psychological experience and
pedestrians’ activities are the products of the street form’s visual perception.

The configuration of built environments can affect individuals in different ways,
including mental health [43] and daily experiences [44]. Therefore, the study of street
morphology requires an investigation into visual relations and dialogue, particularly
regarding the scale of interaction on the edges of the public space. The visual perception
of the arterial street is essential, as it represents a critical part of the urban structure and
participates in the city’s experiential and visual quality.
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2.2. Eye-Tracking System

Eye-tracking studies have a long history of helping to understand the relations be-
tween the brain and the visual system, and the first study was in the late 1800s [45]. The
studies were expensive and complicated due to the limitations of tools and techniques.
The improvement of systems that use eye movement recordings led to improvements in
eye-tracking studies. However, to researchers at that time, eye-tracking was still prim-
itive, making it impossible to examine the real world. The evolution in the 1960s and
1970s offered possibilities for further uses and analyses of eye-tracking systems. In the
late 1990s, the birth of the new generation of eye trackers brought about the modern-day
system, which has opened up new opportunities to move out of the academic arena and
into commercial use [46]. However, it is essential to underline that most eye-tracking
experiments have been carried out in controlled laboratory settings, which sometimes lead
to inconsistent results [47].

The eye-tracking methodology offers opportunities to perform eye-related studies [48].
It is a tool that measures gaze patterns, including fixations and saccades points, and how
long a person looks at a defined point. Additionally, eye-tracking defines eye movements,
pupil dilation, and the number of blinks [49]. Fixations and saccades are considered
the main matrix to measure the eye movements that draw out gaze patterns. Fixations
are the period for which the eye is kept aligned on a specific area of the visual field,
allowing for visual processing and the encoding of information in memory. Saccades are
considered the eye’s rapid movements, which help us gain a sense of what we are looking
at [50,51]. An eye tracker provides a highly accurate representation and understanding of
three attributes—location, duration and movement—which comprise an individual’s eye
movement behavior [45].

Eye-tracking offers various methods to observe the eye’s position, helping us under-
stand where an individual is looking in order to study cognitive processes and evaluate
user experience (UX). It is a critical methodology for every domain in which people interact,
and even those that users cannot describe, such as visual perception [46]. Eye-tracking has
become an established research tool that empowers researchers to study human cognition
and behavior quantitatively [52], aspects that were absent in Cullen’s and Appleyard’s
sketches and film recordings. One of the main advantages of eye-tracking is that it can be
used in a broad range of research interests. Many psychological disciplines, medical fields
and marketing studies have employed eye-tracking as an experimental tool [45,53–56].

Technological innovations in data science have made it increasingly possible to mea-
sure human experience in architectural spaces with different tools [57]. The new age that we
live in offers multiple tools that contribute to our understanding of the influence of architec-
ture and urbanism on many aspects, including social, mental, and physical health [32,52].
Technological innovations in data science have made it increasingly possible to measure
the visual perception of space and the function of architecture within it [58]. Additionally,
an eye-tracking system has been applied to measure the impact of architectural design
features on users’ experience in a laboratory-based investigation [59].

In the field of urbanism, a number of recent urban studies used eye-tracking as a re-
search method, either in laboratory-based investigations or in outdoor environments [60–62].
The new hybrid field of neuroscience and urbanism provides insight for studying inhabi-
tants’ visual experiences and their perception of the streets and street edges. The work of
Simpson et al. (2018) [33] provided empirical insight into pedestrians’ visual engagement
with different street AOIs using a mobile eye-tracking system, while Spanjar and Suuren-
broek’s [63] laboratory-based exploratory research focused on designing streetscapes in
high-rise environments based on people’s visual experiences.

Previous studies discussed the use of eye-tracking as a research tool and its suitability
in the field of urban design and architecture. They also integrated various tools from other
research fields, both in laboratory-based investigations and outdoor experiments, that
provide alternative design research methods and open up opportunities to make valuable
contributions in architecture and urban design. However, to our knowledge, morphological
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studies using eye-tracking are relatively new. As an experimental method, in the current
study, eye-tracking provides a more significant opportunity to analyze, quantify, and
visualize the individual’s visual interactions with the street interface configurations.

3. Materials and Methods

This section introduces the methodology used for the analyses of both the morpholog-
ical features and pedestrians’ visual perception (Figure 1). Regarding the street interface’s
configurations, interpretation was performed on a neighborhood scale; in fact, studying
the overlapping of urban morphological elements in their relationship with public life
required a scale that considered human proportions. As mentioned in Moudon’s frame-
work [35], the smallest “cell” of the city is the individual parcel of land, with its street(s)
and building(s) [35]. Therefore, the micro-morphological analysis of the street interface can
contribute to the main inquiries.
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3.1. The Case Study: Avenida da República, Lisbon

Avenida da República is part of the central axis, which was a late 19th/early 20th
century expansion plan for Lisbon (Portugal) conceived by Frederico Ressano Garcia.
The street is a part of the Marquês de Pombal–Entrecampos axis, with a total length of
approximately 2.5 km. Avenida da República, characterized by a 1.5 km length and 60 m
width, is part of Lisbon’s main axis, located in the Avenidas Novas (Figure 2). Several
landmarks are located within the avenue’s morphological region, such as the bullfight
arena in Campo Pequeno, and the new Parish Church of Nossa Senhora de Fátima (Figure
S1) [64].
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From the mid-20th century until recently, the increased use of automobiles has trans-
formed the avenue into a car-oriented street with more than ten traffic lanes in some parts
of the street. In addition to the lack of safe and proper pedestrian spaces, the sidewalks
have variable widths, physical barriers, and a lack of adequate pedestrian facilities, which
has resulted in fatal consequences [65].

However, the street is currently undergoing socio-spatial transformations, which
mainly coincide with the new urban regeneration strategy of 2014, giving rise to the new
configuration of the urban profile that has attracted this research interest. The municipality
strategy “Uma Praça em Cada Bairro” (literally “a square in every neighborhood”) aimed
to promote the quality of public spaces, including streets. The municipality plan promoted
soft mobility modes, such as walking and cycling, and increased accessibility to public
transportation. The main concept that has guided the transformation of the axis was the
change in the street’s morphology to return the street to the pedestrians as the primary
users, increase the dimensions of the sidewalks, and revive the initial concept of the street
as a boulevard with new tree alignments. Additionally, the transformation aimed to reduce
the speed limit of private automobiles, minimize car parking, and balance the use of the
space with the different modes of transport, including public transportation, which has
created a robust urban image that promotes the continuity of the central axis.
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3.2. Data Acquisition

The study developed in this article was based on the analysis of three samples. There-
fore, the criteria of the study samples were twofold: diversity and representativeness of
street form. We conducted several drive-by and walk-by observations of the street to select
the study samples and gain deep and exhaustive knowledge.

The selection considered the variety of interface configurations, whereby all the sam-
ples accommodate a range of different interface types, street partitions, types of business,
street furniture, and the range of activities possible in each selected segment. In this regard,
three samples were selected to represent three different street segments and build a typol-
ogy of the street interfaces. The first sample, “A”, is located next to the Saldanha square.
Sample “B” is in the middle of the street, while “C” is located near Entrecampos. Each
section has been divided into two parts, the east and west sides of the street (Figure 3). 

 

Figure 3. The selected samples for the analysis of Avenida da República, Lisbon. 

 

Figure 4. Plans and cross-sections of the three selected samples “A”, “B” and “C”. 

Figure 3. The selected samples for the analysis of Avenida da República, Lisbon.

The current investigation determined each selected sample’s configurational prop-
erties and the pedestrians’ potential visual perception of it at the ground floor level. As
a first and fundamental step, the street interface configurations were analyzed for the
most common variables: permeability (visual/physical), proximity (distance/adjacent),
and rhythm (doors/windows), while pedestrians’ visual preferences were analyzed using
mobile eye-tracking glasses. The superposition of both studies allowed us to extract the
results of the investigation.



Sustainability 2021, 13, 11442 9 of 21

3.2.1. The Variables of the Interface’s Configuration

The configuration study was applied to interpret the level of permeability (visual/
physical), proximity (distance/adjacent), and rhythm (doors/windows) of the street inter-
face on the ground floor level. As these are morphological characteristics, they contribute
to decoding the qualities of urban space that contribute to the richness of public life and
social interaction (essential factors for street vitality). The interface configuration variables
were as follows:

1. The street interface’s permeability refers to the capacity for connection between one
domain and another. As a property for the interface, visual permeability allows visual
interactions between the two spaces delimited. Visual permeability is a crucial feature
that encourages active interfaces and improves the urban experience, whereby it
ensures interconnection with the surrounding realm. As stated by Jacobs (1995), “they
invite you in, they show you what is there and, if there is something to sell or buy,
they entice you” [14]. The measure of visibility was defined by studying how visually
permeable the interface is. In this regard, the interface was considered as either
visually permeable or impermeable. An interface can be visually permeable when the
visuality degree of the interface is 50% or more. Additionally, the measure of visibility
considered the use of space that is visible to the pedestrian. Therefore, defining the
ground floors’ uses was necessary, encouraging or conversely discouraging interaction
between the street and the building;

2. Physical permeability refers to the street interface’s property that allows pedestrians
to physically enter the building’s ground floor from the street. Specifically, it refers to
public entrances that connect two realms. The access between the two spaces creates
potential social activity and ensures pedestrians circulate in and nearby the interface.
This variable has been defined only as the interfaces that allow pedestrians to cross
from public space to private space without restrictions. The analysis of this variable
was based on mapping each interface’s collective spaces in the selected samples;

3. The proximity of the interface refers to the distance between the interface and the
street (setback). The study of this variable was based on measuring how the building
is adjacent to the street, that is, whether the interface is direct (without setback) or
involves a space (with setback);

4. The rhythm variable measures the number of doors and windows located at different
street interfaces that pedestrians perceive. The rhythm variable measures any entrance
or passage that communicates between the public space and the private one, intended
primarily for pedestrians. This variable aimed to quantify the “rhythm” of doors and
windows (number of accesses per 100 m) in the different configurations of interfaces
pedestrians may encounter along their journey across the street.

3.2.2. Eye-Tracking Experiment

• Participants

Ten volunteers participated in the experiment (five male and five female), with an
average age of 30 years (min. 23, max. 38, SD 4.52). The participants’ vision was normal or
corrected to normal. During the experiment, the participants were aware of the eye-tracking
system’s use and function, to help them act naturally. However, they were not informed of
the study’s intentions in order to avoid bias related to interface design. For the purposes
of the research, none of the participants had an architectural or urban design background.
Additionally, none of the participants lived or worked in the experiment location.

• Apparatus

The eye-tracking system used for this study was Pupil Invisible glasses, a head-
mounted eye tracker created by Pupil Labs. Pupil Invisible is a wearable glasses set up
resembling a normal pair of glasses, which reduces social distortion and allows for working
in all environments. The used mobile eye-tracking system provides robust gaze estimation
in any environment, including streets, which is essential for this study. The tracker contains
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two inner cameras mounted onto the frame to record the eyes’ movements, one on each
side, and one exterior camera attached by a magnetic connector to the left temple, with
a 90◦ × 90◦ field of view to record the environment. The right temple contains a USB-C
connector that connects the Pupil Invisible glasses to a smartphone running the tracker
app. The output of the eye-tracking system used for this study was recorded videos that
showed the participants’ gaze position and coordinates as related to the outside image.

• Design and procedure

Five areas of interest (AOIs) were defined based on the variables of the interface
configurations. These AOIs were permeable/accessible (PA); impermeable/accessible (IA);
permeable/inaccessible (PI); impermeable/inaccessible (II); and doors/windows (DW). As
the main aim of this experiment was to identify the type of interfaces that attract pedestrians,
the current study examined the fixation points as the metric to analyze participants’ visual
perception of different AOIs. Fixations define the periods of time for which the eyes are
relatively still, which determines the points on which pedestrians’ eyes are focused [51].
Irwin (1992) indicated that the minimum duration for fixation is at least 150 ms. Thus, the
minimum duration for a single fixation in this experiment was 150 ms [66]. Fixations in this
study were measured by analyzing which points they occurred at and their duration. The
analysis of each participant’s visual perception was based on the ratio of fixation number
and time spent on each AOI.

The eye-tracker was connected via a cable to a smartphone as the companion device
handling all computation and storage of the recorded data in the Pupil Cloud. The cali-
bration was undertaken using the Pupil Invisible Companion app for each participant in
order to perform gaze estimation. This procedure involved asking participants to fixate on
a series of specific points from various angles and distances to measure and calibrate their
gaze accuracy. Multiple calibrations were undertaken to yield precise calibration.

After the calibration, each participant was introduced to their task. These tasks were
divided among participants based on the type of activity related to walking (necessary and
optional) in order to reveal causal relationships and test the hypotheses. The participants
were divided into two groups, five participants each. One had the necessary task, and the
other had the optional task, in order to increase realism in the experiment. These tasks have
been categorized [17] and tested in several urban studies, and in previous eye-tracking
experiments in outdoor environments [33]. The optional activities were strolling around
the street or walking for a break; the necessary activity was walking to a destination.

Participants were asked to wear the eye-tracker and walk on each side of the street at
each selected sample location, whereby each participant walked on each side of the three
samples for a total of six routes. After each experiment, the participants were asked to
express their feelings and opinions about the place in a few short statements. The duration
of data collection required a maximum of two experiments a day. Therefore, the study was
carried out on different days of the week, during the daytime, in fair weather conditions,
between 7 April 2021 to 13 April 2021.

• Data Processing

After recording the participants’ experiences using the Pupil Invisible Companion
app, each participant’s eye-tracking raw videos were uploaded separately and securely
to the Pupil Cloud. Pupil Player v3.1.16, an open-source analysis software, was used for
playback, video visualization, fixation coding, and analysis of fixation duration, location,
and gaze path. Due to the challenging environment from the point of view of automated
analysis, it was necessary to count, code, and go through each fixation manually in order
to ensure valid data. For the purpose of the study, fixations were measured only when the
eye was focused on the selected AOIs of the street interfaces, with a minimum duration
of 150 ms. This process was undertaken for each recorded video from each participant.
All fixations’ data were coded based on AOIs and exported to be compared, and then
ultimately represented in the form of charts.
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The eye-tracking results were then juxtaposed with drawings of the street interfaces’
morphological characteristics to provide a morphological interpretation of the relationship
between street interfaces and visual perception that influences street livability. For each
sample, the drawings were made according to the same graphic criteria and scales, using
the classical architectural representation of spatial elements, including plans, cross-sections
and façades, which can be compared and juxtaposed via visual perception analysis. The
importance of studying the street interfaces related to the street segment and the context of
the street itself explains the choice of multiple levels of resolution. These resolutions make
it possible to study the street interfaces in relation to the street context.

4. Results

Studying public life has often been carried out through two main methods: interviews
and personal observations. These methods have been proven as an effective means of
understanding public life’s pattern, activities, and data, regarding the numbers, ages, and
genders of people in a public space [67]. However, applying these methods to the indi-
vidual’s experiential perception would restrict the opportunity to systematically analyze
their visual perception of the built environment [45]. In light of this, the current study
adds insight and evidence in line with previous eye-tracking experiments [33,63] from the
pedestrians’ perspective, as the street’s main users, showing how different configurations
influence pedestrians’ visual attention in order to understand their visual preferences.
The current study permits us to experiment in a highly accurate way, with the quantifi-
cation of livable public spaces, which implies Jane Jacobs’s “bottom-up” approach to the
involvement and participation of users as the center when designing vital cities.

The case study, Avenida da República, is a significant transit node with numerous bus
stops and subway entrances. In terms of population, 13,484 individuals live in the area,
corresponding to a density of 99.1 inhabitants/ha, which can be considered relatively low
compared to other city areas. The average family size is 2.09 individuals. The buildings
along the street are constructed in different architectural styles; some were built from the
end of the 19th century to the middle of the 20th century with two to six floors. However,
the majority of buildings (39.60%) are between 10 and 12 floors in height.

Avenida da República is a lively street in a strategic location surrounded by commer-
cial and tertiary activities, where three commercial centers meet: the Atrium Saldanha, the
Monumental, and Campo Pequeno. The street, at eye level, facilitates mixed uses and a
variety of activities, creating stimulating places for people. The study has shown that the
three most common uses that occupy the ground floor along the street are services such as
banks and telecom stores, among others (18.32%); residential buildings and hotels (15.27%),
and restaurants and cafes (14.50%) (Figure S2).

In the century-old construction of this artery, there are different forms of interfaces
that depend on the functions at the ground floor level, but also on the time of construction.
The street interface of Avenida da República is composed of a diverse and dynamic part of
the street’s public realm that allows interaction and connection between the morphological
components: the street and the buildings. In a 1.5 km stretch, the street interfaces on
the ground floor offer various shared spaces with different uses, structured as various
continuous spaces, whether public or private, contributing to the street’s vitality (Figure 4).
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The morphological study and experiment of pedestrians’ visual preferences revealed
two general categories in the case study. First, the study of samples “A” and “B” manifested
five types of street interfaces: permeable/accessible (PA), impermeable/accessible (IA),
permeable/inaccessible (PI), impermeable/inaccessible (II), and doors/windows (DW),
with different percentages of occupation. These samples offered a variety of proximities,
whereby some interfaces were adjacent to the sidewalk (without setback) and others had
a setback. They also showed different ground floor uses that varied from restaurants to
soft goods, quick services, and specialty, governmental, and residential services. However,
sample “A” is characterized by a wider sidewalk, from 17 to 9 m, than sample “B”, at 9 m,
which supports, facilitates, and distributes pedestrian flows.

The study of sample “A” manifested the five types of street interfaces. Sample “AE”
was 98.1 m wide and had an interface height between 4.5 and 5 m. The majority of
the interfaces are permeable/accessible (PA), with a percentage of 49.69%, compared to
impermeable/inaccessible (II) interfaces, at 24.35%. The results demonstrate that the
ground floor on this side of sample “A” offered diverse uses, including restaurants, office
building entrances, and furniture stores. They all provide access to the street, which, in
turn, presents a continuity that creates a consistent rhythm in terms of doors and windows.
Exceptions to this only arose in the impermeable/inaccessible (II) interfaces. On the
other hand, sample “AW” was 92.54 m wide and between 4.5 and 5 m in interface height.
The impermeable/inaccessible (II) interfaces were the most established interfaces, with a
percentage of 36.29%. Regardless, it offered more variety of uses on the ground floor than
sample “AE”, including restaurants, a fashion store, residential front entrances, a beauty
salon, and office entrances.

Regarding sample “B”, the study showed that the sample accommodates all the
selected variables of street interface configurations. The architecture of the buildings in
sample “B” provides various characteristics that add richness to the streetscape, such as
the painted ceramic tiles and carved traditional windows and columns. The interfaces
of sample “BE” were 96.3 m wide and between 4 to 4.5 m in interface height (33.38%),
with a majority of impermeable/inaccessible (II) interfaces. This is reflected in the use
of the ground floor, most of which was residential. However, the rhythm of doors and
windows was found to ass a vibrant visual texture to the street interfaces. On the other
side of the avenue, the study established that sample “BW” had a more significant number
of possible uses, whereby a single building may accommodate multiple uses at eye level.
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The sample’s interface was 95.75 m wide and between 4 and 5 m in height, most of which
was impermeable/inaccessible (II) interface, with a percentage of 34.54%.

The eye-tracking results of Samples “A” and “B” show that the permeable/accessible
(PA) interfaces induced the greatest eye fixation for most participants (Figures 5 and 6).
Regarding the study of visual perception in sample “A”, the results show that participants
were visually attracted to permeable/accessible (PA) interfaces on average 28.95% of
the time, in comparison to impermeable/accessible (25.57%), doors/windows (19.90%),
impermeable/inaccessible (16.5%), and permeable/inaccessible (9.0897%). In sample “B”,
we also found that participants spent more time looking at the permeable/accessible (PA)
interfaces, with an average of 29.77% of the time, and doors/windows occupied 29.72%.

 

Figure 5. The percentage of participants’ visual preference for street areas of interest (AOIs) in samples “AE” and 
“AW”. 

 

Figure 6. The percentage of participants’ visual preference for street areas of interest (AOIs) in samples “BE” and 
“BW”. 

Figure 5. The percentage of participants’ visual preference for street areas of interest (AOIs) in samples “AE” and “AW”.
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The second category of the results refers to “C”, which presented a different form
among the selected samples regarding street morphology, street interface configurations,
and visual preferences. The street interfaces of sample “C” were divided into “CE”, 93.25 m
long, and “CW”, 151.06 m long. Regarding sample “CE”, the study showed that it was
mainly impermeable/inaccessible (II) interfaces, which dominated the interface with a
percentage of 74.07%, while doors/windows (DW) occupied 21.01% and only 4.92% was
occupied by permeable/accessible (PA) interfaces. The sample lacked diversity of street
interface typologies and uses, such as was established in the first category. In sample “CE”,
the street interface would not allow communication between the street and the buildings,
even with the continuous rhythm of doors and windows. The absence of interactive
interfaces creates an unlivable street with a lack of social activities, that is, a street that is
only for movement. At the same time, sample “CW” is margined by a vacant plot, offering
a permeable/inaccessible (PI) interface without setback and a good rhythm of doors
and windows compared to the other samples (Figure 7). Nevertheless, the eye-tracking
results show that participants were attracted to the impermeable/inaccessible (II) interfaces
on average 41.73% of the time, doors/windows 33.98%, and permeable/accessible (PA)
interfaces on average 24.29% of the time (Figure 8).

 

Figure 7. Plans of the three selected samples “A”, “B” and “C”, showing the rhythm and proximity of the street 
interfaces. 
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The eye-tracking results show that permeable/accessible (PA) interfaces were the
most visually attractive out of the three samples (Figure 9). On average, participants
were visually attracted to these 25.49% of the time, in comparison to the doors/windows
(21.60%), permeable/inaccessible interfaces (19.15%), impermeable/accessible interfaces
(17.73%), and impermeable/inaccessible interfaces (16.03%). The study highlights that
participants were more visually attracted to the interfaces of sample “A”, occupying 43.63%
of their time, compared to sample “B” (34.11%) and sample “C” (22.26%).

 

 

Figure 9. The percentage of participants’ visual preference for street areas of interest (AOIs). 

 

Figure 10. Different types of permeable and accessible interfaces that attract the participants’ visual attention.  

Figure 9. The percentage of participants’ visual preference for street areas of interest (AOIs).

5. Discussion

The current study shows that the quantitative measurement of visual perception using
mobile eye-tracking glasses contributes to studying the form of the street interface. In
this study, an interdisciplinary methodology has been applied and tested in an arterial
street, but this can also be used in broader investigations. The current study addresses the
limitations of the study of a street interface as a physical entity related to visual perception,
involving pedestrians as a center of creating visually engaging streets that contribute to
composing a spatial framework for liveability. We consider that the study contributes
to connecting street livability on a micro-morphological scale to the way people visually
perceive a street, by addressing the main question: What are the most important variables
of street interface configurations that influence pedestrians’ visual perception?

As hypothesized, the findings demonstrate that pedestrians interacted visually with
the permeable/accessible (PA) interfaces more than other configurations of street interfaces.
This can be observed in samples “A” and “B”, which showed that pedestrians spent more
time visually interacting with the permeable and accessible interfaces than any other
AOIs. These interfaces present a dialogue that transfers activities from the private to the
public, from the buildings to the street. The participants’ high visual preference for this
type of interface is due to the street interface’s configurations, ground-floor uses, and the
sidewalk’s widths and partitions (Figure 10).

Regarding the street interface configurations, this study established that different in-
terface typologies produce various frameworks for public life, and induced the participants
to spend different amounts of time looking at them. These variables attracted participants’
visual attention as pedestrians are visually attracted to interfaces that offer a connection
between public and private spaces. Permeability and accessibility comprise the relationship
between a street and buildings, giving a new extension to the space of the sidewalk for
different public uses, such as outdoor seating (Figure S3). Thus, the street interface acquires
value when it becomes part of public life, allowing interaction between the buildings and
the street. It can be said that these variables are socio-spatial entities useful for multiple
activities through which people live their everyday life.
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This is an important finding in understanding the way in which the interface be-
tween the public and private plays a critical role in public life by allowing interaction and
communication with the surroundings. This can be observed by comparing the amount
of time participants spent visually with samples “A” and “C”. As such, permeable and
accessible interfaces are not only the most visually stimulating configuration, but also
produced shared spaces accommodating various activities. This suggests that permeable
and accessible interfaces can be considered physical entities that enhance the dialogue
in the transition space and promote urbanity, which enriches social life in different ways.
They are a vital element of the street, and one of the main dimensions of street livability.

The importance of street interfaces’ configurations and forms for users has been
discussed in the fields of psychology and neuroscience. Based on psychological principles,
William James [68] stated that “stimulation is the indispensable requisite for pleasure in
an experience” (p. 626). This perspective outlines the fundamental role of stimulation in
enhancing an individual’s experience. In this regard, street interface configurations can be
prime stimulators of human behavior that may either enrich pedestrians’ experience or
create an experience of boredom. Colin Ellard (2015) [69] conducted an experimental study
in environmental psychology and neuroscience to assess pedestrians’ emotional states in
relation to different street façades. The study showed that the designs of façades influence
the psychological states of pedestrians, whereby blank façades create a sense of tedium
compared to active façades. It has been demonstrated that the general design of the street
interface influences the psychological and emotional state of pedestrians.
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Participants’ visual preferences were also found to be related to the ground floor
uses. The study shows that permeable and accessible interfaces, as in sample “AE”, “AW”
and “BW”, constitute the commercial and social core. Restaurants and social activities
were observed, linking permeability and accessibility, which attracted participants’ eyes
immediately. Permeable and accessible interfaces promoted the connection between the
ground floor and the street, whereby stores opened their doors to the public and demarcated
the territory facing the street through elements such as advertisements, tables, and seats,
which offered different sensory information and social stimuli, including the visual (Figure
S4).

Further, the comparisons reveal that the width and partitions of the sidewalk cor-
related with the participants’ visual preference. As demonstrated, samples “A” and “B”
presented various interface configurations and ground floor uses; however, the amount of
time that participants visually spent with sample “A” was more than that with sample “B”
(Figure S5). This suggests that the width of the sidewalk in sample “A” offered an extension
of the ground floor, which created points of contact between the two realms, characterized
by architectural elements such as pillars, entrance hallways, and shop windows that gener-
ated intense interaction. The sidewalk width provided a space that buffered pedestrians
from opening doors and structural elements, and created more space for sidewalk cafés,
store entrances, retail displays, and waiting. This feature was absent in sample “C”, where
the sidewalk was narrow and adjacent to the roadway area, creating a sense of unsafety
(Figure S6). Additionally, the sidewalk contained several physical barriers that obstructed
participants’ visual perception and movement, which manifested in the eye-tracking results
as less visual attractiveness than in samples “A” and “B”.

Our results cast new light on the significance of doors and windows in pedestrian
visual preferences. The findings of the experiment show that doors and windows welcomed
participants’ visual attention. The results show that pedestrians were visually attracted
to doors and windows more than permeable and inaccessible interfaces. In line with
previous studies, the current investigation provides evidence for the importance of the
configurations of the street interface in shaping active street frontages [21,30,70–72].

We consider that our research emphasizes the importance of an interdisciplinary
methodology composed of a morphological study and visual perception, overcoming the
limitations of the measurement of livability in urban areas that the studies analyzed did
not address. In light of this, the study develops a morphological interpretation of the street
interfaces, particularly on the ground floor level, that promotes potential social interaction
and visual engagement in the form of a more extensive investigation. Overall, within the
framework of several street interface studies and studies of visual perception, our study
provides new insight into the configurations of the street interface in relation to pedestrian
visual preference using mobile eye-tracking glasses.

The current investigation was carried out via a pilot study of Avenida da República,
Lisbon, as an exemplary arterial street that has undergone an enormous transformation
during the last few years. The blending of a morphological study with visual interac-
tions using mobile eye-tracking glasses in the outdoor environment is a relatively new
approach. Nevertheless, we recognize that there are a number of limitations that require
further consideration. There are also opportunities to generate testable hypotheses for
future research.

The main limitations of the current investigation were, firstly, that the study did
not measure how different material, complexity, and architectural elements of the street
interface influence participants’ visual preference. Moreover, the current study focused
on the general typologies of the most common street interface configurations, ground
floor uses, and sidewalk partitions and widths. Future research could further develop
and examine architectural features and street interface materialities associated with street
livability, including permeability, variety, legibility, robustness, visual appropriateness,
richness, and personalization [26]. A second potential limitation is that the present study
focused only on the type of street interfaces, excluding other elements associated with
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street livability, particularly people’s actions and natural greenery, which may contribute
to visual preference, as well as studying distracting elements such as cars, parking, and
advertisements. Methodologically, some limitations include the use of a small number
of participants, and the coding and counting of participants’ gaze fixations manually.
However, the future development of the eye-tracking system for variable and dynamic
environments may open new opportunities for future investigations.

While recognizing the study’s limitations, we believe the current investigation rep-
resents a starting point for future studies of street interface configurations and potential
relations with pedestrian visual perception using mobile eye-tracking glasses. Therefore,
the contribution of previous eye-tracking experiments was essential for the present research,
as together this lays a new foundation for future investigations using mobile eye-tracking
to study other areas of interest. In this context, for example, this method could be integrated
with mobile electroencephalography (EEG) devices as a research methodology. The devel-
opments of commercial mobile electroencephalography (EEG) devices make it possible
to monitor the brain and cognition in a real-world environment [73]. Integrating mobile
EEG devices and mobile eye-tracking glasses would provide a robust understanding of
pedestrians’ spatial cognition and emotional states.

The current investigation offers empirical insight into the importance of street interface
configurations in shaping public life, by engaging users in a real-life situation, as the bases
for livable and active streets. This adds value to previous studies that discussed street
interfaces’ spatial, social, and cultural conditions [21,27,31,33,74]. As we understand
cities’ elements in terms of types [75], the current investigation shows how different typo-
morphological configurations of street interfaces influence pedestrians’ visual perceptions.
In this regard, typo-morphological investigation, as an approach to urban morphology, can
not only elucidate patterns and types of morphological configurations with an intuitive
understanding based on architectural or urban design, but can also reveal the visual
perception of these configurations.

6. Conclusions

Arterial streets are the main space of the street network, as well as public spaces and
other collective spaces, as they behave as the city’s backbone. Due to their characteristics,
arterial streets offer different opportunities for developments and regenerations of urban
areas. Developing arterial streets can make them a powerful urban attraction element
that generates livability, wherein they are characterized by various activities, including
commerce, services, institutions, culture, and leisure. These characteristics have shed light
on the need to understand street interface configurations that foster new ways of shaping
better spaces and livable arterial streets.

The findings demonstrate that the permeable and accessible interfaces attracted partic-
ipants’ gaze more than any other street interfaces, due to the configurations, ground-floor
use, and the sidewalks’ widths and partitions. The current investigation emphasizes
the importance of considering users’ participation in the design process. Consequently,
measuring and understanding users’ responses to the environment according to their
perceptions is essential to investigating its quality. Accordingly, using alternative methods
that merge quantitative and qualitative measurements to assess the complexity of today’s
urban dynamics, flows, and activities can offer unprecedented and effective opportunities
to enrich space–user interaction.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/su132011442/s1, Figure S1: The central axis of Lisbon and the surrounding landmarks,
Figure S2: Atlas for decoding the urban form of Avenida da República, Lisbon, Figure S3: Plans
and cross-sections of the three selected samples “A”, “B” and “C”, showing the visual and physical
permeability of the street interfaces, Figure S4: The percentages of the ground-floor uses in Avenida
da República and in the three samples “A”, “B”, and “C”, Figure S5: The percentage of participants’
visual preference of the three samples “A”, “B”, and “C”, Figure S6: The sidewalk width and
partitions of samples “A”, “B”, and “C”.
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